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ABSTRACT: The interest in polynucleotide translocation through
nanopores has moved from purely biological to the need of realizing nanobiotechnological applications related to personalized
genome sequencing. Polynucleotide translocation is a process
in which biomolecules, like DNA or RNA, are electrophoretically driven through a narrow pore and their passage can be
monitored by the change in the ionic current through the pore.
Such a translocation process, which will be described here
offers a very promising technology aiming at ultra-fast low-cost
sequencing of DNA, though its realization is still confronted with
challenges and drawbacks. In this review, we present the main
aspects involved in the polynucleotide translocation through

solid-state nanopores by discussing the most relevant experimental, theoretical, and computational approaches and the way
these can supplement each other. The discussion will expose
the goals that have been reached so far, the open questions,
and contains an outlook to the future of nanopore sequencing.
© 2011 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys
49: 985–1011, 2011

INTRODUCTION Personalized genome sequencing is on the

a nanoscale pore and being read. The nanopore is a highly
confined region of space, in which the polynucleotides can
be analyzed by various means. Once a controlled processing
is enforced in the nanopore region, the native sequence of
bases can be detected by the signal carried along. Although
the method is still under development, it is believed to be
able to read the bases of the entire human DNA in a few hours.
From a technological point of view, it is still unclear how the
nanopore device can be scaled up to work as a sequencer,
how many nanopores should be used in parallel and, most
importantly, how fast would such a technology sequence DNA.
Nonetheless, a number of companies are already trying to get
a working nanopore sequencer.

move. Recently, the entire genome of a human was sequenced
in less than two months for less than US$1 million.1, 2 The
importance of the human genome project can be understood
in view of the new era in genome sequencing technology,
referred to as “the $1,000 genome.” This amount corresponds
to the target cost for determining an individual genome, so
to be included as an advanced clinical diagnostic test. The
scale of this ultimate goal is six orders of magnitude faster
and three times cheaper than current state of the art technologies. An ideal technology for this purpose would be a
“single molecule” sequencing method, where individual DNA
fragments are being identified without the need for amplification of the signal via multiple reads, a process that introduces
errors. The practical implementation of such approach would
reduce the overall cost and workflow time, advancing incredibly the ability to study, predict, and cure genetic diseases.
A very promising technique, which indeed does not modify
or clone the DNA molecules, avoids thermocycle processes
or the use of expensive reagents, such as fluorescent tags, is
“nanopore sequencing.”
In nanopore sequencing, DNA dispersed in an ionic solution is
electrophoretically driven (due to its negative charge) through
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DNA molecules can be electrophoretically threaded through
nanometer sized pores in a process named “DNA translocation.” From a basic research point of view, DNA translocation
started about 15 years ago, when the translocation of doublestranded DNA (ds-DNA) through an -haemolysin (HL) membrane pore was first demonstrated.3 The interruption of the
flow of ions through the aperture, gave rise to detectable current blockades, signaling the passage of the DNA through the
pore. The current blockades and time distributions were then
used to determine the translocation speed, which was found to
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vary nonlinearly with the applied electric field.4 These results
quantitatively estimated the energy penalty for extending a
polymer in the pore before translocation and the difference
in the dynamics of short and long biomolecules. The former
translocate faster than the latter and, among other features,
this difference depends on the degree of confinement in the
pore region, the pore-molecule interaction, and the solvent
salinity.
Later on, it was suggested that an electric signal could be
used to measure the distinctive changes in the ionic flow corresponding to the translocation of the four distinct bases.3
Indeed, even if the four bases differ only by a few atoms, a
free nucleotide gives a distinct signal.5 Taking into account
the noise level arising from various sources and how fast the
threading speed of bases in the membrane pore is, reading
each base as it passes through the pore is a tricky task. As a
solution one could in principle make a distinction between
bases if they could be held in place within the nanopore
for a time long enough to be precisely read.6 In the following years, research focused on artificial, solid-state (SS)
nanopores, which were first produced using an ‘ion-beam
sculpting’ method.7 In this way, nanometer size control of the
pore geometry could be achieved. The stability of these pores
and their straightforward integration with electronic devices
allowed for further investigation of the translocation process
in view of an ultra-fast sequencing realization. This review
will be dedicated to SS pores, presenting the experimental
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together with the theoretical results with the aim to find a
cross point where experiments and theory can meet. Note that
in the following, whenever we oppose or compare experimental to theoretical results, the latter includes statistical models
and computational approaches.
Notwithstanding the several advancements and the excitement
among the researchers working in this field, the important
technical issues that inhibit the extended and efficient use of
the nanopore technology should be acknowledged. This review
will first cover several aspects of the most representative
experiments on polynucleotide translocation through narrow
SS pores. We next focus on the computational approaches that,
accompanied by the theoretical analysis, can aid the experiments in the fundamental understanding of biomolecules
threading through nanopore devices. We will provide an
overview of the most relevant theoretical and computational
studies and compare their outcomes to similar experimental
results. In this respect, this review is meant to provide a hopefully insightful look at all these approaches and add a personal
perspective to some of the existing reviews in the field.8–10
It is reassuring that in the field of biopolymer translocation
experimental and theoretical results are in qualitative agreement. Nevertheless, bridging the gap between spatial and, even
more so, temporal scales between simulation and experiments
remains an open challenge, as for most complex systems in
modern science and engineering. Often the gap between these
different approaches is not easy to overcome. To fill such gap
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and gain in-depth understanding of the translocation process,
it would be desirable that both experiments and theoretical
work interact, supplement and complement each other, in the
way portrayed in this review. The outcome of the various
approaches and the individual drawbacks will be discussed
and an outlook in the field of nanopore sequencing will be
presented.
NANOPORE EXPERIMENTS

During the last 15 years much experimental effort has been
made to demonstrate, observe and fine tune the translocation
of polynucleotides, such as DNA or RNA, through nanopores.
The first studies on DNA translocation used biological pores,3
which were soon complemented by SS pores.11, 12 In typical
set-ups, a small (∼100 mV) voltage bias is applied across a
membrane nanopore, which separates two chambers containing an ionic solution. Accordingly, if a polynucleotide passes
though the membrane pore, it modulates the ionic current
in the pore. A schematic view of a typical DNA translocation
event through a SS nanopore device within an aqueous ionic
solution is depicted in Figure 1. The applied bias threads the
biomolecule through the pore, which is then blocked and gives
rise to ionic current blockades, a rough sketch of which is also
shown. The inset illustrates a magnification of the pore region,
where two nanoelectrodes read-out the genetic information
of the DNA with the aid of an additional transverse electric
field. In the next section, we discuss this issue in more detail.
The drop in the current due to the translocating molecule is
described by 9
I0 − Ib VN
=
I0
Vp

(1)

where I0 , Ib are the currents through the open and blocked
pore, respectively. VN , Vp are the volumes of the pore and of
a repeating unit of the translocating molecule. The open pore
current is described by I0 ∼ p V /Lp , where p is the conductivity of the pore, Lp the pore length, and V the applied voltage
assumed to drop over Lp .
Biological nanopores can also be engineered by making chemical modifications in the local structure and the functionalized probes can monitor the hybridization of DNA. Bio-pore
biosensors, that achieve discrimination at single-base resolution with very high efficiency even at low salt conditions
have been demonstrated. These often make use of molecular adapters covalently attached to the pore and exonuclease
enzymes.13 Apparently, the interest in realizing a functional
HL sequencer is still high14–16 and attempts to increase the
range of the HL functionality, also at alkaline pH14 seem
promising. Despite their use in a variety of studies and their
manipulation to read-out DNA strands, membrane pores are
sensitive to changes in the environment and can become
unstable. The bio-pores and the lipid bilayer are still stable only in a small range of temperature, salt concentration,
chemical environment, or pH, and rely on lipid bilayers for
mechanical support.
A solution to these issues was given by manufacturing SS
nanopores, which offer control over their size and shape.7
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FIGURE 1 A schematic representation of a typical DNA translocation through a nanopore device. The pore wall divides the
solution into the cis and trans chambers. A bias, Vb , across the
separation creates an electric field perpendicular to the wall and
drives the DNA through the pore. The encircled crosses and
dashes represent the cations and anions of the solute, respectively. In the inset, a magnification of the pore region is shown.
The electrodes in the pore interrogate the translocating DNA
molecule with the aid of the perpendicular to the translocation
direction electric field, E⊥ . The sketch is not in scale. The translocation events are monitored by current blockades, a schematic of
which is shown in the right lower corner.

Nevertheless, this strategy does not render SS nanopores
flawless devices, without their own inherent complications.
These include a large variability in conductance and significant current noise. The most efficient approaches that have
been followed for the fabrication of SS pores involve techniques from Si microfabrication and etching holes in SiN
layers. With the recently developed techniques for nanopore
fabrication, nanometer control can be achieved and pores with
diameters down to 1 nm can now be manufactured. However,
manufacturing SS nanopores with precise dimensions is still
a nontrivial task. A transmission electron microscopy (TEM)
image of a silicon nitride pore together with the respective
density plot of the current blockade events are depicted in
Figure 2. This figure shows that the current blockages for
all translocation events lie all on a hyperbola. A significant
fraction of these events, where molecules folded in various
conformations translocate through the pore as shown in the
figure, obey the rule of constant event charge deficit 11


I(t)dt =
nI1 dt
event
event

n
= I1
(2)
dL = I1 1 = const.
event dL/dt
where I, I1 are the current blockages of a folded and
unfolded molecule, respectively, and n the number of folds
within the pore. The constant translocation velocity is v =
n−1 dL/dt, L being the total length of the molecule, and 1 = L/v
JOURNAL OF POLYMER SCIENCE PART B: POLYMER PHYSICS 2011, 49, 985–1011
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the forces that apply on the translocating molecules. A typical SS pore in a membrane of a few tenths of nanometers
deep has a size of a few to tenths of nanometers. Given an
electric bias in the range of 102 mV, tenths of kilo base-pairs
would translocate in about 1 sec,12, 17 a time that can vary
with the experimental setup. The pore geometry depends also
on whether single-stranded or double-stranded DNA are the
target molecules for translocation. These molecules are often
found in stretched configurations within the pore.
The conformations that the biomolecules undertake within
the pore are the result of the several forces acting on the
molecules, such as those arising from the saline environment and electro-viscous drag forces. They depends on the
applied voltage difference across the nanopore as much as by
the instantaneous distribution of salt around the biomolecule
being caused by the arrangement of counterions and coions
around the charged polynucleotide. The motion of the two
salt charge carriers in opposite direction due to the external field induces the motion of the water solvent by a drag
mechanism. These contributions should be subtracted by the
bare electrophoretic force to obtain the driving force of the
translocation.18 The electrophoretic force was first measured
by using nanopore-optical tweezers, a device which detects
the balancing (opposing the net force) mechanical force.18
Numerical solution of the Poisson-Boltzmann and Stokes equations guided the interpretation of the results.18 Based on this
macroscopic treatment, the expression of the electrophoretic
force Felec on a stationary molecule is described as a stiff DNA
molecule, colinear and accommodated within the cylindrical
pore. The force standing from electroviscous forces has then
the following analytical expression18
Felec = −Fmech =
FIGURE 2 (a) A TEM image of a 4 nm wide silicon nitride
nanopore in a 5–10 nm thick membrane and (b) an event density plot with the translocation time and the average blockage
current for a 3 kb ss-DNA. The insets correspond to individual
events were the molecule assumes (i) an unfolded, (ii) a partially
folded, and (iii) a doubled folded conformation (Reproduced from
ref. 11, with permission from the American Chemical Society).

is the translocation time of an unfolded molecule. Signatures
of the folded and unfolded conformations are presented in
Figure 2. It is now made clear that SS nanopores do not only
have a high nanotechnological impact, but they also provide
a sophisticated method to study long polynucleotides and the
effect of their confinement in the pore on their structural and
dynamical properties.
In a nanopore experiment, the applied electric field is expected
to be localized in the proximity of the pore, and thereby the
electrical force acts only locally on a short segment of the
biomolecule. During the passage of DNA through the pore,
several factors come into play, such as the ionic motion and
electro-osmotic effects. A crucial aspect in the translocation
process is the effect of the hydrodynamic environment and
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2[(a) − (R)]
V
ln(R/a)

(3)

where Fmech is the stalling force. In this equation, (a) and
(R) are the surface potentials of the DNA and the pore,
respectively; a and R correspond to the DNA and nanopore
radii, and  is the dielectric constant of water. In the end,
the translocation velocity is found to be proportional to the
stalling force Fmech and depends on the structural characteristics of the pore and DNA, as well as on the drag coefficient.
Based on the effective screening of DNA by the counterions,
the electrophoretic force on DNA was found to depend strongly
on the pore geometry. A decrease of this force was observed
for nanopores that vary from 6 to 90 nm in diameter, that is,
comparable or slightly larger than the Debye length associated with the salt concentration in the bulk. Increasing the
salt concentration lowers the Debye length, the pore surface
charge and the DNA surface charge, and thereby affects the
electrophoretic force. A reduction of the counterion mobility
on the DNA surface is expected for large electric fields,19 as
well as an extra opposing electro-osmotic flow due to the fixed
charges on the pore surface.20 The counterions that bind to the
polyelectrolyte glide along the molecule, thus contributing to
the total conduction, and the electrophoretic mobility is controlled by the electrostatic friction between the molecule and
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where I0  and t0 are the mean current blockage and
translocation times of an event.
It is also possible to repeatedly recapture and trap the translocating DNA molecules, revealing the mechanism by which
ds-DNA enters the SS pore.22 Repeated translocation of the
same molecule improves the accuracy of the measurements
and probes the dynamics of the translocating biomolecule
over scales smaller than 1 msec and 1 mm. The translocation
time shows a power-law dependence on the DNA length,12 as
depicted in Figure 3(b). The most probable times corresponding to the peak of each distribution give rise to the scaling of
the translocation time  with the DNA length L:
 ∝ L

(5)

The resulting scaling exponent shown in panel (c) of the same
figure is found to be  = 1.27 ⫾ 0.03.12

FIGURE 3 (a) Experimental signatures of current blockades from
translocation events of ds-DNA through a 10 nm SS nanopore.
(b) The scaling of the translocation time with the DNA length with
an exponent of 1.27 ⫾ 0.03 is obtained from the most probable
times for each DNA length in the experimental time distributions
shown in (c). (d) Time distributions calculated through multiscale
simulations show a quantitative similarity to the experimental
distributions. The same simulations gave a scaling exponent of
1.28 ⫾ 0.01 in very good agreement with that in (b). Experimental and computational results are reproduced from refs. 12 and
21, with permission from the American Chemical Society and the
IEEE, respectively.

the condensed counterions, as well as by the asymmetric field
due to the field-induced asymmetric counterion distribution.19
As previously mentioned, the translocation event can be monitored by the drop in the ionic current signatures, the so-called
current blockade. Most, if not all, of the experimental studies,
use the current blockade measurements to gather statistics
and monitor the translocation process.10, 11 Typical signatures
are shown in Figure 3(a). The nanopore device has the ability to resolve multiple features of a single molecule without
previous knowledge of its characteristics.17 Specifically, individual molecules of ds-DNA and their folding conformations
have been observed. The different folding configurations of the
DNA in the pore give rise to distinct ionic current blockades
and distribution of events. This feature enables the interpretation of the time histories and the structures of individual
molecules as they are threaded through the pore. The average current blockades for two pores, sustaining single and
multifolded configurations, respectively, are shown in Figure
4. The pore has a diameter of 10 nm, wide enough to host
multi-folded DNA molecules. For multi-folded conformations
typical blockade signatures are also sketched. The average current blockade Ib  for an event was found to be inversely
proportional to the translocation time td and to satisfy the
equation17
Ib  = I0 t0 /td

WWW.MATERIALSVIEWS.COM

(4)

Another important effect, due to changes in the pH of the
solution in the nanopore device is related to the transition
from ds-DNA to ss-DNA.11 It was shown that the denatured
ss-DNA molecules freely translocate in stretched out configurations through the pore, manifesting the ability to detect the
hybridization of single biomolecules without using auxiliary
probes, like fluorescent labeling. The nanopore dimensions,
the pH of the solution and the applied transmembrane electric field define a threshold for initiating translocation.23 At
low electric fields, smaller than 2000 mV/10 nm, ss-DNA is
threaded through pores larger than 1 nm, while the pore
should be larger than 3 nm for ds-DNA to be translocated. The
threshold for ds-DNA and pores less than 3 nm in diameter
occurs at about 3 V/10 nm for a 2 nm wide pore at pH 8.5.
As pH decreases, the threshold also decreases. Computer simulations of classical molecular dynamics (MD) ascribed this
behavior to a stretching transition within the pore, which
stabilizes and melts the ds-DNA as it passes through the
pore.23, 24
Besides biological and SS pores, the translocation of ss-DNA
through a hybrid nanopore15 was recently demonstrated. The
set-up consisted of a SS nanopore in which a single HL
pore was inserted. The insertion was done by a protein-pore
conjugated ds-DNA driven through the SS pore. Consequent
translocation of ss-DNA proved the functionality of the hybrid
system that could be manufactured as parallel nanopore
arrays, a crucial aspect for genomic sequencing in view of
overcoming the limitations of SS and biological pores. It could
also be potentially used to measure the force on individual molecules within bio-pores, allowing for more in-depth
understanding of the process.
Finally, very recently, the translocation of single DNA
molecules through a nanopore drilled in a single or a fewlayers wide graphene sheet, was simultaneously reported by
three different groups,25–27 witnessing the intense research
being carried out in this area. A TEM image of a graphene
nanopore is shown in Figure 5, together with blockade signatures and their statistics. These novel pores were also found
to sustain unfolded and folded conformations as monitored
by the corresponding current blockades, their interpretation,
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FIGURE 4 Experimental evidence of folding conformations of a ds-DNA threaded through a SS pore. In (a) the average current blockade for translocation through a 10 nm pore is shown. In (b) the density of events for multifile translocation are given together with
characteristic signatures of current blockades for folding conformations (inset). The results lie on a curve, revealing that the average current blockade is inversely proportional to the translocation time. (Reproduced from ref. 17, with permission from the Nature
Publishing Group).

and the event histogram for two different confinements in Figure 6. A very promising outcome of graphene-based nanopore
research is the belief that the problems related to both biological and silicon nitride nanopores could be solved, as will be
surveyed in the next sections. Graphene, being of atomic thickness, could enable measurements of transverse conductance
with single-base resolution, since the conductance through the
graphene layer is modulated by its interaction with the base.
This material can sustain large transmembrane pressures and
maintain to a high degree the conducting properties important
for distinguishing between the different bases.
The use of a single nanopore for sequencing DNA is insufficient. Once an optimum pore geometry is achieved, its use
in a parallel device would be necessary. Parallelization over
large nanopore arrays for DNA sequencing seems straightforward by a study demonstrating a multicolor optical read-out
of the nucleotide. This scheme has achieved simultaneous
optical detection from multiple nanopores without the use of
amplification or enzyme immobilization.28 This is the first all
solid-state DNA sequencer, which is enzyme free, ultra-fast,
affordable and does not need to detect individual bases.
Read-Out Protocols
The strategic importance of realizing a nanopore sequencer
is to retrieve the genetic information from a DNA molecule.
Nanopores show high processivity by allowing long read
lengths and simplifying the sequence alignment. Most
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importantly, the simple electrical signal from the nanopore is
scalable using cheap established technology, with low requirements of data processing and storage, while the bases are
being assigned in real time. Different approaches and suggestions have been made to interrogate the DNA bases as these
translocate. It is possible to detect the bases by electronic or
optical means or by force measurements. All approaches have
their strong points but also drawbacks. The proposed electronic ways of detection include: (a) the transverse transport
of DNA nucleotides,29, 30 (b) measuring the signatures of the
ionic blockades in the nanopore,3 and (c) measuring the electric response of DNA translocation through a semiconductor
nanopore capacitor.31 Most of these approaches make use of
additional probe electrodes in the pore region that measure

FIGURE 5 (a) A TEM image of a 8 nm graphene pore and (b) a
histogram of blocked currents. (Reproduced from ref. 25, with
permission from the American Chemical Society).
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molecules.16 Continuous base identification was also achieved
for ss-DNA translocating through biological pores.13
Single-base resolution implies the ability to detect the different electronic signatures of the bases. The different signatures
are due to the DNA-detector interactions, where the detector includes the electrode/pore/external electric field system.
These interactions depend on many different factors. The
magnitude of the relative currents, though, depends on the
coupling of the nucleotide states to those of the electrodes.30
Typically, the pore diameter is 1–2 nm wide and its length similar to the size of one nucleotide (about 0.7 nm for ss-DNA)
for the ionic blockade measurements to be able to distinguish
between the bases. It might also be desirable to chemically
modify the pore in such a way to interact specifically with
each base, giving rise to distinct levels of the current blockade
for each base. Once again, although continuous base identification has been reported in the case of biological pores,13
integrating the base-detecting nanopore into an exonuclease
sequencing system remains a difficult task.

FIGURE 6 Evidence of folded translocation through graphene
pores. (a) Signatures of current blockades that denote unfolded
(black), partially folded (red) and fully folded conformations of the
translocating DNA through a 22 nm wide pore (Reproduced from
ref. 26, with permission from the American Chemical Society). In
(b) a histogram for the event lengths is shown, indicating clearly
folded and unfolded translocation events. (Reproduced from ref.
25, with permission from the American Chemical Society).

the electronic signal from the bases, as shown in the inset of
Figure 1.
In principle, the electrodes that interact with the translocating biomolecule, allow to perform local single-molecule
spectroscopy. Thus, it is desirable to resolve down to the single base level, a possibility that was unfeasible with current
blockade measurements only. The directional flow of information regarding the secondary structure, the base content
and the denaturation state of ds-DNA are among the quantities that one can access from nanopore devices implementing
electrodes. Detection of specific key sequences embedded in
ds-DNA has also been demonstrated by using purely electrodebased methods for high-throughput long-read length. This
involved the hybridization of ds-DNA with peptide nucleic acid
probes to discriminate between untagged and tagged DNA
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The discrimination of small nucleic acids using thin nanopores
down to 3 nm into a 6 nm thick membrane was demonstrated
very recently.32 The differences in the current traces obtained
for different nucleic acids revealed that nucleotides are discriminated with a good probability. The current histograms
for all events reveal peaks at characteristic current amplitudes for each molecule. Comparison of short sequences of
RNA and DNA, which have similar effective solvation volumes
and molecular weights, showed a relative difference in their
current amplitudes of about 40%. The mean transport time of
RNA was longer than that of DNA, while RNA has a broader
current distribution. The scheme for distinguishing the bases
also applies to nucleic acids with a more complex structure.
For example, transfer-RNA (tRNA) has also unpaired bases
and loops, which gives rise to a bend structure. It exhibits
a much longer mean transport time than for short RNA and
DNA chains. As a consequence, the pore can discriminate
among short RNA, DNA, and tRNA molecules, as these have
quite different current signals. The characteristic signatures
for these molecules, demonstrating their possible detection,
are depicted in Figure 7(a).
Differentiating between DNA molecules of different lengths
or sequences, without distinguishing the bases, is a first
step towards a successful read-out of the genetic information. Therefore, many research studies were initially directed
to the realization of this aim. In another study, experiments
were combined with Molecular Dynamics (MD) simulations.33
Translocation events of different DNA molecules through a
SS pore (1–3 nm in diameter) in a 30 nm thick inorganic
membrane were monitored. A tightly focused electron beam
on the membrane served as a transducer, to detect each
DNA molecule and produce the respective electrical signal.
The efficacy of the employed pores was examined for discriminating between ss-DNA and ds-DNA and resolving their
length based on the duration and magnitude of the transient
current blockades. For long duration, high-percentage blocking current transients are associated with translocation events
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FIGURE 7 Separation of polynucleotides according to the length and type of the molecule. (a) Current traces for a 25-bp DNA, a 22-bp
RNA, and a tRNA, passing separately through a 3 nm wide pore, which is also shown. The different structural details of the nucleic acids
are depicted in the upper right part of the panel. Sample events for the three molecules are evident in the upper left part of the panel.
The current histograms reveal clearly, that the three molecules can be distinguished from their different current amplitudes (lower
right). (Reproduced from ref. 32, with permission from the Nature Publishing Group). (b) Sorting DNA with a nanopore: frequency
of occurrence of transients with a particular width that distinguishes between a 50-mer polydT and a 50 bp ds-DNA (left panel), as
well as among ds-DNA molecules of different lengths (middle panel). The insets show the percentage blocking current versus the
transient width. In the right panel, the dependence of the transient currents found in the electrolytic current on the voltage is shown.
(Reproduced from ref. 33, with permission from the Cell Press (Elsevier)).

that distinguish between different lengths and type of polynucleotide. The MD simulations showed that when a DNA
molecule is straddling the pore, the current blockade is again
high and corresponds to 80% of the open pore current.
Accordingly, it was observed that in larger pores, the frequency
of long duration transients increases with voltage, contrary
to previous work.17 It is possible, that the DNA molecule is
pulled towards the membrane surface due to an attractive
electric field, which also causes an increase in the friction
experienced by the molecule. A maximum value of the bare
electrostatic force on the translocating molecule is roughly
Fe = V , where  is the linear charge density along the DNA,
and V the applied voltage. This bare electrostatic force is
opposed by the drag force due to the electrophoretic motion
of the counterions in the opposite direction. The current transients used to discriminate between the different molecules
and their strong dependence on the applied voltage are shown
in Figure 7(b).
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Very recently, it has been reported that tunneling electrodes can identify a single base within a pore.34–36 For such
experiments, electrodes with an inter-electrode gap spacing comparable to the base nucleotide length of about 1 nm
were fabricated. The current signals were monitored for such
a setup with metallic electrodes and translocation events
detected.35 However, all these studies demonstrated a proofof-principle of the technique, but could not present a full
sequencing approach. At this point, to our knowledge, only
one group has reported a transverse tunneling current while
DNA is translocating through a nanopore.37 In that work,
functional tunneling devices were used and a concurrent tunneling and ionic current detection of the DNA molecules was
demonstrated. In principle, electron tunneling methods for
interrogating the bases would allow for fast identification
of single nucleotides down to microseconds per base. The
measured signals would relate to the highest occupied molecular orbital (HOMO)—lowest unoccupied molecular orbital
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FIGURE 8 Results from tunneling experiments with functionalized electrodes. In (a) and (b) a model of the functionalized Au electrodes are shown as they interrogate A and G nucleosides, respectively. ‘S’ represents a modified deoxyribose sugar, while the
hydrogen bonding between the functionalized probe and the bases is circled. In (c) peak currents in three independent runs for the
four nucleotides are shown. Reads for a bare Pt and bare Au probe do not seem to be affected considerably by the nucleotide identity.
(d) For a distribution of a mixture of dA and dG, when both electrodes are functionalized, the assignment of the distinct peaks to each
nucleosides can easily be done, as evident by the distinct peaks in the current signals. (Reproduced from ref. 36, with permission from
the American Chemical Society).

(LUMO) gap of the nucleotides. The coupling of these states
to the electrodes controls the magnitude of the differences
between the signals. Within this respect, events have been
detected also for the case when the nucleotides came into the
junction region.35
Use of functionalized electrodes have the potential to distinguish among different bases.34 The tunneling current spikes
may narrow even by 10-fold, when one of the electrodes
is functionalized with a reagent. The reagent then interacts
through hydrogen bonds with the nucleotides and traps them
in a specific orientation within the pore, allowing their identification.36 Direct manifestation of these aspects is given
through the data reported in Figure 8. The bare electrodes give
broad distributions (not shown in the figure), while the peak
currents strongly differ when one or both electrodes are functionalized. The effect of functionalization is clearly denoted in
Figure 8(c), where the peak currents for all bases in the case of
bare electrodes are almost indistinguishable. In principle, both
functionalized and nonfunctionalized electrodes can be used
to distinguish the bases, as can be clearly seen by comparing
studies with functionalized36 and nonfunctionalized probes,35
which again demonstrate distinguishable current distributions. Although, as already mentioned, functionalization of
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the electrodes leads to narrower current distributions, it
introduces additional issues into the ss-DNA translocation process, and it remains to be seen if such electrodes would be
efficient for an effective sequencing device.
Another efficient tool for reading-out the bases is the implementation of optical tweezers in a nanopore device, combined
with one of the sequencing techniques reviewed here. The
joint usage is a powerful tool to reveal many of the unusual
aspects of the physics guiding the translocation process.38
A bead is attached to the DNA molecule and moves in an
optical trap so that the forces exerted on the bead can be
measured. Moving the bead closer to the nanopore allows to
control the DNA state by measuring the forces acting on the
biomolecule. Developing a nanopore device which implements
optical tweezers can be used in conjunction with the ionic
blockade, transverse current or capacitance measurements.
The ability of the optical tweezers to slow down the DNA
translocation can lead to more accurate measurements of the
signal and thus, to a better identification of the corresponding
nucleotides. Slowing the translocation down, could reduce the
ionic motion through the pore, the corresponding fluctuations
and the noise in the transverse current and capacitance signals. Reducing the translocation speed in a fivefold manner
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compared to bio-pores was also achieved using arrays of
kinked silica nanopores.39 These arrays showed nearly perfect
selectivity of ss-DNA over ds-DNA.

will not discuss drift-diffusion descriptions, as embodied by
the Poisson-Nernst-Planck model, used as proof of principles
in many experimental studies.

Complementary to the above schemes, an optical read-out
system, which allows for a wide-field imaging scheme for spatially fixed nanopores, has been recently demonstrated.28 Two
types of molecular beacons carrying two types of fluorophores
hybridize a predefined sequence of oligonucleotides into a
binary code of bit “0” and bit “1,” in which each of the bases
of the DNA to be sequenced is converted. Unmodified artificial nanopores are able to sequentially strip off the beacons
at high speeds. A stripped off beacon leads to an unquenched
fluorophore, which yields two detectable photonic signals at
the location of the nanopore. At each pore, the sequence of two
photonic bursts corresponds to the binary code of the target
DNA, which is eventually recognized.

In a pioneering statistical mechanics study of polymer translocation through a membrane pore, published just before the
first experimental demonstration of this process,3 translocation was treated as a diffusion process over a free energy
barrier,41 as sketched in Figure 9(a). In this work, the chain
of N monomers was decomposed into two independent endanchored chains, one in the cis and the other in the trans
side of the pore, with N − n and n segments, respectively.
Accordingly, the free energy F for the whole chain would be41

THEORY AND SIMULATIONS

In this equation, kB T is the thermal energy and  is the excess
chemical potential per segment of the trans side relative to
the cis side. The translocation time was the main focus of this
work and its dependence on the chain flexibility and the driving mechanism was obtained. Chain flexibility was shown to
slow down the process, while the cooperative interaction of
the chain connectivity and the chemical potential asymmetry
at the pore significantly affects the translocation behavior of
long polymers. The transport of biomolecules through pores is
often viewed as an effectively one-dimensional process, controlled by the entropic barrier arising from the conformational
changes of the polymers upon going from a relaxed random
coil to a squeezed configuration within the pore region. The
entropic barrier governs the relation between the translocation time and the polymer length, the pore geometry and
the driving forces. Considering explicitly the dynamics of the
propagation of the stiffness on the polymer, the strong nonequilibrium nature of the translocation process at the polymer
level was demonstrated.45 Initially, the polymer responds
locally to the pulling force. The non-equlibrium process then
follows the propagation of the tensile force on the polymer
backbone and the effect of finite polymer extensibility and
the hydrodynamic interactions in the strong and weak forcing
limit is revealed.

The wealth of theoretical studies on biopolymer translocation
through narrow pores is comparable to the relevant existing experiments. Both theory and simulations can provide a
more detailed insight into the biopolymer-pore-solvent system, as smaller scales can be reached which are not directly
accessible by experiments. To bridge the different scales, compare theoretical and experimental results and end up with a
concrete understanding of the problem, is by no means an
easy task. In the case of biopolymer translocation through
narrow pores, two main theoretical strategies have been followed to attack the problem: statistical mechanics models
and computer simulations. The former can usually address
the structural and dynamical features of the process from
a fundamental viewpoint. Computer simulations can investigate the optimal strategies for sequencing DNA in realistic
cases. Moreover they are not tied up to the assumption of
universal behavior which subtend most statistical-mechanics
models. The main points of interest of several theoretical and
numerical studies in this field are: (a) the scaling exponent of
the translocation time with the polynucleotide length, (b) the
effect of the hydrodynamic interactions and fluctuations on
the process, (c) the electronic signatures of the distinct bases,
and (d) the blockage signatures.
Theoretical Statistical Mechanics Models
Several theoretical approaches to the physics underlying the
translocation process have been put forward. We will report
on those studies that are mostly pertinent to the experimental investigations. Specifically, our focus will be the driven
polymer translocation through (mainly SS) pores in which
the polymer is pulled by one of its ends or by a difference in the chemical potential across the pore region. Both
pulling schemes are important, and correspond to different scenarios.40 A subject of debate remains the scaling of
the translocation time of the biopolymer with its length and
mainly the scaling exponent. The various exponents reported
in the literature, based on different approaches of the translocation process could probably be the subject of a separate
theoretical review and will be briefly outlined here. Also, we
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1
F(n) + F (N − n) = kB T ln[n(N − n)] + n + const.
2

(6)

The difference between weak and strong forcing is interpreted
based on the scaling laws relating the translocation time and
the polymer length.46 For a driving force F and a polymer
with a radius of gyration Rg the weak pulling is satisfied by
the condition FRg /kB T << 1, where kB T is the thermal energy.
In this weak forcing limit, the mean translocation time scales
as N 2+ , where N is the number of monomers with  ∼ 0.588
being the Flory exponent. This result is independent on the
intensity of the applied force F and coincides with the scaling law for unbiased translocation. Indeed, when the force is
reduced, thermal fluctuations dominate the process and the
translocation speed is driven by the dynamics of the polymer
in the proximity of the pore. In the strong forcing limit, which
resembles the experimental conditions, the translocated and
untranslocated segments of the chain are no longer in equilibrium. As a result, the translocation event develops anomalous
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FIGURE 9 Simple approaches to the translocation process. (a) A simple schematic figure of a translocating polymer used in a statistical physics model of the translocation process. (Reproduced from ref. 41, with permission from the American Physical Society).
(b) A one-dimensional mapping of the three-dimensional dynamics of the translocating polymer, used as input in Monte Carlo simulations. (Reproduced from ref. 42, with permission from the American Institute of Physics. (c) A two-dimensional model, where the
polymer-pore repulsive interactions and the pore thickness are also taken into account used in Brownian43 and Langevin Dynamics
simulations.44 ) (Reproduced from ref. 43, with permission from the American Institute of Physics).

(sub-diffusive) dynamics40 and the scaling exponent in quasiequilibrium is a lower bound to the strong forcing value. This
analysis was confirmed by Brownian Dynamics simulations in
one and two dimensions.40 The anomalous character of the
translocation dynamics was interpreted as a memory effect
with strong non-Markovian character. This anomalous dynamics is also related to the very high suppression of the polymer
motion in the pore, as well as the lack of specificity in the
theoretical description of the process.47
Often in theoretical studies of the translocation problem the
essential role of specific interactions is neglected due to its
complexity. The result is an idealized version of the process,
which can only generically be related to experiments. In one
of the influential theoretical papers in the field, the translocation speed through a biological pore was found to depend on
the chemical composition of the polymer and its orientation
in the pore.48 The statistical mechanics approach was based
on the free energy profile of the polymer and, by focusing
on the diffusive motion of the polymer as it threads through
the pore, the distribution of times associated with different
threading events was obtained. The actual translocation takes
place through a drift diffusion process of the DNA within the
pore since it is accompanied by a concomitant flux of solvent in
the confined region. The microscopic description of the problem assumes that the process can be nailed down to that of
a point particle driven by a constant pulling force F and diffusing in a periodic potential U. Accordingly, a Smoluchowski
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equation describes the probability P(x, t) to find a particle at
position x and time t,48
∂P
∂
= D0
∂t
∂x



∂P
U  (x) − F
+
P
∂x
kB T


(7)

The bare diffusion constant D0 is taken to be unaffected by the
flow of the counterions and can be related to a hydrodynamic
drag force that acts on the translocating polymer in the pore.
D0 describes the motion of the polymer on lengths smaller
than the nucleotide spacing and does not include the effects
of the potential U and pulling force F. In this equation, kB T is
the thermal energy.
The effect of electrostatics arising from the surrounding environment and diffusive forces was considered by using the
Poisson-Nernst-Planck model to account for the electrostatic
potential.49 Under the applied voltage, the electro-osmotic
flow is related to a Debye layer of size comparable with the
pore diameter, for pore oppositely charged to the polynucleotide. In the capturing region, the velocity gradient is
high enough and the polymer undergoes a coil-stretch transition. The stretched conformation reduces the entropic barrier
for translocation. The linear translocation occurrence then
increases, which is important for eventually reading-out the
bases. In this framework, many of the experimentally important variables appear through a single universal parameter.
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A simple model, based on continuum hydrodynamics and
electrostatics has been presented to explain voltage driven
translocation of DNA through nanopores.50 A cylindrical pore
is assumed to be water-filled and the part of the polyelectrolyte in the pore is assumed to be a straight cylinder, which
resembles the stretched configurations that often the translocating DNA undertakes within the pore. The motion of the
biopolymer is also assumed to be a unidirectional translation at constant speed, which is an oversimplification of the
experimental conditions. The resulting translocation velocities, in the limit of a vanishing Debye length, were found to fall
within one order of magnitude in agreement with the experimental data. In the case of a finite Debye layer, an optimal salt
concentration was found such that the translocation velocity takes its maximum value.51 This feature was interpreted
as arising from the balance of the translocation forces against
the opposing electro-osmotic flow. The predicted translocation
times are in a good agreement with experimental results. The
same model was also used to interpret the nanopore-optical
tweezers experiments.38 The viscous drag force was evaluated
and the electrokinetic flow inside the pore and the resulting
viscous forces were shown to play an important role when the
biopolymer is immobilized within the pore,20 similarly to the
conditions realized in nanopore-optical tweezers experiments.
Numerical Simulations
Computational models for the translocation of biopolymers
involve one- and two-dimensional stochastic methods, as well
as three-dimensional multiscale schemes. As a first example,
the scaling laws of the translocation time in the weak and
strong pulling limits obtained through a statistical mechanics
approach, were confirmed by Monte Carlo (MC) simulations
of a three-dimentional self-avoiding lattice polymer model.46
In the strong pulling limit, the translocation time was found
to scale as N 2 /F, where N is the number of monomers and
F the pulling force. MC simulations and scaling arguments
were used to show that the number of translocated segments, the relevant control variable of the process, and the
statistical cumulants of the distribution exhibit anomalous diffusive behavior for both unbiased and forced translocation.52
An adaptive one-dimensional MC scheme implemented effects
such as the entropic force acting on the translocating polymer, the external forces and the frictional forces. The study led
to characterize different scaling regimes for the translocation
process, as well as the pore escape times and associated probabilities.42 The three-dimensional dynamics of the translocation
process was also mapped onto a one-dimensional equivalent
problem, as shown in Figure 9(b).
Brownian dynamics (BD) simulations showed that pulling
a polymer by one end leads to a slower process than by
applying a chemical potential gradient across the pore.40
A similar approach confirmed the non-Gaussian nature of
the distribution of translocation times, mirroring the strong
non-equilibrium dynamics of the two translocating segments
of the polymer.43 These results were obtained through the
two-dimensional structure in Figure 9(c), where the porebiopolymer interactions were taken into account in the BD
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calculations. The one-dimentional diffusion and nucleation
model capture the dependence of the average translocation
time on the chain length, solvent viscosity, and chemical potential gradients. The translocation process was assumed to take
place in four stages, the diffusion of one end of the chain into
the pore region, its capture, the translocation across the pore,
and the final escape from the pore region.
Langevin dynamics (LD) simulations are often used to simulate the passage of a biopolymer through a pore. Typically,
the polymer is viewed as a bead-spring chain of LennardJones particles having finite extension nonlinear elastic (FENE)
potential, where excluded volume interactions are also taken
into account. LD simulations have been utilized to reveal the
effect of attractive polymer-pore interactions, treating the pore
as a two-dimensional geometry.44 For a weak polymer-pore
interaction the translocation time increases slowly, while for
a strong interaction an exponential dependence occurs. In the
case of a strong polymer-pore interaction and a weak driving
force, the translocation and the residence times depend nonmonotonically on the polymer length. A combination of MC
and LD simulations in two and three dimensions investigated
the scaling of the translocation time with the length of the
threaded polymer and revealed a variety of distinct scaling
exponents for both unbiased and driven translocation,53 raising a new debate on the scaling exponents and their theoretical
explanation.
A more sophisticated LD approach includes the bending stiffness along the backbone of the polymer, the bead-bead and
the bead-solvent electrostatic interaction, as well as the repulsive interaction between the pore wall and the polymer.54
Within this model, the excluded volume interactions are modeled through a Lennard-Jones potential of the form ULJ =
[( rLJ )12 − ( rLJ )6 ], where LJ ,  are the Lennard-Jones parameters and r the center of mass distance between two beads. The
same potential, truncated at r = LJ , describes the repulsive
interaction between the membrane or wall and the polymer.
The energy needed to extend a bead-bead bond is modeled
through the term Ustretch = kstretch (l − l0 )2 , where kstretch , l,
and l0 are the stretch modulus, the stretched bond length,
and the natural length, respectively. Introducing a bend of an
angle along the polymer backbone requires an energy of
Ubend = kbend (cos − cos 0 )2 , where kbend , 0 are the bending
modulus and the effective equilibrium angle, respectively. The
electrical interaction between the beads follows a pairwise
Debye-Hückel potential, namely UDH = B krB T exp(− r), where
B , −1 are the Bjerrum length and the Debye length, respectively. Throughout the translocation, certain parts of the chain
are subjected to the electric field E = −∇, where  is the
applied potential. The equation of motion, solved for each
bead of the chain, includes all the above forces, as well as
a velocity-dependent viscous drag, and a random force acting
on each bead. The random force obeys a Gaussian statistics
and satisfies the fluctuation-dissipation relation.
The three-dimensional setup for the above approach together
with a snapshot of a translocating hairpin are shown in Figure 10, where the pore separates the chamber into the cis
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rise to quantized blockages. The time for single translocation
events was found to be proportional to the chain length and
varies with the applied voltage ratio. This work proposed that
the events that fail in the experiments due to the entropic barrier across the pore are more numerous than expected and can
be reduced using a higher potential difference that drives the
polymer.
Recently, MD simulations provided a theoretical framework
to explain and compare both experimental and theoretical
results in the case of the HL pore.55 The trends and scaling
behavior observed in the experiments were reproduced. Two
translocation regimes for the translocation probability on the
applied voltage were observed: an exponential dependence of
the translocation velocity on the applied voltage and an exponential decrease of the translocation time with temperature,
as well as two regimes depending on the pore to the polymer
length ratio. The actual friction coefficient in the pore, the
charge of each monomer and the interaction of the polymer
and the pore are recognized as the main parameters guiding the process. Therefore, the prediction of these parameters
based on ab initio methods is essential.

FIGURE 10 (a) Set-up of an MD simulation: a membrane separates the cis from the trans side, which both together with the
pore are filled with a fluid of dielectric constant s . The spherical container (of radius RG ) prevents the diffusion of the polymer
away from the pore entrance. The electric field E is applied along
the entire length L of the pore with diameter d . The model is
used in Langevin simulations with implicit solvent, a snapshot of
which is shown on the right, where a hairpin has almost passed
through the pore. (Reproduced from ref. 54, with permission from
the American Institute of Physics).

and trans sides, along which the potential drops. Initially, on
the cis side, a spherical container of radius similar to the
radius of gyration of the polymer is placed close to the pore.
This container prevents the polymer from diffusing away from
the pore. An important outcome of this study is that not
every polymer approaching the pore results in a translocation event. Several unsuccessful attempts, probably occurring
also in the experiments, cannot be easily distinguished from
successful events and the number of translocation events can
be overcounted at low voltage. The translocation time was
investigated with respect to the hairpin vertex location along
the polymer backbone, as well as the voltage dependency of
the hairpins as initiators of the translocation process. The
observed hairpin translocation events were also found to give
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As a step further in the modeling of the process, the ionic
solution and ionic transport have been included by using MD
simulations, but neglecting the biopolymer.56 It was found,
that due to the spatial confinement, the hydration layers of
the ions break up. This gives rise to strong nonlinearities in
the ionic transport through the pore and the ionic conductance develops a quantization, which depends on the nanopore
effective radius. The effect of the surrounding ionic solvent on
the translocating biopolymer was taken into account by an
electrokinetic description for the microions coupled to a lattice Boltzmann equation for the solvent motion. This study
focused on the ionic current modulation due to the biopolymer translocation through a pore.57 Within this description,
DNA is modeled as a rigid rod, based on the fact that the
length of a nanopore is usually smaller than the persistence
length of the biopolymer. The DNA-pore system is handled
as a nondeformable cylinder aligned with a cylindrical pore
accommodated in an electrically neutral, rigid slab. The modulation of the ionic current during translocation was found to
be sensitive on the charge distribution of the DNA by placing
a charged “probe” on the nanopore wall. In real experiments,
noise might obscure this effect. However, though thermal noise
decreases with increasing current, the translocation induced
ionic modulation increases with increasing the current.
Base Detection Investigated Through
Computational Schemes
Electronic structure and tight-binding calculations are occasionally used to address specific features in the translocation
process. As these methodologies are computationally demanding to represent the whole process and the total system, they
are only used to model a subset of the translocation domain.
A tight-binding scheme for the electronic structure of a single
strand of DNA between two electrodes at constant voltage,
was used to investigate the charge transport through single stranded DNA (ss-DNA) in the direction perpendicular to
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the molecular axis.30 The difference in conductance for the
nucleotides and in their signals is large for most orientations
and positions of the bases with respect to the electrodes,
except for those associated with guanine and cytosine. This
is an important finding for a potential nanopore sequencer
in which the electrodes are embedded to sequence DNA by
scanning its length with a conducting probe.
A density functional theory (DFT) based study in conjunction
with nonequilibrium Green’s functions dealt with measurements done with functionalized nanopore embedded electrodes.58 The effect of functionalizing embedded Au electrodes
with purine and pyrimidine molecules was explored. A chosen
probe DNA base was anchored to the inner surface of one of
the Au electrodes through a thiol group. With such a setup, the
molecular probes form hydrogen bonds with the bases of the
translocating DNA. When the DNA was stabilized against thermal movements the noise in the measurements was greatly
reduced, being capable of producing current signals that differ by one order of magnitude for the different bases, thus
leading to a significant improvement in the sensitivity of
distinguishing DNA bases. The results are very promising,
though important effects, as those related to the solvent, were
neglected. The solvent was only taken into account by the
assumption that the phosphate group should be uncharged,
as ions and water effectively screen its charge. Nevertheless,
it was shown that the aqueous environment does not play an
important role in the electrical response of the nanopore-DNA
signal.59
The strategy to measure transverse electronic transport is radically different from using the longitudinal transport. The role
of the coupling to the electrodes, determined by a large extent
by the geometry or orientation has been demonstrated30 and
investigated in detail for translocation of ss-DNA through a
nanopore.29 The spatial extent of the molecular orbits of each
base is different, resulting in a different interaction with the
electrodes. Any change in the base orientation between the
contacts could result in a different signal, which might introduce significant errors in the reading-out process. Since the
signal is controlled by the coupling of the base and the contacts, as well as the energy of the base states, the transverse
current is not affected by the nearest-neighbors bases, as long
as the contact width is on the scale of the base spacing. In
which case, the important base-contact coupling parameter
decreases exponentially with the base-contact distance. The
fact that multiple measurements are possible can lead to current distributions that are often undistinguishable from base
to base. Theoretically, this problem could possibly be resolved
by calibrating the nanopore in the following way. The current
distribution of a homopolymer is first measured and subsequently the probe DNA passes through the pore. The two
current distributions should be unique for every nanopore and
are determined by the geometric details of the probes and the
pore. Comparison of the two current distributions leads to
the sequence of the measured DNA. In reality, though, there
are many uncontrollable factors within a nanopore sequencer.
Each device, will be different, having different electrode surfaces as an example. These differences will be directly reflected
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FIGURE 11 (a) Current ratio (wrt to the value of having the cytosine (C) base as the target at a bias of 0.1 V) for a pore with an
electrode functionalized with the C base. Results are shown for all
4 target bases. In (b) the flow chart for reading-out the bases with
the same device is sketched. High and low labels refer to higher
or lower currents at a specific bias. The current signals (on a logarithmic scale) for each base is denoted by the height of the bars.
The crossed-out letters are related to the target bases that have
been ruled out. (Reproduced from ref. 58, with permission from
the American Institute of Physics).

to differences in the current distributions. Within this respect,
each device needs to be calibrated. On the other hand, each
such device should be able to distinguish the bases. In practice,
individual measurements alone will not be sufficient to distinguish the bases and the nucleotides should reside enough time
between the junction. In this way, multiple measurements can
be made, to sample the current distributions and efficiently
distinguish the bases, as previously mentioned.
In measuring the transverse conductance in a SS pore
functionalized with a probe base, the current peaks width
depends on the nanogap width.58 The corresponding results in
Figure 11 show the current ratio dependence of each base on
voltage. The decision on the base identification is made based
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FIGURE 12 DFT calculations together with a Green’s function
approach use the illustration in (c) as a proposed device for
reading-out the bases. A probe molecule [here cytosine (C)] is
immobilized on one of the inner surfaces of the electrode by a
S atom. The wave function of the first occupied contact state is
colored in blue and red. The target is to identify the guanosine
monophosphate group, which is also shown. (Reproduced from
ref. 58, with permission from the American Chemical Society).
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ones. The different interactions between the CNT and each
base can be monitored through the distinguishable electronic
structure obtained for each base that is in contact with the
CNT electrodes during the translocation process.61 Such a proposed device involves a ss-DNA fragment in partial contact
with the CNT and is being pulled at one end. Such a device
could in principle discriminate between nucleotides on CNTs
based on measurement of electronic features. The density of
states (DOS) for the system base-CNT is distinguishable for
the pure CNT or base signal as depicted in Figure 14. These
measurements could achieve 100% efficiency in identifying
the DNA bases. Embedding the ss-DNA-CNT structure into
a nanopore and measuring the transverse conductance from
the CNT to the nanopore wall could be an equally promising

on the voltage bias applied on the electrodes and the features
of the current (shown in the same figure). Three sequencing
runs at three different biases are needed to make a distinction with high accuracy among the bases. As a consequence,
a method to distinguish between current changes due to base
variations from changes due to nanogap width variations is
required. Errors in the read-out process are introduced by fluctuations in the transverse conductance, due to the geometric
or rotational fluctuations of the bases in the nanogap. Sequencing with such conditions could not be possible. To resolve this,
the bases need to be stabilized and oriented within the pore,
possibly through functionalized electrodes58 or by applying a
transverse field that is stronger than the longitudinal field.60
A representation of the former approach, simulated through
DFT and a nonequilibrium Green’s function scheme is depicted
in Figure 12. The necessity to control the DNA as it passes
through the pore was evident from analysing MD data obtained
by averaging over more than 1000 nucleotide configurations.
Results showed that without a control of DNA, the orientation
of the bases in the pore varies significantly, resulting in very
large fluctuations in the measured current.29 This alignment
obtained by an applied bias can take place at a time shorter
than the time it takes for a base to translocate.
The transverse electronic current measurements are very
promising to successfully interrogate the DNA bases. The different electrical signals from each base can be separated,29 as
apparent from the transient current measurements and their
probability distributions in Figure 13. An external capacitor
across the device can at least partially control the nucleotide
configuration in the pore. Such an implementation shows
again the importance of statistical sampling in current measurements. Its realization would decrease the high accuracy
reading-out speed by orders of magnitude, as compared to
present techniques.
The use of carbon nanotube (CNT) contacts for reading-out
the bases has also been proposed as an alternative to metallic electrodes like Au. The advantage of CNT contacts over
metallic ones is that the former are more stable in the aqueous environment of the pore and less reactive than the latter
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FIGURE 13 (a) Transverse current with time of a 10 base long
ss-DNA, whose structure is also shown, as well as the pore
cross-section with four electrodes. (b) Probability distributions
of currents at a bias of 1 V for poly(dX)15 , where X = {A, T , C , G}.
The thin lines are the actual current intervals, while the thick lines
are an interpolation. The inset shows the decaying error in the
measurements with the number of independent counts. (Reproduced from ref. 29, with permission from the American Chemical
Society).
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FIGURE 14 (a) Density of states (DOS) for an adenine configuration (A1 ) on CNT, giving rise to different signals for the A1 -CNT system
and the bare A1 , CNT. (b) The variation of the HOMO energy level (filled symbols) and the LUMO energy level (empty symbols) of A
and G nucleosides on CNT are shown. Shaded area is the energy gap of the CNT. (Reproduced from ref. 61, with permission from the
American Chemical Society).

approach as the proposed device. In a similar manner, the optical absorption of the bases-CNT system is also distinguishable
for each base,62 possibly allowing for an optical detection of
the nucleotides. The use of CNTs as nonpolar pores through
which nucleic acids are being translocated has also been
demonstrated through MD calculations.63 Without an electric
field, RNA molecules remain trapped within the CNT. Moreover,
the conformational dynamics of the translocating molecules
develop sequence-dependent rates of translocation through
the CNT pore.
The conformational dynamics of the DNA in the pore is also
essential in measurements of the tunneling conductance along
DNA in the pore. First principles calculations utilizing two different exchange-correlation functionals for comparison deal
with this issue for the case of DNA bases placed in a 1.5 nm
pore between Au electrodes.64 Representative structures are
given in Figure 15(a), where the four DNA bases are each positioned between the two Au nanoelectrodes and the electric
conduction through the gap is measured. The significant effect
of the geometric orientation of the nucleotides, their position
within the nanoelectrodes, and bond angles on the determination of their conductance was acknowledged. The geometrical
conformations of the DNA bases and electrodes in the zero bias
limit dominate the distinguishable current-voltage characteristics of the bases. These findings are based on the assumption
that there is no resonance between the Fermi level of the electrodes and the energy levels of the bases, which should be the
case in such a device.
However, a comment on this previous work has raised a few
important aspects regarding the structural fluctuations of the
nucleotides within the pore and the base distinguishability.66
The geometrical fluctuations lead to large fluctuations in the
current of each nucleotide. Hence, the nucleotides should be
at least partially controlled within the nanopore. It was shown
that, without a stabilizing transverse field, much larger than
the driving field, the signals from each base span several
orders of magnitude and overlap significantly.66 The geometry of the nucleotide in the pore is important, because the
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HOMO, LUMO states of the bases are delocalized and the
atomic structure of the bases is essentially represented by the
spatial extent of these states. The frontier states for all bases,
compared to their distance form the electrode (here Au) Fermi
level have all similar energy values.
Ab initio DFT based calculations studied the detection of
DNA bases in conjunction with graphene nanopores.67 In this
approach, the electrical current normal to the translocating
molecules and the conductance spectra of the bases within the
graphene device were calculated as a function of the applied
voltage. The signals for all four DNA bases assuming various
orientations within the graphene pore were compared to those
from an ideal graphene sheet and a graphene pore without a
base. Models of DNA bases with different orientations within
a graphene gap are shown in Figure 16(a). The conductance
spectra for each base were found to be quite distinct, hence the
sensitivity in discriminating between the different nucleotides
should be sufficient. The important finding is that the measurements were slightly affected by the base orientation in
the pore. However, in this study, only a few orientations of the
bases in the pore were taken into account. Accordingly, the
results cannot be indicative of the situation in a real device,
where the nucleotides can fluctuate in all directions, in and
out of the pore, even if the backbone is kept fixed. Up to this
point, it has not been shown that all these orientation cannot
affect the electronic signals. It is very probable that these fluctuations within the graphene pore, will have similar issues as
to those in the case of Au electrodes.29 There are some additional important technical issues that should be resolved for
such a device to be of practical use, as discussed in the next
section.
In the case of graphene nanopores, a reading error of 0%
up to a nanogap width of 1.6 nm was estimated.68 This
number was found to be independent of the width of the
nanopore. The benchmark to sequence 100 genomes in 10
days can be achieved without any pre- or postprocessing, as
the required translocation speed of about 3 sec read time per
base is within the range of the proposed technique sketched
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electrical transport through the DNA bases occurs through
resonant tunneling, where the current I is given by68
I(V ) = I0x (V )e−2

dt

(8)

The effective tunneling distance is dt , is a decay constant
related to the graphene workfunction, while I0x (V ) is a voltage
(V ) dependent prefactor depending on the base type X . For
small, compared to the graphene workfunction, voltages, dt
does not depend on the voltage. This setup solves the problem
of fabricating the nanoelectrode in perfect alignment with the
pore. Calculation of the current peaks for the individual bases
revealed that the bases could be resolved with the proposed
technique. These peaks were found to widen as the nanogap
increases and the overall current decreases exponentially. The
nonlinear current-voltage characteristics were used to readout the bases independently of the nanogap width, whose
variations can cause fivefold variations to the current. Measuring the angle between the bases is used to determine the
base type. When the nucleotide is in the middle of the nanogap,
the angle becomes stable and allows for a high-fidelity determination of the base type. Graphene as a nanopore could also
be used in conjuction with measurements in voltage fluctuations due to the local and unique dipole moments of the bases.
The fact that this approach relies on the relatively long-range
capacitive interaction might limit the spatial resolution needed
to distinguish between the bases.

FIGURE 15 (a) A, C, G, and T bases with sugar-phosphate groups
are shown between two Au electrodes. This setup is modeled
with first-principles simulations. The sugar-base axis of rotation
is denoted (Reproduced from ref. 64 with permission from the
American Physical Society). (b) A detailed atomistic view a ssDNA translocates through a Si3 N4 nanopore with embedded Au
electrodes. The parallel and normal electric fields, E|| and E⊥ ,
respectively, involved in the process are also shown (see text).
(Reproduced from ref. 65, with permission from the Cell Press
(Elsevier)).

in Figure 16(b). Note, that this speed is only an indicative
number. In reality, the speed at which electrical current can
be read depends on the magnitude of the current itself. As
signal-to-noise ratio is always an issue, the experimental bandwidth needs always to be tuned to the appropriate current
magnitude. Figure 16(b) represents results from numerical
simulations of the resonant tunneling current through the DNA
bases, based on previous DFT studies of a similar system.58
The transverse conductance technique was modeled, in which
graphene is both the pore membrane and the electrodes. The
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Additional insight to the factors that guide the relation of
the local structure of the translocating biopolymer and the
associated current was also given through fully-atomistic
MD calculations.24 A system consisting of a silicon nitride
nanopore, water and ions, together with a 20 base-pair long
CG sequence was simulated. Snapshots of a translocation event
at different time-steps are shown in the leftmost panel in
Figure 17, where the water molecules are not shown for simplicity. In panel (b), some water molecules proximal to DNA are
depicted. At typical electric fields, the translocation time for
such a DNA length is a few microseconds. To detect the bases
that translocate in this time, a sensor should have nanosecond
resolution. It was reported, that conformational modifications
in DNA result in large fluctuations in the ionic current, which
are in the same range as the sequence-dependent difference in
the ionic conductance. In this respect, distinguishing between
the bases is not obvious. These simulations, also revealed the
importance of the strong hydrophobic interaction of the bases
with the pore wall, which reduce the translocation speed and
could also lead to unzipping of DNA.
MD simulations have been once more used to model a 1 nm
wide nanopore capacitor and propose a scheme to detect
the bases.69 The back-and-forth motion of DNA in the pore
results in a sequence dependent hysteresis and a detectable
change in the electrostatic potential at the nanoelectrodes. The
drift of the biomolecule through the pore under an oscillating bias was found to be sequence specific. For pore sizes
small compared to the ss-DNA width, as the biomolecule is
threaded through the pore, the bases stick to the side of the
nanopore wall, lagging behind the backbone. Two alternating
sequencing strategies were proposed for the detection of the
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FIGURE 16 (a) Representations of different orientations of DNA bases within a graphene pore (both shown). These model systems
are used as inputs for electronic structure calculations of electric current and conductance spectra to distinguish between the bases.
(Reproduced from ref. 67 with permission from the American Chemical Society). (b) A schematic representation of the transverse
conductance technique. (Reproduced from ref. 68, with permission from the American Chemical Society).

sequence-dependent hysteresis: varying either the nanopore
capacitance or the high leaking tunneling current between
the electrodes. These strategies would also require calibration using homopolymers and repeat copolymers. As a general
remark, using MD simulations has been proven efficient, to
cover timescales up to 10 ns, not even close to the real
timescales of the translocation process.
Multiscale Computational Schemes
As a final step in reviewing the computational studies most
pertinent to experiments, we refer to those few but promising

multiscale schemes developed and applied to the translocation
process. The electric response of DNA translocating through
a nanopore metal-oxide-silicon capacitor was investigated
through a multiscale approach based on the incorporation of a
MD description of a translocating DNA within a self-consistent
scheme involving electrolytic and semiconductor charges for
the electrostatic potential calculation.31 At each step the selfconsistent charge distribution is used as an input to the MD
calculations for the Coulomb interactions. For each DNA conformation in the pore, the voltage response in the nanopore
capacitor is obtained from a three-dimensional Poisson solver

FIGURE 17 (a) Snapshots of a translocating DNA modeled at three different timesteps through atomistic simulations including an
explicit solvent. The DNA strands are colored differently. (b) A magnification of a part of the pore shows also the water molecules that
are in the vicinity of the DNA, whose different parts are sketched in different colors and representations. With a similar methodology,
which also implements a Poisson solver, it is possible to get insight into complex characteristics, like the Cl− ions distribution of the
surrounding salt solution in the presence of DNA depicted in (c). (Reproduced from refs. 24 and 31, with permission from the Cell
Press (Elsevier) and the Institute of Physics).
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incorporating the charge variation in the solution and the
nanopore material. The charged DNA backbone induces a measurable voltage across a capacitor in the longitudinal direction.
The changes in the voltage of the nanoelectrodes due to the
translocating DNA are in excess of 10 mV and are experimentally measurable. These voltage signals allow measuring
the length of the threaded DNA and are distinguishable with
respect to the different bases.
The constriction of biopolymer in narrow pores might also
reduce the stochastic orientation of the molecule’s dipole
moment, lowering its conformational noise when it moves
in the electrolyte solution. Were this setup to be used as a
DNA sequencer, it should be sensitive enough to distinguish
between the different dipole moments of the bases. In such a
capacitor sequencer, the pore should be about 2 nm wide to
exclude a considerable amount of the ionic solution.31 Due to
the small size of the pore the DNA stretches as it is threaded
and the bases become aligned perpendicularly to the electrodes. This alignment would lead to a better signal compared
to the situation when the bases are parallel to the contact surfaces. This computational approach gives access to important
features of the translocation process through the charge distribution, in particular for the ions in the pore region, as shown
in Figure 17(a).
Coupled MD and quantum mechanical simulations have been
used to investigate the possibility to measure the measurements of transverse electronic transport on translocating
ss-DNA as a sequencing protocol.29 The MD set-up captures
the real time atomic motion, inclusive of DNA, water and ions,
and a Si3 N4 nanopore. The MD coordinates are then used as
input for the quantum mechanical simulations and the Green’s
functions method is employed to compute the current across
the nanoelectrodes in the pore. It was shown that the current signatures for each base are distinguishable, provided
that there is some control over the dynamics of the translocating molecule. In this way, the noise due to the structural
fluctuations and the irregular dynamics of DNA and its environment can be significantly reduced. It was also estimated
that sequencing DNA with an error of 0.1% would require ∼80
current measurements to discriminate between the bases.
The average probability to correctly sequence a base after N
measurements would be29
P =


X =A,T,C,G

N
n
1
n=1 PX
N


N
N
N
n
n
n
n
4 I
n=1 PA +
n=1 PT +
n=1 PC +
n=1 PG
n

(9)
where A, T, C, G are the distributions shown in Figure 13(b).
PXn is the probability to detect a base X , having performed n
measurements. The sum over {In } includes all possible sets of
measurements of a sample size N. The rate of the current
measurements (not the translocation speed) sets an upper
limit, thus, for 107 measurements, a human DNA (∼3 × 109
nucleotides) could be sequenced in about 7 hrs.
The same computational approach was used to model the
effect of noise generated by the aqueous environment in
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the measurements. For timescales relevant to the experiments and down to 10 fs, it was found that noise does not
affect the distinguishability of signal for the different bases
in the transverse electronic current measurements.65 A possible explanation to this issue is the off-resonant nature of
tunneling through the bases. This feature was observed from
a computational perspective by simulating the device represented in Figure 15(b). In this set-up, ss-DNA translocates
through a SS nanopore, while the transverse electronic current
is being measured. The longitudinal electric field drives DNA
through the pore, while a transverse electric field also acts on
the bases. It was shown that a single count can be significantly
affected by noise. In this respect, a large statistical sampling of
the current is proposed to efficiently distinguish between different nucleotides. The environment and the detection probes
affect the distinguishability of the nucleotides in different
ways. First of all, water does not seem to play a significant role
on the transverse electrical current. As long as the transverse
electric field induced by the probe is larger than the longitudinal one, it stabilizes the molecule within the pore. The
intrinsic distinguishability of the nucleotides then is essentially not affected by the pore size and by the strength of the
transverse field. The overall magnitude of the current, though,
can change significantly by the chosen detection mechanism.
The intrinsic measurement bandwidth of the probes assists
the distinguishability of the bases through averages over the
current distributions for each nucleotide.59
Finally, a different multiscale approach involved the coupling
of a coarse-grained MD description of the translocating polymer to a Lattice Botzmann (LB) mesoscopic treatment of
the fluid solvent. In this model,70 a Lennard-Jones potential is used to describe the bead-bead interactions, while
an angular potential controls the bending stiffness between
consecutive beads and the biomolecule is modeled by rigid
covalent bonds. The dissipative drag force due to polymerfluid coupling accounts for the information exchange between
the translocating polymer and the fluid environment is given
by 70
Fdrag,i = −m (vi − u i )

(10)

with vi , u i being the bead and fluid velocities evaluated at
the i-th bead position ri and having a mass m and a friction
coefficient . The stochastic fluctuations of the fluid environment are also included in the multiscale scheme. In the LB
approach, the solvent motion is described by the evolution of
a set of discrete populations fp (x , t), representing the probability of finding a mesoscopic solvent particle at lattice site x
at time t and having a discrete speed cp . The dynamics is given
by the evolution equation70
fp (x + cp t, t + t)



= fp (x , t) − t fp − fpeq (x , t) + Fp t + Sp t

(11)

where
is the relaxation frequency that controls the fluid
viscosity, and Fp and Sp correspond to the polymer-fluid back
reaction and thermal fluctuations, respectively.
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FIGURE 18 Evidence from multiscale computer simulations for folding conformations of a biopolymer threaded through a SS pore.
In (a) a snapshot of a folded translocation event is depicted, where the colored contours denote the magnitude of the highest fluid. In
(b) are the distribution of the resident number (Nr ) of monomers in a wide pore (width dp = 17 h). Multiples of 10 correspond to the
number of folds that the biopolymer undertakes within the pore. In (c) the results for the average Nr for three pore widths dp lie all on
a curve, revealing that the average current blockade is inversely proportional to the translocation time. All units are given in units of
of the simulation and t1 is the single-file translocation time. (Reproduced from ref. 72, with permission from the American Chemical
Society).

With this combined MD-LB description, the statistical features
of the DNA translocation and the scaling of the translocation time through pores observed in experiments were
reproduced.71 This work has also analyzed the anisotropy
content in the dynamics of the translocated and untranslocated segments of the threading biomolecule, as well as the
cooperative interaction of the fluid solvent and the biopolymer, a synergy that significantly speeds up the translocation
process. A phenomenological model provided insight on the
value of the measured scaling exponent for the translocation
time.
A further important finding, also paralleled by experimental
observations, was the quantization of the folding configurations of the translocating biomolecule.72 It was found that
for chain lengths longer than 1000 persistence lengths of
ds-DNA (∼150 kbp), the translocation time depends on the
average number of folding configurations and deviates substantially from the single-exponent power law characterizing
single-file translocation through narrow pores. Therefore, for
long DNA chains, the translocating molecules exhibit cooperative behavior and translocate noticeably faster. The study
revealed how translocation and the accompanying single-file
out-of-pore dynamics is greatly modulated by the in-pore conformational states of the biomolecule. A three-dimensional
view of a translocating event of a folded biopolymer together
with the highest fluid velocity is depicted in Figure 18(a). The
fluid velocity is maximum in proximity of the translocating
polymer, as it interacts strongly with the biopolymer assisting it in threading the pore. Panels (b), (c) in the same figure
show the distribution of the resident number of monomers
in a wide pore, which corresponds to the fraction of the pore
that is blocked by the biopolymer, hence the current blockade.
The multiscale computational scheme is very versatile73 and
can be applied for instance to a device made of an array of
nanopores, through which several biomolecules are threaded
in parallel.
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CHALLENGES

Evidently, there is intense on-going research to reveal the
underlying mechanisms and characteristics of the polynucleotide translocation through pores. The challenges that this
field is facing are two-fold in terms of the basic research
and fundamental understanding of the problem, as well as
the realization of a device for ultra-fast sequencing DNA. It
is quite intriguing to fabricate a device with all the necessary components, but the sequencing protocols outlined in
the previous sections await to be further tested in suitable
pores with embedded nanoelectrodes. From a fundamental
point of view, the exact details at the nanopore region and
the interaction of the polynucleotide with the pore walls are
still unclear and the interplay between solution-ion dynamics
and steric blockage effects should be elucidated, to name just
a few. In the previous sections, a variety of different studies
approaching the translocation process were presented. Each
of these has its own pros and cons and all proposed methods should be assessed together, to establish an error-free,
optimum read-out of the biomolecule.
It is by now clear that a nanopore device could use electronic
transport to interrogate one DNA base at a time, an approach
that is currently followed by various research groups. One of
the perplexing issues is related to the geometrical characteristics of a SS nanopore, as this is crucial to attain single-base
resolution. This, together with the small current signal, would
allow for a rapid errorless read-out of the specific bases. The
use of a exonuclease to break up the DNA and the nanopore
could resolve this issue by significantly slowing down the process. However, with this methodology the bases enter the pore
with a sequence different from the DNA molecule. Another
perplexing issue is related to the strong field at the tunneling
junction. This provides control on the dynamics of the DNA
in the pore by reducing its fluctuations, but could also affect
the surrounding environment, like the structural shape of the
nanoelectrodes. In fact, it is very probable that the probes are
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locally heated by strong fields, counterions contaminate the
electrodes and electromigration of the surface could occur, so
that, the electrical current signals might be seriously affected,
with significant errors in the read-out process. Functionalization of the electrodes might not resolve these potential
problems. It should also be clarified if functionalized groups
are compatible with the need of a longitudinal field pulling
the DNA through the pore and whether the additional preparation of the electrodes can be done correctly. Ultimately, the
spatial resolution of the potential nanopore device should be
assessed.
Another critical open issue could be related to the noise inherent in the current measurements. In a nanopore device, noise
has different sources (electrodes, ionic fluctuations or structural fluctuations of the nucleotides between the contacts).
It is often not easy to determine the main source of noise
or to discriminate its components, to enhance the base signal. Ideally, the full noise spectrum should be analyzed to
provide extra diagnostic capability for differentiation of the
bases. For example, ionic fluctuations caused by the DNApore interaction are typically larger than the signal differences
between the bases.24 The high current noise could potentially be resolved by thickening the nanopore, in particular by
employing graphene pores. It has been proposed that if DNA is
connected to a colloidal bead that is moved periodically back
and forth from the pore entrance, the signal-to-noise ratio
can be amplified significantly by employing phase-sensitive
detection.57 Another source of error is also the molecular orientation within the pore. In biological pores the different 5 or
3 orientation of the polynucleotide gives rise to different current blockades signatures. This is possibly due to the biological
nature of the pore and to its specific interactions with the
polynucleotide. In addition, the noise and read-out errors in
the case of transverse current measurements could probably
be reduced significantly by calibrating the nanopore device.
Recent results on the effect of different base orientations on
the transverse current measurements showed that some of
the base signals could be distinguished.30 However, for an
electrode spacing of 1.5 nm, being about twice the base-base
spacing, the current is in the picoAmpere range, thus too
small to be measured and effectively discriminate between
bases. Smaller electrode spacings could move the current measurements to a wider range. The importance of stabilizing
the DNA within the pore has been acknowledged in recent
studies and in this review. Without a control on the base
configurations between the probes, the fluctuations are very
large and are reflected on the current signals, making them
indistinguishable. The current distributions arising from bases
that are unstabilized and unaligned within the pore are much
broader compared to the curves for bases with controlled
position and orientation.59 With a planar setup, where the
electrical transport perpendicular to the base planes is measured, it is also hard to distinguish the base-specific signals.74
All bases show different HOMO and LUMO charge distributions
when standing upright. On the other hand, when the electrodes face the bases perpendicular to their plane and with
a small gap spacing, the coupling to the electrodes would be
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very similar for all bases. In the same sense, since the HOMO
and LUMO states are similar in energy, this would lead to a less
distinguishable signal. This manifests again the importance of
the base orientation and position within the pore on the measured signals, whose magnitude depends on how well these
states couple to the probes.
The disadvantage of the voltage fluctuation measurements
compared to those of the transverse conductance is that in
the former case, the voltage signal is considerably affected by
the nearest-neighbor bases and the dominance of the backbone signal, since the Coulomb interaction is long ranged.31
A critical issue is the reliability of the dipole moments measurements. The dipole moments between free-standing G and
C differ only by 1%, thus it is hard to distinguish. Also, the role
of water and the ions on the dipole moments of the bases is
not completely clear. The presence of the ions alone enhances
the dipole moment fluctuations. It remains to be seen whether
the additional noise interferes with the signal for the dipole
moments of the nucleotides and if the concomitance of these
factors allows for an error-free DNA sequencing. The influence of ions, water and mobile charges at the capacitor on
the induced potentials is still debated. Simulations showed
that the significant reduction in the measured ionic current
is often due to a part of the DNA that blocks the pore without translocating.24 Such an effect could be inhibited by the
small pore size or the transverse electric field. The magnitude of these current blockades is in the same range as that
coming from translocation events. In this respect, the current
blockades observed in experiments partly reflect successful
translocation events. More deeply, there is a need to develop
a protocol that efficiently distinguishes between the blocking
current that corresponds to completed translocation events
from DNA clogging at the nanopore region.
The fact that translocation is fast as compared to the existing
detection electronics causes further errors in the read-out outcome. Assembling current distributions, rather that assigning
one current measurement to a base, would reduce or even
remove the errors in distinguishing the bases. First of all,
one should bear in mind that the bandwidth of the electronic
detector naturally averages the currents.59 An efficient way to
gather statistics in the translocation process and reduce the
errors is by recapturing and trapping the DNA molecules in
the nanopore.22 The importance of the back-and-forth motion
of the DNA in the pore in optimizing the signal measurement
was also investigated by MD simulations.69 Nevertheless, even
if only a single base at a time resides in the pore, the interference coming from noise, the pore-molecule interaction and
so on, will obstruct the efficient differentiation between bases.
A more refined computational approach to DNA translocation
should deal with more realistic models of the biomolecule and
surrounding solvent. Taking into account a large fraction if
not all of the possible conformations of the DNA molecules
within the pore and between the nanoelectrodes is a tricky
task, but would resolve important issues in distinguishing
between nucleotides. Within this spirit, other contributions
to the signal-to-noise ratios, such as background Faraday currents need to be investigated. It would also be important to
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shift the Fermi level of the nanoelectrodes with respect to
the molecular levels, while a low bias between the probes
is applied. This could possibly lead to a resonant conduction mechanism and orders of magnitude larger conductance
than that observed in studies thus far. In this way, signals for
the DNA nucleotides that are better distinguished could be
obtained.
Additional issues arise in the case of graphene pores. These
are the passivation of the graphene surface or the covalent
modification of the nanopores to effectively recognize the DNA
bases. The graphene pores are also related to high current
noise. In this respect, the result from quantum mechanical
simulations that a graphene nanopore device has adequate
sensitivity 67 should also take into account the inherent noise
in the device. The graphene layer used in the simulations is
an idealized version of a realistic graphene nanopore, which
would have a mixture of armchair and zigzag edges terminated
by various molecules. The actual nanopore device would also
include the solvent, a substrate, counterions, doping due to the
absorbed water molecules on graphene, its reduction in the
absence of an underlying substrate (like SiO2 ), phosphate and
sugar groups, the unique density of states of graphene, and the
thermal vibrations of the graphene membrane, to name a few.
All these factors would add a significant noise to the nanopore
device, thus errors in the read-out scheme. The actual signalto-noise ratio, as well as the interaction of the nucleotides
with the pore surface and the graphene sheet remains to be
quantified.
The current measurements in graphene nanopores are also
influenced by the parasitic current pathway from the graphene
surface through the ionic solvent that bypasses the pore. This
issue could be possibly resolved by covering graphene with a
self-assembled monolayer, that will also improve the wetting
properties of graphene, limit the electrochemical reaction of
this surface in contact with the solvent, and prevent adhesion
of the DNA molecule on graphene. The offset in the current
measurements due to parasitic currents can also be overcome
by calibrating the nanopore prior and after a translocation
event. An additional error comes from the Brownian motion
of DNA in the pore. Luckily, the corresponding diffusion coefficient is smaller in the confined geometry 4, 68 and could be
made smaller by functionalizing the electrodes.13
From a theoretical viewpoint, the statistical mechanics
description of the translocation process has provided important information. Still many issues have not been or cannot
be easily addressed by free energy methods. Owing to the
strong off-equilibrium character of the translocating event,
there is still an on-going debate on the scaling behavior of the
translocation time while analytical estimates of the translocation speed with the pulling force and the stiffness on the
polymeric chain have not been reported. Pulling the polymer
by its one end does not exactly match the experimental conditions, where the electric field is applied on all DNA bases that
reside in the pore at each time. However, in a coarse-grained
description of several DNA bases mapped in a single monomer,
the theoretical conditions are close to the experimental ones.

1006

JOURNAL OF POLYMER SCIENCE PART B: POLYMER PHYSICS 2011, 49, 985–1011

WWW.POLYMERPHYSICS.ORG

When the length of the DNA is much larger than the nanopore
length, entropic forces due to random coiling of the biopolymer become important. The dynamics and mechanisms of the
polymer threading the pore as a folded chain, though partly
addressed,17, 72 needs to be clarified further. More importantly,
to unambiguously interpret complex effects, such as current
transients associated with DNA-nanopore interaction requires
submicrosecond resolution. To resolve and efficiently capture
these effects with a computational approach, resort to efficient
large-scale simulations and coupling different approaches is
necessary.
A good theoretical or computational model of the translocation process should eventually take into account many more
aspects of the problem, such as the variation of the substrate charge with the ionic concentration, the pore shape,
and departures from the equilibrium forms of the potentials
assumed across the pore. A crucial issue that is still awaiting for proper analysis, is the effect of steric foces under
nanoconfinement, as this implies the proper treatment of the
solvent-solvent, solvent-electrolytes, and solvent-DNA interactions. In nanoconfinement viscous and drag forces are strongly
modulated by the pore geometry, together with the rearrangement of the multicomponent thermodynamics. Up to date, the
interplay between the electrokinetics and the movement of the
embedded polynucleotide are known only qualitatively, and in
some cases, predictions and observations show contrasting
results.
As one investigates deeper the translocation process, more
questions arise. How does hydrodynamics influence the
memory effects that have been shown to be involved in the
process?46 How do external forces change the orientation of
the polymeric beads inside the pore? How do inhomogeneities
at the nanoscale affect translocation? How does the electrostatic environment of the pore affect the transport of coions
and counterions? At the nanoscale, the biopolymer cannot be
thought of as moving in a continuum with a homogenous
dielectric constant, but rather in a heterogeneous medium
with position dependent dielectric constant. Due to the novel
physics at the nanoscale interface of nanopore-solution/ions
and biomolecules, a microscopic approach to the electrostatics
in the pore region should be considered.
Does Theory Meet Experiments?
Experimental studies often use simplified models to interpret data on translocation (e.g., refs. 12, 18, and 39), while
most of the theoretical investigations use the experimental observations to validate their results, without a direct
interaction with ongoing experiments. This is, of course, reasonable and sometimes adequate. Often though, it is not
sufficient for the research advancement and a more direct
exchange of knowledge is required towards the realization of a
nanopore sequencer. Unfortunately, only a few computational
and experimental studies are simultaneously influencing and
supplementing each other.31, 33 In the following, we discuss
whether theoretical and experimental approaches meet and
interact, and how such an encounter can be achieved and
fostered.
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It is quite clear that no complex physical problem can be
simulated in full detail. Nonetheless, this might also not be
needed. From a modelling perspective, it is important to capture the essential features and understand the underlying
mechanisms involved in the physical problem.75 The choice
of the model depends on the property of interest and the
desired accuracy of the calculation. For example, calculation
of the electric signals from the bases cannot be done by using
purely classical methods like MC or MD. These approaches are
important in addressing other issues, such as the dynamics of
the biopolymer throughout its translocation or the effect of
the surrounding solvent. In addition, not necessarily all features should be modeled exactly. Understanding features like
the translocation velocity, as pointed out in an experimental
work,17 does not need to take into account chemical specificity in the pore-molecule interaction. For the investigation
of such properties, a mesoscopic fluid dynamics description is
adequate.
When compared to the experimental setups, many of the
models presented in Figures 9, 12, 15, and 16 seem to be
oversimplified. These often neglect the biopolymer-pore interaction, the effect of the surrounding water or the ions, the
substrate, the details of the electrodes, the atomic details of
the translocating DNA, its helicity, to name but a few. These
frequently provide a coarse description of the problem. Even
with very simple models, though, one is able to capture specific
physical properties. Simple approaches are still important as
part of a general, detailed and complete approach to the electrophoretic motion of polyelectrolytes through narrow pores.
Features that do not interfere with the property that is being
investigated can be disregarded or can be effectively described
by a coarse-grained or mean-field scheme.
Regarding the agreement between experiments and theory/computation, matching the temporal scales of the real
and simulated processes is a much more demanding task than
matching spatial scales. In most of the theoretical and simulational studies, such an agreement is beyond reach. Even
without a quantitative agreement between experiments and
theory, the qualitative features captured by theoretical model
are sufficient to expose the underlying physical mechanisms
that are involved in the process and provide further insight
to experimental studies. This is manifested, for example, by
the good qualitative agreement regarding the time distributions gathered from experiments and simulations in Figure 3.
It is not always critical to be specific throughout the scales
involved in a physical problem. It is much more effective to
gather complementary informations, that clarify the physical
picture of the problem under scrutiny. Results from different
approaches can be gathered and valued together to lead to
a more complete view of the system. This approach is often
more effective than the usage of a single methodology alone.
For a more specific manifestation of the above points, we
briefly go through some of the computational or theoretical
results that are in agreement with important features in the
experiments. Many of the features that could be captured, at
least qualitatively, by some of the models presented in this
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review are the current blockade signatures, the translocation
time distributions and the corresponding scaling law, the
folding conformations within the pore or the distinguishable
electronic signals for different nucleotides. In addition, more
general outcomes such as the importance and effect of biofunctionalized electrodes, the need for statistical sampling
of the measured currents for a successful read-out map of
the bases or the importance of controlling the DNA motion
within the pore can provide important advice to experimental
investigations.
Specifically, as mentioned before, a good qualitative match
of the time distributions is shown in Figure 3 comparing the results from recent experiments12 and a multiscale
approach.21 The scaling exponents in the scaling law of the
translocation time with the length of the biomolecule agree
very well, with reported values of 1.27 ⫾ 0.03 from the
experiments12 and 1.28 ⫾ 0.01 from the simulations.71 As
already mentioned, the exponent has been a subject of debate,
between theoretical studies, and this is, to our knowledge,
the best match obtained. Note, that in the multiscale model,
ions are not included, simplifying the real conditions, yet a
very good agreement is obtained. The question then arises
as to what are the essential features that a model should
include and what is the unnecessary information which can be
discarded. Controversies among theoretical and experimental
studies still exist and relate to whether functionalized probes
are needed and the signals from the bases in the pore are
indeed distinguishable.
Besides the latter issue, experiments and computational
approaches often agree. The distinct electronic signatures of
the bases are evident from many of the experimental and computational studies, as shown in Figures 8, 11, 13, and 14. The
question is how distinguishable are signals from the noise
baseline65 and how these signals are affected by the fluctuating environment itself.59 The distinguishable experimental
current peaks in Figure 8 agree with those shown in Figures
11 and 13, in the sense that the bases can in principle be
discriminated based on the distinct peak positions in their
electronic signatures within the pore. In a similar manner, as
pointed out in the previous sections, simulations have underlined the high impact of the base orientation within the pore
on the electric signals and the importance of stabilizing the
bases; a finding important for future experimental studies.
Moreover, the electric signal that multiscale simulations predicted for the nanopore-capacitor electrodes complements
experiments dealing with a similar capacitor membrane.31
Both approaches assist each other in the exploration of the
nanopore-capacitor mechanism. The effect of the pore and
the pH of the solution on the electromechanics of a translocating DNA was experimentally explored with a simultaneous
input from MD calculations.23 The results from the simulations
were used to interpret the measurements with atomic detail
and underlined the existence and importance of a stretching
transition occurring in the experimentally relevant conditions.
The importance of the input from MD simulations was also
denoted in sizing DNA using a SS pore.33 The current transients
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measured experimentally for different biomolecules could be
unambiguously valued with the aid of the variety of current
transients assigned to specific atomistic events seen in the
simulations and related to clogging of the molecule at the
nanopore entrance.
As another example, the coupled MD-lattice Boltzmann
scheme described in a previous section, qualitatively reproduces the folding translocation of a polynucleotide seen in the
experiments. This is evident from Figures 4 and 18, where
distributions of current blockades in the experiments17 agree
with the respective distributions of the pore residence number
obtained from simulations.72 For both approaches, a higher
frequency of single-file translocation events is evident, but
a fat tail corresponding to higher blockades and multifold
conformations in the pore is also observed. The average current blockade is inversely proportional to the translocation
time, also shown in the same figure. MD simulations manifested that not all of the events are successful translocation
events.54 This finding is a strong hint to the experiments to
find paths to distinguish between real translocation events and
not overcounting these. This should be resolved especially at
low voltage conditions rather than in high biases. With this
example, we remark that often a good qualitative agreement
between theory and experiments is found.
In the end, simulations indeed rely on a more simplified picture than real experiments but have the ability to isolate and
capture the essential features of the process. From several
theoretical viewpoints, a multiscale approach, involving different levels of description for different parts of the physical
problem is the most efficient as it can couple concurrently
or sequentially different schemes and span a wide range
of temporal and spatial scales. For instance, the multiscale
approach can use an accurate quantum-mechanical ab initio scheme to represent the nucleotides at electronic level
in the pore vicinity, where more detail is needed. The classical atomistic scheme can be used to model parts of the
biomolecule a few nanometers away from the pore. Finally,
a coarser-grained and mesoscopic scheme would be sufficient
as one moves further away from the pore. Such an approach,
that could be referred to as the quanto-mechanics/molecularmechanics/hydrodynamic method has a high potential to
map directly to the experimental setups and its well defined
microstructures. In the end, it is all an interplay of desired
accuracy, effectiveness, and computational demand with the
ultimate goal to interact efficiently with the relevant experimental studies.
As a general remark, once the theoretical tools have been
compared and validated against analytical benchmarks and
existing experimental results, further efficient modeling of the
process can be devised. Theoretical and computational work
has often shown how to ameliorate the agreement with experiments on DNA translocation and serve to propose ideas and
new experiments towards an optimal structural engineering
of a working efficient nanopore sequencer. So far, the answer
to the question whether theory meets experiments in the
case of polynucleotides threading nanometer sized pores is, in
our opinion, by and large, positive. The future in biopolymer
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translocation through narrow pores can be prosperous, both
in terms of an in depth understanding of the essential physics
and in view of potential nanobiotechnological applications.
These goals can be accomplished once a full synergy between
experiments and theory is attained.
FUTURE OUTLOOK—SUMMARY

Even if the investigation of polynucleotide translocation
through narrow pores has incredibly advanced during the
last two decades, a variety of issues and problems are still
unsolved. It is important to point out, though, that the knowledge gained thus far provides a promising future, not only
in terms of realizing a nanopore sequencing device, but
also in terms of advancing the basic research and in depth
understanding of the complex nanoscale physical system
“nanopore-biopolymer-ionic solution.”
Nowadays, most of the focus is on developing novel nanopore
devices and understand the underlying physics in the polynucleotide translocation through nanopores. From a technological point of view, the need for a low-cost high throughput
device is guiding the efforts in the field. The question is what
is the range of DNA lengths and sequencing speeds that can be
reached and what parallelized version or arrays of nanopores
should be used together with the required integrated nanofluidics and electronic probes. In principle, the fabrication of
arrays of hundreds to thousands of pores is possible. A multinanopore force spectroscopic analysis of DNA has already been
demonstrated in the case of biological pores.76 With this purely
electronic device, no fluorescent labeling is needed and the
mutations in a DNA sequence can be detected. Such a parallel device would be robust enough to be commercialized,
once the number of pores has been optimized to deliver a
large signal-to-noise ratio. Membranes with a high density of
pores would be required to improve the distinguishability of
the ionic current in the case of blocked and open pores.
For an optical read-out system with SS nanopores, a four-color
detection using one molecular beacon (fluorophore) for each
DNA base will increase the accuracy, remove the error due to
the potential frame shift in the two-color system, and double the detection speed.28 Again, despite the manufacturing
challenges, such a system could synthesize an efficient, ultrafast, all-in-one sequencing device. In terms of basic research,
it is intriguing to understand the complexity of the nanoporesolution-biomolecule system in the nanoscale range of such
devices and the way to probe the physical differences of the
biomolecules and enhance their distinguishability. It is possible that an effective parallelism of a nanopore device will be
achieved by simultaneous optical detection from hundreds of
nanopores in nanopore arrays.
In biopolymer translocation research, the most compelling
open problems that need to be addressed are basically known.
The nanopore dimensions, the translocation speed, the environmental factors, the material characteristics and many more
need to be optimized for high throughput sequencing. The
inherent noise from all the different components of the device
should be overpassed and possible clogging of the DNA at the
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pore should be resolved or at least manipulated. It is very
important to control the DNA conformation and speed within
the pore, without affecting the electronic signal from the bases.
For an error-free read-out, rapid measurements of each base
should deliver distinct signals. In this respect, the similarity of the electronic and structural properties of nucleotides
could require a statistical analysis of multiple measurements.
The various sources of noise should be controlled or the
signal from individual read-outs should be amplified. Recapturing, trapping the molecule22 and slowing down the process
to the millisecond range to allow for better detection and
error-free read-out is essential. The different factors involved
in biopolymer translocation should be assessed through the
joint usage of experimental and computational methods. The
experimental tools related to monitoring the translocation
process are invaluable, and computer simulations provide a
privileged view into the nanoworld. Understanding in depth
the translocation process and resolving the most compelling
open problems are in steadfast progress and the realization of
a nanopore sequencer might to be only a matter of time.
The aim of this review was to survey results from computer
simulations and computational models as related to experiments on polynucleotide translocation. We have discussed the
agreement among all these different approaches and the possibility and need for those to interact, supplement each other,
propose new directions and efficiently assist the efforts for
potential biotechnological applications. The translocation of
DNA is better understood in view of its potential for high
throughput devices for readout, and eventually the whole
human genome. In this respect, some open issues and lack of a
complete understanding of the nanopore-biopolymer-solvent
system at the nanoscale, delay the realization of an efficient
nanopore sequencer. We have tried to shed light on the open
questions, and provide a perspective into the future of the
biopolymer translocation research. Whenever the integration
between theory, simulation, and experiments will be complete, an optimal throughput towards the understanding of the
underlying physics and engineering of a nanopore sequencer
can be expected.
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