Simulation of the currents through nanopore sensors
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ABSTRACT

Introduction. Nanopores are the ultimate Coulter counters. The principle of a Coulter counter is that
the translocation of a particle through a small channel separating two reservoirs of electrolyte solution
briefly changes the electrical resistance of the liquid. This change indicates the number and size of the
particles. Since the diameters of nanopores are comparable to the size of the particles to be detected in
the most advanced experiments, nanopores are indeed the ultimate Coulter counters.

The experimental progress in this field in recent years [1H4] motivates simulations of nanopores

acting as sensors in order to provide quantitative understanding and to enable rational design. Among
the applications of nanopores are single-molecule detection and DNA sequencing. There are several
open questions regarding physically correct modeling and efficient numerical methods.
The model equations. Here our basic model equations are the stationary drift-diffusion-(Navier-)Stokes-
Poisson system. The (Navier-)Stokes equations describe the transport of water acting as the background
medium; the drift-diffusion equations describe the transport of anions and cations; and the Poisson equa-
tion ensures self-consistency of all charge carriers. The two transport subsystems, namely drift-diffusion
and (Navier-)Stokes, are coupled as well: The flow of the background medium results in a third term
for the fluxes in the modified drift-diffusion equations, and the (Navier-)Stokes equations contain an
additional force term due to the effect of the ions on the background medium.

The drift-diffusion-(Navier-)Stokes-Poisson system is a phenomenological model, and we discuss
its derivation from a system of coupled Boltzmann equations as the most general description.
Numerical method. In order to simulate realistic nanopores, it is mandatory to resolve their geome-
try. Therefore we use the finite-element method on an unstructured mesh. The mesh is finer near the
nanopore and coarser away from it. The simulation domain is chosen sufficiently large to diminish the
effect of the boundary conditions. The model equations are solved in a self-consistent loop using a
Newton iteration.

Simulation results. Since this model includes the interactions of the background medium with the ions
that are driven through the pore by the applied potential, it includes all the physics of the problem. These
interactions are highly relevant to understand the sensing mechanism [5]]. We present numerical results
of nanopores that have been fabricated and used as sensors and we discuss how the currents through
the nanopores affect the translocation of analyte molecules, also by calculating the forces acting on the
molecules.
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