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In this hand-out and the accompanying presentation we will discuss a coarse grained DNA model
for electrokinetic applications as developed by Tobias Rau. A brief motivation for this model is
given after which we discuss several experimental results which should be reproduced by our model.
This will allow the model to gain realistic properties thus enabling DNA modeling on larger time
and length scales. A brief background and some theory is discussed after which the actual details
of the model are presented. Finally we benchmark the model and are able to reproduce the various
experimental results.
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I. INTRODUCTION & MOTIVATION

In order to introduce the topic of DNA (Deoxyribonu-
cleic acid) modeling, let’s take a step back and review
why DNA has been (and still is) studied in great detail
by many researchers. DNA is in fact the ’blueprint’ of

biological life from start to end, and makes that humans
are genetically different from each other. Being able to
read and reproduce this ’blueprint’ has been an impor-
tant goal for a long time. In 1993 the international ’Hu-
man Genome Project’ started, with the goal to sequence
a complete human genome for the first time in history.
[5], [4] Ten years later this was done for the first time and
nowadays one can sequence DNA for about USD 1000,-
using commercially available equipment. [13]

The question might arise as to what we are supposed
to with this relatively cheap technology? One promising
application could be personalized medicine, where one
would be able to target specific diseases for a specific
(group of) person(s). It might be possible to give indi-
vidualistic treatments for chronic diseases such as chronic
myelogenous leukemia. [3] In order to bring this within
our grasp, DNA would need to be sequenced even faster,
cheaper and more convenient; enter the realm of solid
state nanopore sequencing.

A. Solid State Nanopore Sequencing

Solid state nanopores have been proposed for DNA se-
quencing in the beginning of the 1990s and have been a
field of active research since then. Currently they would
be the fourth generation of sequencing devices and pro-
vide label free, ultra long read lengths (hundred thou-
sand to one million base pair reads), high throughput
whilst having low material requirements. The reason
then why they are not (yet) the current generation of
sequencing devices lies with two major complications; (i)
device apertures must be small enough to allow single
molecule detection and (ii) translocation velocities are
too high for the current temporal resolutions of exist-
ing optical and electrical technologies. [10], [1], [6], [16]
From the experimental side it is safe to say that funda-
mental knowledge is lacking, and is difficult to obtain by
only doing experiments. Having a realistic DNA model
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to directly study these electrokinetic DNA translocation
processes through solid state nanopores could yield new
and insightful results.

B. Many models

The question of what a realistic DNA model would be
really depends on what one wants to model. There are
already many coarse grained models in existence, usually
they are applicable in various (but specific) applications.
[11], [14] This of course lies partially at the basis of coarse
graining, one needs to approximate certain details while
keeping others around. Key points of the proposed model
would be:

• Focusses on dynamic behaviour

• Includes hydrodynamic interactions

• Used for electrokinetic applications: translocation

• From All Atomistic fixed DNA inside to the pore,
to a fully flexible model

II. EXPERIMENTS TO REPRODUCE

FIG. 1. On the top left a schematic representation of the
device. At bottom (center) a TEM image from a prepared
nanopore, measuring 10 nm in diameter. On the top right a
schematic of the translocation process.

We briefly discuss some experimental results on differ-
ent DNA properties in the following sections.

A. dsDNA transport through nanopore

The first experiment concerns actual translocation of
DNA through a nanopore as shown in figure 1. A solid
state nanopore in a Si/SiO2 membrane has been prepared
by focusing an electron beam on it. A schematic of the
device and a TEM (transmission electron microscopy)
image is shown in figure 1 on the top left and bottom

FIG. 2. The current fluctuation as a function of time. On the
left results are shown for concentration of 500 mM and on the
right the concentration was 150 mM.

FIG. 3. Schematic of the experiment conducted. The DNA is
on one side attached to the glass substrate and on the other
side attached to a large sphere. The projected vector R|| is
measured and from that the persistence length can be de-
duced.

center. On the top right a schematic of the translocation
process is shown, where the DNA (and ions in the liq-
uid) move due to the applied electric field. When the ion
current is then recorded as a function of time, the DNA
molecule translocating through the nanopore can be de-
tected by either a current increase or decrease as shown
in figure 2. Depending on the molar concentration of
the ionic solution, the DNA translocation process either
increases the current or decreases it. As we have seen
earlier this is due to a frictional effect, which was shown
by Kesselheim et al., something which will be important
when we benchmark the model. [17], [12]

B. Stiffness of dsDNA

In experiments performed by Brunet et al., the stiffness
(persistence length) of double stranded DNA was mea-
sured as a function of salt concentration. The persistence
length is a property that comes from a specific polymer
model and we will discuss later what it exactly entails.
The experiment is performed by attaching a large ball of
radius Rp to on end of the double stranded DNA and the
other to a glass substrate. The projected distance R||
is then measured as a function of concentration (see fig-
ure 3) and from this, the persistence length is obtained.
As this persistence length is related to the stiffness of
the polymer, or in our case the DNA, it is an important
physical property that our model should reproduce. [2]
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FIG. 4. A schematic of the capillary zone electrophoresis ex-
periment. A voltage U is applied to drive the electrophoretic
process, thereby effectively moving the DNA towards the de-
tector. From the traveled distance d, the DNA mobility can
be obtained.

FIG. 5. A schematic of double stranded DNA. The phos-
phate sugar backbone is shown in light blue with in between
the double backbone a basepair consisting of either Adenine-
Thymine or Guanine-Cytosine.

C. Electrophoretic mobility of dsDNA

The last experiment to be discussed is one by Stellwa-
gen et al., who measured the mobility of DNA in capillary
zone electrophoresis experiments. A detector (denoted D
in figure 4) is placed at distance d and detects the pres-
ence of DNA by a peak in the absorption spectrum. The
time it takes for the DNA to transverse the distance d
can be used to compute the mobility. As one can imagine
the mobility might depend on the length of the DNA and
again therefore it is necessary that our model reproduces
these experimental observations. [19]

III. BACKGROUND & MODEL

We now first turn to some underlying background,
which is necessary to understand how the model is build
up and which will allow us to benchmark our model.

A. Double Stranded DNA

Throughout this Hauptseminar session we have dis-
cussed double stranded DNA in various cases, therefore
we only recap on the basic properties. In figure 5 a
schematic for double stranded DNA is shown. The phos-
phate sugar backbone is shown in light blue with in be-
tween the double backbone a basepair consisting of either
Adenine-Thymine or Guanine-Cytosine. These basepairs
form hydrogen bonds with bonds strength of the order of
10 to 15 kBT . As we specifically treat DNA in ionic so-
lutions it is important to note that DNA can behave as
an polyelectrolyte and can be modeled as a stiff polymer.
We will discuss this further in coming sections.

B. Fluid Dynamics

A macroscopic description of a fluid can be given by
the Navier-Stokes equation and it can be derived starting
from the continuity equation

δρ

δt
+∇ · (ρ~v) = 0 (1)

where ρ is the fluid density and ~v the velocity. Substi-
tuting ρ~v for ρ we find

δρ~v

δt
+∇ · (ρ~v ⊗ ~v) = 0 (2)

Using the fact that ∇· (~u⊗~v = (∇·~u)~v+~u ·∇~u and sub-
stituting the continuity equation we arrive at Cauchy’s
momentum

ρ

(
δ~v

δt
+ ~v · ∇~v

)
= 0 (3)

This looks very similar to Newton’s second law for a solid

mass ~F = m~a although in our case we consider a fluid
and we should include sources and sinks of momentum.
Doing this we arrive at

ρ

(
δ~v

δt
+ ~v · ∇~v

)
= ∇ · σ + f (4)

For clarification ρ is the density,
(
δ~v
δt + ~v · ∇~v

)
is the ac-

celeration, ∇·σ is the stress tensor and f the body force.
For an incompressible (∇ · ~v = 0), isotropic and Newto-
nian fluid this can also be written as

δ~v

δt
= − (~v · ∇)~v − 1

ρ
∇p+ ν∇2~v + ~f (5)

which is the incompressible Navier-Stokes equation. ν
in this case is the viscosity of the fluid. One important
aspect is that the Navier-Stokes equation can be scaled
to only contain the Reynolds number

Re =
~vL

ν
(6)
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FIG. 6. An example of a discrete lattice of cells in space,
where a cell is filled or empty and the particle velocity is
discretized. The lattice is indicated by black dots, particles
by red circles and the velocities by blue vectors.

This means that for different values of ~v, L, ν the
Reynolds number can be identical and hence these condi-
tions are then dynamically equivalent. [7], [22], [18] Ex-
plicitly modeling a fluid however, can be computationally
costly and therefore we look for cheaper alternatives in
what follows.

C. Lattice Gas Cellular Automata

In order to reduce the computational cost of explicitly
modeling a fluid, one might consider discretizing space for
the fluid particles, by sticking them on a lattice. This was
done in some of the earlier lattice gas cellular automata.
A cellular automaton consists of a regular grid of cells,
each in one of a finite number of states (i.e. empty or
filled). An example of this is Conway’s Game of Life
developed in the 1970s.

The first step then would be to create a lattice of cells
where we either fill the cell with a particle or leave it
empty. The next step would be to give the particle dis-
crete velocities along the lattice vectors. This is shown in
figure 6. In this way we have discretized both time (sim-
ulations are done iterative), space and velocity. Another
way to discretize velocity space is by assigning it as a
property of the lattice instead of the particle. In general
this then looks like figure 7. Limiting ourselves to the
top schematic, we see a square lattice of nodes (where
lines cross) and each node has four cells attached to it
(the circles on the lattice lines). Each of these cells has
a velocity associated to it which is defined by the vector
pointing from the attached lattice node to the neighbour-
ing node. This means that particles in specific cells move
only in very specific directions. Looking at the full im-
age, we see three iterative steps of the square lattice gas
cellular automata. On the top the initial state (after free
streaming of particles), in the middle the possible colli-
sions take place (only head-on, left from the middle) and
finally at the bottom the streaming step where particles
in the cells move to their respective cell on neighboring
nodes. Note that these interactions are strictly local, a
property that will which will be important later on. [22],
[20]

FIG. 7. Three iterative steps of a square lattice gas cellular
automata. On the top we have the initial state (after free
streaming of particles), in the middle the possible collisions
take place (only head-on, left from the middle) and finally
at the bottom the streaming step where particles in the cells
move to their respective cell on neighboring nodes.

D. Boltzmann Equation

Alternative to the explicitly modeling the particles one
can also switch to kinetic theory and describe the parti-
cles by mesoscopic theory. We consider the probability
density function f(~r,~v, t) which describes the probability
to find a particle at position x at time t and with velocity
v. The Boltzmann equation then reads (without external
force)

δf

δt
+ ~v · ∇f = C(f, f) (7)

where f is the probability density function and C(f, f)
is the collision operator. This equation describes on the
one hand (right side) on force free streaming of particles
and on the other (left side) the change in the probability
density function by collisions of particles.
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FIG. 8. Going to discretized LBM.

E. Lattice Boltzmann Method

When combining the previous two sections, discretiz-
ing the Boltzmann equation and using the discretized
space time and velocities, we arrive at the Lattice Boltz-
mann Method. The discretized Boltzmann equation still
retains its free streaming and collision part and we move
from a classical picture to a discretized one as shown in
figure 8. The arrows on the right side of the figure indi-
cate the allowed velocity vectors for each cell. From this
it is clear that interactions are strictly local, allowing the
simulations to be parallelized, something is is obviously
beneficial. The now discritzed collision operator will pro-
vide us with the revelant and interesting physics and is
therefore important. A common choice for the collision
operator is given by

Ωi = −1

τ

(
fi − f (eq)i

)
(8)

where τ is the relaxation time (hence 1
τ a collision fre-

quency) and the term
(
fi − f (eq)i

)
describes the relax-

ation back to the equilibrium probability distribution.
One can then tune the collision operator by changing τ .
This collision operator is also called the BGK operator,
named after Bhatnagar, Gross and Krook. One impor-
tant of collision operators is that they should conserve
momentum, because this allows us to measure oberserv-
ables such as the density by

ρ =
∑
i

fi (9)

Running the simulation is then done by subsequently cal-
culating collisions and free streaming steps, thereby mov-
ing the system forward in the time. One important fea-
ture of this Lattice Boltzmann Method is that the Navier-
Stokes equation can be derived from it, thus accurately
describing a fluid. [20], [9], [21]

F. Basics of Ideal Chains

In figure 9 a schematic of the freely jointed chain model
is shown. In this model the length of the monomers is

FIG. 9. Vector model of the freely jointed chain model where
monomers are depicted as bond vectors lying tail to head
without any restriction.

FIG. 10. Sketch of polymer chain s where two tangent vec-
tors are taken at different points namely t(s1) and t(s2). The
angle θ is the angle between the two tangent vectors and the
length scale on which the correlation between these two tan-
gent vectors decay is the persistence length.

fixed and they are denoted by bond vectors bi. How the
monomers organize themselves to form a polymer is left
unrestricted. Hence, a random walk description can be
used to describe such chain. The monomers are allowed
to overlap with themselves and it is therefore obvious that
the end-to-end vector Re does not describe the actual
length of the polymer, but can be used to describe the
chain. For an ideal case Re scales with

√
N and since

there are no restrictions imposed, the random walk of
this model will represent soft polymers. [15] Therefore we
need an alternative to model our stiffer double stranded
DNA.

G. Worm-like chain model

The worm-like chain model can be used to describe
stiffer chains as the bond angle θ between monomers is
kept small. This results in a relatively smooth polymer.
The persistence length of such worm-like polymer then
described the stiffness and is defined as

lp ≡ l
2

θ2
(10)
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FIG. 11. Illustration of the three different solvent conditions,
on the top a good solvent condition, on the left the so called
θ-solvent condition and on the right a poor solvent condition.

where l is the bondlength of the individual monomers
and θ the bondangle between them. [15] Alternatively
in simulations it can also be calculated via the tangent
vectors (see figure 10). It is the characteristic length scale
of the decay in the correlation of the tangent vectors:

< t(0)t(s) >=< cos(θ) >= exp

(
−L
lp

)
(11)

H. Real chains

If we now allow monomer-monomer and monomer-
solvent interactions the overlapping of monomers will be
suppressed in contrast to the case of ideal chains. This is
also called the excluded volume effect and now the chain
can be described by a so called self avoiding walk. The
scaling of of the end-to-end distance Re is now general-
ized to Nν , where ν is the Flory exponent. This expo-
nent describes the solvent conditions of the polymer in
the fluid and results in three regimes as shown in figure
11. On the top a good solvent condition is shown cor-
responding to ν = 0.588. In this case the attraction is
weaker than the repulsion and leads to the self avoiding
walk behaviour. On the left the θ-solvent is shown for
ν = 1/2, in this case the attractive and repulsive inter-
actions are balanced, leading to an ideal chain behaviour
and thus a random walk description. Lastly on the right
the pool solvent condition, where the attractive forces are
stronger causing the polymer to coil up (ν = 1/3). [15]

I. Polyelectrolytes & Electrophoresis

Polyelectrolytes are polymers with ionizable groups on
their monomers which can dissociate in aqueous solution
with appropriate pH value. These groups can either pick
up an ion from the solution of donate one to it. In case
of the DNA a H+ ion dissociates from the phosphate
group of the backbone, which results in two elementary
e− charges per base pair. [15], [8] Applying an electric

FIG. 12. The base pair and backbone beads with the coordi-
nate system built around the center of mass (yellow).

FIG. 13. The fixed dsDNA model.

field to an ionic solution containing polyelectrolytes then
results in both ions and polyelectrolytes moving due to
this field. This process is called electrophoresis.

J. Course Grained dsDNA model

The coarse grained model is build of DNA segments
as shown in figure 12. Each segment consists of one base
pair and two backbone beads. The distance Rbb and an-
gle φbb are fixed. Additionally an extra non-interacting
particle is added at the center of mass (yellow particle
in figure). This particle is added for technical reasons
and only this particle is considered when integrating the
equations of motion. The other particles (blue) are hence
virtual and transfer all the interactions to the COM par-
ticle. It is important to note that the COM particle does
not have any interactions on its own. Combining these
segments a piece of DNA strand can be build up as shown
in figure 13. The bond angle φbb is set to 144 ◦ to ob-
tain the double stranded minor and major groove. Rbb
is chosen such that the radius of the dsDNA is 2 nm.
The double stranded DNA is modeled by four harmonic
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FIG. 14. An overview of the potentials.

interaction potentials:

vha(r) =
1

2
Kha(r −Rbp)2

vbbba(r) =
1

2
Kbb
ba(φ− φbbba)2

vbpba(r) =
1

2
Kbp
ba(φ− φbpba)2

vdh(r) =
1

2
Kdh[1− cos(nφ− φdh)]2

(12)

Where vdh represents the dihedral potential and makes

that the DNA properly coils. vbpba is a harmonic angle po-

tential defining the flexibility of the chain and vbbba assures
a 90 degree angle of the backbone. Finally Vha, is a har-
monic potential between base pair beads. An overview is
shown in figure 14.

IV. BENCHMARK RESULTS

In this section we will benchmark the presented model
and see if it is able to reproduce the experimental results.
An overview of the actual results is presented here, we
will go in slightly more detail during the presentation.

A. DNA transport through nanopore

Modeling the experiments and all atomisitic simula-
tion results requires adaptions from the earlier presented
model due to; (i) since the initial models allows the lat-
tice Boltzmann fluid to flow within the DNA, the velocity
profiles do not match with the AA simulation and hence
non-interacting beads need to be placed to ’fill up’ our
DNA model. (ii), the frictional effect as demonstrated
by Kesselheim et al. needs to be modeled also. We will
go in slightly more detail during the presentation, but
when doing this, the change in conductance is simulated
and reproduces both the AA and experimental results as
shown in figure 15.

FIG. 15. Reproducing simulated and experimental results.

FIG. 16. Reproducing experimental results.

B. Stiffness and persistence length of dsDNA

In order to reproduce the obtained values for the per-
sistence length in salt solutions, we first need to tune
our proposed model to accurately describe normal DNA
(where the persistence length should be around 50 nm).

This is done by tuning the parameter Kbp
ba in the har-

monic angle potential. With appropiately chosen Kbp
ba ,

we are then able to reproduce experimental results as
shown in figure 16.

C. Electrophoretic mobility of dsDNA

Finally we reproduce the mobility experiments per-
formed by Stellwagen et al.. This is done by electrophore-
sis simulations in free solution using a full periodic sys-
tem. An electric field is applied, causing the ions and
DNA to move. During the simulation the center of mass
of the DNA is tracked and recorded. In figure 17 simu-
lated and measured mobility are shown for one specific
concentration.



8

FIG. 17. Reproducing experimental results.

V. CONCLUSION

In this hand-out and accompanying presentation we
have discussed a new coarse grained model for double
stranded DNA, together with some underlying theory
and background. This model is specifically applicable
in electrokinetic applications and has been benchmarked
by reproducing different experiments. This makes that
simulations done with this model can yield qualitative
accurate information, on larger time and length scales in
comparison to all atomistic simulations.
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