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Intermembrane Forces Experiments Performed 
Osmotic Pressure1 

•Use an osmolyte (PEG 
1500) 

•Competes for membrane 
(DMPC) water (dehydrates) 

•Yields osmotic pressure (Π) 

•Measure with SAXS and 
NMR 

Gravimetric Dehydration1 

•Control water content by 
weight 

•Yields waters per lipid 
(nW/L ) 

•Measure with SAXS and 
NMR 

•Equivalent to osmotic 
pressure? 

• We can consider our lipid 
membrane (DMPC) in 
osmotic equilibrium with 
the PEG osmolyte. 

 

• The equilibrium 
condition: Π1 = Π2 

 

• nW/L can be measured 
gravimetrically! 

 

Stresses from dehydration and osmotic pressure are 

thermodynamically equivalent, because the change in 

chemical potential when transferring water from the 

interlamellar space to the bulk water phase corresponds 

to an induced pressure.1,4 

Undulation Contribution5 Protrusion Contribution6 

We correlated the influences of dehydration and osmotic 

pressure through the interlamellar water spacing (DW).  

This approach allowed us to gauge the strength of 

intermembrane forces for a given hydration state.  

Predicted forces include: the hydration force, lipid 

protrusions, and undulation forces.  These forces can be 

separated by their temperature dependence. 

Using the Luzzati method, we find that the area per lipid 

can be deformed down to the all-trans chain limit (48 

Å2).  This corresponds to a deformations up to 15%.  

Temperature variation with this approach is used to 

discern entropic-based forces (lipid protrusions) and 

ordering-based forces (the hydration force).  Using 

NMR data to supplement the SAXS data we find the 

repulsive pressure varies linearly with temperature at 

low intermembrane distances, in accord with predictions 

for lipid protrusions.  These findings show significant 

area deformation of membranes and provide insight 

into the forces that govern intermembrane 

interactions. This understanding is needed for the 

interpretation of membrane fusion, shape 

transformations, and lipid-protein interactions. 
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Cellular functions rely on intermembrane interactions 

and forces that govern membrane structure.  Previous 

work has measured membrane deformation, however the 

experimental methods have been in disagreement.1,2,3  

Here we observe structural deformation of DMPC model 

membranes due to osmotic pressure using small-angle 

X-ray scattering spectroscopy (SAXS) aided by solid-

state 2H nuclear magnetic resonance (NMR) 

spectroscopy (using consistent sample preparation). 


