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Bottom-up Biology 
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Increasing levels of complexity modeled from the bottom-up 

Good & Trepat, Nature, News and Views Forum Nov 2018 

Well-mixed models 

Spatial models 



Let’s talk about the packaging! 
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Dynamics 
and 

stability of 
lipid 

vesicles 

lipid membrane 
colligative solute  
solvent flux (water) 

Are there any common principles underlying these three 
different experimental conditions? 

Osmotic stress 
Colligative 

Molecular crowding 

… 

Surfactant interactions with membranes 



Membrane response to osmotic stress 
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Out-of-equilibrium response to osmotic stress 

Oglecka et al. eLife 2014 






Pulsatile lipid vesicles under osmotic stress 
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Morgan Chabanon, James C.S. Ho, Bo Liedberg, Atul N. Parikh 






Experimental setup 
• Experimental protocol 

• 200 mM sucrose encapsulated GUV (POPC, 1mol% Rho-
DPPE) 

• 195 μl deionized water added to 5 μl GUV solution 
• Time lapse microscopy 1 image/150ms  
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Tense 

Rupture 

Flaccid 

lipid membrane 

solute (sucrose) 

solvent flux (water) 

Tense Rupture Flaccid 

Chabanon et al, Biophys J 2017 



The problem statement 
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R 

• Cycle period increases with time 

• How is the cycle dynamics controlled? 

• Pore opening ~ 100-500ms 

• What influences the pore dynamics? 

• Maximum deformation decreases with time 

• What is the pore nucleation mechanism? 

• Deformation over 20% 

• Purely elastic deformations? 
Chabanon et al, Biophys J 2017 



The role of thermodynamic fluctuations 
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• Pore potential 

membrane stretching energy 

pore edge energy 

Strain: 

• Fluctuations induce rate-dependent pore opening 

Chabanon et al, Biophys J 2017 



The role of thermodynamic fluctuations 
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• Assumptions 

• Spherical vesicle, circular pore 

• Well mixed and constant external 
concentration 

• Low Reynolds number 

• Effective area expansion modulus 
• Langevin equation for pore in tense membrane 

Membrane 
viscous dissipation 

Conservative force 

Water drag 

Thermodynamic pore fluctuations 

with 

Membrane tension 

Chabanon et al, Biophys J 2017 



Osmotic Coupling 
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• Mass conservation of the solvent 

Osmotic pressure 
Laplace pressure 

• Pore force balance Thermodynamic pore fluctuations 

Chabanon et al, Biophys J 2017 



Complete model accounting for 
fluctuations and mass balance 
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• Mass conservation of the solvent 

Diffusion 

• Mass conservation of the solute 

Leak out Osmotic pressure 
Laplace pressure 

• Pore force balance Thermodynamic pore fluctuations 

Chabanon et al, Biophys J 2017 



Model results: Swell-burst cycles 
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• Fluctuations govern the dynamics of swell burst cycles 

Chabanon et al, Biophys J 2017 






Model results: pore dynamics 
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• 3 stage pore dynamics 

Chabanon et al, Biophys J 2017 






Model captures experimentally observed dynamics 
Cycle period (s) Strain rate (s-1) 



Characteristic time scale of swelling 
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• Cycle period and strain rate are 
dependent on the GUV initial 
radius 

• Exponential functions of the 
cycle number 

• Characteristic time associated with 
swelling 

Chabanon et al, Biophys J 2017 
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Dimensionless cycle time Dimensionless strain rate 
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Model captures experimentally observed dynamics 
• Analytical expression in the osmotic swelling limit 

characteristic time 
Cycle period: 

Strain rate: 

Dimensionless cycle period Dimensionless strain rate Dimensionless cycle period Dimensionless strain rate 



• How is the cycle dynamics controlled? 

• Solute diffusion is influences the cycle dynamics 

• Characteristic time associated with swelling 

• What influences the pore dynamics? 

• Thermal fluctuations initiate pore nucleation 

• What is the pore nucleation mechanism? 

• The pore opening stress is a dynamic property dependent on load rate 

• Purely elastic deformations? 

• Folding/unfolding AND elastic regimes seem to alternate 

Pulsatile vesicles under osmotic 
stress 
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Chabanon et al, Biophys J 2017 



Systems of increasing complexity 
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Dynamics 
and 

stability of 
lipid 

vesicles 

lipid membrane 
colligative solute  
solvent flux (water) 

Osmotic stress 
Colligative 

Molecular crowding 

… 

Surfactant interactions with membranes 



Macromolecular crowding 
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Small solute, dilute 
solution 

Macromolecular solute, crowded 
solution 

Use macromolecular crowding 

Su, Gettel, Chabanon et al, JACS 2018 

Π = 𝑘𝐵𝑇𝑁𝐴[𝑐 + 𝐴2(𝑀𝑐)2] 
2nd virial  
coefficient 

Molar mass 

Non-colligative solutions 



Macromolecular crowding 
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• First pore is long lived 

• Polymer increase pore life 

• Larger vesicles are slower (as shown previously) 

114mM Suc. Inside, 14mM Glu. Outside 

14mM PEG-8k Inside, 14mM Suc. Outside 

14mM Dex-10k Inside, 14mM Suc. Outside 

Dynamics of 3rd pore 



Soluble surfactants 
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… 

Binding and flip-flop 

Transient pore Stable pore 

Saturation and  
mixed-micelle formation 

Pore opening due 
to area decrease 

Transient pore 

Stable pore 

Hamada et al. 2009. Phys. Rev. E 80, 51921.  

Hamada et al. 2012. J. Phys. Chem. Lett.  

3, 430–435. 



Pore lifetime due to surface 
area reduction 
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Chabanon and Rangamani, BBA: Biomembranes 2018 



Lessons learned from modeling 
• Models from first principles can be quite powerful in 

identifying fundamental behaviors across different 
membrane compositions and volume conditions. 

• Parametrization and validation of models in close 
collaboration with experimentalists 

• Testing predictions with further experiments 
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