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OUTLINE
§ Biomolecular Solvation
§ Variational Implicit-Solvent Model 
§ Dynamic Implicit-Solvent Model

§ Stability Analysis
§ Numerical Simulations

§ A Generalized Rayleigh-Plesset Equation for Ions
§ Conclusions
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Biomolecular Processes

§ Conformational changes
§ Molecular recognition
§ Molecular assembly
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Biomolecular Solvation
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Solute-solvent interface or
dielectric boundary

Hasted, Ritson, & Collie, JCP 1948. 

§ Electrostatic interactions 

McCammon, PNAS 2009.

§ Hydrodynamic interactions
significant roles of solvent 
viscosity and shear flows in 
the protein dynamics.

protein charges + ions + 
polarization of water
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Biomolecular Modeling: Explicit vs. Implicit

Molecular dynamics simulations
Statistical mechanics

Roux & Simonson, Biophys. Chem. 1999.

mi!!ri = −∇ri
V (r1,…, rN )

A =
1
Z

A(p, r)∫∫ e−βH ( p,r )dpdr

(ergodicity)= A
time
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Dzubiella, Swanson, & McCammon, PRL and JCP, 2006. 

Free energy of solute-solvent interface 

Variational Implicit-Solvent Model (VISM)
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Level-set VISM simulations

Relaxation Tight initial Loose initial 

Normal velocity (i.e., boundary force)
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Li, Cheng, Zhang, SIAP 2011. Li, Zhang, Zhou, J. Nonlinear Sci. 2021.

JCP, JCTC, JCC, JPCB, PRL, PNAS, etc.,  
2007-2021
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BphC

p53/MDM2

Stochastic level-set VISM 
for dewetting transition

Barstar-barnase
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Fluctuating Stokes solvent fluid flow

€ 

∇ ⋅εε0∇ψ − χwB'(ψ) = −ρ f

  

€ 

 r i

€ 

Ωm

G

€ 

Qi

€ 

Ωw

Dynamic Implicit-Solvent Model

Σij (x, t)Σkl (x ', t ') = 2µwkBTδ(x − x ')δ(t − t ')(δikδ jl +δilδ jk )

Interface motion  
Vn = u ⋅n

Electrostatics

Force balance  
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Stability Analysis  
A cylindrical solute-solvent interface
Li, Sun, and Zhou, SIAP 2015
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Dispersion relations
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(a)
1e+4 3e+4 5e+4 6e+4
5 

7 

9 

11

R
0

(Å
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Multiple steady state solutions and their stabilities.
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Numerical simulations

§ Level-set method for the moving dielectric boundary
§ Numerical boundary conditions to allow the change of solute volume

§ Reformulation: Poisson equation for pressure
§ MAC scheme for discretization
§ Schur complement and the least-squares method
§ GMRES, algebraic multigrid method, and additive Schwarz method 

for solving the linear system
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Sun, Zhou, Cheng, & Li, J. Comput. Phys. 2018



20 40 60
10−8

10−6

10−4
u

L1
er
ro
r

20 40 60
10−8

10−6

10−4

L2
er
ro
r

20 40 60
10−6

10−4

10−2

L∞
er
ro
r

20 40 60
10−8

10−6

10−4
v

20 40 60
10−8

10−6

10−4

20 40 60
10−6

10−4

10−2

20 40 60
10−8

10−6

10−4
w

20 40 60
10−8

10−6

10−4

20 40 60
10−6

10−4

10−2

20 40 60
10−6

10−4

10−2
p

20 40 60
10−6

10−4

10−2

20 40 60
10−6

10−4

10−2

 Number of grid points in each coordinate direction

18Slope: -2 for blue lines and -2.5 for red lines
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A Generalized Rayleigh-Plesset equation for Ions 

m
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Q R(t)

! !w
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/Å

2 )

 Scaled LJ interactions 
Pressure difference
Surface tension

Electrostatic interactions
 Total 

m

rO

Q R(t)

! !w

Surface force 
total and individual components



23

Simulation with the Euler-Maruyama method
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Molecular dynamics simulations with GROMACS
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Generalized RPE vs. MD simulations

Cation:  RPE value is close to the average of first nonzero and peak values 
Anion: RPE value – 0.5 A is a good approximation
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Charge asymmetry!



§ Dielectric boundary and fluctuating Stokes flow
§ Linear stability analysis. Key parameter: surface tension / viscosity
§ Numerical simulations: level-set, numerical boundary conditions,

etc. Predict: area = f ( time / viscosity)
§ A generalized Rayleigh-Plesset equation for ionic radius: derivation 

and simulation. Good agreement MD simulations. 
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§ Solute atomic mechanical interactions coupled with implicit solvent. 
§ Extension:  stochastic dynamics for many collective variables. 
§ Hybrid and multiscale modeling and simulations. 
§ One of the bottlenecks: force calculations. New theory and

simulations techniques?

Dynamic implicit-solvent model

Conclusions

Further studies
No tracking of individual water molecules!



Thank You!
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