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In recent years there has been increasing interest in the development of new methods for conferring

functional features to nanopore-based fluidic devices. In this work, we describe for the first time the non-

covalent integration of amphoteric–amphipathic polymers, also known as “amphipols”, into single conical

nanopores in order to obtain signal-responsive chemical nanodevices. Highly-tapered conical nanopores

were fabricated by single-sided chemical etching of polycarbonate foils. After etching, the surface of the

conical nanopores was chemically modified, by first metallizing the surface via gold sputtering and then

by amphiphilic self-assembly of the amphipol. The net charge of adsorbed amphipols was regulated via

pH changes under the environmental conditions. The pH-dependent chemical equilibrium of the weak

acidic and basic monomers facilitates the regulation of the ionic transport through the nanopore by

adjusting the pH of the electrolyte solution. Our results demonstrate that functional amphipathic poly-

mers are powerful building blocks for the surface modification of nanopores and might ultimately pave

the way to a new means of integrating functional and/or responsive units within nanofluidic structures.

Introduction

Bioinspired nanofluidic devices for on-demand control of ion
transport on the nanoscale are attracting scientific and techno-
logical interest owing to the outstanding properties and func-
tionalities1 that can be achieved as well as the wide range of
potential applications they offer in multiple fields, including
molecular sieves,2 nanofluidics,3 energy conversion,4 and bio-
sensors.5 Recent progress in this field has enabled the
reproducible fabrication of synthetic nanopores displaying
properties that mimic their biological counterparts. Compared
with lipid membranes, which are difficult to manipulate, solid
state single nanopores constitute a more suitable paradigm
owing to their robust mechanical and chemical properties.6

Single conical nanopores are able to rectify the ion transport
through them, which is in close resemblance to voltage-gated
biological ion channels.7 As a result, the generation of

“fully synthetic” architectures with functionalities comparable
to biological entities has stimulated scientists from diverse
disciplines, including chemistry, physics and engineering.8

The versatility of synthetic nanopores is already visible in
multiple applications and is based on the multifunctional
physical and chemical properties. Based on numerous studies,
great advances in molecular design, in understanding the
relationships between pore geometry and current rectification,
and in efficient processing strategies have been achieved.
Nanoscale control over the surface properties of the pore walls
is an important issue because chemical functionalization can
modulate nanopores’ unique rectifying characteristics arising
from the synergy of the entropic driving force caused by the
channel asymmetry and the electrostatic effects due to the
charges fixed on the pore wall.9–11 The development of new
means to manipulate both the geometry and the surface
charge of conical nanopores is extremely important for future
applications.

The development of functionalized conical nanopores with
adjustable rectification properties resulting from external
modulation of surface charges has attracted considerable
attention. The efficiency with which many pore-forming pro-
teins in biological membranes control the ionic transport
using pH as a chemical trigger has been a source of inspiration
for chemists to mimic such processes using functionalized
nanopores.12 In the case of biological pores their amphoteric
nature originating from ionizable amino acid residues and
protonable amine groups is responsible for dictating the ion
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selectivity.13 One illustrative example is the cornea where the
ion permselectivity is controlled by the degree of protonation
of ionizable sites within the tissue.14

A pioneering study by Martin and co-workers described the
pH-switchable permselectivity of cylindrical cysteine-modified
gold-coated nanotubes, demonstrating the capabilities of zwitter-
ionic moieties to tailor the surface charge of nanopore
environments.15 These concepts were further extended to the
manipulation of the rectification properties of conical nano-
pores using monolayer assemblies and polymer brushes
grafted on the pore walls.16

To the best of our knowledge, tailoring the surface charge
in single conical nanopores has been performed almost exclu-
sively using covalent chemistries featuring varied complexity.
For many years, chemical functionalization of track-etched
pores in polymers like polyethylene terephthalate (PET), poly-
carbonate (PC) and polyimide (PI) has been focused exclusively
on the derivatization of the residual surface carboxyl group
with alkyl bromide in the presence of KF as a catalyst,17

methylation with diazomethane,18 or amidation via activation
of surface carboxyl groups with carbodiimide and subsequent
reaction with amine-terminated linkers bearing the targeted
functionality.19 However, many of these preparative protocols
involve the use of organic solvents in consecutive reaction
steps, which might compromise the structural stability of the
pore. This factor is particularly predominant in the case of
nanoscale pores where small variations in pore dimension can
lead to drastic changes in rectification properties. Within this
framework, it is particularly desirable to develop methods for
non-covalent functionalization of nanopores without requiring
demanding protocols.

For this purpose, amphiphilic self-assembly20 offers a rapid
and suitable method to functionalize solid-state nanopores
owing to the simplicity and tractability of the hydrophobic
interactions that ultimately allow functional films to be
designed and built up through very simple steps.21 For
instance, extensive work of Armes and co-workers demon-
strated that direct adsorption of amphiphilic copolymers from
solution can lead to the formation of a broad variety of stimu-
lus-responsive surfaces.21,22

In spite of the potential practical advantages, the use of
amphiphilic self-assembly as a noncovalent strategy to functio-
nalize asymmetric solid-state nanopores and to manipulate
their rectification properties is presently unexplored. Taking
into account existing insights from studies on amphiphilic
polymer solutions and being aware of the potential benefits
derived from the facile non-covalent integration of responsive
units into solid-state nanopores, the goal of this work is
to explore this new conceptual paradigm by creating an
amphoteric pH-tunable nanofluidic diode. We demonstrate
that the hydrophobic assembly of amphoteric–amphipathic
polymers, known as “amphipols”,23 provides a promising,
robust and noncovalent strategy to fine-tune the rectifying
characteristics of nanopores with the option to manipulate the
mass or ion transport through them by simply varying the
environmental pH.

Results and discussion

Several methods have been developed to obtain a longitudinal
asymmetry in the charge distribution of polymer nanopores.
Among these, anisotropic chemical etching that produces
conical geometries has been the most used one, as a conse-
quence of its versatility.1,2 Herein, the use of 30 μm long
tapered conical PC nanopores as nanofluidic diodes is intro-
duced. In order to fully characterize the geometry of the nano-
pores, Au has been electrodeposited using the replica
technique using multitrack-etched foils as templates (Fig. 1(a)
and (b)). The nanocones adopt the shape and size of the chan-
nels and exhibit base diameters of ∼4000 nm and tip diam-
eters with values of ∼60 nm. Here, the well-defined conical
shape of the nanopores can be clearly seen. The diameter of
the large opening of the nanopores was also observed by SEM
imaging (Fig. 1(c) and Fig. 1 in the ESI†), finding values that
resemble those obtained by the replica technique.

After the etching, the nanopores were metalized with sputter-
ing of Au over the tip side. In order to characterize the ionic
conductivity of the nanopores, I–V measurements were made
before and after (Fig. 2(a)) metallization with gold sputtering.
As can be seen in Fig. 2(a), there is an increase in the rectifica-
tion factor from −2.5 to −9 as well as a decrease in the ionic
conductivity from 345 nS to 98 nS after metallization. The
effect of improving the rectification of nanopores with one-
sided metal sputtering has been reported previously by Hou
et al.24 The layer of gold is expected to have a thickness in the
direction normal to the surface of about 80 nm as calculated
from the calibration of the sputtering machine.

Regarding the characteristics of current–voltage curves, it
was observed that at high negative potentials, the current
becomes non-linear with the voltage with a saturation ten-
dency (Fig. 2(a)). Even though there are previous reports of this
effect on solid-state nanopores in the literature, as far as we
know there is still no satisfactory model to explain it.25

However, a possible explication of this effect could be found in
the typical behavior of cation-exchange membranes, in which
the permselectivity of the membranes generates a concen-
tration polarization throughout the membrane pores that pro-
duces a limiting current region at high voltages.26,27 Further
efforts, both experimental and theoretical, are needed to fully
elucidate this issue.

The proposed procedure to functionalize the nanopore
through noncovalent interactions is depicted in Scheme 1. In
this approach, the amphoteric–amphiphilic polymer (amphi-
pol) adsorbs noncovalently onto the exposed surfaces from
aqueous solutions via hydrophobic interactions. The noncova-
lently attached layer of amphipols contains carboxylic acid
groups and tertiary amines that can be used as pH-tunable
moieties, thus forming a responsive coating.

In order to test the viability of this strategy we first demon-
strated and optimized the proposed method using planar
gold-coated surfaces as model substrates. The irreversible non-
covalent functionalization of gold substrates was confirmed by
using surface plasmon resonance spectroscopy (SPR). Analyz-
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ing the SPR sensorgram (Fig. 2b), in the case of an aqueous
amphipol solution (1 mg ml−1) flowing through the SPR liquid
cell, a sharp increase in the SPR signal is observed that does
not decrease even after extensive rinsing in deionized water.
This fact is indicative of the presence of an amphipol layer ir-
reversibly deposited onto the gold-coated SPR chip with a

surface coverage of 85 ng cm−2 and a thickness of ∼1 nm. This
value implies that the amphipol coating of the surface corres-
ponds to a single layer. The amphipol-modified surface was
further characterized using infrared spectroscopy (IR) and
contact angle (CA) measurements to corroborate the presence
of their functional groups (Fig. 2(c) and (d)). IR measurements
confirmed the success of the modification strategy by showing
the appearance of characteristic bands corresponding to the
functional groups present in the amphipol polymer (Fig. 2(c)).
On the other hand considering that in most cases alkyl-termi-
nated surfaces exhibit a CA of ∼90°,28 our wetting measure-
ments close to 60° suggest that the aliphatic tails of the
amphipathic architecture are not located in the outermost
region of the polymer layer but they will probably be located at
the surface–polymer interface. In a similar context, we can
infer from the wetting measurements that the ionizable groups
of the amphipols are oriented towards the aqueous solution.28

Having demonstrated the ability to functionalize gold sur-
faces with amphipols, we next extended this concept to the
noncovalent functionalization of polymer nanopores. As men-
tioned above, PC membranes containing a single nanopore
were only coated on the tip side with a gold layer to homo-
logate the working substrate in accordance with SPR results.

Then, the previously metallized single nanopore mem-
branes were modified by simple immersion in an aqueous
solution of amphipol for 2 hours. Afterwards, the membranes
were thoroughly rinsed with Milli-Q water and mounted on the
conductivity cell. Fig. 3 shows the I–V curves of a single conical
nanopore modified with amphipol using 0.1 M KCl (at
different pHs) as the electrolyte solution in both half-cells.
Considering the amphoteric nature of the adsorbed amphi-
pathic polymer (Scheme 1) we can infer that at strongly acidic
pHs the tertiary amine decorating the pore wall will bear posi-
tively charged groups corresponding to –N(CH)2H

+. As is well-
known, the presence of rectification requires surface charges
with an asymmetric longitudinal distribution that is generally
achieved by an asymmetry in the geometry of the nanopore,
for example, with a conical shape. In our case we observed that
at pH 2 the I–V curve displayed a well-defined rectification be-
havior which would imply the permselective transport of
anionic chloride species through the positively charged nano-
pore (Fig. 3). The maximum rectification factor ( frec), defined
as the ratio between currents measured at given voltages (1 V
in this case) but at opposite polarities, was ∼−12 at high pHs
and ∼8 at low pHs. These results are higher than those pre-
viously reported in the literature using polymer nanopores
decorated with monolayer assemblies, frec ∼ 4, and are compar-
able to reported values using nanopores decorated with
polymer brushes.29,30

Fig. 3 shows the effect of pH on the I–V curves of an ampho-
teric nanopore noncovalently functionalized via amphiphilic
self-assembly of amphipols. At low pH values, the tertiary
amines are positively charged due to protonation, while the
carboxylic groups (–COOH) are neutral under such acidic con-
ditions. The positive charges decorating the pore walls render
the nanopore selective to anions and consequently the nano-

Fig. 1 SEM images of gold nanocones fabricated by the replica tech-
nique using a multitrack-etched polycarbonate membrane, the scale
bars represent (a) 10 μm and (b) 100 nm. (c) SEM image of a multitrack
etched foil showing the base of the nanopores after etching, showing a
base of ∼4000 nm.
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fluidic device shows the typical rectification properties of
conical pores with positive fixed charges. In functional terms
this translates into a high conducting (“ON”) state for V > 0
and a low conducting (“OFF”) state for V < 0. On the other
hand, at high pH values, the tertiary amine groups (–N(CH)2)
are deprotonated (in neutral form), but carboxylic groups
(–COO−) are ionized. As a result, the pore bears negative
charges on the walls and the nanofluidic diode is now selective
to cations. Contrary to that observed at low pHs, the “ON” and
“OFF” states under alkaline conditions appear at V < 0 and
V > 0, respectively. The transition between both rectification
regimes occurs at pH = 5, which is the apparent isoelectric
point, IPapp, of the amphipol and is characterized by a non-
rectifying state.

Fine-tuning of surface charges and rectification properties
was demonstrated through I–V measurements carried out
under different pH conditions. As described in Scheme 1, the
amphoteric nature of the monomer units involves a variety of
charged states that are thermodynamically controlled by the
pH value. Fig. 4 shows the effect of gradual changes in pH on
the I–V curves of the functionalized nanopore. Upon increas-
ing the pH from 2.2 to 3 the population of “zwitterionic”
monomer units grows at the expense of the –N(CH)2H

+ species
resulting in a “less positive” net surface charge. The I–V curve

indicates that at pH ∼ 3 a well-defined rectification behavior is
still observed, but the rectified current is decreased. Note that
the presence of positive charges in the pore walls promotes the
exclusion of cations from the nanofluidic device and conse-
quently the “OFF” state of cation-driven rectified ionic currents
may be observed at each pH value below IPapp, even though
the “ON” state of anion-driven rectified ionic currents can be
easily tuned by slight pH variations (Fig. 5). This fact clearly
indicates that the surface-attached amphipol enables the
tuning of the rectified current under the same permselective
conditions.

Increasing the pH to 4.5 resulted in a significant loss of
both the conductivity and the rectification behavior of the
pore. At the apparent isoelectric point of the amphipol the net
charges are zero and the nanopore is nonselective to ions
(anions and cations), leading to the loss of rectification and to
a decrease in the ionic conductivity, namely a gating effect.
However, at pH 7.4 the presence of negative net charges gives
rise to the ionic current and to the rectifying characteristics
depicted in Fig. 4. Further increase in pH above the apparent
isoelectric point (IPapp) implies a further displacement of the
zwitterionic equilibrium toward the formation of negatively
charged species (COO−), thus reversing the permselectivity
and rectification characteristics observed at acidic pHs.

Fig. 2 (a) Current–voltage curve of a conically-etched nanopore before (PC, grey curve) and after (PC/Au, dark yellow curve) sputtering of gold
over the tip side. The inset shows the rectification factor frec and the ionic conductivity σ (nS) before and after gold sputtering. (b) Changes in the
angle of the reflection minimum as a function of time during the adsorption of amphipol (1 mg ml−1) on a bare gold surface. The signal indicates
that the amphipol remains immobilized on the substrate after rinsing with the aqueous solvent. (c) ATR-FTIR spectrum of a gold surface modified
with an amphipol monolayer. IR signals correspond to: (1) 3100–3600 cm−1 amine and amide N–H stretching and O–H stretching (acid), (2)
2800–3100 cm−1 aliphatic C–H stretching, (3) 1705–1780 cm−1 CvO stretching (acid), 1653 cm−1 amide CvO stretching, (4) 1460 cm−1 antisym-
metric bending C–H in N,N-dimethyl amine, (5) 1410 cm−1 C–O–H acid in-plane bending, (6) 1262 cm−1 amide C–N stretching, (7) 1100 cm−1 acid
C–O stretching, and (8) 900–935 cm−1 O–H out-of-plane bending (acid). (d) Contact angle measurement of a gold surface after the modification
with an amphipol layer.
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In opposition to the trend observed under acidic conditions,
the presence of negative charges at high pH values triggers the
exclusion of anions from the pore and the “OFF” state of
anion-driven ionic currents is observed at pH > IPapp whereas
the cation-driven “ON” state can be easily modulated and
amplified by increasing the pH (Fig. 5). Taken together, these
experiments show that displacement of the protonation equili-
brium of the noncovalently anchored amphipols enables the

modulation of the ionic selectivity and rectification character-
istics by changing the proton concentration in a broad pH
range.

Fabrication of amphoteric nanofluidic devices through non-
covalent strategies poses interesting challenges in the frame-
work of device stability. As is well known, pH alteration may
cause structural reorganization of the amphoteric/amphipathic
layer with concomitant effects on the functional properties

Scheme 1 Schematic cartoon of the noncovalent functionalization of a conical nanopore with amphipols. The chemical structure of the amphi-
philic–amphoteric polymer and the equilibrium associated with the pH-dependent behavior of the ionizable-protonable monomer units are indicated.
The cartoon on the right side shows the net charge of the tip surface at low pH (red, positive net charge), at the isoelectric point (green, no net charge)
and at high pH (blue, negative net charge).

Fig. 3 Current–voltage curves of a single amphipol-modified conical nanopore at different proton concentrations: (left) pH = 2, (center) pH = 5, and (right)
pH = 10. The three curves were measured with the same nanopore. The nanopore used during these experiments displayed the following dimensional
characteristics: base diameter ∼4000 nm and tip diameter ∼60 nm.
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and reversibility of the amphoteric fluidic diode. Hence, it is
very important to demonstrate its reversibility under opposite
pH conditions. With this in mind, we repeated the measure-
ments of I–V curves using the same electrolyte solution at pH 2
and 10. The recordings were performed by manually changing
the solutions in the conductivity cell used for the ionic current
measurements. Fig. 6 presents the reversible variation of the
transmembrane ionic current measured at ±1 V in the pres-
ence of consecutive pH changes between 2 and 10. These
measurements confirm the excellent reversibility of the
amphoteric nanofluidic device and provide conclusive evi-
dence of the stability of the noncovalently attached amphipol
layer. However, the system will lose its functionality after
several days of storing it in water or in air, being possible to
regain it by another immersion in the amphipol solution (the

solution can be reused for this purpose). This fact is not
necessarily a drawback as it permits the recycling of the nano-
pore for further experiments.

Furthermore, the complete experiment was repeated three
times with different pores to prove the repeatability of the pro-
cedure, the results were conclusive in showing that the system
can be fully replicated (see the ESI†).

For the purpose of gaining a complete understanding of the
behaviour of the amphipol-modified nanofluidic diode we
have explored the effect of the ionic strength on the current
rectification efficiency of the system. In order to evaluate the
effect of the electrolyte concentration, several I–V curves at
different pH values were recorded using three different con-
centrations of KCl: 0.01 M, 0.1 M and 1 M. Fig. 7 shows the be-
haviour of the rectification factor with the pH at different KCl
concentrations. It was found that there is no major difference
between the curves at 0.01 M and 0.1 M in terms of the

Fig. 5 Changes in rectified currents upon variation of the environ-
mental pH. The red and blue data refer to the rectified currents
measured at −1 and 1 V, respectively. In the plot are also indicated the
regions corresponding to the “on” and “off” states of the anion- and
cation-driven currents flowing through the nanofluidic diode.

Fig. 6 Reversible variation of the rectified ionic current passing
through an amphipol-modified nanofluidic diode upon alternating the
environmental pH between 2 (red circles, “on” state: anion-driven
current, “off” state: cation-driven current) and 10 (blue circles, “on”
state: cation-driven current, “off” state: anion-driven current). Nano-
pores used during these experiments displayed the following dimen-
sional characteristics: base diameter ∼4000 nm and tip diameter ∼60 nm.

Fig. 7 Rectification factor versus pH for different KCl concentrations:
0.01 M (red curve), 0.1 M (blue curve) and 1 M (green curve). Nanopores
used during these experiments displayed the following dimensional
characteristics: base diameter ∼4000 nm and tip diameter ∼60 nm.

Fig. 4 I–V curves of a single conical nanopore modified with amphi-
pols measured at different pH values (using 0.1 M KCl as the electrolyte).
Nanopores used during these experiments displayed the following
dimensional characteristics: base diameter ∼4000 nm and tip diameter
∼60 nm.
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rectification efficiency as can be seen by comparing red and blue
curves. However, there is a higher difference between the
curves at 0.01 M and 0.1 M and the curve at 1 M in which the
rectification efficiency is minor in the whole pH range. This
effect could be understood by taking into account that a
higher electrolyte concentration decreases the Debye length,
thus increasing the screening of the surface charges. As a con-
sequence, the permselectivity of the system to either cations or
anions is reduced.

Another interesting difference in behaviour at different electro-
lyte concentrations is in the magnitude of the ionic current
achieved. There is a 4-fold increment between the currents at
0.01 M and the currents at 0.1 M whilst there is a 6-fold
increase between the measurements at 0.1 M and 1 M (Fig. 2
in the ESI†). This implies that by using different concen-
trations of electrolytes and different pH values, a complete
tuning of the transport properties of the system can be
achieved both in the rectification and the magnitude of the
ionic current.

Conclusions

We have demonstrated the preparation of functional nano-
fluidic diodes by noncovalent amphipathic functionalization.
Functional amphipathic polymers, also known as “amphipols”,
are powerful building blocks for spontaneous, one-pot surface
modification of solid-state nanopores. The one-step approach
employs a simple immersion in dilute aqueous solutions con-
taining the amphipathic polymer with predefined amphoteric
functions, resulting in amphiphilic self-assembly decoration of
the pore surface with protonable/ionizable groups. The pH
dependent chemical equilibrium of their monomer units
allows fine-tuning of the ionic selectivity and rectified ionic
transport. By presetting the environmental pH, noncovalent
chemistries can provide a simple and robust means to endow
nanofluidic diodes with unique features. This concept gains
high relevance taking into consideration that very recently
ligand-modified amphipols have been used to modify planar
surfaces for biorecognition purposes. Hence, amphipols not
only offer the possibility of tailoring the surface charge, but
also the integration of recognition sites. The particular features
of the amphipol assembly with respect to flexibility, speed,
affordability, and functional versatility in combination with tai-
lored transport properties of conical nanopores can open the
door to novel signal-responsive chemical nanodevices.

Experimental section
Materials

Synthetic nanopores were fabricated in polycarbonate foils
(Makrofol N, Bayer Leverkusen) (thickness = 30 μm). Poly-
(maleic anhydride-alt-1-tetradecene) and 3-(dimethylamino)-
1-propylamine derivative (amphipol) were purchased from
Sigma-Aldrich and used as received.

Conical nanopore fabrication

Polycarbonate foils were irradiated at the UNILAC (Universal
Linear Accelerator) of GSI, Darmstadt with 2.2 GeV Au ions.
The fluence was either 107 ions per cm2 or a single ion per
sample. Each ion creates a track which can be converted into
an open channel by chemical etching. In order to obtain
tapered conical nanopores, the irradiated foils were etched
asymmetrically in a 2-compartment cell using a mixture of
40% of 6 M NaOH and 60% methanol as the etchant on one
side of the membrane and distilled deionized water on the
other. A voltage difference of 1 V was applied during etching
and the temperature was controlled and set to 30 °C.31 After
the etching, I–V measurements were made to observe the ionic
conductivity of each nanopore. Afterwards a gold layer was
sputtered over the tip side of the membranes. The parameters
were set so as to obtain a rate of deposition of 40 nm min−1.
The thickness of the layer normal to the surface was calculated
to be ∼80 nm under the experimental conditions.

Fabrication of gold nanocones

After sputter-coating one surface of the track-etched mem-
brane, the pores of the multitrack-etched membrane were
filled by electrodeposition of gold at a constant potential of
−0.375 V (vs. Ag/AgCl reference) at 60 °C from a commercial
Au sulphite bath (AuSF, 15 g L−1, Metakem GmbH).32,33 The
membrane was then dissolved in dichloromethane and the
resulting nanocones were imaged by scanning electron
microscopy (JEOL JSM7401-F, 10 kV). An etching time of
15 min results in cone bases of about 2.5 µm while 30 minute
etching leads to diameters of about 4 µm. In both cases, the
tip size varied between 50 and 100 nm.

SPR measurements

A SPR Navi 210 equipment from Bionavis was used to measure
the adsorption of the amphipols on the gold substrate. The
flow rate during the experiment was adjusted to 10 μl min−1

and a concentration of 1 mg ml−1 of amphipol was used. Win-
Spall software was used to calculate the surface concentration
and the thickness of the adsorbed layer.

FTIR spectroscopy

Fourier transform infrared spectroscopy in the attenuated total
reflection mode was performed using a Varian 600 FTIR
spectrometer equipped with a ZnSe ATR crystal with a resolu-
tion of 1 cm−1. Background-subtracted spectra were corrected
for ATR acquisition by assuming a refractive index of 1.45 for
all of the samples.

Contact angle measurements

Contact angles were measured using a Ramé-Hart contact
angle system (Model 290) at 25 °C. In each measurement, a
1 μL droplet of water was dispensed onto the modified surface.
The average contact value was obtained at seven different posi-
tions of the same membrane.
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I–V measurements

I–V curves were measured using a Gamry Reference 600 from
Gamry Instruments with a scan rate of 100 mV s−1. A 0.1 M
KCl solution was used. The ground electrode, i.e. the counter-
electrode, was placed always towards the tip of the nanopores
to ensure a facile interpretation of the results. The pH was
adjusted by adding dropwise either 0.5 M NaOH or 0.5 M HCl.
The conductivity of the channel was calculated as the slope of
the I–V curves in the range from −0.1 V to 0.1 V in which the
curves behave linearly. The rectification factors ( frec) were
calculated as the quotient between the absolute values of the
currents at either ±1 V or ±0.5 V. The value was multiplied by
−1 when the higher currents were negative to assign a negative
frec value to a negative surface charge.
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