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Topical Review R483

Figure 1. A schematic diagram of temporal and spatial scales accessible by simulation techniques.
Also indicated are some characteristic membrane structures and events.

2. Challenges

There are many phenomena that lie within the mesoscopic spatio-temporal scale which may
eventually be explored with coarse grain (CG) methods. In a biological context, examples of
such phenomena are protein–protein interactions, lipid–protein interactions, and membrane–
membrane interactions. Events that fall into these categories include antimicrobial attack
on membranes and membrane fusion. From a materials perspective, the optimal design of
nanosyringes which penetrate membranes is of interest, as well as the design and properties
of artificial polymer based membranes which can act as controlled release vesicles for drug
delivery. These are discussed below.

To understand the biological function of lipids, their physical properties must be studied in
the context of membranes composed of lipid/protein mixtures. Membrane lipid composition
varies widely over different organelle membranes, within a single membrane, and even across
leaflets of the same bilayer membrane. These differences in membrane composition range
throughout the whole spectrum of living organisms from protozoans to higher organisms
such as mammals. For example, the transbilayer lipid distribution is symmetrical in the
endoplasmic reticulum of mammalian cells, while it is markedly asymmetrical in the plasma
membrane [27]. In the plasma membrane the majority of sphingolipids are found in the outer
leaflet while most of the phosphatidylserine and phosphatidylethanolamine lipids are found in
the cytosolic leaflet. Local variations in the physical properties of bilayers allow for membrane
deformation and facilitate vesicle budding and fusion [28]. Proteins can also stimulate
lipid exchange between membranes by bringing them into contact [29]. It is thought that
hydrophobic matching between the protein and its matrix is essential for protein function [30].
An understanding of these processes at a mesoscopic or atomic level is currently lacking. An
example of a protein assembly which brings membranes into contact is given in section 6.4.

The interaction between membranes can be accounted for by the van der Waals and electric
double-layer forces which comprise the Derjaguin–Landau–Verwey–Overbeek (DVLO) theory
of colloid science and by the entropic forces due to the overlap of thermally excited surface
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Some challenges in soft matter  

Schematic illustration of the nanostructures formed by an AB diblock copolymer in the bulk.  
T. P. Lodge et al Faraday Discuss., 2005, 128, 1 - 12

The phases formed depend on the polymer and the solvent 

Lamellar to onion transition : Temperature dependences of the 
shear stress and 2-D depolarized SALS patterns at shear rates of 
1 s-1 (b) and 3 s-1 (O) for the sample containing 48 wt%C16E7 
in D2O.

Yuriko Kosaka et al    Langumuir DOI: 10.1021/la903251v
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Temperature Sensitivity 
of Liposomes 

L.H. Lindner Clinical Cancer 

Research 10,2168 ( 2004) 
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Mechano-sensitive channels

Small-scale membrane structure
Cholesterol, lipid rafts, and hydrophobic matching

Jacobson, Mouritsen, Anderson Nature Cell Biol. 9, 7-14 (2007)
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Coarse graining strategies  
Mesoscale modeling 

“Mesoscale modeling is the name given to the set of  techniques that model 
materials using fundamental  units where length is between the molecular scale 
and  the engineering scale. This leads to a hypothetical  model size between 10 
and 100 nanometers.” 
from:  http://www.accelrys.com/technologies/modeling/materials/meso 
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and  the engineering scale. This leads to a hypothetical  model size between 10 
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Explicit coarse graining - Clusters of atoms are combined to new entities (‘’meso-beads’’)

Mesoscale modeling 

“Mesoscale modeling is the name given to the set of  techniques that model 
materials using fundamental  units where length is between the molecular scale 
and  the engineering scale. This leads to a hypothetical  model size between 10 
and 100 nanometers.” 
from:  http://www.accelrys.com/technologies/modeling/materials/meso 

How do we do this ? Carlos  Pierloni , Shekar Garde,  Prabhal Maiti
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Effective interactions - Certain microscopic degrees of freedom that do not matter any more,  and can be 
"integrated over" ("averaged" over)  --->  Implicit solvent models for membranes 

Can we have different resolution  coarse graining  in 
one simulation ? 

Adaptive coarse graining - Delle Site 
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Consider a  chromophore or a fluorophore  attached to a molecule.  

Since the chromophores and fluorophores are sensitive to their environments 
we can use the spectral information to determine the structure of the 
molecule .
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Quantum Mechanics/ Molecular Mechanics (QMMM) approach is one such methodology 
that allows us to treat certain regions of the molecule quantum mechanically while the 
structural changes are computed using classical MD.  
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Molecular Biology ..

•Can we compute the spectral changes as the structure of proteins change  ? 

•Need both electronic level and molecular  level information  

Consider a  chromophore or a fluorophore  attached to a molecule.  

Since the chromophores and fluorophores are sensitive to their environments 
we can use the spectral information to determine the structure of the 
molecule .

So the question is ...   

Quantum Mechanics/ Molecular Mechanics (QMMM) approach is one such methodology 
that allows us to treat certain regions of the molecule quantum mechanically while the 
structural changes are computed using classical MD.  

•Similarly, understanding the enzymatic properties of  certain molecules depend both on the 
structure of the whole molecule and its ability to tunnel hydrogen - for example in the case of 
liver alcohol dehydrogenase.  ( Wikipedia ) 

Amalendu Chandra and Marcus Elstner
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“One of the continuing scandals in 
the physical sciences is that it 
remains impossible to predict the 
structure of even the simplest 
crystalline solids from a knowledge 
of their composition.”

Maddox, J. Crystals from first principles. Nature 
335, 201–201 (1988).
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Hard Materials 

•Microstructural features in metals can have drastic 
consequence on what happens at large length scales .

•Aircraft turbine and ship blades can fail if small amounts of 
certain impurities cluster at the grain boundaries. 

•Stress corrosion cracking : growth of cracks in materials , 
which are otherwise resistant to cracks and corrosion, upon 
long time exposure to extreme temperatures. 

The portrait of a crack

•Even in pure metals , dislocations determine it plasticity  and the 
ductile to brittle transition.

•Such  effects  and are particularly crucial when the material is 
functioning at extreme temperatures and pressures.  

•One strategy is to determine the properties of the dislocations 
using atomic level details and feed this information to a 
dislocation dynamics simulations in which the basic units are 
dislocation interacting though the strain fields.  The results from 
this calculation is then used to determine the material/device 
properties. 
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Hard materials Multiscale Strategy

Electronic orbitals, 
Nuclei, vibrations

Defects, e.g.. grains, 
dislocations

Continuum analysis

Material-specific
microscopic info

Intermediate-scale
 structure: properties

Devices, applications

Sub-angstrom

Nano-m, microns

 µ, mm

“First-principles” or  “Ab Initio”

Landau-theory
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Ab Initio
Modeling

Energy, forces
         
Ab Initio MD,
Monte Carlo

 Ab Initio
Approaches
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Some problems in biology

1

Ab Initio
Modeling

Energy, forces
         
Ab Initio MD,
Monte Carlo

 Ab Initio
Approaches

Phase field models

Gururajan 
Finite Element  models
Sankara Subramanian 

Limitations of Ab Initio to FEM  , Constitutive multiscale modeling -  
Michale Falk
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Topics in hard materials: multiscale phenomena 

•Structural Phase Transitions: eg. Shape memory alloy
•Nonlinear switching: time-scales from pico to nanosec
•Defects and disorder: dislocations, faults, Grain boundaries, 
interfaces
•Nanostructured materials: eg. Alloys, Relaxor Ferroelectrics
•Composites: eg. Carbon-nanotubes+metal/polymers
•Mechanical behavior: ductile to brittle transition
•Mechanical failure: crack propagation
•Mechano-chemistry: how impurites/environ affect mech. beh.
•Catalysis: surfaces and nano-strs [time and length scales]
•Collosal magneto-resistance materials: many energy-scales
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