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1 Introduction

This handout and the corresponding talk deals with the movement of double stranded

DNA and salt ions through nanopores. In experiments it has been observed that the ion

current changes if a DNA chain flows through a pore. To try to explain this change in

current and its dependence on the salt concentration, calculations and simulations were

performed. The following text will give insights into the experiment, the calculations

and the results of the simulation. Hereby I will refer to experiments by Smeets [1] and

a paper by Kesselheim [2].

2 Motivation

A device called MinIon developed by Oxford Nanopores is a great example for the im-

portance of nanopores. MinIon uses nanopores for DNA sequencing, which is important

for extracting the genetic information from the DNA chain. The device is small, fast

and only costs 1000 $. MinIon uses single stranded instead of double stranded DNA

and has electrodes in the pore to detect the bases of the DNA. Different bases lead to

different voltages at the electrodes. For the advance of medical research it is beneficial

to achieve cheap DNA sequencing. Therefore it is important to understand the physics

involved in the DNA transport through nanopores.

3 Basics of Nanopores

A nanopore is a hole with a diameter between 1 nm and 100 nm. We differentiate

between two kinds of nanopores, the biological, like the one used in the MinIon device

and the solid state nanopores. Solid state nanopores can be made by drilling a hole

into a membrane. To produce such a membrane, different layers must be evaporated

on a substrate such as silicon, which is then removed along with certain other layers to

unveil an especially thin membrane. It is thin enough that an ion beam or an electron

beam can be used for drilling. Different diameters of nanopores can easily be achieved

with different beams. Figure 1 shows Smeets’ result of drilling a 10 nm nanopore with

an electron beam. In this case the same electron beam was used for drilling the hole

and taking the TEM picture. Smeets chose a diameter of 10 nm to be able to fit a

double stranded DNA chain through the pore.
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Figure 1: Nanopore fabrication and layout. (a) Schematic of drilling a nanopore us-

ing a focused electron beam on a thin membrane. (b) TEM picture of the

nanopore [1]

The usage of DNA and nanopores for experiments is common among many research

groups. DNA is a macro molecule and an acid. A double stranded DNA chain measures

about 2 nm in diameter and varies in length. Human DNA chains are actually about 1

m long. For the experiments however we are using chains in the range of µm. An acid

in solution has a negative charge, which can be used for many experiments.

The previous talk given by Frank in April was also about nanopores, but in his case

the voltage was applied in plane to the membrane. In case of my talk today a set up

using a galvanic cell with the membrane as a barrier was chosen. The inside of the cell

is filled with an electrolyte consisting of salt and water. In contrast to the mentioned

talk, the voltage is applied perpendicular to the plane, so that an ion current flows

through the pore. Figure 2 shows the current-voltage-characteristics at different salt

2



Carl Bühner 24.06.2015

concentrations. This current-curve matches the one of bulk. The current is linearly

dependent on the applied voltage and increases with higher salt concentrations. The

ion current in bulk is understood well and will therefore not be elaborated further.

Figure 2: Current-voltage characteristics for a single nanopore at different salt concen-

trations [1]

When DNA is in the cell and flows through the pore the ion current changes. How

potassium and chloride ions move through the pore is shown in the left of figure 3.

When a DNA chain enters the pore the ion current decreases, as seen in the centre of

figure 3. After the DNA chain exits the pore the ion-current is restored to the initial

level, as seen on the right side of the figure. Knowing this, gives us a method to detect

a DNA chain.

The assumption, that the DNA simply needs too much space, to allow ions to flow

through the pore at the same time, suggests itself. This assumption, however is wrong,

as we will see later.
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Figure 3: The schematic shows the ion current recorded as a function of time. The

corresponding schematics above the graphs display the position of the DNA

at the time-step [3].

Figure 4: Examples of current time traces for dsDNA (blue), RNA (red) and tRNA

(black) measured using a 3 nm diameter pore [3]
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The current change is dependent on the kind of molecules flowing through the

nanopore. A tRNA chain causes the greatest current change, followed by RNA chains.

The least current change is caused by a DNA chain. Varying concentrations of differ-

ent molecules in an unknown solution can be identified by the corresponding current

changes, as seen in figure 4.

4 Experiments by Smeets

Smeets has measured the current changes for different salt concentrations. A part of

his work is shown in figures 5, 6 and 7. The salt concentration in figure 5 is high, with

500 mmol/litre, at this concentration the decrease in current happens as the DNA enters

the pore. At low concentrations an increase in current is observed, as seen in figure 6

for 150 mmol/litre. The current change can be given as relative current modulation,

as shown in figure 7. A positive value indicates an increase in current, a negative

value equates to a decrease of the ion current. This relative current modulation can

be plotted over the salt concentration. At a salt concentration of about 0,4 mmol/litre

Smeets neither observed a increase nor a decrease in the current. This point is called

crossover. Here the relative current modulation is zero as DNA enters the pore. This

point is meaningful: Only when the experiment and the model are in agreement at this

concentration, the simulation is successful.

Figure 5: Examples of three individ-

ual DNA translocation events

at KCl concentration of 500

mM [1]

Figure 6: Examples of three individual

DNA translocation events at

KCl concentration of 150 mM

[1]
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Figure 7: Relative current modulation for salt concentration between 50 mmol/l and

1 mol/l [1]

5 Mean Field Model

How can these mechanisms of current change be understood? The most simple model

for this is a mean-field model. We assume simplified geometry for the entire problem.

The DNA chain is viewed as a charged cylinder and the pore as a secondary larger

cylinder enclosing the DNA, as seen in figure 8. These cylinders are separated by

electrolyte and the pore itself has no charge. In this case cylindrical coordinates are

chosen for geometrical description.
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Figure 8: The simplified geometry of a DNA chain in a nanopore

The Poisson equation known from electrodynamics is used to receive the radial charge

density. It generates a relation between electrical potential and charge density.

∆Φ =
1

ε
ρ (1)

With Φ the electric potential, ρ the charge density and ε the permittivity.

Following the basics of thermodynamics the charge density must be Boltzmann dis-

tributed.

ρ = ce exp(−Φ̄) − ce exp(+Φ̄) (2)

With e the elementary charge, c the salt concentration, and Φ̄ = eΦ
kBT

the reduced

electrical potential.

Combining these two equations leads to the Poisson-Boltzmann-Equation.

∆Φ̄ =
1

l2D
sinh Φ̄ (3)

With lD the Debye length.

The Poisson-Boltzmann equation can be solved numerically and gives the electric

potential as well as the ion concentrations in dependence on the position, as seen in

figure 9. The electric potential only significantly differentiates from zero in the area

close to the DNA chain, due to the ions shielding the DNA’s charge. Because of this

the concentrations of Cl− and K+ ions in this area are different. At a larger distance

to the DNA in the bulk these two concentrations are equal.
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Figure 9: Reduced electrostatic potential and concentrations of the ions for a nanopore

with a diameter about 20 nm [4]

In order to calculate the velocity of the water molecules we are using the Stokes

equation, which is a simplified version of the Navier-Stokes equation. The force on

water molecules can be expressed by the ion concentration in the fluid.

η
1

r

d

dr

(
r

d

dr
uz

)
+ (c+ − c−)E = 0 (4)

With η the dynamic viscosity, c± the concentration of the ions, uz the velocity of the

water molecules and E the electric field.

The velocity of the ions is the result of the Stokes equation.

v±z = uz ± µE (5)

With v±z the velocity of the ions and µ the mobility of the ions in water.

This velocity consists of a contribution by water molecules as well as a direct con-

tribution by the electric field. The mobility of the ions in water takes friction into

account.

The total ion current can be defined as:

j = (c+v+
z − c−v−z ). (6)

A simple transformation leads to two separate currents. The first of which is the
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direct current, consisting of the movement of ions through the water due to the electric

field:

jD = (c+ + c−)µE. (7)

The second current is called advective current. Water molecules are dragged along by

ions because of friction, causing this current. The difference in the concentrations of

positively and negatively charged ions results in the average total water velocity. This

means that the water flows in the same direction as the ions of higher concentration.

Due to its inertia, negatively charged DNA has a very low velocity. This leads to a

higher concentration of ions with positive charge. The flow of water in turn drags other

charge carriers in its direction.

jW = (c+ − c−)uz (8)

DNA

K+ H2O

Cl-

Figure 10: Direct current shown with

arrows at the charged par-

ticles

DNA

K+ H2O

Cl-

Figure 11: Advective current shown

with arrows at the water

molecules

The experiment is compared to the mean field model in figure 12. In this figure

the relative current modulation is plotted over the salt concentration. The advective

current can only provide a positive contribution to the modulation.
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Figure 12: Comparison between the experiment and the calculated current modulations

[2].

The direct current also causes an increase of the current over a large range of salt

concentrations, due to the additional positive ions. The total current is the result

of the sum of direct and advective currents. This sum does not match the one of

the experiment. According to the experimental calculations the crossover point is at

significantly lower salt concentrations. Therefore the model does not describe the actual

effects correctly.

6 All-Atomistic Simulation

After discovering that the mean field model is not suited for our needs, we must chose

a new ansatz: an all-atomistic simulation. This approach does not assume simplified

geometry, but simulates each atom individually. All molecules, water as well as salt,

are explicitly simulated. The Amper package, which we got to know in the last talk

given by Sven, is used to calculate the force field. With this tool all bindings and

interactions can be calculated. Due to the complexity of these problems we are only

able to simulate a small section of the pore, as seen in figure 13. This section is about the

size of two turns of the DNA-helix, which has the advantage of us being able to choose

periodic boundaries. Assuming periodic boundaries basically makes the DNA infinitely

long. Once again the simulation is compared with the results of the experiment, as

seen in figure 14. The simulated advective and direct currents do not add up to the
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total current of the simulation. This is because of the frictional current reduction, an

additional negative contribution to the total current. Noticeably the total current of

the simulation and the experiment are very similar, best seen at the crossover.

Figure 13: Left side: Sketch of a typ-

ical DNA translocation ex-

periment. Right side: The

section of the simulation [2]

Figure 14: Comparison between the ex-

periment and the simulated

current modulations [2]. [2]

Figure 15 shows the normalized mobility over the position. Because of high friction

the mobility of the ions in the direct surroundings of the DNA is very low. The as-

sumption, that the deviation seen in the mean field model is caused by the geometrical

simplification of the DNA helix as a cylinder, suggests itself.
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Figure 15: Normalized mobility of the ions over the distance to the centre of the pore

[2].

7 Conclusion

The paper at hand shows a specific application for all-atomistic simulation and its ad-

vantages over the mean field model. Comparisons have shown that the simulation closely

reflects the results of the corresponding experiments. Additionally we have discovered

an extra current contribution, stemming from the friction between the molecules. By ex-

perimenting and constantly comparing the results to simulations and models, we have

been able to better understand the currents through nanopores and the effects that

DNA chains can have on these. This became particularly apparent when calculation

with less simplified models.
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