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Abstract. – We have fabricated a voltage sensor in the form of a conically shaped nanopore
in a polyethylene terephthalate (PET) foil. The pore is produced by irradiation of the foil with
a single heavy ion and subsequent etching in alkaline solution. The resulting pore functions as
a voltage gate and rectifies ion current due to changes of its diameter in an electrical field. Ion
currents through the pore show voltage-dependent fluctuations, whose kinetics are similar as
in voltage-gated biological ion channels and pores.

There has been a continuously growing interest in physical phenomena of restricted geome-
tries [1]. Furthermore in biology, the controlled and selective flow of ions through biological
channels in cell membranes is fundamental to all living cells [2]. It has been shown that
voltage-gated ion channels, e.g. Na+, K+ and Ca2+ channels, are constituted by charged
amino acid residues on the interior wall of the channel pore. In an electrical field, a force
is exerted on these charged residues, which results in the shape and diameter of the channel
pore to change, thereby defining their voltage-dependent ion transport characteristics [3]. In
the present work, we aimed at devising a synthetic pore that can respond to an electrical field
and exhibit voltage-gating properties.

To fabricate the voltage-sensitive pore, we employed the track-etching technique [4], which
is based on the irradiation of a polymeric foil with accelerated heavy ions (e.g., Xe, Au), fol-
lowed by chemical etching (fig. 1) of the latent ion tracks. The number of formed pores is given
by the number of ions that went through the sample. By limiting the number of impinging
ions down to one, it is possible to prepare a membrane with one pore [5]. The size and shape of
the produced pores are tailored by the type of etchant, temperature and duration of etching,
with a precision of nanometres. Therefore, this technique of tailoring nanostructures seems
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Fig. 1 – Principle of the track-etching technique. a) Nanopores are produced by irradiating a PET
foil with heavy ions of 109 eV energy and subsequent chemical etching in a conductivity cell (b)). To
obtain conical pores, the one-side etching procedure is applied. The dotted line represents the final
conical pore. The shape and dimensions of the pore’s tip that is a consequence of the radial etching
procedure [14, 15] are shown in c). The cone angle is calculated on the basis of the pore’s opening
diameters. d), e) SEM images of two surfaces of a PET membrane with fabricated conical pores. The
narrow opening of the conical pores is below SEM resolution.

superior to the recently developed feedback-controlled sputtering system, which is based on
irradiating materials with ions of several keV [6].

As a material to fabricate a voltage sensor, we chose polyethylene terephthalate (PET),
which has been extensively studied before [7–10] and is suitable to generate a charged surface.
PET is a polyester, and its etching results in the formation of carboxylate groups (COO−)
inside the pore and on the surface of the membrane [11]. Cleavage of polymeric chains during
etching produces approximately 1 carboxylate group per 1 nm2 [12]. When the membrane
is immersed in an electrolyte of pH higher than the isoelectric point (IEP) of the polymeric
surface (for track-etched PET, IEP = 3.8 [11]), the surface is negatively charged. Under acidic
conditions, carboxylate groups are protonated and at pH close to IEP, the net surface charge
of the track-etched PET membrane is zero.

Earlier studies [7–10] have shown that the cylindrical track-etched pore neither rectifies the
ion current nor can serve as a voltage sensor. We therefore manufactured a conically shaped
pore and investigated its transport characteristics.

PET foils (Hostaphan RN12, Hoechst, 12 µm thick) were irradiated with accelerated Au
ions of 2.2 GeV kinetic energy (linear accelerator UNILAC, GSI, Darmstadt). Ion tracks were
then etched by applying NaOH only on one side of the irradiated membrane while the other
side is in contact with a stopping medium containing a neutralizing electrolyte [13], which is
the crucial step to obtain conical pores. The etching process, performed in a conductivity cell
(fig. 1b), was controlled by monitoring the electric current through the pore and was stopped
by flushing out the etchant after a breakthrough current was detected. Moreover, after the
breakthrough, the applied electric field pulls out of the pore the OH− ions, which are replaced
by Cl− from the stopping solution, thus preventing the pore’s opening from further etching.
Improving the detection of the breakthrough currents enabled us to obtain pores of several nm
in diameter, much smaller than the pores previously reported [13]. An average etching time
of 110± 15 minutes (at 9 M NaOH, 21 ◦C) resulted in pores with opening diameters of 0.5 µm
(membrane surface facing the etchant) and approximately 2 nm (surface facing the stopping
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Fig. 2 – Characterization of ion transport properties and size of a conical nanopore. a) Current-
voltage (I-V ) characteristics of a single conical pore in a medium of 1M KCl and pH 7 on both
sides of the membrane (black curve), and with 20% of PEG600 (red curve), added to the side of the
narrow opening of the pore. The inset figure indicates that the pore opening is enlarged at negative
voltages, thereby allowing PEG molecules to flow through the pore and diminishing the ion current.
The I-V was obtained by applying a voltage ramp of ramping frequency 0.005Hz. The polarity was
established with respect to the wide side of the pore. b) The size of a narrow opening of a conical
pore do as a function of voltage, calculated from the I-V curve shown in a). c) I-V curve for a single
conical pore at 0.1M KCl for pH 7 and pH 3, recorded with voltage ramp as described in a). The
curves for two subsequent ramps have been shown.

medium) (fig. 1 d-e), as estimated on the basis of current measurements [13]. Data on the
submicroscopic kinetics of ion track etching allow one to predict the shape of the narrow
throat of the pore produced by the one-side etching. The tip of the advancing cone is rounded
due to a non-zero size of the damage zone around the ion path [14]. This zone determines the
curvature radius at the cone tip, which in the case of Au ions, reaches 10 nm [15]. This results
in the shape of the narrow part of the pore that is shown in fig. 1c.

To examine ion transport through a single conical nanopore, we measured current-voltage
characteristics (I-V ) and ion current transients as time series at constant voltage. Two inde-
pendent experimental methods were used. In a first type of experiments, single-pore recordings
were performed in the same conductivity cell the PET foils were etched in (fig. 1b), using the
membrane with a single conical pore. This set-up offers a convenient way to perfuse both sides
of the membrane with different media. Figure 2a shows the I-V characteristics recorded under
symmetric electrolyte conditions on both sides of the membrane (1 M KCl, pH 7). The current
was twice as large for negative voltages compared to positive voltages, which demonstrates
the rectifying properties of the conical pore. Rectification was observed throughout a range of
electrolyte concentrations of up to 3 M, which indicates that the double-layer effect (created
due to compensation of the surface charges by the counterions) made no significant contribu-
tion to the phenomenon. Based on the geometry of the pore shown in fig. 1, it is possible to
calculate the ion current through the pore for various diameters of the pore opening (similar
calculations were performed in [16]). Figure 2b presents the pore opening diameter estimated
from the I-V curve in fig. 2a. If a positive voltage is applied, the diameter is significantly
smaller than if a negative voltage is applied (∼ 0.8 nm at +2 V, 2.9 nm at −2 V). Note that
the pore has a finite diameter also when 0 V is applied, therefore the voltage dependence con-
siders the diameter change ∆d. To confirm the estimated values we used a well-established
size-exclusion technique [17], based on conductivity measurements in the presence of macro-
molecules, e.g. polyethylene glycole (PEG). The radius of a PEG random coil is related to its
molecular weight through the so-called Kuga relation [18]. When PEG molecules are small
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enough to enter the pore, the conductivity of the pore drops (“cut-off”) due to an increase of
the solution’s viscosity in the pore.

Since the diameter of PEG600 is ∼ 1.4 nm [18], it should lower the current at negative
voltages, while at positive voltages currents would not be affected. Indeed, we observed a 50%
drop of the current, which would be expected for a solution containing 20% PEG, only at
negative voltages, which indicates that PEG600 fills the pore (fig. 2a). PEG molecules > 5 nm
did not enter the pore at any voltage between −2 and +2 V. Smaller PEG molecules reduced
the current in a voltage-dependent fashion. PEG6000 (∼ 3.8 nm diameter) only reduced the
ion current at voltages of −1.5 V and below. For PEG3000 (∼ 2.9 nm), the cut-off was shifted
to −1 V, and for PEG2000 (∼ 2.4 nm) to −0.5 V. At positive polarities, PEG molecules of
neither size caused a current cut-off. In summary, the PEG measurements indicate that the
effective diameter of the conical pore is dependent on the applied electrical field.

The surface charge of the narrow opening of the pore plays a crucial role for voltage gating.
To study its influence on the pore’s ion transport characteristics, we used the relation between
the surface charge of track-etched PET and the electrolyte pH (fig. 2c). In 0.1 M KCl at pH = 7,
the ratio of the two conductivities for negative and positive voltages is approximately 6. For
pH 3, which is lower than the isoelectric point of track-etched PET (IEP = 3.8), the voltage
gate lost its charges, which resulted in linear I-V characteristics (fig. 2c).

To further study the ion transport properties of the pore we performed selectivity mea-
surements [2]: reversal potential of 50 mV for a 10-fold concentration gradient (1 M/0.1 M) at
pH = 7 showed that the nanopore is cation-selective with a transference number for cations
of t+ = 0.95 ± 0.05.

Due to its large capacitance, the conductivity cell cannot be used for measuring fast current
transitions, especially at low voltages (ion current behaviour at high voltages +2 and −2 V and
asymmetric electrolyte conditions on both sides of the membrane has been studied in [19]). In
order to resolve these fast transitions, measurements were performed using a low-capacitance
circuit with a micropipette (fig. 3a, b) in a modified patch-clamp system, where a scanning
ion conductance microscope (SICM) enabled to precisely position the pipette on the PET film
over the etched pore [16,20,21]. The examined sample had a pore density of 106/ cm2. A glass
micropipette was used to produce a topographic image of the polymer surface (fig. 3a). After
completion of the scan, the pipette was positioned over a single pore as seen in the surface scan
(fig. 3a) and lowered to the surface until resistance increased considerably (fig. 3b). Finally,
slight suction was applied to form a seal between the pipette and the surface. Data acquisition
and analysis were performed with a conventional patch-clamp amplifier [16,20,21].

Figure 3c presents ion currents through a single conical pore for voltages from −200 mV
to +200 mV. The pore shows a voltage-dependent ion current behaviour: the ion currents
are rectified and exhibit fluctuations that are more pronounced at negative voltages. They
also step down in time, resembling a course of inactivation process, observed in voltage-gated
biological channels [2].

Figure 3d presents an example of a long-term pattern of ion current, showing two charac-
teristic time scales of channel functioning. The fast flickering between open and closed states,
so-called bursts, is separated by long silence (hundreds of milliseconds) in channel action,
observed as a closed state. A histogram of ion current values (fig. 3e) reveals the existence of
two open states. This result was confirmed by dwell-time series analysis, which is based on
transforming the ion current time series into a dichotomous 0/1 signal, followed by calcula-
tion of the open and closed time distributions [2]. The decay of the cumulative distribution
function of open states Fo(t), defined as 1 − Fo(t) (fig. 3f) [2, 22], shows two exponentials,
characterized by relaxation times equal to 40 and 1000 ms. This phenomenon is very well
known for biological channels [2].
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Fig. 3 – Current measurement through a single conical pore using scanning ion conductance mi-
croscopy. The ion current data presented were obtained from the same pore. a) Topography of a
PET sample showing a single pore. A PET sample was mounted in a dish with the large opening of
the conical pores facing upwards and immersed in 1M KCl solution. A micropipette with tip radius
of 100 nm was used to scan the surface topography of the sample. b) The same pipette was positioned
over the pore and docked into the hole. c) Voltage dependence of ion current through the conical pore.
Currents were generated by applying a series of 3 s voltage steps to the pipette, starting with 200mV
and decrementing by steps of 40mV down to a voltage of −200mV. d) Typical long-term ion current
behaviour recorded at a constant voltage of −80mV (1M KCl, pH 7.4, HEPES). e) Histogram of ion
current values for the trace shown in d); N represents the frequency count of ion current amplitudes.
The closed state was defined as 0 pA. Two conductance peaks are at −24 and −40 pA. f) Decay of
the cumulative distribution function of open state durations 1−Fo(t) in semi-logarithmic scale fitted
with the sum of two exponentials, given in the figure, for the data shown in d). The relaxation time
of the distribution decay given by the first exponent is very similar to the mean duration of the open
state, equal to 46± 9ms. g) An example of ion current fluctuations recorded in the conductivity cell
with a single-pore membrane at voltage −200mV (0.1M KCl, pH 7).
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Ion current fluctuations have also been observed in measurements performed in the con-
ductivity cell (fig. 3g).

We have fabricated a voltage-gated synthetic pore, whose charged, narrow entrance re-
sponds to the electric field applied, and governs the rectifying properties of the pore. Addi-
tionally, an ion current through a single conical pore shows voltage-dependent discrete fluc-
tuations. In fact, our pore has many features in common with biological channels. X-ray
studies of the Streptomyces lividans K+ channel [23, 24] have revealed that the channel with
four identical subunits is conically shaped and carries charges on both openings. This suggests
that our synthetic pore may function in the same fashion since it is also a conical structure of
similar dimensions with electrical charges. It might change its shape and effective diameter
depending on an applied electric field, thereby exhibiting voltage-dependent characteristics
(fig. 2a), as observed in our experiments. It is known that the carboxylate groups, formed
during the track-etching procedure, are situated at the end of cleaved polymeric chains, so-
called dangling ends [12]. We presume that in an electrical field they are able to undergo
movements and to contribute to the voltage-dependence of the pore’s diameter. We would
like to mention that at low electrolyte concentrations, when the thickness of the double layer
becomes comparable to the pore diameter, the electrostatic potential at the two entrances of
the pore is different, which might also contribute to the observed ion current rectification.

Controlling a pore’s size by voltage may be a unique tool to separate charged molecules of
various sizes. The system is especially interesting in the light of recent studies of translocation
of bio-oligomers through an engineered asymmetric channel formed by the Staphylococcus
aureus α-hemolysin [25,26].

A fabricated system opens up the potential to create even more specialized, voltage-
sensitive devices where the surface charge would become the control parameter. We achieved
this step by changing the pH of the electrolyte and were able to inactivate the voltage gate.
Fine control of the surface charge and resulting voltage control of the pore’s selectivity were
achieved in a system of track-etched pores where the interior of the cylindrical pores was elec-
trochemically covered with gold [27, 28], leading to the formation of metal nanotubules. The
membranes were found to block the passage of cations or anions, depending on the surface
charge of the inner metal tubules. Production of asymmetric nanotubules could disclose novel
ion transport characteristics.

The detailed molecular mechanism of selective ion transport and gating in ion channels
is the subject of intense study. Our experiments show that a highly nonlinear pattern of ion
current with fast kinetics of voltage-gated discrete fluctuations can be obtained in a simple
system of negatively charged conical nanopores fabricated in a PET membrane. The pre-
sented results clearly point to the fact that the phenomenon of voltage gating is much more
universal than was previously thought. Moreover, we have proven that single-ion irradiation
and controlled etching techniques offer an easy and reproducible method of manipulating the
matter’s properties down to nanometer scale.
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