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Abstract

FreeSolution Electrophoresis

Counterions frustrate our attempts to electrophoretically size separate
DNA. They do this through two interconnected phenomena.

1) The charged monomers electrostatically attract counterions,
establishing a distribution of ions around themselves. Interactions
between monomers separated by more than the sheath's characteristic
length scale (λD) are screened.
2) When an electric field E pulls on the monomer, the monomer shears
the surrounding fluid, perturbting the flow field. However, E pushes the
counterions in the opposite direction and the ensemble "counter"
perturbs the fluid. The shear is cancelled on length scales greater than
λDand so hydrodynamic interactions are also screened.

The natural world is filled with polyelectrolytes, the charged macromolecules that are ubiquitous in biological processes.
Polyelectrolytes constitute manybody objects that retain a tremendous number of degreesoffreedom and a variety of
longrange interactions. Predicting the dynamics of these chains, their counterion clouds and the solution that surrounds
them is imperative for the development of novel microfluidic devices; not only designing microfluidic assays for next
generation electrophoretic separation (a key step in DNA sequencing), but also engineering nano and microscopic
interfaces. For instance, coating nanoparticles with polyelectrolyte coronas can prevent agglomeration while allowing
sitespecific adhesion and grafting polymer brushes inside microfluidic channels can create stimuliresponsive valves.
We present a coarsegrained method for numerically predicting the behaviour of polyelectrolyte complexes under the
influence of a field. Polymer chains are simulated by Molecular Dynamics and coupled to a mesoscopic model of the
surrounding fluid called MultiParticle Collision Dynamics. The DebyeHuckel approximation is used to give fluid
particles an effective charge, shear the fluid and account for Manning condensation. We demonstrate that this model can
accurately simulate both electrophoresis and electroosmotic flow (the twin fields of polyelectrolyte dynamics) by
considering tethered polymers subject to electric and hydrodynamic fields.

If the polyelectrolyte is made up of only a few monomers and λD is large,
the counterion clouds overlap. In this case, the monomers dohydrodynamically interact and so drag is relatively
unchanged but the electric force increases so the mobility (μ=vE) shootsup dramatically.
This isn't indefinite. Counterions that get too close condense onto the surface of the polyelectrolyte, giving the chain an effective
charge proportional to it's length N. At the same time, once the size of the chain is greater than λD sections of chain are
hydrodynamically screened from each other so that the drag increases with N as well. Unfortunately, this means μ saturates at a very
low N.

MPCDMD DebyeHuckel Algorithm

Molecular Dynamics
In our model monomers interact through three potentials:
1) The WeeksChandlerAndersen (WCA) potential between all pairs

2) Finitely extensible nonlinear elastic (FENE) bonds between neighbours
3) The DebyeHuckel potential between charged particles
Anderson MultiParticle Collision Dynamics
Longrange intermolecular potentials between ﬂuid particles are replaced by
collision events that omit the microscopic details (thus avoiding lengthy
calculations to determine forces). These events are deﬁned to conserve mass,
momentum, and energy
1) Streaming Step: particles move
ballistically and their positions are
updated in discrete time intervals
2) Collision Step: transfers momentum
between particles. Particles are binned
into cells. Each cell has a centre of mass
velocity, which corresponds to the local
macroscopic velocity. The collision step
can be any scheme that is constructed to
conserve momentum

The computational cost of MPCD scales
linearly with system size. Since arriving in
Hsinchu, decrease of 30% computational time
has been achieved.

Effective Charge and Condensation
Since electrostatic calculations can be as costly as hydrodynamic ones in systems
such as these, we propose a mean field approximation: If fields are not too high
the DebyeHuckel approximation of exponential for the counterion distribution is
acceptable. We use the DebyeHuckel approximation to assign effective charge to
MPCD particles near MD beads. In this way the fluid is electroosmotically
sheared.

ElectroHydrodynamic Equivalence Principle

Long polyelectrolytes subject to an electric ﬁeld have a constant μ. However, if a nonelectric/mechanical
force acts in concert on the polymer, it is no longer freedraining.
Both F and E act on the polyelectrolyte chain but only E acts on the counterions. Therefore, there is a ﬂow of
counterions relative to the polyelectrolyte’s reference frame. When the polyelectrolyte is undergoing free
solution electrophoresis, the counterions move with the chain and the ﬂow quickly decays to zero. On the
other hand, when the polymer is subject to a mechanical force (such as a tethering tension) there is electro
osmotic ﬂow (EOF) at the surface of the chain generated by the electrophoresis of the counterion sheath. This
is all very well described by the principle of electrohydrodynamic equivalence (or the equivalence principle).
Equivalence principle: when polyelectrolytes with small λD are acted on by E and F simultaneously, one can
replace a consideration of the full electrostatics and hydrodynamics with an effective local ﬂow equal to v=µE.

Tethered Polyelectrolytes

A polymer tethered in place is an ideal example of the equivalence
principle. The chain will orient along the direction of the force and in
response stretch. The tension along the chain is a nonelectric force and so
the equivalence principle applies. Happily, a theory for the extension of
tethered polymers is well established and so any differences between the
behaviour of polyelectrolytes in an electric field and a flow field will be
evident. Different behaviours are expected for different regimes.
1) If the force is weaker than the thermal noise, the the polymer remains
undeformed.
2) At stronger forces, the polymer will take on a trumpetlike
conformation because the tension stretching the chain is highest near the
tethering point. The correlation length increases continuously as an inverse
function of the distance from the tethering point and the effective velocity.
3) The correlation length is physically restricted from decreasing below
the monomer size and so at stronger fields yet the chain is composed of
two regions: a fully stretched stem and a flowerhead

4) When subject to the strongest forces, the chain will be completely
stretch be rodlike in conformation.

We can compare the conformations produced by preliminary simulations to the scaling laws that accompany
these regimes. The density should be symmetric in a zero field and the simulation results for both flow fields
If the charge of a fluid particle passes a cutoff, the implicit ion condenses and both
and low electric fields produce density distributions
the fluid and the monomer lose the appropriate amount of charge.
qualitatively similar (though understandably skewed) to
Electrohydrodynamic Equivalence Principle: Revisited
our expectations. For brevity, only the weakest and
strongest fields investigated are shown. At the largest
To conclude, we return to the equivalence principle. Earlier we discussed it from the point of view of the polyelectrolyte: When acted on fields the chains have a significant probablity of being
by both an electric and mechanical force, the electrohydrodynamic equations of motion can be estimated by simply envisioning the chain extended to their entire contour length.
subject to a uniform velocity field equal to the speed that the polymer would be electrophoresising if subject to an electric field alone.
As the forces increase, the endtoend distance of the
However, by Newton's Third Law this equivalence must be true for the solvent as well. Indeed, our simulations demonstrate that the chain increases which demands that the crosssectional
decrease. This is indeed what we see, although further
electroosmotic flow field generated by a tethered polyelectrolyte (acting as "microfluidic ionthruster") is equal and opposite to the same size
computations are required to verify that the MPCDMD
tethered polyelectrolyte subject to a uniform flow field (acting as a microfluidic parachute).
DebyeHuckel scheme reproduces the predicted scaling
laws and to statistically resolve the differences between

