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N
anopores, nanopipettes, and
nanoelectrodes are based on a
new generation of devices de-

signed for single-molecule sensing, molecu-

lar separation, and energy storage.1�11 In

particular, nanopores with fixed charges

provide ionic selectivity and sensing, ex-

ploiting the fact that the internal pore vol-

ume is not much larger than the ionic ana-

lyte size.9,12,13 The pore does not act simply

as a mechanical filter because it displays

also ionic selectivity due to the electrical

charges attached to the surface. These

charges favor the passage of counterions

(ions with charge opposite to that of the

pore) but hinder the passage of co-ions

(ions with charge of the same sign as the

pore).1,14 The ionic selectivity is high when

the surface potential is high and the radius

of the pore is decreased down to the Debye

length of the electrolyte, which is usually

on the nanometer scale.1,14,15

The functionalization of chemical groups

on the pore surface allows controlling the

transport through the nanopore, and a vari-

ety of different substrate-specific methods

aimed at modifying the nanopore surface

have been reported (see ref 16 and refer-

ences therein). The use of fixed charge

nanopores in practical applications may re-

quire tuning externally the electrostatic in-

teraction between the surface charge

groups and the ionic permeants. This would

allow integrating a variety of functions on

the same nanostructure, as is the case of

biological membranes where both positive

(amino) and negative (carboxylic) fixed

charge groups coexist in the same ion chan-

nel.17 However, the fact is that the external

control of the fixed charges is severely lim-

ited in most cases. In particular, no charge

reversal is possible, except for the very spe-

cific case of gold-coated nanotubule
membranes18,19 where the application of
an electric potential to the internal metallic
surface of the pores allows implementing
cation- and anion-exchange properties on
a unique separation device. It constitutes a
significant innovation to design, produce,
and characterize, theoretically and experi-
mentally, a single-track amphoteric nano-
pore containing both positively and nega-
tively fixed charge groups whose properties
are very sensitive to the external pH. In
fact, previous work with amphoteric cross-
linked polymer networks has been carried
out mainly on the macroscopic scale (two
well-known examples are hydrogels20,21 and
porous membranes).22�24 Nanometer-
scaled amphoteric pores are of general in-
terest because of their potential applica-
tions in drug delivery systems, ion-
exchange membranes for separation of
biomacromolecules, antifouling materials
with reduced molecular adsorption, and
biochemical sensors.
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ABSTRACT The use of fixed charge nanopores in practical applications requires tuning externally the

electrostatic interaction between the charged groups and the ionic permeants in order to allow integrating a

variety of functions on the same nanostructure. We design, produce, and characterize, theoretically and

experimentally, a single-track amphoteric nanopore functionalized with lysine and histidine chains whose positive

and negative charges are very sensitive to the external pH. This nanofluidic diode with amphoteric chains attached

to the pore surface allows for a broad set of rectification properties supported by a single nanodevice. A definite

plus is to functionalize these groups on a conical nanopore with well-defined, controlled structural asymmetry

which gives virtually every rectification characteristic that may be required in practical applications. Nanometer-

scaled amphoteric pores are of general interest because of the potential applications in drug delivery systems, ion-

exchange membranes for separation of biomacromolecules, antifouling materials with reduced molecular

adsorption, and biochemical sensors.
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Nanofluidic diodes based on asymmetric

nanopores25�28 and bipolar transistors29,30 have re-

cently been demonstrated. We go a step further here

and demonstrate a nanofluidic diode with amphoteric

chains (lysine or histidine) functionalized on the pore

surface. This permits a broad set of rectification proper-

ties using the same nanodevice by changing simply

the pH values in the external solutions. A definite plus

is to functionalize the amphoteric chains on a conical

nanopore with well-defined, controlled structural asym-

metry because this gives unique selectivity and rectifi-

cation properties. Conical nanopores have a small-

diameter opening (tip), usually in the range of 1�10

nm.1,12�14,31�34 Selectivity and rectification are dictated

by the tip because it is in this narrow, nanometer-sized

region where the influence of the radial
electrical double layer and the major part
of the applied axial voltage drop act to-
gether to determine the final device
performance.14,34 We demonstrate also
that the intrinsic (geometric and electro-
static) asymmetries of the device permit
one to obtain virtually every rectification
characteristic that may be required in
practical applications.

RESULTS AND DISCUSSION
Polymeric films with single conical

nanopores, incorporating L-lysine or
L-histidine as amphoteric chains, were
obtained following the procedure de-
scribed in the Materials and Methods.
During the process of (asymmetric) track-
etching in a polymer membrane, the car-
boxylic groups were generated on the
pore surface (Figure 1A). The field emis-
sion scanning electron microscopy
(FESEM) images (Figure 1B) show the sur-
face (pore base) and fracture of the re-
sulting conical nanopores obtained in a
polymer foil containing 108 nanopores/
cm2, approximately. The lysine and histi-
dine chains were attached onto these
carboxylic groups according to the reac-
tion schemes of Figure 1C (see also Ma-
terials and Methods). The selective func-
tionalization of lysine with surface car-
boxylic groups was accomplished by
blocking the amino group and carbox-
ylic group bonded to the �-carbon with
Cu2� ion to form a copper�chelate com-
plex, leaving an unprotected �-amino
group. The free �-amino�terminator
(�NH2) of the copper(II)�lysine complex
is covalently coupled with the carboxylic
group originated during track-etching.35

In order to break the complex, EDTA was
used because it has a strong affinity to copper com-
pared with amino acid (lysine) and forms a water-
soluble copper chelate.36 The resulting chain displays
two ionizable residues: one �-carboxylic group (pKa �

2.2)37 and one �-amino group (pKa � 9.0).37 Histidine
contains an imidazole ring at the terminus of its side
chain along with amino (�NH2) and carboxylic
(�COOH) groups bounded to �-carbon. The histidine
was functionalized on the channel surface through the
covalent bond between amino and activated carboxylic
groups. The imidazole side chain ring is protonated at
slightly acidic pH values (pKa � 6.7�7.1).38

Figure 2 shows the effect of pH on the I�V curves
of an amphoteric nanopore functionalized with lysine.
At low pH values (left), the ionized amino groups

Figure 1. (A) Formation of the single conical nanopore after irradiation of the polymer foil
with heavy ions and etching (see Materials and Methods). (B) FESEM (surface and cross sec-
tion) images of a polymer foil containing 108 cm�2 nanopores approximately. (C) Function-
alization of the pore surface with L-lysine and L-histidine.
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(�NH3
�) are positively charged due to protonation,

while the protonated carboxylic groups (�COOH) are
neutral. The nanopore is then selective to anions and
shows the rectification properties characteristic of coni-
cal pores with positive fixed charges:25,39 a high con-
ducting (“on”) state for V � 0 and a low conducting
(“off”) state for V � 0. Conversely, at high pH values
(right), the deprotonated amino groups (�NH2) are in
neutral form, while the carboxylic groups (�COO�) are
ionized. The net pore fixed charge is then negative, and
the nanopore is now selective to cations. The nano-
pore “on” and “off” states appear at V � 0 and V � 0, re-
spectively. The transition between these two rectifica-
tion regimes occurs at pH � 5 (center), which is close to
the isoelectric point pI � 5.6 of the lysine chain at-
tached to the pore surface calculated from the pKa val-
ues of the �-carboxylic and the �-amino
groups.37 At this pH value, the �-carboxylic and
the �-amino groups are charged, but the nano-
pore net charge is zero, and the I�V curve shows
a linear, ohmic behavior. The reversal of the
nanopore selectivity with increasing pH is fur-
ther confirmed by independent reversal poten-
tial measurements giving �10 mV (pH � 2), 0 mV
(pH � 5), and �32 mV (pH � 11) for an external
solution concentration ratio of 0.1 M/0.01 M (0.1
M KCl on the base side and 0.01 M KCl on the tip
side of the pore).

The I�V curves obtained with the conical
nanopore modified with histidine (not shown)
display characteristics similar to those of Figure
2. At pH � 2.0, the protonated carboxylic is neu-
tral while the ionized imidazole group provides a
net positive charge. The isoelectric point is now
pI � 4.2, leading to the linear I�V curve. The
channel starts rectifying again at pH values above
the isoelectric point because of the ionized car-
boxylic groups. At pH � 7.0, the unprotonated
imidazole group (pKa � 6.7�7.1) becomes neu-
tral, and only the carboxylic groups are respon-
sible for the negatively charged channel surface.

Figure 3 shows the effect of changing the pH
on the I�V curves of the nanopore functional-

ized with lysine (Figure 3A) and histidine (Figure 3B).

The curves obtained with the two nanopores give a pro-

gressive change of the nanopore charge (and then of

the current) between the two experimental limits of low

pH (most �-amino groups are positively charged) and

high pH (most �-carboxylic groups are negatively

charged). Comparison of the curves for the two samples

shows higher currents for the lysine nanopore than for

the histidine nanopore. The curves for pH � 2 and 11

are almost perfectly symmetrical in the case of lysine.

However, in the case of histidine, the electric currents

are slightly higher for pH � 10 than for pH � 2. This

could be ascribed tentatively to two effects: first, substi-

tution of the carboxylic groups by the histidine chains

could be less effective for histidine than for lysine; sec-

Figure 3. (A) Effect of pH on the I�V curves of the amphoteric (lysine) nanopore.
(B) Effect of pH on the I�V curves of the amphoteric (histidine) nanopore. The num-
bers in the curves correspond to the pH values.

Figure 2. Current voltage curves of the amphoteric (lysine) nanopore at pH � 2 (left), pH � 5 (center), and pH � 11 (right).
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ond, the interactions between the carboxylic and amino

groups are likely to be different for lysine and histidine

because of spatial constraints. These two effects may

yield a net charge lower (in absolute value) at pH � 2

than that attained at pH � 10.

Figure 4 shows the rectification ratio, r, defined as

the absolute value of the current ratio I(on state)/I(off

state) at a given voltage, versus the pH value of the ex-

ternal solutions. As in the case of the I�V curves in Fig-

ure 3, the rectification characteristics are slightly differ-

ent for the two nanopores. The experiments indicate

again a symmetry between the points measured at pH

� 2 and 11 in the case of lysine (Figure 4A). However,

the nanopore functionalized with histidine (Figure 4B)

shows an r value significantly higher for pH � 10 than

that for pH � 2, probably because of the reasons men-

tioned for the I�V curves of Figure 3. The re-
sults obtained with the two nanopores re-
veal that the rectification ratio can be
reversed simply by changing the pH of the
solutions. Therefore, the amphoteric nano-
pore shows tunable ionic selectivity and rec-
tification characteristics. In particular, a
number of functions including diode rectifi-
cation in nanofluidic circuits,9,25,27,28

sensing,7,12,13,40 separation,18,19 electro-
phoretic capture/release of a charged spe-
cies,2 and ion pumping against an external
concentration gradient,1 could now be
implemented on the basis of the nanostruc-
ture characteristics demonstrated in Figures

3 and 4.
The above experimental results can now be de-

scribed theoretically in terms of a continuous model
based on the Poisson and Nernst�Planck (PNP)
equations39

where J�i, ci, Di, and zi are the flux, the local concentra-
tion, the diffusion coefficient, and the charge number
of ion i (i � K� and Cl�), with � and � the local electric
potential and the dielectric permittivity of the solution
within the pore, respectively. Despite the
nanometer scales involved in the problem, the fact is

that most models of selectivity are
still based on the classical con-
tinuum theories because these are
relatively simple and predict cor-
rectly the qualitative trends of the
problem.1,2,14,15,26,34,41�46 Comparison
between theory and experiment re-
veals that the agreement between
the PNP theory and the experiments
is also quantitative for the two nan-
opores (Figure 5A for lysine and 5B
for histidine) and allows for the de-
termination of the nanopore surface
charge by using the following proce-
dure. First, the radius of the wide
pore opening is determined by
FESEM (Figure 1B), using a polymer
foil containing approximately 107

pores cm�2, which was etched simul-
taneously with the sample contain-
ing the single pore under the same
conditions. Second, the radius of the
pore tip is calculated from the (lin-
ear) fitting of the I�V curve at the re-
spective isoelectric points (Figure 2,
center). Once the pore radii have

Figure 4. (A) Rectification ratio versus pH at different applied voltages (lysine). (B) Recti-
fication ratio versus pH at different applied voltages (histidine). The numbers in the
curves correspond to the on/off voltages for the rectification ratio.

Figure 5. (A) Experimental I�V curves of the amphoteric nanopore (lysine) at pH � 2, 5, and 11
(up) and theoretical results from a PNP model (down). (B) Experimental I�V curves of the ampho-
teric nanopore (histidine) at pH � 2, 4.2, and 10 (up) and theoretical results from a PNP model
(down). The fitting procedure gives an uncertainty range of 10% for the estimated surface charge
density and pore radius.

∇ 2
φ ) F

ε
(cCl- - cK+) (1)

∇ · Jbi ) -∇ ·[Di(∇ ci + zici∇ φ)] ) 0, i ) K+, Cl- (2)
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been calculated, the only free parameter of the PNP
model is the surface charge 	 (in elementary charges
per square nanometer). We emphasize finally that the
values of 	 in Figure 5 are in good agreement with
those found previously for negatively charged conical
nanopores.43

CONCLUSIONS
In conclusion, the amphoteric chains functionalized

on the conical nanopore surface form the basis of a
nanofluidic diode allowing pH-tunable rectification

properties. The results demonstrate that virtually any

characteristics required in practical applications can be

accomplished with the same device by simply changing

the pH of the external solutions. The conical nanopore

has a well-defined, controlled structural asymmetry,

showing selectivity and rectification properties that are

dictated by the nanometer-sized tip region. The intrin-

sic (geometric and electrostatic) asymmetries of the de-

vice permit one to implement different functions on a

unique nanostructure.

MATERIALS AND METHODS
Polymer foils of polyethylene terephthalate (PET) (Hostaphan

RN 12, Hoechst) of 12 
m thickness were irradiated at the linear
accelerator UNILAC (GSI, Darmstadt) with single swift heavy
ions (Pb, U, and Au) having an energy of 11.4 MeV per nucleon.
N-(3-Dimethylaminopropyl)-N=-ethylcarbodiimide hydrochloride
(EDC, 98%, Fluka), pentafluorophenol (PFP, 99� %, Aldrich),
L-lysine (98 � %, Fluka), L-histidine (99.5� %, Sigma), and cop-
per(II) chloride dihydrate (99%, Merck, Germany) were used as re-
ceived for the chemical modification. The surfactant Dowfax*
2A1 (Dow Chemical) was used as received without further
purification.

Single asymmetric conical nanopores were fabricated in the
irradiated PET membranes using surfactant-controlled asymmet-
ric track-etching.47 First, the tracked polymer membranes were ir-
radiated with soft UV light (UV source provides �1.5 and 4 W
m�2 of the electromagnetic power of wavelength in the ranges
of 280�320 and 320�400 nm, respectively) for 35 h. Second, the
foil was mounted between the two compartments of the con-
ductivity cell, where it served as a dividing wall. The compart-
ment adjoining the UV-sensitized side was filled with pure
etchant (6 M NaOH), while the other one facing the non UV-
treated side of the membrane was filled with a protecting solu-
tion containing 6 M NaOH and 0.04% (v/v) surfactant. The etch-
ing process was carried out at 60 °C. During etching, a potential
of �1 V was applied across the membrane in order to monitor
the current flowing through the nascent pore. The current re-
mains zero as long as the pore is not yet etched through and, af-
ter the breakthrough, a continuous increase in the current was
observed. The etching process was stopped when the current
reached a certain value. The channel was washed first with 1 M
HCl in order to quench the etchant, followed by rinsing with
deionized water.

In order to block the �-amino and �-carboxylic groups, a so-
lution of L-lysine (50 mM) was prepared in 60% aqueous etha-
nol (C2H5OH/H2O, 6:4 by volume) and solid 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 con-
taining a free amino group at the terminus of the chain, as
shown in reaction scheme (a) in Figure 1.

All chemical reactions were carried out in the conductivity
cell used for etching of tracked polymer foils. The carboxylic
(�COOH) groups generated on the pore surface during the
track-etching process were modified by the following proce-
dure. First, these groups were converted into pentafluoro-
phenyl esters by using ethanolic solution of N-(3-dimethyl-
aminopropyl)-N=-ethylcarbodiimide hydrochloride (EDC, 100
mM) and pentafluorophenol (PFP, 200 mM) for 1 h. Second, the
amine-reactive PFP esters were covalently coupled with the
�-amino group of the copper complex of lysine overnight. After
washing with distilled water, the modified pores were exposed
to ethylenediaminetetraacetic acid (EDTA, 100 mM) for 2 h in or-
der to remove the copper ions from the surface of the pore. Fi-
nally, the modified pore was washed with distilled water thor-
oughly. Functionalization of L-histidine on the pore surface was
done by activation of carboxylic groups into PFP esters following
the same procedure described for lysine. After activation, reac-

tive esters were condensed with the �-amino groups of
L-histidine (50 mM) solution prepared in 60% aqueous ethanol
and allowed to react overnight at room temperature. Finally, the
functionalized membranes were washed with distilled water sev-
eral times.

The membranes with the lysine and histidine functionalized
single nanopores were mounted between the two halves of the
conductivity cell, and both halves of the cell were filled with 0.1
M KCl solution. The pH of the electrolyte was adjusted by dilute
HCl or KOH solutions. A 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
desired transmembrane potential. To measure the resulting ion
current flowing through the nanopore, a scanning triangle volt-
age from �2 to �2 V on the tip side was applied (the base side of
the pore remained connected to the ground electrode).
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