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I
n living organisms, the ion channels of
biological membranes1,2 are responsible
for the selective transport of chemical

species across the cell membrane and the
transfer of information in neural sensory
networks. Most of these channels exploit
the interaction between the charges fixed at
the pore surface and the mobile ions in
solution to process weak chemical and elec-
trical signals in a noisy environment. When
trying to design bioinspired devices that are
capable of processing information on the
basis of functionalized nanopores, a pre-
vious step to practical realizations is to
identifywhat pore geometries and chemical
functionalities are available to tune effi-
ciently the nanopore characteristics by the
application of external signals.
The control of predetermined nanopore

geometries and surface functionalizations
has now become possible.3�14 The experi-
mental procedures permit a variety of nano-
pore longitudinal shapes, including cylind-
rical, conical, double conical, concave pores
with bullet-like tips, and convex pores with
trumpet-like tips. Furthermore, different
techniques, allowing for efficient control
over the pore surface chemistry (and, in
particular, of the fixed charge groups), have
already been developed. To some extent,
part of the biochemical diversity and func-
tions of the ion channels inserted in cell
membranes could be mimicked by nano-
structures based on asymmetric pores with
one type of electric charge, bipolar diodes
and transistors composed by regions of
different charge juxtaposed in series, and
nanofluidic diodes with amphoteric chains
functionalized on the pore surface.3,4,15,16

Note also that single tracks constitute the
elementary building blocks of the nanopore
arrays typical of the membranes used for
nanofiltration and protein separation, water
desalination, biomolecule detection, con-
trolled release of chemical drugs, and
renewable energy storage.9,17�19

We provide here an experimental and
theoretical characterization of approximately
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ABSTRACT

We present an experimental and theoretical characterization of single cigar-shaped nanopores with

pH-responsive carboxylic acid and lysine chains functionalized on the pore surface. The nanopore

characterization includes (i) optical images of the nanostructure obtained by FESEM; (ii) different

chemical procedures for the nanopore preparation (etching time and functionalizations; pH and

electrolyte concentration of the external solution) allowing externally tunable nanopore responses

monitored by the current�voltage (I�V) curves; and (iii) transport simulations obtained with a

multilayer nanopore model. We show that a single, approximately symmetric nanopore can be

operated as a reconfigurable diode showing different rectifying behaviors by applying chemical and

electrical signals. The remarkable characteristics of the new nanopore are the sharp response

observed in the I�V curves, the improved tunability (with respect to previous designs of symmetric

nanopores) which is achieved because of the direct external access to the nanostructure mouths,

and the broad range of rectifying properties. The results concern both fundamental concepts useful

for the understanding of transport processes in biological systems (ion channels) and applications

relevant for tunable nanopore technology (information processing and drug controlled release).

KEYWORDS: cigar-shaped nanopore . amphoteric amino acid chains .
current�voltage curves . logic functions
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symmetrical cigar-shaped nanopores. The nanostruc-
tures are obtained using the track-etching proce-
dure,6,17 leading to the generation of native chemical
(carboxylic acid) groups onto the surface and inner
pore walls. These groups are used for the attachment
of amphoteric amino acid (lysine) chains onto the pore
walls. The nanopore characterization involves field
emission scanning electron microscopy (FESEM) imag-
ing of the track-etched nanostructure, current�voltage
(I�V) curves for different nanopore functionalizations,
and transport simulations obtained with a multilayer
membrane model. By manipulating the pH and elec-
trolyte concentration of the external solution, a broad
range of nanopore responses can be triggered. A single
symmetrical nanopore can be operated as a multi-
function reconfigurable diode by applying different
external signals. The new nanopore characteristics
include the sharp response observed in the I�V curves,
the high external tunability provided by the convenient

access to the pore mouths (the active nanopore layers
here), and the broad range of rectifying properties that
can be implemented. Potential applications concern-
ing the implementation of logic functions and con-
trolled release are finally suggested on the basis of
the significant surface effects (electrical double layer
phenomena) that result from the high surface/volume
ratio typical characteristics of the nanopores.

Nanopore Characterization. FESEM Imaging. The FESEM
images of Figure 1a show the fracture and the surface
of the nanopores obtained in a polymer foil contain-
ing 5� 107 pores/cm2 approximately, whichwas etched
simultaneously with the sample containing the sin-
gle pore under the same conditions. The pore shapes
of Figure 1a can be qualitatively explained by the
hindrance effect caused by the surfactant-controlled
diffusion, as described by Apel et al.6,17 During the
pore formation by the etching process, the surfactant
molecules penetrate the pore tips, cover the walls,

Figure 1. (a) FESEM images of approximately symmetric cigar-shaped nanopores. The fracture corresponds to a nanopore
fabricated after 9 min of etching. The inset shows the tips of the nanopore obtained after 9 min of etching. Approximate
values for representative central (rc) and tip (rt) nanopore radii are shown. (b) Sketch of the as-prepared (carboxylated)
nanopores (not to scale) (left) and functionalized with lysine (right). Due to the geometry of the nanopore, the carboxylic and
lysine groups are more concentrated close to the pore tips while the wide central pore region remains with a low surface
density of functionalized groups.
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and prevent further the diffusion into the central part
of the pore because the adsorbed surfactant layer at
the pore mouths leads a reduced permeability of the
large molecules.6 On the contrary, the small hydroxide
ions are not blocked at the nanopore entrances and can
proceed to the pore core. Therefore, the central pore
diameter grows at a higher etching rate than the pore
mouths, resulting in the cigar-shaped nanopore geo-
metry shown in Figure 1a. By counting and taking the
average sizes of more than 50 nanopores in the FESEM
images, we obtained an average pore opening radius of
55 nm for the 9 min etching time nanopore and of
30 nm for the 6 min etching time nanopore, with an
uncertainty of about 5 nm.

We will study the as-prepared nanopore containing
carboxylic acid (COOH) groups, which are generated
during the track-etching process, and pores modified
with amphoteric amino acid (lysine) chains, as de-
scribed in the Methods section. Schemes of the pores
with the chemical functionalities are given in Figure 1b.
We assume that the effect of the pore fixed charges
is limited to the regions close to the narrow open-
ings where the electrical double layer is formed, while
this charge effect is negligible in the wide central
region.

Current�Voltage (I�V) Curves. We consider now
the experimental I�V curves of the nanopores before
and after functionalization with amino acid (lysine)
chains. In all cases, a polyethylene terephthalate (PET)
foil of thickness L = 12 μm containing a single nano-
pore in the center separates two electrolyte (KCl)
solutions of equal concentration c0. The values pHL

and pHR correspond to the left and right solutions,
respectively. A potential difference (voltage) V is ap-
plied between the left solution and the right solution.
The current I > 0 flows then from the left solution
toward the right solution. Three pores were considered
under different experimental conditions, and the
resulting I�V curves are reported here and in the
Supporting Information. Unless stated otherwise, the
experimental data correspond to a nanopore with an
etching time of 9 min. Decreasing this time to 6 min
gives lower currents (see Supporting Information),
probably because of the less developed openings of
the resulting nanopore. Note that the electric current
increases with the pore surface available for ionic
transport.

The carboxylated (as-prepared) nanopore (Figure 2)
shows the general characteristics of the nanopore.
The sample containing this single pore was etched

Figure 2. I�V curves of nanopores with carboxylic acid groups under different external conditions: (a) c0 = 0.1M, pHL = pHR =
8.5, current saturation; (b) c0 = 1 M, pHL = pHR = 2.5, linear (ohmic) characteristics; (c) pHL = pHR = 8.5 parametrically in
the electrolyte concentration, current saturation; (d) c0 = 1 M, pHL = pHR = 8.5, quasi-linear (ohmic) characteristics;
(e) acidic|neutral pH gradient, pHL = 2.5 and pHR = 8.5, diode-like characteristics with high (on) and low (off) conducting
states. The estimated pore opening radius is 55 nm with an uncertainty of 5 nm.
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simultaneously with a multipore membrane with an
average pore opening radius of 55 nm and an uncer-
tainty of 5 nm estimated from the FESEM images. The
I�V curve of Figure 2a corresponds to the case c0 =
0.1 M and pHL = pHR = 8.5. At this pH value, the ionized
carboxylate (COO�) groups located at the two pore tips
are negatively charged. The pore shows a quasi-sym-
metrical S-shaped I�V curve, with a rapid current in-
crease for low applied voltages (up to |V| ∼ 0.4�0.5 V)
followed by saturation at high V (above |V| ∼ 0.5 V).
Under basic conditions, the potential built up inside
the negatively charged nanopore excludes the anions
(Cl�) in the electrolyte solution at the end pore con-
strictions, leading to current saturation because of the
ion depletion phenomena that will be described in the
next section. The I�V curve of Figure 2b corresponds
also to the symmetrical case c0 = 0.1 M but now under
acidic conditions. The quasi-linear curve demonstrates
that the current saturation is absent when the nano-
pore tips become uncharged (at acidic pH values, the
carboxylic acid groups are protonated and become
neutral).

The I�V curves of Figure 2c are parametric in the
electrolyte concentration c0 and show that the satura-
tion current increases with c0. This increase occurs up
to a certain value of c0 above which the current
saturation effect is not observed. For the case c0 = 1
M (pHL = pHR = 8.5), the nanopore exhibits quasi-linear
I�V characteristics (Figure 2d) because in concen-
trated electrolyte solutions the influence of pore fixed
charges is negligible (the mobile carriers inside the
pore effectively screen the fixed charges). The I�V

curve of Figure 2e corresponds to the asymmetric pH
conditions (pHL = 2.5 and pHR = 8.5). The application of
a pH gradient to the external solutions changes dra-
matically the I�V characteristics that are now those of
a nanofluidic diode showing current rectification. The
applied pH difference forces the carboxylic acid groups
close to the acidic solution to become protonated
(neutral), while those close to the basic solution remain
deprotonated (negatively charged). The pore shows
then an asymmetric distribution of fixed charges, as
schematically described in the inset of Figure 2e. There
is a high conductance (on) state for V < 0 when the
positivemobile carriers enter first the negatively charged
tip and a low conductance (off) state forV>0when these
carriers enter first the neutral tip. The pore diode with a
junction between the charged region and the neutral
region has been reported previously by Karnik et al.20

The experimental data of Figure 2 suggest that the
I�V characteristics of the as-prepared nanopore are
dictated by the interaction of the mobile carriers with
the fixed charges in the pore openings. Therefore,
externally induced modifications in the charge distri-
bution within the easily accessible pore tips can result
in significant changes in the nanopore transport pro-
perties.

In order to gainmore insight into themodulation of
the ionic transport via the manipulation of the fixed
charges located at the pore tips, we have studied the
I�V curves of the same nanopore after modification
with lysine chains (Figure 1b, right). The results of
Figure 3 have been obtained for c0 = 0.1 M KCl, and
the cartoons above the curves illustrate the charge
state of the nanopore tips. Because of the ampho-
teric nature of the covalently tethered lysine chains, at
strongly symmetric basic conditions (pHL = pHR = 10.5,
Figure 3a), both amine (NH2) and carboxyl (COO�)
groups are deprotonated and the net charge on the
pore surface is negative. The nanopore is then selective
to cations and shows current saturation, as observed
in Figure 2a for the nanopores with ionized COO�

groups. At intermediate pH conditions (pHL = pHR = 5,
Figure.3b), we are close to the lysine isoelectric point
(pI = 5.6) where the amine (NH3

þ) groups are positively
charged and the carboxyl (COO�) groups are nega-
tively charged. Therefore, the nanopore net charge is
close to zero, and the I�V curve shows a quasi-linear
behavior. In strongly acidic conditions (pHL = pHR = 2.5,
Figure 3c), both the amine (NH3

þ) and the carboxyl
(COOH) groups are protonated. The positive charge on
the pore surface provided by the NH3

þ groups yields a
nanopore selective to anions, and the I�V curve dis-
plays again current saturation.

The curves of Figure 3d�f show diode-like I�V

characteristics with well-defined on and off conduc-
tance states due to the asymmetric fixed charge dis-
tributions generated by the applied pH gradients (see
the cartoons above the curves). The case of pHL = 5 and
pHR = 10.5 (Figure 3d) corresponds to a neutral|-
negative fixed charge distribution similar to that of
the pristine nanopore under asymmetric pH conditions
(Figure 2e). The pore is in the on state for V < 0 when
the positive mobile ions enter first the pore tip with
opposite fixed charges. Conversely, for pHL = 5 and
pHR = 2.5 (Figure 3e), the fixed charge distribution is
neutral|positive and the nanopore shows the on state
when the negative mobile ions enter first the pore
tip with positive fixed charges (V > 0). Finally, the case
of pHL = 10.5 and pHR = 2.5 (Figure 3f) gives a
negative|positive fixed charge distribution similar to that
found in solid-state n�p diodes, bipolar ion-exchange
membranes,21,22 and conical nanopores with alternating
regions of positive and negative fixed charges.16,23,24

The resulting I�V curve shows the on state for V > 0
when the negative and positive mobile ions enter first
the respective pore tips with opposite fixed charges.

The rectification properties of asymmetric nano-
pores are characterized by the absolute value of
the ratio r between the electric current in the on
and off states at a given voltage. In the case of the
neutral|negative and neutral|positive configurations of
Figure 3d,e, the rectification ratios at V = 2 V are r ∼ 14
and 9, respectively, while the negative|positive
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configuration of Figure 3f yields r ∼ 20 at the same
voltage. This is in agreement with the experimental
trends observed for conical nanopores functionalized
with positive and negative charge regions juxtaposed in
series.16 The same finding was found by Nguyen et al.,24

who have also shown the pH sensitivity of the system.
The rectification ratios reported in this reference for
bipolar conical pores are higher than those found here
for the case of the cigar-shaped pore.

Higher values of r can be achieved by controlling
thepore shape and chargedistributionwhile keeping the
pore openings constant.12,14,15 In particular, the perfor-
mance of the bipolar nanopore rectification could be
improved by realizing a more abrupt junction between
the positive and negative charge regions and by increas-
ing the fixed charge concentration in these regions.21�24

The results of Figures 2 and 3 show some of the
characteristics that could be expected in a cigar-
shaped pore (this fact will be confirmed further in the
Theoretical Model section). Additional experimental
data for other pores concerning different sizes and
etching conditions are presented in the Supporting
Information. In conclusion, the experimental results of
Figures 2 and 3 show that a broad range of rectifying
properties can be implemented using a single reconfi-
gurable nanostructure because of the easy external
access to theporemouths. This characteristic of the cigar-
shaped pore is most desirable for practical applications.

Theoretical Modeling. Model. The pore shapes of
Figure 1a give support to the theoretical model of
Figure 4a composed by a core region of thickness d and
radius rc devoid of fixed charge groups surrounded by

Figure 3. I�V curves of nanopores functionalized with lysine chains at c0 = 0.1 M and different pH conditions. Upper curves,
symmetrical pH conditions: (a) basic medium, pHL = pHR = 10.5; (b) pH value close to the pI of lysine, pHL = pHR = 5; (c) acidic
medium, pHL = pHR = 2.5. Lower curves, asymmetrical pH conditions: (d) pI|basic configuration, pHL = 5 and pHR = 10.5; (e)
pI|acidic configuration, pHL = 5 andpHR = 2.5; (f) basic|acidic configuration, pHL = 10.5 andpHR = 2.5. The cartoons above each
curve illustrate the distribution of fixed charges in the regions close to the pore tips. The nanopore is the same as that of
Figure 2.
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two step-like charged regions of thickness δ and ef-
fective radius rt at the pore tips. While the transition
between the regions may not be as sharp as assumed,
the pictures of Figure 1a clearly show that two rela-
tively narrow mouths are surrounding a relatively long
andwide central core. Themodel assumed in Figure 4a
is also in agreement with the schematic pore of Figure 3
in ref 6 that was suggested on the basis of a set of
images showing typical cigar-shaped nanopores. The
ratio between the mouth and central pore effective
diameters depends on the particular etching condi-
tions, the type of surfactant, and the etching time
(see Supporting Information).6,17 We will tentatively
assume rt/rc ≈ 10 and δ/d ≈ 10 as typical values in the
model, in agreement with the dimensions of the pores
shown in Figure 1a.

The distribution of fixed charges along the pore axis
coordinate x and the local concentration c(x) of elec-
trolyte across the neutral core are also included in
Figure 4a. The electrolyte depletion occurs close to
x= d for I> 0 and close to x= 0 for I< 0. In the two cases,
we assume that the electrolyte concentration should
be similar to the external concentration c0 in the

nondepleted region of the pore center, which corre-
sponds to x = 0 for I > 0 in Figure 4a.

The steady-state ionic transport is governed by the
one-dimensional Nernst-Planck equations25�27

Ji ¼ �Di
dci
dx

þ zici
F

RT

dφ

dx

� �
(1)

the electroneutrality equation

∑
i

zici(x)þ XM(x) ¼ 0 (2)

and the continuity equation

dJi
dx

¼ 0 (3)

where Ji, Di, ci(x), and zi are the flux density, the diffusion
coefficient, the local concentration, and the charge num-
ber of ion i. Also, XM(x) is the local concentration of fixed
charges across the multilayer model of Figure 4a, F and R

are the Faraday and universal gas constants, T is the
absolute temperature, andφ(x) is the local electricpotential.

In general, eqs 1�3 must be solved numerically.
However, we will introduce now some plausible

Figure 4. (a) Cigar-shapednanopore is approximated by two charged regions (tips) of thicknessδ and a central neutral region
of thickness d. The sketch shows the mobile ion concentration profile across the neutral region of the multilayer model and
the effective fixed charge concentrations XL (left tip) and XR (right tip). The sign criteria for the voltage V and the current I are
also shown. (b�d) Theoretical I�V curves obtained for c0 = 0.1M and the following fixed charge concentrations (including the
sign of the charge) XL = XR� X =(0.05 M (b); XL = 0 and XR� X = 0.05 M (upper curve) and XL = 0 and XR� X =�0.05 M (lower
curve) (c); and XL = XR = 0 (d).
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simplifying assumptions that allow us to obtain analy-
tical expressions for the I�V curves as a function of
the relevant experimental parameters. In the charged
regions close to the pore tips, we approximate the
counterion concentration by the absolute value of
the respective fixed charge concentration, assuming
then total co-ion exclusion. In the neutral core region,
we write i = F(Jþ � J�) for the current density and use
eq 3, together with the electroneutrality condition cþ =
c�� c(x) (eq 2), to obtain c(x) = c0[1� (i/iL)(x/d)] for the
electrolyte concentration profile (see Figure 4a), where
the limiting current density is

iL � 2FDc0
d

(4)

and the twomobile species (Kþ and Cl�) have the same
diffusion coefficient D in aqueous solutions. The above
linear profile for the electrolyte concentration permits
one to evaluate readily the electrical resistance across
the neutral region.25 The total potential drop across the
multilayer model of Figure 4a is then obtained by
adding the resistances of the two fixed charge regions
with constant mobile ion concentrations to the resis-
tance of the neutral region.13,21,25,27

For the case XL = XR � X, which corresponds to a
central core surrounded by two charged regions with
identical fixed charge density, the I�V curve takes the
form

FV

RT
¼ 2(Ac=At)(δ=d)

[1þ (X=2c0)
2]1=2

I

IL
þ ln(1þ I=IL), V < 0 (5)

FV

RT
¼ 2(Ac=At)(δ=d)

[1þ (X=2c0)
2]1=2

I

IL
� ln(1 � I=IL), V > 0 (6)

where Act πrc
2 and Att πrt

2 are the cross-section areas
of the core and tip regions, respectively, and IL � AciL.
Introducing these effective cross-section areas allows
understanding qualitatively the change of the experi-
mental currents with the nanopore etching time (see
Supporting Information) because the pore surface
available for ionic transport increases with this time.
For XL� X<0 and XR = 0 (a central core surroundedby a
negatively charged region on the left side and a neutral
region on the right side; see Figure 4a), the I�V curve is

FV

RT
¼ (Ac=At)(δ=d)

[1þ (X=2c0)
2]1=2

I

IL
þ δ

d

Ac

At

I

IL
þ ln(1þ I=IL), V < 0

(7)

FV

RT
¼ (Ac=At)(δ=d)

[1þ (X=2c0)
2]1=2

þ 1þ δ

d

Ac

At

( )
I

IL
, V > 0 (8)

Finally, for XL = XR = 0 (a central core surrounded by two
neutral regions). the I�V curve simplifies to

FV

RT
¼ 2

δ

d

Ac

At
þ 1

� �
I

IL
(9)

RESULTS AND DISCUSSION

The results obtained with the theoretical model are
shown in Figure 4b�d. In all cases, we have used c0 =
0.1 M, D = 2 � 10�9 m2/s, rc = 600 nm, rt = 60 nm, d =
10 μm, and δ = 1 μm as characteristic values for the
electrolyte solution and nanopore dimensions of the
experiments. The I�V curves of Figure 4b correspond
to the symmetrical case XL = XR =(0.05M (eqs 5 and 6)
and can then be compared with the experimental data
of Figure 2a,c (nanopore with carboxylic acid groups)
and Figure 3a,c (nanopore with lysine groups). All of
these experiments concern a nanopore with a central
core surrounded by two regions with fixed charges of
the same sign. For this symmetrical case, the model
predicts S-shaped I�V curves showing a rapid increase
of the current with the voltage followed by current
saturation at high voltage, as observed experimentally.
The current saturation regime occurs when the

interfacial region between the central core and the
fixed charge region at the right pore tip becomes
depleted of mobile ions (c(d�) ≈ 0 in Figure 4a) at
sufficiently high positive currents. This phenomenon is
also characteristic of ion exchange membranes with
(neutral) diffusion boundary layers.25 Conversely, for
high enough negative currents, it is the interface
between the left fixed charge region and the central
core region that is depleted of mobile ions (c(0þ)≈ 0 in
Figure 4a). The experimental data are also in approx-
imate agreement with the linear increase of the limit-
ing current IL with c0 predicted by eq 4 (compare
Figures 2c and 4b).
Figure 4c shows the theoretical I�V curves in the

cases XL = 0 and XR� X= 0.05M (upper curve) and XL = 0
and XR � X = �0.05 M (lower curve) obtained with
eqs 7 and 8. These curves can be compared now with
those of Figure 2e (nanopore with carboxylic acid
groups) and Figure 3d,e (nanopore with lysine groups).
In these experiments, the nanopore has a neutral tip
region, the central neutral core, and one charged tip
region, all them juxtaposed in series. Again, the theo-
retical results reproduce the experimental trends
observed. The I�V curves show current rectificationwith
well-defined on and off conductance states that are
obtained for positive or negative voltages, depending
on the sign of the fixed charges within the respective
charged tip region. The limiting currents observed are
due to the progressive depletion of mobile ions at
the interfacial region between the central core and the
charged tip region. In the case of the bipolar nanopore
of Figure 3f), the rectification is more marked because
of the enhanced conductance observed for I > 0.21,22,28

Finally, the theoretical I�V curve for the case XL =
XR = 0 is shown in Figure 4d. The linear behavior obtained
can be compared to those observed for the neutral
nanopores with carboxylic acid and functionalized
lysine groups in Figures 2b,d and 3b. Because the three
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pore regions are now approximately neutral, no deple-
tion occurs in the vicinity of the tip|core and core|tip
interfaces. As a result, no current saturation is observed
and the pore behaves as an ohmic resistor.
The qualitative agreement between the theoretical

results obtained with the model of Figure 4 and the
experimental data of Figures 2 and 3 confirms that the
continuum models can approximately describe the
electrical interactions between the nanopore fixed
charges and the mobile ions in the solution because
the pore radii aremuch larger than the ionic size.29,30 In
a recent study on the effects of nanopore entrance on
ion transport in nanochannels, Cheng and Guo23 have
also verified the validity of the continuum approach.
This conclusion holds also for the case of wide pore ion
channels like the porin OmpF (outer membrane pro-
tein F) found in the external membrane of bacteria
Escherichia coli that can be engineered into a nano-
fluidic diode with pH-dependent electrical rectifica-
tion.2 In our case, a more detailed knowledge of the
pore geometry and the distribution of fixed charges
close to the pore tips could permit further refinements

in the theoretical model to provide a quantitative
description.

Logical Functions. The diode-like I�V curves of
Figure 3d,e could be exploited to support logic func-
tions that should be useful for nanofluidic chemical
processors and actuators implemented using the pores
functionalized with lysine chains. Previous theore-
tical and experimental schemes of logic functions at
the nanoscale involve functionalized nanonoparticles
arrays,31 molecular arrays and self-assembled mono-
layers,32 nanorod and nanowire devices,33 and nano-
fluidic diodes.3,4,15,34,35 Single cigar-shaped nanopores
functionalized with lysine show a broad range of
rectification properties that can be externally tuned,
being ideal candidates to implement logic functions.

The two examples of Figure 5 correspond to the
logic functions XOR (Figure 5a) and NAND (Figure 5b).
The results are based on themodulation of the electro-
static interaction between the mobile ions and the
electrically charged groups on the surface and inner
nanopore walls. In both cases, the pH value of the left
solution is fixed to pHL = 5 and c0 = 0.1 M. The XOR

Figure 5. Implementation of logic functions XOR and NAND using nanopores functionalized with lysine. (a) Logic function
XOR is based on a single nanopore. The inputs are the voltage V applied to the nanopore and the pH value of the right
solution. The output is the nanopore conductance. (b) Logic function NAND is realized with a parallel arrangement of two
nanopores connected in series to a resistance RL = 50 MΩ. The inputs are the pH values in the respective nanopore right
solutions, and the output is the current passing through resistance RL. This current is obtained by solving the electrical circuit
in each case. In the two logic function implementations pHL = 5, c0 = 0.1 M and the experimental nanopore conductances are
taken from Figure 3d,e. The arrow size denotes the relative values of conductances (a) and currents (b).
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function, which is usually difficult to implement with
chemical systems, can be obtained here with a single
nanopore. The first input signal is the voltage applied
to the nanopore,V=�2 V (input 0) and V= 2V (input 1).
The second input signal is the pH value of the right
solution, pHR = 2.5 (input 0) and pHR = 10.5 (input 1). The
output is the nanopore conductance evaluated from
the I�V curve of Figure 3d,e (inputs 0 and 1 correspond
to low and high conductance levels).

The NAND function is implemented with a parallel
arrangement of two nanopores connected in series to
a resistance RL = 50 MΩ. The input signals are now the
two pH values imposed on the right solutions of the
twonanopores, pHR=10.5 (input0) andpHR=2.5 (input1).
The output is the current IR passing through RL for
VL = 2 V, obtained in each case by solving the electrical
circuit of Figure 5b with the experimental nanopore
conductances of Figure 3d,e. In previous designs
of logic functions with conical nanopores,4 the
logics 0 and 1 were only approximately defined
because of the moderate rectification characteristics
obtained. The bar charts of Figure 5 demonstrate that

the use of cigar-shaped nanopores with improved
rectification properties leads to well-defined output
signals.

CONCLUSIONS

We have shown experimentally and theoretically
that single cigar-shaped nanopores bearing carboxy-
late groups and amphoteric lysine chains can be
operated as resistors and diodes with a broad range
of rectifying properties. The nanopore responses can
be easily tuned by applying well-defined chemical
and electrical signals because of the direct access to
the pore mouths in close contact with the external
solutions. Other potentially useful characteristics of the
new nanopore are the sharp conductance responses
(see the I�V curves of Figures 2a,c and 3a,c). These
remarkable properties open the door to externally
reconfigure single nanostructures in future nanofluidic
circuits by using chemical and electrical pulses (see
Figure 5), which is most desirable for using the nano-
pores as chemical processors, transducers, and actua-
tors in controlled release and information processing.

METHODS
Polyethylene terephthalate (PET) membranes of 12 μm

thickness (Hostaphan RN 12, Hoechst) were irradiated at the
linear accelerator UNILAC (GSI, Darmstadt) with swift heavy
ions (Pb, U, or Au) having energy of 11.4 MeV per nucleon.
N-(3-Dimethylaminopropyl)-N0-ethylcarbodiimide hydrochlor-
ide (EDC, 98%, Fluka), pentafluorophenol (PFP, 99þ%, Aldrich),
L-lysine (98þ%, Fluka), and copper(II) chloride dihydrate (99%,
Merck, Germany) were used as received for the chemical
modification. The surfactant Dowfax 2A1 (Dow Chemical) was
used as received without further purification. Dowfax 2A1 is an
aqueous solution of sodium dodecyl diphenyloxide disulfate.

Fabrication of Single Cigar-Shaped Nanopores. Single nanopores
were fabricated in PET membranes irradiated with single swift
heavy ions using the surfactant-controlled track-etching tech-
nique developed by Apel et al.17 Briefly, the polymer mem-
branes with latent ion tracks were fixed in a sample holder. The
etching solution containing 6 M NaOH and 0.06% (v/v) surfac-
tant (Dowfax 2A1,∼45%) was prepared in deionized water and
filled in a double-walled etching bath. The temperature of the
etching bath was maintained at 60 �C with continuous stirring
by circulating heated water through the double walls of the
bath. Then, the polymer membranes fixed in the sample holder
were immersed in the preheated etching solution. During the
whole process, the etching solution was continuously stirred in
order to provide a homogeneous etchant concentration in the
bath. The etching process was carried out for∼9 min in most of
the results presented. After etching, themembranes were taken
out from the solution and subsequently dip-rinsed in four
beakers containing deionized water separately. For further
removal of the residual salts, the etched membranes were
additionally immersed in deionized water overnight.

Functionalization of Nanopores. The immobilization of lysine on
the pore surface is achieved by means of a previously reported
method.3 The first step is the protection of the R-amino and
R-carboxylic groups of the lysine molecule in order to avoid
cross-coupling reaction. For this purpose, a solution of L-lysine
(50 mM) was prepared in 60% aqueous ethanol (C2H5OH/H2O,
6:4 by volume) and copper chloride (25 mM) was added slowly
with continuous stirring. As a result, the blue colored Cu(II)

chelate complex of L-lysine was prepared having a free amino
group at the terminus of the chain.

The carboxylic (�COOH) groups generated on the pore
surface during the track-etching process were modified as
follows. First, these groups were converted into pentafluoro-
phenyl esters by using an ethanolic solution of N-(3-di-
methylaminopropyl)-N0-ethylcarbodiimide hydrochloride (EDC,
100 mM) and pentafluorophenol (PFP, 200 mM) for 1 h. Second,
the amine-reactive PFP esters were covalently coupled with the
ε-amino group of the copper complex of lysine overnight. After
beingwashedwithdistilledwater, themodifiedporeswereexposed
to ethylenediaminetetraacetic acid (EDTA, 100mM) for 2 h in order
to remove the copper ions from the surface of the pore. Finally, the
modified pore was washed with distilled water thoroughly.

Current�Voltage Measurements. The membrane containing a
single (unmodified and modified) nanopore was mounted
between the two halves of the conductivity cell filled with a
KCl electrolyte solution prepared in a phosphate buffer solution.
The pH of the electrolyte was adjusted by dilute HCl or KOH
solutions. The Ag/AgCl electrode was placed into each half-cell
solution, and a picoammeter/voltage source (Keithley 6487,
Keithley Instruments, Cleveland, OH) was used to apply the
required voltage. To measure the resulting ion current flowing
through the nanopore, a scanning triangle voltage from �2 to
þ2Vwas applied close to the left tip (the solution close to the right
tip of the pore remained connected to the ground electrode).
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