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1. INTRODUCTION

During the recent years, solid-state nanopores have gained
considerable attention of scientific community because of their
unique ionic transport properties, providing an excellent plat-
form for potential applications, such as biosensing,1�8 molecular
separation,9�13 and targeted drug delivery14�16 at the nanoscale
level. Biological ion channels in living organisms facilitate the
diffusion of ions, water, or small organic molecules across the cell
membrane, portray a perfect example from nature.17 However,
because of fragility and sensitivity of the embedding lipid bilayer,
biological pores are not suitable for practical applications. On the
contrary, synthetic nanopores display several advantages over
their biological counterparts, especially: stability, control over
pore shape and diameter, possibility of integration into nano-
fluidic devices, and modifiable surface properties for interaction
with molecules of interest.18�22

To date, different strategies have been developed for the
fabrication of nanoscale architectures to maintain a natural
environment in an artificial device that closely mimic biological

system.18�20,22 Compared with other techniques, ion-track-
technology23,24 offers a unique possibility to fabricate single
pore, as well as multipore, membranes, depending on the number
of heavy ions penetrated. Second, it also provides flexibility to
control both pore shape (e.g., conical, cylindrical, or biconical)
and size, down to a few nanometers. Track-etched nanopores
also display transport properties similar to that of biological ion
channels, such as ion current rectification, voltage-dependent
current gating, and selective ion permeation.25�30 The chemical
functionalities on the pore surface are crucial for the above-
mentioned applications, since they strongly influence the ionic
transport through the nanopore.31�33 The immobilized ligands
onto the surface and inner walls of the nanopores would serve as
binding or sensing sites for different analytes as well as interact
with molecules passing through the pore.2,3,8,34�38
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ABSTRACT: Here we demonstrate a novel biosensing plat-
form for the detection of lactoferrin (LFN) via metal�organic
frameworks, in which the metal ions have accessible free
coordination sites for binding, inside the single conical nano-
pores fabricated in polymeric membrane. First, monolayer of
amine-terminated terpyridine (metal�chelating ligand) is cova-
lently immobilized on the inner walls of the nanopore via
carbodiimide coupling chemistry. Second, iron�terpyridine
(iron�terPy) complexes are obtained by treating the terpyr-
idine modified-nanopores with ferrous sulfate solution. The
immobilized iron�terPy complexes can be used as recognition elements to fabricate biosensing nanodevice. The working principle
of the proposed biosensor is based on specific noncovalent interactions between LFN and chelated metal ions in the immobilized
terpyridine monolayer, leading to the selective detection of analyte protein. In addition, control experiments proved that the
designed biosensor exhibits excellent biospecificity and nonfouling properties. Furthermore, complementary experiments are
conducted with multipore membranes containing an array of cylindrical nanopores. We demonstrate that in the presence of LFN in
the feed solution, permeation of methyl viologen (MV2+) and 1,5-naphthalenedisulphate (NDS2�) is drastically suppressed across
the iron�terPy modified membranes. On the basis of these findings, we envision that apart from conventional ligand�receptor
interactions, the designing and immobilization of alternative functional ligands inside the synthetic nanopores would extend this
method for the construction of new metal ion affinity-based biomimetic systems for the specific binding and recognition of other
biomolecules.
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The immobilization of biorecognizable elements into these
nanoscale architectures have been achieved mainly through
covalent attachment, and electrostatic self-assembly of functional
polyelectrolytes onto the interior of the nanopore by exploiting
the existing chemical groups on the pore surface. Seminal work of
Martin et al. demonstrated the covalent immobilization of thiol-
terminated organic/biomolecules on the inner wall of gold-
coated nanopores inside polymeric membrane for protein sen-
sing and permselective ionic transport.9�12,38 More importantly,
track-etched nanopores in polyethylene terephthalate (PET)
membranes possesses carboxylic acid functionalities on the sur-
face and inner walls.1,26,39,40 We and others have also reported
the direct covalent attachment amino-terminatedmolecules onto
the inner pore surface.8,33,41�44 Moreover, biomolecular immo-
bilization has also been achieved via electrostatic interactions
onto the surface and inner walls of the nanopore.3,39,45 Recently,
we have also demonstrated biomolecular immobilization onto
the interior of the nanopore through sugar�lectin biospecific
interactions.46 However, previously developed biosensing nano-
devices were mainly based on conventional ligand�receptor inter-
actions, such as protein�protein,46 biotin�streptavidin/avidin,3,8,38

antigen�antibody binding,38,47 and peptide nucleic acid�DNA
interactions,1,48 leading to the blockage of the pore opening or
modulation of pore surface charge. To further expand the potenti-
alities of these nanosized systems, decorating of nanopore interior
with metal chelating organic ligands would also provide another
biosensing platform for the immobilization and detection of bio-
molecules that display affinity toward specific metal ions.

Among the various organic metal�chelating ligands, terpyridine
(terPy) is quite attractive because of its ability to form stable
complexes with different metallic ions (Fe, Co, Ni, Zn, etc.).49

On the basis of the metal ion affinity approach, Tuccitto et al.
have already been demonstrated the successful immobilization of
lactoferrin (LFN) onto the gold surface via a patterned self-as-
sembled monolayer containing iron�terpyridine complexes.50,51

Lactoferrin is widely distributed in mammalian physiological secre-
tions, such as milk, saliva, tears, and seminal fluids.52�54 LFN is
also recognized as an iron�binding glycoproteins which
play a key role in the transport of iron in biological systems.55,56

In recent years, LFN is successfully used as a carrier for drugs to target
brain tumer.57,58 Moreover, LFN also play an important role in
the host defense system against microbial and viral infections.59�62

Naturally, LFN molecule possesses two specific iron-binding sites.
These binding sites are localized in each of the two homologous
globular domains named N-and C-lobes. Each LFN molecule can
reversibly bind with two ions of iron. The coordination of iron
cation involves four amino acid residues in each lobe: two tyrosine
residues, one histidine residue, and one aspartic acid residue.52,56

Herein, we present a biosensing platform based on the specific
noncovalent interactions between LFN and metallic ion chelated
in terPy monolayer, immobilized on the inner walls of track-
etched nanopores. For this purpose, the interior of the nanopore
is tailored with terpyridine ligand. Subsequently, modified na-
nopores are treated with a solution of iron(II) salt to form
iron�terPy complexes, which acted as recognition elements for
the capturing of LFN molecules. The success of chemical
reactions and biorecognition events are confirmed via ionic
current passing through the nanopore by measuring the curren-
t�voltage (I�V) characteristics of the single-pore membranes.
The modified nanopores are successfully used as nanobiosensor
for the specific detection of LFN. In addition, complementary
experiments are performed by using multipore polymer mem-
branes. In this case, after immobilization of iron�terPy com-
plexes onto the pore surface, permeation of doubly charged
organic analyte through a cylindrical nanopore array is sup-
pressed by the coaddition of LFN in the feed solution.

2. RESULTS AND DISCUSSION

Polyethylene terephthalate (PET) membranes containing
single conical nanopores and a cylindrical nanopore array

Figure 1. Schematic representation of (a) as-prepared single conical nanopore containing surface carboxylic acid groups, (b) covalent immobilization of
amine-terminated terpyridine ligand with carboxyl groups via carbodiimide coupling chemistry, (c) subsequent treatment with iron(II) salt solution to
obtain iron�terPy complexes (X represents any counterion or coordinating solvent molecule), and (d) biorecognition of lactoferrin molecules.
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(108 pores cm�2) were used in this study. Single conical
nanopores were fabricated via asymmetric chemical etching of
the latent track of a single energetic heavy ion.30 On the other
hand, multitrack array membranes were etched symmetrically for
the fabrication of cylindrical nanopores.63,64 PET is a polyester,
and the etchant (NaOH) species preferentially attack on the
partially charged ester groups. As a result of track-etching process,
approximately one carboxyl (�COOH) group per nm2 is exposed
on the nanopore surface because of the cleavage of polymeric
chains.65 These groups can act as sites for the covalent attachment
of desired ligandmolecules on the interior of the nanopore surface.

The metal�chelating ligand used in this study is 1-amino-
5-(2,20:60,200-terpyrid-40-yl-oxy) pentane (terPy-DEG-NH2).
The ligand was synthesized by the direct coupling of diethylene
glycolamine (DEG-NH2) with 40-chloro,2,20:60,200-terpyridine
(terPy) molecule.66 The primary amine on one terminus of
the ligand (terPy-DEG-NH2) was exploited for the covalent
linkage with surface �COOH groups, while terpyridine moiety
on the other terminus used for metal ion complexation.

Here, we demonstrated the covalent attachment of sur-
face �COOH groups with terminal amine of the ligand
(terPy-DEG-NH2). To achieve this, carboxyl groups were first
activated into amine-reactive sulfo-NHS ester molecules by
using an aqueous solution of N-(3-dimethylaminopropyl)-N0-
ethylcarbodiimide HCl (EDC) and N-hydroxysulfosuccinimide
(sulfo-NHS).67 Subsequently, the succinimidyl intermediate was
covalently coupled with the amine of the ligand via stable amide
linkage. After modification, the iron�terpyridine (iron�terPy)
complex was achieved by treating the modified pore with an
aqueous ethanolic solution of ferrous sulfate (Figure 1).50,51

Before modification, pore walls are negatively charged at
neutral pH because of the presence of ionized carboxyl
(�COO�) groups. Therefore, the nanopore volume in an
aqueous solution is mainly filled with ions of charge opposite
to that of the fixed charged groups on the pore surface. In
the present case, the unipolar solution of positive ions inside the
nanopores is responsible for the observed electrical conductance
at each potential difference applied externally. It is well-known
that single conical nanopores rectify the ionic current due to an
asymmetry in the intrinsic electrostatic potential along the pore
axis.27,28,31,68�73

I�V characteristics of single conical nanopores in PET
membranes were recorded in symmetric electrolyte conditions
on both sides of the membrane using 0.1 M KCl solution as an
electrolyte at neutral pH. The direction of rectification in conical
channels is solely based on surface charge.74�76 Before modifica-
tion, pore rectifies the cation current with the preferential
direction of the cation flow from the narrow opening to the
wide opening of a cone because of the presence of inherent
�COO� groups (Figure 2). Based on the electrode configura-
tion in our system, higher currents are recorded for positive
voltages, while lower value of negative ionic currents is observed
due to the cations flow from the wide opening toward the narrow
tip of the cone at reversed voltages. After modification, mono-
layers of iron�terPy complexes switched the surface charge from
negative to neutral, resulting in the loss of rectification behavior
as exhibited from the current�voltage (I�V) curve shown in
Figure 2. This clearly confirmed the successful anchoring of
chelated metal ions onto the inner walls of the nanopore.

The bioconjugation process confined into a nanopore would
lead to volume exclusion or electrostatic-based effects, which
govern the ionic mass transport across the nanopore. Here, our

main concern is with the volume exclusion principle because
molecular size of analyte is comparable to the tip opening of the
nanopore.3,38 Thus, the binding of biomolecular analyte to the
pore walls would lead to the partial or complete occlusion of the
pore opening and would hinder the flow of ions across the
membrane. Consequently, the molecular recognition process
would promote a sensitive change in the magnitude of the ionic
current passing through the nanopore.

Analytical parameters, such as sensitivity and selectivity
(specificity), should also be taken into account, when designing
a biosensing platform. The sensitivity of the designed biosensor
was evaluated by exposing the modified pore to different con-
centrations of analyte (LFN) protein, prepared in the working
electrolyte solution. Figure 2 shows the change in the I�V
characteristics upon exposing the iron chelated nanopore to
various concentrated LFN solutions. As expected, the presence
of LFN in the background electrolyte, even at very low concen-
trations, resulted in a drastic decrease in the ion flux across the
nanopore. From the I�V curve, the ionic transport across the
modified nanopore was 400 pA at a potential of +1 V. The
binding of LFN to chelated iron ion inside the nanopore led to a
significant decrease in the effective diameter which in turn impact
the ionic flux through the nanopore. Upon exposure to a LFN
solution of only 1pM, the observed value of ionic current for +1 V
was dropped from 400 to 95 pA. Similarly, the ion current
measured at the reverse bias, that is, �1 V, also decreased from
180 to 35 pA. This means that 1 pM solution of LFN promoted a
∼76% and∼80% decrease in the ion flux through the pore at +1
V and �1 V, respectively. The observed decrease in the ionic
current was because of the formation of bioconjugates onto the
inner pore surface. With 10 pM LFN solution, ionic current was
further decrease to 41 pA at positive potential which correspond
to∼90% reduction in ionic flux, compared to the modified pore
without bioconjugation. From the I�V data shown in Figure 2, it
is evident that the modified pore become saturated with bio-
conjugates with 10 pMLFN solution. Further an increase in LFN
concentration did not induce any significant change in the ionic
current flowing across the nanopore at both positive and negative
voltages. It has already been reported that bioconjugation of

Figure 2. I�V characteristics of a single conical nanopore with tip d≈
13 nm measured in 0.1 M KCl (pH 7.0) solution corresponding pore
surface with carboxylate groups (black square), and iron�terpyridine
complexes (red filled circle); and upon exposing the modified pore to
different concentration of lactoferrin prepared (separately) in the same
electrolyte solution, respectively.
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protein analytes in conical shaped gold nanotubes and nanopores
through ligand�receptor interactions onto the inner walls
clogged the tip opening, leading to the permanent blockage of
the ion current.3,38 The above experimental results provide clear
evidence that themetal ions in the immobilized ligand (iron�terPy)
are able to biorecognize receptors (LFN) even at very low
concentrations in the surrounding environment, and this bior-
ecognition can be transduced in an electronic signal originating
from the ionic transport thorough the nanopore.

Second, selective (specific) recognition of the target analyte is
also a most desirable characteristic of a biosensor, that is,
biosensors should also exhibit selectivity for the detection and
transduction of specific events upon the binding of analyte
molecules. In other words, to demostrate that this approach is
valid to create a biosensing platform inside the nanoconfined
geometry, it is important to show that the changes in the ionic
current are mainly due to the biorecognition events, and not to
the mere physical adsorption of protein analyte onto the pore
surface. To verify the selectivity/specificity of the iron�terPy-
modified nanopore, we repeated the same experiment using
bovine serum albumin (BSA) and lactoferrin (LFN) protein
analytes, respectively. Figure 3 shows that the presence of BSA in
the background electrolyte in contact with modified nanopore
could not led to the blockage of the ionic flux across the
nanopore. This confirmed the lack of binding capability of BSA
toward chelated metal ion, leaving the original surface remain
undisturbed with free coordination sites of metal cations in the
iron�terPy monolayers. Subsequently, when the same pore was
exposed to lactoferrin (LFN) protein, bioconjugation occurred
because of the specific metal ion�protein binding interactions,
leading to a decrease of ∼80% at +1 V and ∼95% at reversed
voltage bias (�1 V) in the ionic current, compared to the
modified pore without bioconjugation (Figure 3). From the
I�V characteristics, we can infer that the presented sensor
exhibits a remarkable selectivity and specificity toward LFN
because of natural possession of iron�binding sites in the
globular domain of that protein.

Additionally, a negative control experiment was also performed
in the same set of experimental conditions with unmodified

(carboxylated) and terPy-modified (Figure 1b) single conical
nanopore without iron complexation. It is evident from the
I�V characteristics shown in Figure 4 that even working with
higher concentration of LFN in the background electrolyte, we
did not observe any significant change in the ionic current
passing through the as-prepared (carboxylated) and terPy-mod-
ified nanopore. These experimental results were further sup-
ported our finding that LFN can only specifically bind with
chelated metal ion in the terPy-iron complexes immobilized on
the inner walls of the pores.

Moreover, to support and confirm the proposed li-
gand�receptor interaction based on metal ion affinity approach,
complementary experiments were conducted using multipore
membranes containing an array of cylindrical nanopores with an
areal density of 108 pores cm�2. The influence of lactoferrin on
the selective permeability was investigated by monitoring the
ionic permeation of doubly charged organic analytes across the
nanoporous membrane. The membrane was clamped between
the two halves of the conductivity cells. The feed half-cell
contained a known concentration of methylviologen (MV2+)
or 1,5-naphthalenedisulfonate (NDS2�) analyte (separately).
The permeate half-cell was filled with pure buffer solution. At
fixed periods of time, the concentration of analyte in the
permeate half-cell was obtained bymeasuring the UV absorbance
with a UV/vis spectrometer.

Figure 5 shows the permeation data versus time of charged
analytes (MV2+ and NDS2�) across the nanoporous membrane
before modification and after iron�terpy immobilization fol-
lowed by the bioconjugation onto the pore surface. The diffusion
data reveals the number of moles of the charged molecules
transported per cm2 area of the membrane. Both MV2+ and
NDS2�molecules have quite similar molecular volumes of 0.637
and 0.680 nm3, respectively.77 Furthermore, the molecular
structures of both MV2+ and NDS2� analytes contain two benzyl
rings, which determine their same hydrophobic behavior within
the nanopores.63 Therefore, the volume exclusion and hydro-
phobic interactionmechanisms can be neglected in the case of as-
prepared (unmodified) multipore membranes. Hence, in our
system, the electrostatic interaction between charged analytes
(MV2+ and NDS2�) in solution and fixed negative (�COO�)
charges on the inner walls of the pore was the main driving force,
responsible for the permeation variation across the membrane
(Figure 5a). Initially, an electrical double layer was generated
inside the nanopore which contains a higher concentration of
MV2+ cations, compared to NDS2�analyte anions. Therefore,
MV2+ ions selectively diffused across the membrane, while co-
ions (NDS2�) are electrostatically prohibited from entering the
nanopore. Therefore, diffusion of MV2+ is much higher than that
of the NDS2� molecules in the permeate compartment
(Figure 5a).63

Figure 5b showed that after the immobilization of iron�terPy
complexes onto the pore surface, the diffusion of MV2+ mol-
ecules was also drastically decreased in the presence of LFN in
the feed solution. A plausible explanation for the observed
decrease in permeation is that the LFN bioconjugates inside
the pore significantly reduced the effective pore diameter avail-
able for the ionic transport. This in turn suppressed/hindered the
flow of analyte molecules across the membrane. Therefore,
selective permeation of analyte was lost after LFN conjugation,
and now the volume exclusion principle mainly governs the ionic
transport across the membrane. The permeation data shown in
Figure 5b indicated that the permeation of MV2+ ions was almost

Figure 3. Current�voltage characteristics of a single conical nanopore
with tip d≈ 11 nm and baseD≈ 575 nm in 0.1 MKCl prior to and after
the covalent immobilization of iron�terPy ligand followed by the
addition (separately) of 100 nM of each, bovine serum albumin
(BSA) and lactoferrin (LFN) protein in the electrolyte solution,
respectively.
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blocked, i.e., no detectable amount of these ions was trans-
ported across the membrane until 120 min of diffusion time.
However, the permeation of MV2+ ions after 160 min was

only 0.42 nanomoles which is negligible when compared with
8.4 nanomoles corresponding to as-prepared (unmodified)
membrane.

Figure 4. Current�voltage (I�V) characteristics of a single conical nanopore with tip d ≈ 10 nm in 0.1 M KCl solution (a) before and (b) after the
covalent attachment of terpyridine, followed by the addition of various concentration of lactoferrin in the background electrolyte solution.

Figure 5. Diffusion of doubly charged organic analytes (MV2+ and NDS2�) through nanoporous membrane containing an array of cylindrical
nanopores (108 pores cm�2) of∼18 nm in diameter, (a) beforemodification (carboxylated pore surface) without lactoferrin in the feed solution, and (b)
after the immobilization of iron�terPy complexes in the presence of lactoferrin (100 nM) in the feed solution.

Figure 6. Diffusion of doubly charged organic analytes (MV2+ and NDS2�) in the presence of lactoferrin (100 nM) in the analyte solution through
nanoporous membrane containing an array of cylindrical nanopores (108 pores cm�2) of ∼26 nm in diameter, (a) before modification (carboxylated
pore surface), and (b) after the immobilization of iron�terPy complexes onto the inner walls of nanopores.
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However, question may arise that this decrease in ionic
permeation is either due to the formation of bioconjugates or
only because of the physical adsorption of LFN molecules onto
the nanopore surface. To assure this, we carried out the same
diffusion experiment with another multipore membrane under
the same set of experimental conditions. Figure 6 describes the
ionic (MV2+ and NDS2�) permeation versus time across the
membrane before and after the iron�terPy immobilization in the
presence of LFN dissolved in the feed solution. The diffusion
data shown in Figure 6a reveals that the presence of LFNmolecules
did not cause any interference in the selective diffusion ofMV2+ ions
across the negatively charged (�COO�) multipore membrane.
However, when the same membrane was modified with metal�
chelates, selective permeation ofMV2+ was drastically reduced from
11.0 to 1.9 nanomoles after 160 min of diffusion time (Figure 6b).
The above-mentioned experimental results showed that the che-
lated metal ions affinity based LFN bioconjugation indeed di-
minishes the effective pore diameter available for the transport
of analyte molecules. This resulted in a decrease of ∼82% in the
permeation of MV2+ across the modified membrane. These results
provided clear evidence that metal ions incorporated in the
immobilized terPy monolayers onto the nanopore surface are
accessible to analyte protein for successful binding through specific
noncovalent interactions inside the confined environment.

3. CONCLUSIONS

In summary, we experimentally demonstrated the construc-
tion of a nanobiosensor based on the immobilization of metal�
ligand complexes inside confined environment for the selective
biomolecular recognition through metal�protein specific inter-
actions. To achieve this goal, terpyridine ligands were
covalently attached inside the track-etched nanopores by exploit-
ing inherent COOH groups via EDC/sulfo-NHS coupling
chemistry, followed by the iron complexation. The experimental
results showed that the immobilized ligand (iron�terPy com-
plex) were acted as biorecognition element for the specific
detection of LFN molecules. In addition, control experiments
proved that the designed biosensor exhibit excellent biospecifi-
city and nonfouling properties. For the further confirmation of
noncovalent interaction of lactoferrin with iron complex, com-
plementary experiments were also performed with multipore
polymer membranes. We demonstrated that in the presence of
LFN in the feed solution, permeation ofmethyl viologen (MV2+)
and 1,5-naphthalenedisulphate (NDS2�) is drastically sup-
pressed across the iron�terPy modified membranes, represent-
ing the occlusion of the nanopore upon the binding of LFN with
metal ions incorporated into metal�chelating ligand. In this
context, we believe that metal affinity-based biomimetic system
can be further extended for the molecular recognition of other
protein analytes possessing specific receptors for coordination
with metal ions in their polypeptide backbone. For instance,
chelated nickle (Ni2+) ions preferably bind to histidine rich
proteins, or those protein containing an exposed histidine tail
(His-tagged proteins). Similarly, proteins containing zinc finger
motifs (zinc finger proteins) can specifically coordinate and
binds with zinc (Zn2+) ions chelated with a ligand.

4. MATERIALS AND METHODS

4.1. Materials. All the reagents used were of analytical grade and
used as received without further purification. Methylviologen dichloride

(MV2+), 1,5-naphthalene disulfonate disodium salt (NDS2�), N-(3-
dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride (EDC), N-
hydroxysulfosuccinimide (sulfo-NHS), 2-(2-aminoethoxyethanol) (AEE),
bovine serum albumin (BSA; fractionV), lactoferrin human (LFN), ferrous
sulfate heptahydrate (FeSO4 3 7H2O), dimethyl sulfoxide (anhydrous,
DMSO), and 40-chloro,2,20,60,200-terpyridine were purchased from Sig-
ma-Aldrich, Germany. 2-(N-Morpholino)ethanesulfonic acid (anhydrous,
MES) was purchased from SL Labor-Service GmbH, Germany.

Polymer foils of polyethylene terephthalate (PET) of 12 μm thick-
ness (Hostaphan RN 12, Hoechst) were irradiated at the linear accel-
erator UNILAC (GSI, Darmstadt) with single, as well as 108 swift heavy
ions (Pb, U or Au) per cm2 having an energy of 11.4 MeV per nucleon.
4.2. Fabrication of Nanopores. Before the track-etching process,

heavy ion tracked membranes were sensitized with UV light (UV source
provided a light intensity of 30Wm�2, with the maximumwavelength at
320 nm) for 15 min on each side to improve the etching properties of
latent tracks inside the polymer membrane.

4.2.1. Preparation of Single Conical Nanopores. The fabrication of
single conical nanopores in PET membranes was achieved by an
asymmetric track-etching technique developed by Apel and co-
workers.30 Briefly, the heavy ion-irradiated membrane was placed
between the two halves of a conductivity cell in which the membrane
served as a dividing wall between the two compartments. An etching
solution (9MNaOH) was added on one side, while the other side of the
cell was filled with stopping solution (1 M HCOOH + 1 M KCl). The
stopping solution protected one side of themembrane from etching, and
assured the conical geometry of the resulting nanopores. Etching process
was carried out at room temperature, and a potential of�1 Vwas applied
across the membrane during the whole process to monitor the ion
current passing through the nascent pore. The current remained zero as
long as the pore was not yet etched through. After the breakthrough, the
stopping solution on the other side of the membranes neutralized the
etchant. The etching process was stopped when the current reached a
value of∼0.1 nA. Then the pore was washed first with stopping solution
to quench the etchant, followed by rinsing with deionized water. The
etched membrane was immersed in deionized water overnight to
remove the residual salts.

After etching, large opening diameter of the conical pore was
determined by field emission scanning electron microscopy (FESEM).
For this purpose a PET sample containing 107 ions cm�2 was etched
simultaneously with the single ion tracked membrane under the same
conditions. The diameter of the small opening is below the FESEM
resolution and was determined from the current�voltage (I�V) curves
by using the following relation

d ¼ 4LI=πDkV

where L is the length of the pore which could be approximated to the
thickness of the membrane, d and D are the small and large opening
diameters of the pore respectively, k is the specific conductivity of the
electrolyte (11.377 S/m for 1 M KCl at 26 �C), V is the voltage applied
across the membrane and I is the measured current.

4.2.2. Preparation of Cylindrical Nanopores. A multipore PET
membrane with cylindrical nanopores was prepared by symmetric
track-etching technique.63 For this purpose, the etching solution (2 M
NaOH) prepared in deionized water was filled in the etching bath. The
temperature of the etching bath was maintained at 50 �C with
continuously stirring by circulating heated water through the double
walls of the beaker. Polymer membranes fixed in a sample holder were
immersed in the preheated etching solution. During the whole process,
the etching solution was continuously stirred to provide a homogeneous
etchant concentration in the bath. The etching process was carried out
for 4 min. After etching, the membranes were taken out from the
solution and rinsed several times with distilled water. For further
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removal of the residual salts, the etched membranes were additionally
immersed in deionized water overnight.
4.3. Synthesis of 1-Amino-5-(2,20:60,200-terpyrid-40-yl-oxy-

)pentane (terPy�DEG-NH2). The synthesis of terPy�DEG-NH2

ligand was carried out by following the reported method.66 To synthesis
this compound, 1.6 mg (in excess) of ground KOH flakes was added to a
three-neck round-bottomed flask, and dispersed in anhydrous DMSO at
60 �C for 15 min, followed by the addition of diethylene glycolamine
(DEG-NH2, 1 mM) to the reaction chamber. The reaction was allowed
to proceed for 30 min before the addition of 40-chloro,2,20:60,200-
terpyridine (1 mM) into the reaction chamber. The reaction was carried
out at 70 �C for 6 h. When the reaction was completed, the flask
was allowed to cool down to room temperature. Then 120 mL of
Millipore water was added in the flask. The reaction mixture was
extracted in dichloromethane (3� 30 mL). The organic fraction was
collected and dried in anhydrous sodium sulfate, followed by
evaporating the solvent in a rotary evaporator. The crude product
was purified by column chromatography (DCM: methanol, 9:1). The
purified compound was further characterized by 1H NMR and FD-
MS techniques.

1H NMR (400 MHz, DMSO-d6): 2.7 (t, 2H, CH2, Hd), 3.2 (s, broad,
NH2), 3.5 (t, 2H, CH2, Hc), 3.82 (t, 2H, CH2, Hb), 4.35 (t, 2H, CH2,
Ha), 7.5 (ddd, 2H, CHterpy, H5, 500), 7.98 (s, 2H, CHterpy, H30 , 50), 8.00
(m, 2H, CHterpy, H4,400), 8.62 (d, 2H, CHterpy, H3, 300), 8.72 (dd, 2H, CHterpy,
H6, 600) (Supporting Information Figure S1). FD-MS: [M + H] = 337 g/
mol (Supporting Information Figure S2)
4.4. Functionalization of terPy�DEG-NH2. The functionaliza-

tion of terpyridine ligand on the inner walls of the nanopore was
achieved by the following way. The carboxyl groups of the pore walls
were first converted into an amine reactive sulfo-NHS-esters by immer-
sing the track-etched membranes in a solution containing a mixture of
N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride
(EDC, 10 mM) and N-hydroxysulfosuccinimide (sulfo-NHS, 20 mM)
dissolved in 0.1 M MES buffer 2-(N-morpholino)ethanesulfonic acid,
pH = 5.5. The activation of carboxyl groups was carried out for 50 min at
room temperature. After the activation step, the foil was washed with the
same buffer. Subsequently, the activated membranes were exposed to
10 mM solution of terPy�DEG-NH2 prepared in the same buffer. In
this step, the amine-reactive sulfo-NHS-esters were allowed to cova-
lently couple with the terminus amine of the ligand in a reaction carried
out overnight. Finally, the modified pore was washed thoroughly with
buffer followed by deionized water. The same procedure was used for
the modification of multinanopore membrane.
4.5. Formation of Iron�Terpyridine complexes. A solution

of ferrous sulfate (100 μM) was prepared in 50% aqueous ethanol
(C2H5OH/H2O, 1:1 by volume). Polymer membranes (single/multi-
pore) modified with terpyridine amine (metal chelating ligand) were
exposed to a solution of ferrous sulfate for 60 min at room temperature.
Subsequently, the membranes were washed first with ethanol followed
by deionized water.
4.6. I�V Measurements. As-prepared (carboxylated) and ligand

modified (iron�terPy complexed) single pore-membranes were
mounted between the two halves of the conductivity cell. Both halves
of the cell were filled with an aqueous 0.1 M KCl solution prepared in
phosphate buffer (10 mM) with pH = 7.0. An 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, and measure the ionic
current across the single pore membrane. In the case of conical
nanopores, the ground electrode was placed at the side of the membrane
with the big opening of the pore. In order to record the I�V curves, a
scanning triangle voltage signal from �1 to +1 V was used. The small
opening of the conical nanopores was determined through the I�V
recording in 1 M KCl solution.

Various concentrations of lactoferrin (LFN) protein are prepared in
the same electrolyte solution, used for the measurement of respective
I�V curve.
4.7. Mass-Transport Experiments. The selective diffusion of

doubly charged organic analytes: methyl viologen (MV2+) and 1,5-
naphthalenedisulfonate (NDS2�) through polymer membranes were
performed before and after modification with iron�terPy ligand on the
pore surface. The analyte solutions were prepared in phosphate buffer
(pH 7.0). For the transport experiments, membranes were mounted
between the two halves of the conductivity cell. Each cell volume was
3.4 mL with an effective permeation area of the membrane of 1.15 cm2.
The feed half-cell contained a known concentration of 10 mM of each
organic analyte in the buffer solution, whereas the permeate half-cell was
filled with pure buffer solution. Both solutions were continuously stirred
during the whole process. Similarly, transport experiments were per-
formed through the membranes bearing terPy�Fe(II) complex on the
inner walls of the nanopores. For this purpose, lactoferrin (100 nM) was
dissolved in 10 mM solution of each MV2+ and NDS2�, respectively.
After fixed time periods, the concentration of respective analyte in the
permeate half-cell was determined by measuring the UV absorbance
with a UNICAM UV/vis spectrometer.
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