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Membranes: 
quasi-2D complex fluid embedded in 3D

Cells and cellular organelles are enveloped by membranes, 
whose main structural component is a lipid bilayer.

“demands”

1. isolate cell content; sequester functions
2. selective permeability
3. malleable topology https://www.cmu.edu/biolphys/deserno/pdf/membrane_theory.pdf 
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Biomembranes: deformation

neurotransmission

trafficking

Bonifacino and Glick, Cell (2004)

Zimmerberg and Chernomordik, Science (2005)
http://www.physiol.ucl.ac.uk/ashmore/

mechanotransduction
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https://www.cmu.edu/biolphys/deserno/pdf/membrane_theory.pdf
https://www.cmu.edu/biolphys/deserno/pdf/membrane_theory.pdf
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Cell membranes: structured interfaces (complex 2D fluid)

From the “Inner Life of the Cell”

Membranes are constantly deformed

Membranes are fluid

Membranes are multicomponent

+ -

membranes “store” charge: 
transmembrane potential ~100mV 

Cm~ 1 μF/cm2

Electric field 
in the membrane:

10 MV/m

(bound charge)

(mobile charges)
Membranes are charged

3

• Composition of biomembranes
 – amphiphiles
• Self assembly of amphiphiles
 – CMC (critical micelle concentration)
 – Shape of molecule in relation to structure of aggregate
•  Bilayer mechanics
    • • compression resistance
 – the lipid bilayer is a  2D- incompressible  fluid
     • • bending resistance
 – ~few kT
• Shapes of closed membranes: why is the RBC  a biconcave disk?
• Fluctuations and deformations

Outline

https://www.youtube.com/watch?v=VwhNLaRCD-4

RBC/vesicle flicker

Matti Javanainen 
(Tampere, Finland)
Balasz Fabian
 (MPI, Germany)

RBC/vesicle in flow
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Biomembranes

• 2-molecule thick structure (5nm), held together by non-covalent bonds
• dynamic fluid structures (molecular motion)
• lipid bilayer: 

• semipermeable barrier, sealant
• provides 2D solvent for membrane proteins
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Membrane composition

PC SM

PEPS

GL
Lipids are example of amphiphilic molecules

Lipid bilayers are example of self-
assembled structures

unsaturated
lipid
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Understanding the diversity of membrane lipid composition, T. Harayama & H. Riezman  Nature Reviews Molecular Cell Biology 19: 281-296(2018)
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https://www.nature.com/nrm
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Surfactants

Driving force: the hydrophobic effect

CMC

Self assembly of amphiphiles:

Packing parameter (shape factor): 
spherical micelles : p<1/3

non-spherical micelles : 1/3<p<1/2 

inverted micelles: p>1

bilayers and vesicles: ½<p<1

Different forms of aggregates

volume V

small head-group 
and bulky chains

head area

chain length
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Two chains Þ  1) hydrophobicity ­ Þ CMC ¯
  CMC micelle formation 10-2-10-5 M
  CMC bilayer formation  10-6-10-10 M
             2) residence time ~ probability for a molecule to leave the aggregate
  t~1/CMC
   micelles  10-4 s
   bilayer 104 s
  3) flip-flop times ~ exp(E/kT) E: enery to put the hydrophilic head in the hydrophobic core
   102-105 s

Why are membranes made of lipids?

10



7/15/26

6

Dimova et al. J. Phys. Cond. Mat. (2006)

Membrane mechanics

Dissipation:

Rahimi et al. Soft Matter (2013)
Fournier Int. J. Non-lin. Mech.  (2015)

Boussinesq–Scriven model

• in-plane flow (incompressible 2D Newtonian fluid)
membrane viscosity

• inter-monolayer friction (bilayer slip)

Elasticity: bending rigidity (Helfrich/Willmore –no structure)
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Bending of a bilayer = stretching of one 
leaflet and compression of the other leaflet

Bilayer bending resistance

Interpretation of bending modulus:

a=12 for a plate that can not slide
a=48 for a plate that can slide
a=24 for the polymer brush model

Bending of a bilayer = splay

Approach from elasticity theory neglects rearrangement of lipids in 
response to stress,

Bilayer compression

Surface tension theory Þ 
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13RBC: reduced volume =0.64

Equilibrium shapes

constant
 area

constant
 volume

Reduced volume
Seifert, Adv.Phys. 46 (1997)

“energy” approach “mechanical” approach

more complex shapes- spontaneous curvature, 
multicomponent membranes

Baumgart et al. “Imaging coexisting fluid domains in biomembrane models coupling 
curvature and line tension” Nature (2003) 425:821–824

H = r · n
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here
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How to compute shapes?

(see notes for references)

at the poles 

see Reboucas et al “Stationary shapes of axisymmetric vesicles beyond lowest-
energy configurations” Soft Matter, 2024 

about how to solve for the shapes. The Appendix also shows how to derive the 
“mechanical” equilibrium equations from the Helfrich energy.
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Seifert “The concept of effective tension for fluctuating vesicles”, Z. 
Phys. (1995)

Barbetta et al, “On the surface tension of fluctuating quasi-spherical 
vesicles”. Eur. Phys. J. E (2010)
Criticism by Schmidt “Are stress-free membranes really “tensionless”?”, 
EPL (2011)

On membrane tension …
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.. and composition: Lipid rafts

Bilayer fluidity varies with temperature …

FIGURE 3 Giant vesicles observed near the miscibility transition. (a) 
Domain ripening through time in a vesicle of 1:1 DOPC/DPPC125% 
Chol. Although the proportion of dark phase increases in one 
hemisphere, it is roughly constant in time over the entire vesicle. (b) 
Time sequence suggesting spinodal
decomposition in a vesicle of 1:1 DOPC/DPPC 1 35% Chol. (c) 
Viscous fingering in a vesicle of 1:9 DOPC/DPPC 1 25% Chol (left 
series) and 1:1 DOPC/ DMPC 1 25% Chol (right series) as 
temperature is raised through the miscibility transition. The uniform 
stripe-widths shown at the left are unique to this
vesicle composition. All vesicles are roughly 30 microns in diameter.

Veatch and Keller …

.. and electric fields
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PNAS, 2005
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Note: the Helfrich model treats the membrane as a structureless zero-thickness 
interface. The Seifert-Langer model (1993, DOI 10.1209/0295-5075/23/1/012 )
includes contributions from the compression and expansion of the monolayers

see also Watson and Brown (J Phys Chem 2011), Miao et al. (EPJE, 2002), 
Vlahovska and Granek (Soft Matter, 2025)
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