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ABSTRACT 
 
Electrode/nanopore structures hold promise towards the 

fabrication, functionalization and control of nanopore 
sensor performance. This includes "simple" one-electrode 
structures, where an additional membrane electrode is used 
to control the electrostatic properties of the nanopore, but 
also more sophisticated two-electrode junction devices, 
integrating tunneling detection with nanopore-based single-
DNA detection. Here we extend our previous work on this 
subject and extend the discussion towards potential 
“artefacts” during sensor operation, such redox 
amplification and capacitive re-charging of the tunneling 
junction. A detailed analysis shows that none of these is 
capable of reproducing the experimentally observed current 
modulation, supporting the notion that tunneling is indeed 
at the root of the observed effect. Ultimately, this is of key 
importance with a view on potential applications in 
tunneling-based single-molecule DNA sequencing 
applications. 
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1 INTRODUCTION 
 
Nanometer-sized pores ("nanopores") are versatile 

single-molecule sensors for the label-free detection and 
structural analysis of biological polymers (DNA, proteins, 
protein/DNA complexes) in solution [1]. The general 
design is relatively simple, cf. fig. 1: A nanopore sensor is 
composed of a thin lipid bilayer or solid-state membrane, 
that separates two liquid cells. A small opening, either a 
protein pore in the case of the lipid bilayer membrane or an 
aperture in the solid-state membrane connect the two 
compartments and allow for the exchange of liquid, ions 
and other solutions species. Two electrodes, one in each 
compartment, offer a means to apply an electric field across 
the electrochemical cell. Since the nanopore is the largest 
source of resistance in the circuit, the electric field is 
strongest in the vicinity of the pore (usually on the order of 
106 or 107 V/m!). Charged solution species are transported 
("translocated") across the nanopore, according to the 
potential gradient. If the analyte is comparable to pore size, 
translocation results in a transient blockade of the pore 

current. The characteristics of this blockade event (current 
change, duration, shape) can then correlated to the 
properties of the analyte, say the length, folding state or 
shape of DNA in solution. Unfortunately, "plain" nanopore 
sensors often lack the specificity to distinguish between 
different analytes [2]. Moreover, transients are usually short 
(μs to ms), especially for proteins and small molecules, 
while at the same time the current modulation is small (~ 
10s - 100s pA). This puts high demands on the detection 
electronics, particularly when optical detection is not an 
option (see however [3]).  

Nevertheless, the academic and commercial interest in 
this area remains huge - perhaps mainly driven by prospects 
of fast and label-free DNA sequencing [4]. If the identity of 
individual bases in a DNA strand could be read out with 
reasonable accuracy and precision, a nanopore sensor 
would constitute an almost ideal sequencing device. In 
order to achieve this, several issues have to be resolved: 1., 
the translocation process must be controlled carefully, in 
terms of speed, molecular orientation, and reproducibility; 
2., the spatial resolution must be high enough to collect 
base-specific data during the translocation process; 3., the 
device must exhibit enough molecular specificity to 
distinguish different bases [4]. 

 

 
 
Fig. 1: Schematic view of a conventional nanopore 

sensor, incl. the Si3N4 membrane and the nanopore. The cell 
is filled with electrolyte (not show) that allows facile charge 
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transfer at the electrodes (Ohmic response). The preferential 
direction of DNA translocation through the pore at given 
electric field is indicated. 

 
Significant progress has recently been made in this 

context, for example by employing ultimately thin 
graphene/nanopore membranes [5], enzyme-controlled 
translocation [6] or tunneling junction/nanopore devices for 
enhanced spatial resolution and molecular specificity [7]. In 
the latter case, DNA sequencing has not been achieved yet, 
but DNA detection with high-throughput capabilities was 
demonstrated as an important intermediate step. Here, we 
elaborate on our previous study and provide further insight 
into operating the tunnelling junction/nanopore device in 
solution environments.  

 
2 DEVICE OPERATION 

 
Compared to the conventional nanopore sensor design, 

the tunnelling junction/nanopore device is somewhat more 
complex in that in features two more electrodes in the same 
electrochemical cell, fig. 2. These two electrodes are 
located on the nanopore membrane and are, ideally, in 
perfect alignment with the nanopore opening.  

 

 
 

Fig. 2: Setup of the combined tunneling junction/nano-
pore sensor: Two Ag/AgCl electrodes are employed to 
apply an electric field across the membrane and induce a 
steady-state ion current through the pore. In our setup, this 
current is recorded by an Axopatch 200B patch clamp 
amplifier (50 kHz acquisition, 5 kHz Bessel filter). The 
transverse tunneling junction is made up of two Pt 
electrodes fabricated by electron beam-induced deposition 
and connected to two Au contact pads [7]. The tunneling 
current is recorded simultaneously by a potentiostat (Gamry 
Reference 600, 5 kHz acquisition frequency, no filter). 
Solution conditions were 1 M KCl, 10 mM Tris-HCl, 1 mM 
EDTA. Ag/AgCl. 

 

We placed the tunneling junction at the exit of the 
nanopore, in ensure that only DNA that translocates 
through the pore can be detected by the tunneling current 
(as opposed to DNA bouncing off the electrodes, not 
translocating). 

The alignment between the electrode junction and the 
nanopore were tested by means of ion current/bias 
spectroscopy, i.e. by ramping the bias voltage between the 
Ag/AgCl electrodes and comparing the measured pore 
conductance G before and after Pt electrode deposition. 
Typically, we observed a decrease in  effective pore 
diameter from 50 nm to 5-15 nm, according to eq. (1). 

 
 
 
      (1) 
 
 
 
Eq. (1) strictly applies only to cylindrical pores with 

large aspect ratio Lpore/dpore, where Lpore is the pore channel 
length and dpore is the pore diameter, but still provides a 
sufficiently accurate estimate for the present purpose. nKCl 
is the ion concentration, μK and μCl are the electrophoretic 
mobilities of K+ and Cl-, respectively; e is the elementary 
charge. 

Note that the tunneling-active area (or, in fact, the 
tunneling distance) of the tunneling junction is much 
smaller than that, based on tunneling current/bias 
spectroscopy data in different solvents [7]. This implies, 
however, that some translocating DNA is expected to by-
pass the tunneling junction, as indeed observed 
experimentally, cf. below. 

The experimental configuration described above allows 
for the simultaneous detection of ion current and tunneling 
current. While this combined feature may not be required in 
the final sequencing device, it offers a means to 
characterize the DNA translocation process and gain further 
insight into the operation of the sensor. 

A typical current-time trace is shown in figure 3, with 
the ion current-time and the tunneling current-time trace on 
the left and right, respectively. Both signals exhibit 
transient modulations that are only present with DNA in 
solution. Note, however, that the ion current temporarily 
decreases, while the tunneling current increases, testifying 
to the different origin of the modulation. 

 

 
 
Fig. 3: Typical ion current (black, left) and tunneling 

current (red, right) traces during the operation of the 
tunneling junction/nanopore device. The solution conditions 
were as described previously; DNA sample: 48.5 kbp λ-
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DNA (10 μg/mL) [7]. Tunneling bias: -0.3 V, Ag/AgCl 
electrode bias: -0.8 V. 

Statistical analysis of the respective time traces reveals 
that  

 
a) there are two classes of events, which we classified 

into “fast” and “slow” events, with characteristic 
(mean) durations of τ ~ 0.3 ms and τ ~ 5 ms, 
respectively. 

b) the “fast” events constitute the majority of all 
detected events in the ion current (3400 events); 
these events are not detected in the tunneling 
current. 

c) 80% of the “slow” events are detected both in the 
ion current and the tunneling current (108 events).  
 

This implies that only about 3% of all translocation 
events are detected are detected by both tunneling and ion 
current and that most of the DNA in fact either by-passes 
the tunneling junction or remains undetected. The latter 
could be related to the fast translocation time or insufficient 
signal-to-noise ratio in the tunneling current. Further work 
is currently underway to optimize the device performance 
in this respect. 

But is the observed modulation in the tunneling current 
indeed due to a change in tunneling properties of the 
electrode junction? This is a key point, as the unique 
features of the tunneling effect forms the basis for a 
functional DNA sequencing device, namely its strong 
distance dependence for superior spatial resolution and the 
effect of the tunneling barrier, providing the required base 
specificity. On the one hand, the observed current increase 
is in-line with Scanning Tunneling Microscopy (STM) 
imaging data in solution, where DNA appears as a 
protrusion and must thus be more conductive than the 
aqueous medium surrounding it.  

On the other hand, other effects such as redox 
amplification or capacitive recharging could be at the route 
of the observed tunneling current modulation. Redox 
amplification refers to the re-newed oxidation/reduction of 
a suitable molecule between the closely spaced Pt 
electrodes, thus generating a current which is however not a 
tunneling current, but of Faradaic origin (and hence 
unsuitable for DNA sequencing application). To this end, 
we note that current modulations were only detected when 
DNA was present in solution. Therefore any redox activity 
should be related to the DNA itself. To rule out this 
possibility, we performed cyclic voltammetry experiments 
with λ-DNA adsorbed on Pt(111) electrodes, fig. 4. 

Compared to the bare Pt(111)/electrolyte interface, 
effectively no charge transfer  takes place after adsorption 
of the DNA in a potential window of 1.2 V. The tunneling 
bias during the translocation experiments was only -0.3 V 
(vs. Pt) and hence no significant redox activity is expected 
from the DNA under these conditions. 

The capacitive current of the DNA-modified electrode 
is only half compared to the unmodified electrode, which is 

due to the decreased dielectric constant of the DNA, 
relative to the electrolyte solution. During the translocation 
experiment, the two Pt electrodes effectively constitute two 
plates of a capacitor at constant voltage. Hence, a transient 
change in the dielectric properties of the medium in 
between, say from aqueous solution to DNA and back 
during a translocation event, would cause a current flow for 
a duration similar to the residence time of DNA in the 
junction. 

 

 
 Fig. 4: CV of adsorbed λ-DNA on Pt(111) in 1M KCl 

electrolyte; control experiments as indicated.  
 
However, the current-time characteristics for such an 

event is quite different to the one described above. 
Replacing the aqueous solution between the electrodes by 
DNA with lower dielectric constant results in a reduced 
charge density on the metal surface - charges move away 
from the interface and a transient current is generated. This 
current will drop to zero when the interfaces have 
equilibrated. The potential gradient across the pore (i.e. 
along the pore axis, due to the ion current) will eventually 
drag the DNA away from the surface and through the 
nanopore. The dielectric properties of the metal/solution 
interface will then again be given by the increased dielectric 
constant of the electrolyte, effectively reversing the current 
flow described above. This process thus leads to a current 
transient in the opposite direction, compared to the previous 
one. Overall, the expected current-time modulation for 
capacitive re-charging is qualitatively different from the 
one observed experimentally, providing further support for 
our interpretation that the signal is indeed due to tunneling 
modulation. 

 
  
SUMMARY AND CONCLUSIONS 
 
In summary, we have shown that electrode/nanopore 

structures, in the present case combined  tunneling junction/ 
nanopore  devices, can be used to detect DNA with high-
throughput capabilities. While a detailed molecular 
understanding of the DNA/electrode interaction in the 
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junction is still lacking, we have provided further evidence 
that our experiments indeed show concurrent ion 
current/tunneling current detection of DNA. This opens up 
perspectives towards high-resolution DNA fragment sizing 
and sequencing applications, which can potentially be 
extended to other biopolymers, such as RNA or proteins. 

 
 

REFERENCES 
 
[1] C. Dekker, Nature Nanotechnol. 2, 209 - 215 (2007).   
[2] T. Albrecht, Nature Nanotechnol. 6, 195–196  (2011). 
[3] J. B. Edel et al., Nano Lett. 7, 2901–2906 (2007) 
[4] D.W. Deamer et al., Proc. Natl. Acad. Sci. USA 93, 

13770–13773 (1996) 
[5] M. Drndic et al., Nano Lett. 10, 2915-2921(2010) 
[6] M.R. Ghadiri et al., Angew. Chem. Int. Ed. 49, 10106-

10109 (2010) 
[7] J.B. Edel, T. Albrecht et al., Nano Lett. 11, 279–285 

(2011). 

NSTI-Nanotech 2011, www.nsti.org, ISBN 978-1-4398-7138-6 Vol. 3, 2011 27




