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Forces that hold membrane



Hydrophobic forces

Hydrophobic forces are very relevant in biology. They are primarily driven 
by an energy cost of creating hydrocarbon-water contact.
There is a reduction of entropy of water close of a hydrophobic surface: 
water becomes structured, even ice-like. It restricts the possible 
orientations close to the surface and decrease entropy.

If one pictures a tetrahedral cage of four water molecules 
hydrogen bonding a central water molecule,
the central water can donate its hydrogen atoms in any 
combination of two of its four neighbors. This gives six ways 
to be fully hydrogen bonded. Replacing one water of the 
cage by a hydrophobic, nonhydrogen-bonding neighbor 
reduces the number of ways this can happen by a factor of 
about two.



Hydrophobic forces

The restriction in orientation of vicinal water varies with temperature.
It becomes harder and harder to order molecules as the temperature is 
raised. As a result, hydrocarbon–water contacts have a very high heat 
capacity. Raising the temperature gradually melts the ice-like vicinal 
water. Interestingly, and somewhat paradoxically, as the temperature rises 
and the entropy goes up, the hydrophobic effect does not get weaker, but 
instead gets slightly stronger. This is because the dispersion force 
becomes stronger with increasing temperature, and this compensates for 
the loss of entropic drive. 
We must therefore view the hydrophobic force as entropy-driven at low 
temperatures (around room temperature) and enthalpy-driven at higher 
temperatures (near the boiling point of water). This in a limited range of 
temperatures.
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Hydrophobic effect
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Hydrophobic effect





Lipids

Water insoluble compounds (soluble in organic solvents) 

Biological role:
§ energy supply
§ energy store
§ components of cellular and organelle membranes

micelle lipid bilayer

Very asymmetric
molecule:
- hydrophilic HEAD 
- hydrophobic TAIL

When in aqueous environment the heads have 
affinity for the water molecules, while the tails 
tend to avoid water by sticking together.



Fatty acids 

Carboxylic acids with long hydrocarbon chains (12-24 -CH2- units) 

stearic
acid

palmitic
acid

oleic
acid

C18    C16   C18 
Some have one or more double bonds and are called 
unsaturated.  The double bond is rigid and creates a
kink in the chain; the rest of the chain is free to rotate
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Fatty acids are used as E storage

To ensure a continuous supply of fuel for 
oxidative metabolism, animal cells store 
glucose in the form of glycogen and fatty 
acids in the form of fats.  

A fat molecule is composed of three molecules 
of fatty acid linked to glycerol: triacylglycerols 
(triglycerides).
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fatty acids

Fat is a far more important storage form than 
Glycogen (glucose polymer), because its oxidation 
releases more than six times as much energy. 

Triglycerides have no charge and are virtually 
insoluble in water, coalescing into droplets in the 
cytosol of adipose cells.

fat droplet



Phospholipids

In phospholipids, two of the OH groups of glycerol are linked to fatty acids, 
while the third is linked to a phosphate group, which can be further linked 
to a polar group such as choline, serine, inositol, etc... 
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fatty acids

Very asymmetric
molecule:
- hydrophilic HEAD 
- hydrophobic TAIL



Sphingolipids

Sphingolipids are derivatives of sphingosine (E), an amino alcohol with a long hydrocarbon chain. Various 
fatty acyl chains are connected to sphingosine by an amide bond. 
The sphingomyelins (SM), which contain a phosphocholine head group, are phospholipids. 
Other sphingolipids are glycolipids in which a single sugar residue or branched oligosaccharide is attached 
to the sphingosine backbone.



Lipids nomenclature



The actual conformation of a molecule 
influences its size. 

Temperature will lead to a rotation 
around the C-C bonds.

Only lipids with limited degree of 
disorder will fit into a bilayer structure.



Typical cross-sectional areas of the cylinders that describe average lipid conformation 
in the lipid bilayers= is about 0.63 nm2, with average length from 1.0 to 1.5 nm 
(depending on number of C atoms, saturation).











Lipidomic survey of a budding yeast







Cholesterol and steroids

Steroids (such as cholesterol) have a rigid structure made up by 4 rings. 
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hydrocarbon tail

polar head

Cholesterol

Cholesterol is an important component of the 
eukaryotic membranes and has a key role in
controlling the membrane fluidity.  

Other important steroid are the sex 
hormones, such as testosterone and
estrogen:

testosterone



Effect of cholesterol





Membrane physical properties



Membrane physical properties



Membrane physical properties

P= lipid volume/ (cross sectional are of the polar group x lipid length)



Lipid conformation

P = v/al

Conformation depends on temperature. 
It affects packing in the lipid bilayer.
Indeed the shape itself is affected by the 
other molecules forming the aggregate.

Lipid shape is important for functioning. 
It is given by the compatibility between 
head and tail. We define`a packing 
parameter P:

P = 1 is a cilindrical shaped lipid 
molecules, fitting a lamellar structure 
with zero curvature.

Curvature although is important for 
many of the membrane processes



Lipids and membrane curvature



The more non-cylindrical are lipid shapes, 
the less stable the bilayer will be. 

Each layer tend to elastically relax to a 
state of finite, spontaneous curvature, 
causing a curvature stress field.

If the bilayer cohesion does nor sustain 
the curvature stress, non lamellar 
structures form.

Lipid speak the language of curvature, in 
the many structures formed!

The inverted hexagonal structure (HII), has long cilindrical rods of lipids, in a water filled tube, 
whose diameter  can be varied with T, degree of hydration, pH (all change a/l ratio).

Lipids and membrane curvature



Cholesterol has an inverted conical 
shape (small OH, big steroid ring). Tends 
to promote the HII. Stress field is 
mitigated by enzymes.

From research in microorganisms it 
appeared that curvature is a crucial 
parameter in regulating lipid 
synthesis/enzymatic activity of 
phospolipases-—lipid molecular 
shape/optimal packing is at the basis of 
curvature stress. Yet unknown which 
membrane-bound  proteins  are involved 
in curvature stress sensing-lipid 
synthesis.

NB: vesicles do not close because of curvature stress, but because of boundary conditions! 
(micron vs. nanometers)

Lipids and membrane curvature



Membrane physical properties



Lipids form soft interfaces



Natural examples of soft interfaces: soap bubbles

Soap bubbles: two layers form, at the water-air interfaces, the outer and the inner 
surfactant layer.
Bubbles are stabilized for a particular size, a particular water layer thickness 
depending on:
 -type of surfactant
-quantity of surfactant
-quantity of water

Lipids form soft interfaces



Self-organized monolayers (on liquid surfaces)

Langmuir Films

The term ‘‘molecular self-assembly” refers to spontaneous formation of an 
ordered molecular overlayer on the surface, often proceeding through several 
consecutive stages where 1D and 2D ordered structures can also exist. 

Thermodynamically, molecular self-assembly proceeds toward the state of lower 
entropy , and must therefore be compensated by the establishment  of 
intermolecular and molecule-surface interactions. 37



Self-organized monolayers (on solid surfaces)

Langmuir-Blodgett Films
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Supported lipid bilayers

Liquid Liquid

Barrier Barrier
Sample

Monolayer Monolayer AirAir

A B

Langmuir-Blodgett

Direct vesicles fusion
The fusion of vesicles on the surface is affected by the lipid composition, size, 
surface characteristics, pH, and ionic strength Kissing Adhesion Rupture Spreading



DOPC

∆Z = 5.3 ± 1.0 nm
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GLASS

Supported lipid bilayers:  Atomic 
Force Microscopy (AFM)

(A) AFM topography of flat lipid membrane with a central discontinuity which allows to measure the 
height of the lipid bilayer. (B) Height profile. (C) One DOPC bilayer is characterized by an average height 
of 5.3 ± 1.0 nm. (D) AFM topography of the scratch made by a scalpel. On the right side, a DOPC 
membrane, on the left side glass can be observed. (E) Height profile indicates the presence of a 
membrane formed by 30-40 lipid bilayers. AFM measurements were performed in tapping-mode in air at 
room temperature.



Supported lipid bilayers:  Atomic 
Force Microscopy (AFM)

5 nm

Lo

Ld

∆Z = 1.0 ± 0.2 nm
Lα So

% Area 68.8 31.2

DOPC

1,2-dioleoyl-sn-glycero-
3-phosphocholine

SM

Sphingomyelin
Chol

Cholesterol

AFM imaging in dynamic AC-mode in liquid environment

1 µm

surface roughness: Lα=0.16 ± 0.01 nm, Lo=0.14 ± 0.01 nm 

GOAL: study the role of cholesterol in regulating membrane fluidity/rigidity and 
in turn the mechanisms of cell uptake of molecules/nanoparticles 



5 mol% 10 10 mol% 1177 17 mol%Ld phase
Lo phase

Rafts-covered area scales with chol. Height difference decreases.
Both preferred co-localization with SM and chol-condensing effect on Ld phase 

Let’s increase cholesterol
17% chol + DOPC/SM 

‘cholesterol-condensing effect’ on phospholipids thickening of the 𝐿𝑑 
phase and a reduced height difference with the 𝐿𝑜 domains

C. Paba, et al. JCIS , 652 (2023) 1937–1943.     In collaboration with K. Voitchovsky, Univ. of Durham 



How fluid/stiff are our membranes?
Up to 33% chol, different mimic

DOPC/DSPC/SM
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DOPC  Tm= -17°C

DSPC  Tm= 55 °C

Cholesterol

7% LOW, 33% High

SM (Brain Porcine) 
Tm= 37 °CC
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LoLd (DOPC:DSPC) 1.75; (DOPC:SM) 2.91



Temperature evolution: 7% chol

DOPC  Tm= -17°C

DSPC  Tm= 55 °C

Cholesterol

7% LOW, 33% High

SM (Brain Porcine) 
Tm= 37 °C



Temperature evolution: 33% chol



Evaluation of Membrane Stiffness: 
AFM nanomechanics

Topography Breakthrough

Sullan et al. Biophysical Journal (2010).

Force maps:
+: High throughput
- : different sample dynamics and mechanical response Lo/Ld, low/high chol

Mica substrate

Initial compression:
Contact mech.model -Young’s

Modulus

Breakthrough Forces
Optimization:
§ Tip sharpness
§ Tip speed (compressive 

loading rate)
§ Temperature/humidity
§ Buffer 

composition/ionic 
strenght

 
Topographic map AFTERTopographic map BEFORE

Point&Shoot:
+ : control of rafts dynamics
- : limited data set



Evaluation of Membrane Stiffness: 
Breakthrough Forces

Median +/- Mad

Lo phase (7%) 4.22 ± 0.68 nN

Ld phase (7%) 1.57 ± 0.78 nN

Lo phase (33%) 2.60 ± 0.46 nN

Ld phase (33%) 2.14 ± 0.24 nN

Results in agrrement with FRAP data

Nc ~ 150

Nc ~ 110

Nc ~ 150Nc ~ 200



Evaluation of Membrane Stiffness: 
AM-FM Viscoelastic mapping mode

As fast as topographic imaging!
Measures elastic and dissipative 
modules


