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Abstract: There is a growing quest for tailorable nanochannels or nanopores having dimensions comparable
to the size of biological molecules and mimicking the function of biological ion channels. This interest is
based on the use of nanochannels as extremely sensitive single molecule biosensors. The biosensing
capabilities of these nanochannels depend sensitively on the surface characteristics of their inner walls to
achieve the desired functionality of the biomimetic system. Nanoscale control over the surface properties
of the nanochannel plays a crucial role in the biosensing performance due to the chemical groups
incorporated on the inner channel walls that act as binding sites for different analytes and interact with
molecules passing through the channel. Here we report a new approach to incorporate biosensing elements
into polymer nanochannels by using electrostatic self-assembly. We describe a facile strategy based on
the use of bifunctional macromolecular ligands to electrostatically assemble biorecongnition sites into the
nanochannel wall, which can then be used as recognition elements for constructing a nanobiosensor. The
experimental results demonstrate that the ligand-functionalized nanochannels are very stable and the
biorecognition event (protein conjugation) does not promote the removal of the ligands from the channel
surface. In addition, control experiments indicated that the electrostatically assembled nanochannel surface
displays good biospecificity and nonfouling properties. Then, we demonstrate that this approach also enables
the creation of supramolecular multilayered structures inside the nanopore that are stabilized by strong
ligand-receptor interactions. We envision that the formation of multilayered supramolecular assemblies
inside solid-state nanochannels will play a key role in the further expansion of the toolbox called “soft
nanotechnology”, as well as in the construction of new multifunctional biomimetic systems.

Introduction

Ion channels are ubiquitous in nature and represent key
elements in many important life processes, such as energy
production and storage or signal propagation and processing.1

The generation of artificial ion channels has strong implications
for developing new technologies related to materials and life
sciences fields.2 This explains the increasing interest in incor-

porating natural transport systems into artificial sensors, which
could then exhibit the inherent sensitivity of biochemical
systems.3 However, maintaining a natural environment in an
artificial device is a difficult task, demanding the construction
of fully and highly functional artificial systems4 with the ability
of mimicking natural systems. This challenging subject led to
the creation of different strategies to obtain artificial structures
resembling the characteristics of ion channels or nanopores
commonly encountered in the membranes of living systems.5

These structures inspired by their biological counterparts are
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commonly described as “solid-state nanopores” and represent
a valuable substitute for fragile lipid bilayer membranes in the
case of replacing the biological nanopore with a fully “abiotic”
equivalent.6 Recently, Siwy et al.7 introduced a new type of
protein nanobiosensor made of a single conical gold nanotube
embedded within the polymeric membrane, thus creating an
asymmetric nanochannel. The sensing read-out consisted of
passing an ionic current through the nanochannels. Since the
protein analyte and the channel mouth were comparable in size,
binding of the protein led to the blocking of the nanochannel,
which was detected as a permanent blockage of the ion current.7

These experiments clearly revealed the critical role of the
pore surface in achieving the desired functionality of the
biomimetic system, considering that the chemical groups
incorporated on the inner channel walls act as binding sites for
different analytes, as well as interacting with molecules passing
through the channel.6,7

Nanoscale control over the surface properties of the channel
wall plays a crucial role in the whole range of applications of
solid-state nanochannels.8-10 In order to achieve this goal

different methods to tailor nanopore surfaces have been
developed. One of the most widespread strategies applicable
for track-etched pores in polymers was developed by Martin
and co-workers and consists of covering the pore walls with
gold by electroless deposition followed by the chemisorption
of end-functionalized thiols.11 This procedure enables the
incorporation of molecular recognition elements into the inner
pore wall of these nanotubes.12 However, this gold plating step
introduces another level of considerable complexity into the pore
fabrication process. That is why it is highly desirable to design
alternative strategies enabling the facile functionalization of the
inner pore wall by directly exploiting the chemical functional
groups already existing at the polymer nanochannel wall. For
example, in the case of track-etched pores in polyethylene
terephthalate (PET) films, the pore surface possesses carboxyl
groups.6f It would be also very convenient if the method enabled
the incorporation of the chemical functionalities in the nano-
confined environment without requiring the use of solvents or
chemicals that could be harmful or incompatible with the plastic
pore wall or biological materials. In this context, considering
the inherent surface charge of the pore wall, electrostatic
assembly13,14 could be an extremely versatile route for incor-
porating chemical functionalities into the nanopore without
requiring complex chemical steps. In this work we show that
by using simple electrostatic self-assembly we can introduce
binding sites into the nanopore, which can then be used as
recognition elements for creating a nanobiosensor. Moreover,
the possibility of controlling the chemical functionalities and
molecular recognition events inside the nanopores enabled facile
constructionofsupramolecularbioconjugatesinsidethenanochannel.

Results and Discussion

Single conical nanochannels were prepared as described by
Apel et al.15 using heavy-ion-irradiated PET films. Track-etched
pores on PET substrates possess carboxyl groups that are
negatively charged under physiological pH conditions (pH 7.4).
These moieties can act as sites for the electrostatic assembly of
a positively charged building block. Considering that our goal
was to electrostatically assemble the biorecognition elements
on the pore wall, we created a bifunctional macromolecular
multivalent ligand16 made of biotinylated poly(allylamine) (b-
PAH), which was able to interact with the pore surface and
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expose the binding sites inside the nanopore without hindering
their recognition properties (Scheme 1).

The macromolecular characteristics of the bifunctional poly-
valent ligand are due to the fact that having multiple sites, in
the same molecule, to electrostatically interact with the pore
wall confers the system more stability, enabling the facile
functionalization of the pore surface. The nanochannels used
in this work were single conical pores in PET, with an opening
of only a few nanometers on one side, similar to those which
have recently been used successfully for the detection of DNA
molecules.17 These pores were characterized by asymmetric
current-potential (I-V) curves, which originate from the
electrostatic interaction between the charged pore surface and
the ions passing through them after setting up an electric field
across the nanopore-containing membrane.18 In the case of PET,
at neutral pH the pore walls were negatively charged due to
ionized carboxyl groups (COO-) (Scheme 2), which in com-
bination with the conical shape of the pore led to an asymmetric
intrinsic electrostatic potential along the pore axis, causing
different dependencies of the anion and cation concentrations
within the pore on the applied voltage.

This effect led to the rectification of the ionic current. As a
consequence, the surface charges of the pore wall impacted on
the rectifying characteristics of the nanopore and provided
insight into the nature of these charges. Figure 1 describes the
rectifying characteristics of the PET nanopore prior to and after
assembling the bifunctional macromolecular ligand on the pore
wall. The I-V curves for the COO--terminated pore surface
described a well-defined rectifying behavior, indicating that the
nanopore was acting as a rectifier of the ionic transport that
preferentially transports species of opposite charges to those
on the pore walls.18

Assembling the b-PAH led to an immediate reversal of the
rectifying characteristics (blue trace in Figure 1), indicating that
the electrostatic anchoring promoted the reversal of the pref-
erential direction of ionic transport. As is well-known, the

direction of the rectification is an indicator of the polarity of
the charges and the pore walls,18 and its magnitude depends on
the surface charge density. From Figure 1, it can be concluded
that the assembly of b-PAH changed the polarity of the nanopore
from negative to positive. Moreover, from the magnitude of
the rectified currents at +2 and -2 V we can assume that the
density of positive charges introduced on the pore surface is
comparable to those originally encountered on the negatively
charged pore. This change in polarity can be interpreted as a
result of the charge overcompensation originating from the
assembly of the polycationic multivalent ligand on the negative
surface.19 This phenomenon plays a key role in the electrostatic
assembly of polyelectrolyte multilayers in which each poly-
electrolyte layer reverses the surface charge of the assembly,
enabling the consecutive immobilization of polyelectrolytes
bearing opposite charges.20 The changes in the I-V character-
istics prior to and after b-PAH assembly allowed the success
of the ligand immobilization to be confirmed. We also cor-
roborated that working with different buffered solutions (∼0.1
M in ionic strength) and polarizing the pore at high potential
values (∼2 V) do not affect the anchoring of the polyvalent
ligands.

Once the pore was functionalized we proceeded to study the
biorecognition events inside the solid-state nanopore. In prin-
ciple, there are three major mechanisms governing the mass
transport across nanopores: (a) hydrophobic interactions, (b)
electrostatic interactions, and (c) volume exclusion principle.5h

Regarding hydrophobic interactions, we can mention recent
work by Smirnov et al.5m in which surface-confined photochro-
mic spyropyran molecules were applied to control the wettability
of nanopores in such a way of manipulating the admission of
water into the membrane using light as triggering stimulus. A
similar approach, in biological membranes, has been also
reported by Feringa and co-workers.5n On the other hand, when
the transport refers exclusively to ionic species, the electrostatic
interactions with the charged walls become a crucial variable
to tailor the transport characteristics.6b In our case, we are mostly
dealing with the volume exclusion principle in which the
biorecognition event leads to the formation of a ligand-receptor
bioconjugate that is supramolecularly confined inside the
nanopore. This biorecognition process would affect the effective
cross section of the nanopore and have an impact on the flux
of the ions through the pore. Consequently, the molecular
recognition process would promote a sensitive change on the
rectified current passing through the nanopore. It is worth
mentioning that the charge of the bioconjugated protein could
also affect, at some extent, the electrostatic state of the pore
wall and, consequently, contribute of the overall characteristics
of the ion transport. However, the bioconjugated protein (∼3
nm) and the pore mouth dimension (∼8 nm) are comparable in
size, thus indicating that volume exclusion (changes in effective
cross section) would be the major contribution governing the
flux through the pore. This assumption is also supported by
recent work by Karnik et al.5e on the interplay between the
competing effect of charge and size of streptavidin on nanochan-
nel conductance. These authors demonstrated that the biomol-
ecule charge dominates at low ionic concentrations, whereas at
higher concentrations (as in our case) the volume exclusion
effect dominates.5e

(17) (a) Mara, A.; Siwy, Z.; Trautmann, C.; Wan, J.; Kamme, F. Nano
Lett. 2004, 4, 497–501. (b) Schiedt, B.; Healy, K.; Morrison, A. P.;
Neumann, R.; Siwy, Z. Nucl. Instrum. Methods Phys. Res., Sect. B
2005, 236, 109–116.
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Kosińska, I. D.; Goychuk, I.; Kostur, M.; Schmid, G.; Hänggi, P. Phys.
ReV. E 2008, 77, 031131. (c) Liu, Q.; Wang, Y.; Guo, W.; Ji, H.;
Xue, J.; Ouyang, Q. Phys. ReV. E 2007, 75, 051201. (d) Cervera, J.;
Alcaraz, A.; Schiedt, B.; Neumann, R.; Ramı́rez, P. J. Phys. Chem. C
2007, 111, 12265–12273. (e) Wang, X.; Xue, J.; Wang, L.; Guo, W.;
Zhang, W.; Wang, Y.; Liu, Q.; Ji, H.; Ouyang, Q. J. Phys. D: Appl.
Phys. 2007, 40, 7077–7084.
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(20) Bertrand, P.; Jonas, A. M.; Lascehwsky, A.; Legras, R. Macromol.

Rapid Commun. 2000, 21, 319–348.

Scheme 1. Chemical Structure of the Bifunctional Polyvalent
Ligand Used in This Work To Biotinylate the Conical Pore Wall; x
) 0.21
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Figure 2 describes the changes in the I-V plots upon putting
into contact the biotin-modified nanopore with streptavidin
solutions of different concentrations. As expected, the presence
of streptavidin, even at very low concentrations, led to a drastic

change on the rectified current. The permselective transport of
ions across the b-PAH-modified nanopore, measured at -2 V,
was -10.3 nA. The presence of 1 pM streptavidin led to a
rectified current of -1.7 nA; this means that the blockage of
the nanopore due to the formation of the bioconjugate decreased
the ionic flux across the nanopore by ∼85%. This effect was
even more pronounced when working with more concentrated
SAv solutions. The presence of 100 pM SAv promoted a ∼96%
decrease of the rectified current observed in the nonbioconju-
gated nanopore. These experimental results provide clear
evidence that the electrostatic assembly enables the anchoring
of ligands which are able to biorecognize receptors inside the
nanopore, and this biorecognition can be transducted in an
electronic signal provided by the ionic flux through the pore.

However, one important aspect of biosensing platforms relies
on the selectivity for the detection and transduction of specific
events. In other words, in order to show that this approach is
valid to create biosensing platforms inside nanopores, it is
mandatory to demonstrate that the changes in the rectified
current are solely due to the biorecognition event and not to
the simple blockage of the nanopore due to the fouling of the
protein on the b-PAH-modified PET surface. To verify the
bioselectivity of the b-PAH-modified nanopore, we repeated the
same experiments using proteins that do not biorecognize biotin,
such as lysozyme and bovine serum albumin (BSA), under more
concentrated conditions. Figure 3 shows the variations in the
I-V plots of b-PAH-modified nanopores in the presence of 100
nM lysozyme and BSA, respectively. From the slight variations
in the rectified current, we can conclude that the electrostatically
biotinylated nanopores display a remarkable specificity toward
streptavidin (Table 1).

These results describing the versatility of the electrostatic
assembly to create protein biosensors based on biofunctionalized
solid-state nanopores also indicates that this strategy provides
a friendly procedure to construct interfacial structures in confined
geometries. This constitutes a remaining challenge in materials
science related to the creation of functional supramolecular
nanostructures derived from the construction of organized

Scheme 2. Simplified Depiction of the Incorporation of the Biorecognition Elements into the Single Conical Nanoporea

a The carboxylate-terminated nanopore (a) is used as a platform for the electrostatic immobilization of the bifunctional macromolecular ligand, b-PAH
(b). Then, the biorecognition event proceeds in the presence of the receptor (streptavidin) (c).

Figure 1. Current-voltage characteristics of a single conical nanochannel
in 0.1 M KCl prior to (red) and after (blue) the electrostatic assembly of
b-PAH.

Figure 2. Current-voltage characteristics of a b-PAH-modified single
conical nanopore in 0.1 KCl in the presence of different concentrations of
streptavidin (SAv): (dark blue) no SAv; (red) 1 pM; (black) 10 pM; (green)
100 pM.
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assemblies in nanoconstrained enviroments. Molecular level
control of the chemical topology of nanoconfined interfacial
structures would be the key to enabling highly functional
biomimetic molecular devices.

At this point, we were able to functionalize the pore by using
a multivalent bifunctional ligand. After the bioconjugation with
the tetravalent streptavidin protein, the pore surface is, in
principle, functionalized with a protein that is able to biorec-
ognize biotin centers. This indicates that the chemical/biochemi-
cal characteristics of the pore are given by the streptavidin,
which could be used for the recognition-mediated spontaneous
assembly of a “multivalent” building block, such as the b-PAH.
Multivalency is based on interaction through multiple simulta-
neous molecular contacts21 and has been demonstrated to be a
powerful and versatile self-assembly pathway.22 Consequently,
using the same (ligand-receptor) building blocks, we proceeded
to the assembly of the supramolecular bioconjugate inside the
nanopore in order to visualize the capabilities of our approach
to manipulate the chemical functionalities and structures in
nanoconstrained environments (Scheme 3).

We followed the changes occurring in the nanopore through
the variations observed in the I-V plots (Figure 4). As described
above, the conjugation of the streptavidin on the biotinylated
pore led to a decrease of the rectified current. After assembling
the polyvalent ligand onto the streptavidin-modified pore, we
observed an increase of the rectified current, but the magnitude
of this current is still much lower than that detected in the
absence of bioconjugation. From the well-defined rectifying
characteristics of the I-V plot, we conclude that the recognition-
mediated assembly of b-PAH rendered the pore surface posi-
tively charged, thus acting as a supramolecular permselective
pore transporting preferentially anionic species.

It is worth mentioning that the occurrence of a rectified
current probably can be attributed to a reorganization of the
interfacial structure after the b-PAH assembly, which affected
the effective cross-section area of the nanopore. Even though,
subsequent SAv conjugation on the SAv/b-PAH led to an almost
complete blockage of the nanopore. This gives clear evidence
that the multivalent character of b-PAH enables the creation of
a biotinylated interface on top of the SAv layer where the protein
is able to biorecognize the ligands without sensitively affecting
the stability of the supramolecular structure. More important,
in close analogy to polyelectrolyte multilayers, where each
polyion is responsible for the reversal of the surface charge,
the multivalent character of building blocks is responsible for
reversing the ligand-receptor characteristics of the nanopore.
This is an important feature of the supramolecular interfacial
conjugate23 in order to create stable and complex functional
structures24 inside the nanochannel. This concept constitutes a

Figure 3. Current-voltage characteristics of a single conical nanopore in
0.1 M KCl prior to (black) and after (red) the electrostatic immobilization
of b-PAH followed by the addition (separately) of 100 nM lysozyme (green)
and 100 nM bovine serum albumin (dark blue).

Table 1. Variations on the Rectified Ion Flux in the Presence of
the Different Proteins

protein (concn) decrease of the rectified current (%)

streptavidin (1 pM) ∼ 85
streptavidin (10 pM) ∼ 90
streptavidin (100 pM) ∼ 96
bovine serum albumin (100 nM) ∼ 14
lysozyme (100 nM) ∼ 9

Scheme 3. Simplified Depiction of the Formation of a Multilayered Supramolecular Bioconjugate inside the Single Conical Nanopore

Figure 4. Current-voltage characteristics of a surface-modified single
conical nanopore in 0.1 M KCl corresponding to (black) carboxylate-
terminated pore; (red) b-PAH-modified pore; (green) (SAv)(b-PAH)-
modified pore; (dark blue) (SAv)(b-PAH)2-modified pore; (pink) (SAv)2(b-
PAH)2-modified pore.
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toolbox to achieve actual molecular design of supramolecular
systems25 in nanoconfined environments using predesigned
molecular recognition interactions. Supramolecular assembly,26

the cornerstone of the so-called “soft nanotechnology”,27 occurs
spontaneously and can lead to highly functional and controlled
structures if selective and directional noncovalent interactions
are exploited.28 The experimental results described above
demonstrate that controlling the supramolecular assembly and
manipulating the directionality of the processes ocurring into
the nanoconfined environment is completely feasible just by
using very simple tools.

Conclusions

In summary, in this work we presented a simple and
straightforward strategy to incorporate biorecognition elements
in nanoconfined environments, as represented by single conical
nanopores. The approach is based on exploiting the ability of a
bifunctional multivalent ligand to electrostatically assemble on
the charged pore wall and expose the ligand to the inner
environment of the nanopore. The experimental results indicated
that the electrostatically modified surfaces are very stable and
suitable to be used as platforms in biorecognition processes, in
which the bioconjugation of the protein does not lead to the
removal of the ligands from the surface. Moreover, the
electrostatically assembled pore surface displayed good bio-
specificity and nonfouling properties as observed in the control
experiments using proteins that are not biorecognized by the
ligands. Finally, we demonstrated that by using this approach
it is possible to exploit the remarkable stability of systems
created by ligand-receptor interactions to generate supramo-
lecular interfacial structures inside the nanopore.

In this context, we envision that the formation of multilayered
supramolecular assemblies inside solid-state nanopores and/or
nanochannels could turn into an enabling technology leading

to the production of fully artificial biomimetic systems display-
ing tailor-made topology, shape, and biochemical functionality.

Experimental Section

Materials. Polyethylene terephthalate (PET) (Hostaphan RN 12,
Hoechst) membranes of 12 µm thickness were irradiated at the linear
accelerator UNILAC (GSI, Darmstadt) with single swift heavy ions
(Pb, U, and Au) of energy 11.4 MeV/nucleon. Sodium hydroxide
(LS Laber-Service, Germany), phosphate-buffered saline (PBS, pH
7.6, Sigma), potassium chloride (Merck, Germany), and fluorescein
(FITC)-conjugated streptavidin (Pierce) were used as received.

Conical Nanopore Fabrication. The etching method for the
fabrication of conical nanopores in PET membranes was developed
by Apel et al.15 Briefly, the heavy-ion-irradiated membrane was
placed between both halves of a conductivity cell in which it served
as a dividing wall between the two compartments. An etching
solution (9 M NaOH) was added on one side and the other side of
the cell was filled with stopping solution (1 M HCOOH + 1 M
KCl). The etching process was carried out at room temperature.
During the etching process, a potential of -1 V was applied across
the membrane in order to observe the current flowing through it.
The current remains zero as long as the pore is not yet etched
through. After the break-through, the stopping solution on the other
side of the membranes neutralizes the etchant. The etching process
was stopped when the current was reached a certain value, and the
pore was washed first with stopping solution in order to quench
the etchant, followed with deionized water. The etched membrane
was immersed in deionized water in order to remove the residual
salts. After etching, the diameter of the large opening (D) of the
pore was determined by scanning electron microscopy (SEM) using
a PET sample containing 107 pores/cm2 that was etched simulta-
neously with the single pore under the same conditions. The
diameter of the small opening (d) was estimated from its conductiv-
ity by the following relation:15

d) 4LI
πDκV

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 diameter of the pore, respectively; κ is the specific
conductivity of the electrolyte (1 M KCl), V is the voltage applied
across the membrane, and I is the measured current. The conical
nanopores used in our studies had a small opening (tip) with a
diameter of 7-10 nm and a large opening (base) with a diameter
of 450-550 nm. On average, the assembly of the polyvalent ligand
and the bioconjugation of the protein led to a tip diameter decrease
of 1-2 and 3-4 nm, respectively.

Current-voltage Measurements. The membrane containing the
single conically nanopore was mounted between the two halves of
the conductivity cell, and both halves of the cell were filled with
phosphate-buffered saline (pH ) 7.6) prepared in 0.1 M KCl
solution. A Ag/AgCl electrode was placed into each half-cell
solution, and a Keithley 6487 picoammeter/voltage source (Keithley
Instruments, Cleveland, OH) was used to apply the desired
transmembrane potential in order to measure the resulting ion
current flowing through the nanopore by applying a scanning
triangle voltage from -2 V to +2 V on the tip side while the base
side of the pore remain connected to the ground electrode.

Synthesis of Biotinylated Poly(allylamine) Hydrochloride.
6-Biotinyl-N-hydroxysuccinimide ester29 (0.41 g, 1.26 × 10-3 mol)
was dissolved in 3 mL of DMF by heating to 80 °C. The solution
was cooled to room temperature and was added dropwise to a
solution of 0.5 g of PAH (MW ∼15,000) solution in 3 mL of
aqueous PBS buffer containing 0.13 g of NaHCO3 (1.575 × 10-3

mol, 1.5 equiv of biotin-NHS). The clear solution obtained was
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allowed to stir at room temperature for 24 h and was subjected to
dialysis against water for 5 days (dialysis membrane cutoff was
3500). The aqueous solution was lyophilized to give biotinylated
poly(allylamine) hydrochloride (b-PAH) as a white solid. The
content of biotin was determined by 1H NMR and was found to be
21%.

Electrostatic Self-Assembly of b-PAH inside the Nanochan-
nel. As a result of the etching procedure carboxylic acid moieties
appear on the surface of the PET nanochannel, thus resulting in a
negatively charge surface. The polycation, b-PAH (bifunctional
polyvalent ligand), was electrostatically self-assembled on the
negatively charged surface of the conical nanochannel while the
membrane was still mounted on the electrochemical cell used for
I-V measurements. An aqueous solution of b-PAH (1 mg/mL) was
placed on both sides of the track-etched polymer membrane and
allowed to self-assemble during overnight. Then, the membrane
was washed three times with Milli-Q water and three times with
PBS buffer (pH 7.6) solution prior to biosensing experiments. The
current-voltage curves of biotinylated nanochannels were measured
with 0.1 M KCl as electrolyte (buffered with PBS, pH 7.6). The

various concentrations of streptavidin prepared in the same
electrolyte were used for the respective I-V measurements.

Formation of a Multilayered Supramolecular Bioconjugates
inside the Nanochannel. The SAv solution (1 nM) was placed on
both sides of the b-PAH-functionalized PET nanochannel for 4 h,
and the I-V curve was measured. The SAv solution was then
replaced with b-PAH solution and allowed to self-assemble on the
SAv layer overnight. After washing three times with Milli-Q water
and three times with PBS solution, 1 nM SAv was introduced again
on both sides of the nanochannel for 4 h, and a new I-V curve
was measured.
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