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ABSTRACT: In this paper, the fabrication of a biomimetic nanofluidic diode whose ionic transport characteristics can be
completely modulated with the proton concentration in solution is demonstrated. The fabrication procedure involves the
electrostatic assembly of poly(allylamine hydrochloride) (PAH) into a track-etched conical nanochannel. A fully reversible,
zwitterionic-like behavior with important implications for the supramolecular interactions of the PAH within confined spaces was
observed. The experimental design constitutes a facile venue for the fabrication of functional nanofluidic devices and paves the
way for a number of applications in nanofluidics and biosensing. Furthermore, in order to explain the experimental results and to
obtain physicochemical information about the system, theoretical modeling using a continuous model based on Poisson—
Nernst—Planck equations and a stochastic model using Monte Carlo simulations were performed. Good agreement between

experiments and theory was found.

B INTRODUCTION

Nanofluidics is an important emerging field within nano-
sciences that promises interesting applications in materials
science, engineering, and biomedical research among other
disciplines."~** The unique transport properties of solid-state
nanocannels, which resemble several functional features of
biological channels, such as ion selectivity and ionic-gating, has
sparked the interest of “nanoscientists” worldwide and has
increased their willingness to use these nanoarchitectures as
nanofluidic elements.”~”

Several approaches to the construction of artificial nano-
metric fluidic devices have been developed, from biological to
fully abiotic designs,” each of them with particular advantages
and disadvantages. Among the most common problems is the
lack of mechanical stability exhibited by biological pores, and, in
the case of artificial pores, the main issue is that the type of
material that can be used strongly depends on the fabrication
technique. For example, the focused ion beam technique
demands that the thickness of the substrate that would contain
the nanopore does not exceed few hundreds of nanometers.”’
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In this regard, the track-etching method emerges as one of
the most interesting procedures for obtaining abiotic nano-
channels. The main advantage of this technique is its flexibility
to tailor the geometry and size of the nanochannels.
Furthermore, this technique can be adapted to a wide variety
of materials. The procedure consists, first, of the irradiation of a
dielectric foil with swift heavy ions. The ion tracks created by
the ions are subsequently dissolved by chemical etching.
Appropriate etching conditions are chosen depending on the
template material. Thus, for example, for typical condensation
polymers such as polycarbonate or polyethylene terephthalate,
the etching procedure consists of an alkaline hydrolysis using
highly concentrated alkali solutions. Ultimately, this procedure
allows the reproducible fabrication of nanoscale channels, "’
with tailored geometry (e.g., conical, cylindrical, biconical) and
controlled diameter (>10 nm).
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The possibility of regulating the nanochannel geometry is of
paramount importance because a longitudinal asymmetry in the
geometry of a nanochannel yields an asymmetric ionic
conductance that produces a diode-like, non-ohmic behavior,
i.e., rectification in the ionic current."'* In addition, it has been
shown that the rectification of ionic currents through
nanochannels stems from changes in the selective transport
of ions and, consequently, has a strong dependence on the
surface charge of the channels, both in sign and magnitude.
Therefore, in order to regulate the rectification of a
nanochannel and the selective transport of ionic species it is
necessary to regulate the surface charge of the nanochannel in a
controlled manner. This can be done by a number of means,
like electroless deposition or chemical functionalization as well
as by sputtering and atomic layer deposition."*~"” This is the
reason why surface modification of nanopores and nano-
channels has become an important object of study of a number
of research groups.

On the other hand, electrostatic self-assembly of polyelec-
trolytes represents a method that has been used in the past few
years to obtain smart and functional devices in a variety of
confined geometries.'® Even though promising applications of
this supramolecular method have been shown (regarding its
versatility and simplicity), the behavior of 2polyelectrolytes in
confinement is not yet fully understood.'”™*"

Until now, the conformation of polyelectrolytes within
nanochannels has been studied by means of gas-flow porometry
and scanning electron microscopy. These investigations
revealed that polyelectrolytes tend to form either nanowires
or nanotubes for smaller and larger nanochannels diameters,
respectively.””>* However, these experiments were performed
in dry conditions, and consequently, the information about the
conformation of the polymers cannot be extrapolated to
nanofluidic experiments in which polymers are in a hydrated
state. In this regard, theoretical modeling and fitting can be
used to obtain information about the effect of the confinement
of the polymers in aqueous environments. There are several
examples in the literature about the advantages of theoretical
approaches to understand the behavior of species under
nanometric confinement.”**>

In the present work, we have modified the surface of a solid-
state nanochannel with the polycation poly(allylamine hydro-
chloride) (PAH) and studied the concomitant changes in the
nanopore surface charge as a function of the concentration of
protons in solution. As a result, a pH-responsive nanofluidic
device displaying a fully tunable and reversible ionic
rectification was obtained and characterized. With regard to
obtaining a complete physicochemical understanding of the
system, experiments were accompanied by theoretical calcu-
lations based on the Poisson—Nernst—Planck (PNP) equations
and Monte Carlo simulations (MC). To our knowledge, this is
the first time that MC simulations have been applied to explain
experimental results in nanofluidic systems modified with
protonable species.

B EXPERIMENTAL METHODS

Materials. Poly(allylamine hydrochloride) (PAH, M,, = 15
kDa) was purchased from Sigma-Aldrich and used as received.
Single-ion-irradiated PET foils (Hostaphan RN 12, Hoechst) of
12 pm were irradiated at the linear accelerator UNILAC in GSI
(Darmstadt, Germany, http://www.gsi.de) with swift heavy
ions (Au) having an energy of 11.4 MeV per nucleon.
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Chemical Etching. Two different etching procedures were
utilized to obtain single asymmetric nanochannels from ion-
tracked foils. On the one hand, conical geometries using 9 M
sodium hydroxide as the etching solution and a mixture of 1 M
formic acid and 1 M KCl as stopping solution while applying an
electro-stopping field of 1 V were obtained. The applied
potential has two purposes: (a) it increases the nanochannel’s
cone angle and (b) it allows the monitoring of the pore
opening by observing the current flowing through the
nanochannels.”® On the other hand, to obtain more tapered
geometries, a surfactant-assisted chemical etching was used.”’
The foils were first exposed to UV light for 35 h on one side
only. The foil is subsequently inserted in an electrochemical
cell, separating two cell compartments. The compartment
facing the UV-pre-exposed polymer side was filled with etching
solution (NaOH 6 M), while the other side was filled with the
etching solution (NaOH 6 M) containing a surfactant
(DOWFAX 2Al, 0.04%). The etching process was carried
out at 60 °C for 6.5 min.

Many single-track nanochannels fabricated following the first
etching procedure had to be discarded because they did not
show ionic conductance. They were either “closed” or they
closed shortly after measurements started and reopened only
after higher transmembrane voltages were applied. Moreover,
the ion current rectification factor of these nanochannels was
much smaller than those obtained by the surfactant-assisted
procedure. The surfactant-assisted procedure resulted in bullet-
like (BL) nanochannels exhibiting high rectification factors.
Therefore, all experimental results reported here were obtained
using BL nanochannels.

Modification with Poly(allylamine hydrochloride).
Single nanochannel membranes were modified by dip coating
in an aqueous 10 mM poly(allylamine hydrochloride) solution
(in monomer units) at a pH 6 for 2 h. The membranes were
rinsed several times with distilled water and dried under
ambient conditions.

Current—Voltage Measurements. Current—voltage
curves were obtained using a potentiostat (Gamry Reference
600) with a four-electrode setup (working, working sense,
reference and counter-electrode) to minimize the contribution
from the processes occurring at the electrodes surfaces due to
the voltage drop across the cell.” In this way, we are able to
measure conductance variations arising from changes in the
nanochannel. Both the working and counter-electrode were
made of platinum, while the reference and working sense were
commercial silver/silver chloride electrodes. A homemade
conductivity cell was fabricated to avoid leakage currents; i.e.,
the compartments are connected by a single nanochannel. In all
of the experiments the working electrode was placed at the tip
of the nanochannel while the counter-electrode was placed at
the base. A 0.1 M KCI solution was used as electrolyte. The
same experimental setup has been used in all the experiments in
order to unambiguously correlate I—V plots with nanopore
surface charges.

Rectification Factor. A rectification factor (f,..), for
quantifying the rectification efficiency, was defined. In all

experiments, the definition for f,.. was
fo=x I(1V or —1V)
ree I(—=1V or 1V) (1)

Here, the current in the numerator is the largest current
value corresponding to the high conductance state, while the
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Figure 1. (a) Experimental results (gray line) and fitting with PNP model (blue dotted curve) for a bullet-like-etched PET nanochannel. Inset:
Simplified scheme showing the electrode configuration. (b) Rectification factor versus surface charge density obtained from PNP theory for a bullet-

like nanochannel. Tip diameter: 20 nm. Base diameter: 500 nm.

one in the denominator is the lowest current value
corresponding to the low conductance state. Additionally, if
the higher current corresponds to a positive voltage then the
rectification factor is multiplied by —1 (Figure 1). This
definition allows assigning a negative f,.. for the case of
negative surface charges and positive f,.. for positive surface
charges. This definition simplifies the interpretation of the
experimental results in terms of surface charge.

Theoretical Methods. Analytical Model. In order to
obtain information about the geometry and surface charge of
the nanochannels after the modification with PAH, a theoretical
modeling based on the one-dimensional PNP formalism was
used.” BL nanochannels were modeled using parameters
obtained either experimentally or from literature. Large
opening (base) diameters of ~500 nm were obtained from
scanning electron microscopy imaging of multipore membranes
(Figure S1). Other parameters such as the longitudinal profile
and the native surface charge of the nanochannel were obtained
from the literature. The surface charge density of the
nanochannel was found to be between 1.5 and 1.7 lel/nm?
With these parameters, the best fits to the experimental [-V
curves yielded a small opening (tip) diameter of 20 nm.

The basic set of equations that were used to describe the
transport through the nanochannels were the Nernst—Planck
equation

Z = —D(Ve¢; + zcVeh) ()
the Poisson equation
V2¢ = —F—2 z¢;
eRT = (3)
and the continuity equation
VI =0 (4)

where 7,-, D, z, and ¢ are the ionic flux, the diffusion coefficient,
the ion charge, and the solution permittivity inside the channel,
respectively.

Monte Carlo Simulations. MC simulations were per-
formed in order to study the influence of the nanoconfinement
on the acid—base equilibrium of a weak polyelectrolyte, i.e.,
PAH. The acid—base equilibrium has a strong influence on the
experimental output measured as transmembrane currents.
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For these studies, a simulation box containing a S nm
diameter pore with a length of 20 nm was used. Both the
monomers of PAH and the native carboxylic acid groups in the
walls of the nanochannel were considered as weak electrolytes
with the following acid—base equilibriums

-(NH,;*),— = —(NH,),— + nH"

pK, =104 (monomers in the polymer chain)

R-COOH = R-COO™ + H'
pK, =35 (charges on the pore walls)

The acidic behavior was investigated in a grand canonical
ensemble. To perform the simulations, a monomer was
randomly chosen and an attempt was made to switch its
charge state. The free energy change, AE, governing the success
of the attempt, can be described in terms of two major
contributions: the change in the Coulombic interactions
between monomers, cations and anions, AE, ., and the free
energy change corresponding to the acid—base reaction of an
isolated monomer”*’

AE = AE,, + kgT log(pH - PKi) (%)

where pH is the pH of the system and pK; is the intrinsic pK, of
the monomer or the carboxylic groups on the pore walls. The
plus sign in the equation is used when the monomer is
protonated and the minus sign when it is deprotonated.

B RESULTS AND DISCUSSION

Asymmetric nanochannels display the ability to rectify ionic
current passing through them as a function of the sign and
magnitude of the surface charges exposed on their walls.”” This
occurs, in principle, because charged nanochannels are highly
selective to ionic species of opposite sign of the surface.”
However, the mechanism underlying the rectification of ionic
currents is a more complex phenomenon. We have recently
shown that the transport number of cations in a conically
etched PET nanochannel, that bears negative surface charges
after etching, is close to 0.95 at negative voltages (low
conductance state) but close to 0.5 at positive voltages (high
conductance states) meaning that the emergence of rectifica-
tion is due to a loss of the selectivity at positive potentials
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Figure 2. (a) Scheme showing the modification of the nanochannel with PAH and the ionizable groups in the surface. (b) Experimental curves of the
modified nanochannel under different pH conditions (c). Theoretical curves of the modified nanochannel at different surface charges.

allowing both anions and cations to contribute to the transport
of current.”*

The current—voltage measurements of the nanochannel
without any further modification correspond to a negatively
charged surface (Figure la). Once the PNP modeling was
performed, an excellent agreement between experimental and
theoretical results was observed (Figure 1a). The PNP theory
correlates the current—voltage characteristics (ie., the rec-
tification efficiency) of a given nanochannel with the surface
charge. For a fixed geometry, we observed a monotonic
increase in the rectification factor upon increasing the surface
charge (Figure 1b), which confirms that a functional molecule
that can finely modify its state of charge can consequently
transduce these changes into the direction and magnitude of
the ionic transport.

The native negative charge of the nanochannels stems from
the chemical nature of PET. The hydrolysis performed during
the etching of the nanochannel leads to the appearance of
carboxylate groups on the surface. These negative groups were
used for the electrostatic assembly of PAH, a polycation that
strongly interacts with negative species (Figure 2).

After PAH modification, I-V curves at different pH values
were measured. Figure 2 shows the I-V curves for a PAH-
modified nanochannel in 0.1 M KCl measured under different
conditions and the simulated curves using the PNP model. The
change in the shape of the I-V curves follows a continuous
trend that can be clearly observed in the f,.. vs pH plots (Figure
3). In the pH range of 4—8 a reversion in the rectification
direction, i.e., reversion of f,., sign was observed. This result
was reproduced on different nanochannels.

The behavior of the rectification factor with pH showed an
extended low rectification region between pH S and 8. The
PNP model was then used to correlate rectification factors with
the surface charge density on the nanochannel walls, finding
that this region exhibits a net charge close to zero. For this
reason, we chose to refer to this region as the isoelectric region
(IR) (Figure 3). In order to quantify the variation in magnitude
and sign of the surface charge with pH, the charge was
calculated for each experimental curve measured under different
pH conditions (Figure 3b).
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The maximum value obtained for a nanochannel modified
with PAH at low pH was 1.7lel/nm?, which is close to the
native anionic charge density of the nanochannel. On the other
hand, the maximum negative surface charge obtained after the
modification at high pH was —1.1lel/nm? which is slightly
lower than the initial surface charge of the nanochannel. This
difference can be explained taking into account that negative
charges can only arise from the PET surface underneath the
PAH layer. After the modification, at high pH, the PAH starts
to deprotonate, until the net charge becomes negative due to
the ionized carboxylate groups present on the PET foil. The
fact that this net negative charge is lower than the initial value
can be explained by considering that some groups of the PAH
must remain protonated even at high pH. This was indeed
confirmed by MC simulations. They showed that the PAH
remains slightly protonated (charged) even at very high pH
values (Figure 3). Figure 3c shows 10% of the PAH amine
groups is still protonated at pH values as high as 12.
Furthermore, considering the electrostatic charges stemming
from the protonated polymer and the surface it was possible to
calculate the contributions to the surface charge arising from
the adsorbed polymer and the nanochannel surface (Figure 3b).

From these results, it can be seen that within the IR both the
native nanochannel carboxylic groups and the adsorbed
polycation remain in a highly charged state, strongly interacting
with each other.

The isoelectric region was also studied using MC simulations
after calculating the net charge inside the channel (Figure 3b,
red curve). From MC simulations we concluded that the region
between pH S and 8 (IR) can be interpreted as a region where
there is significant negative charge from carboxylate groups that
are highly deprotonated (Figure 3c, green curve) and positive
charges from the PAH amine groups which, in turn, are highly
protonated (Figure 3c, blue curve). Even though both groups
are strongly charged, local electrostatic neutralization occurs
and the net charge is zero.

Previous works have theoretically and experimentally shown
that the apparent pK, of a weak polyelectrolyte shifts by
increasing the confinement. For the case of polybases like the
PAH a shift in the pK, toward higher values is expected due to
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Figure 3. (a) Rectification factor as a function of pH calculated using
eq 1. (b) Surface charge density versus pH as derived from (i) the
fitting of the experimental I-V curves using the PNP formalism, (ii)
MC simulations, and (iii) the fitting between experimental and PNP
I-V curves. (c) Protonation degree vs pH obtained from MC
simulations.

loss of degrees of freedom.”™** These previous observations
are in agreement with our results. It is important to note that
both PNP and MC methods are in excellent agreement with
each other and also with the experimental results.

Even though the PNP model allowed us to accurately fit
experimental results, it evidenced difficulties at extreme pH
values. The maximum rectification factor obtained for the
simulations was 15 while the experimental maximum values
were ~30. The difference between experimental and theoretical
values stems mainly from ionic currents in the lower
conductivity state. For the calculation of rectification factors,
small differences in these current values may produce large
variations in the f, values (eq 1). Similar differences have been
reported previously.””””*” One of the causes of these
discrepancies could be an inhomogeneity on the surface charge
that might exist in real nanochannels and that is not taken into
account in the theory.

Also, it is important to take into account that the PNP model
assumes that the charge is one-dimensional while in our
experiments the charge is expected to have a tridimensional
distribution due to the presence of the adsorbed polymer.*’ In
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this regard, it was theoretically shown that in nanochannels
modified with polyelectrolytes with a degree of polymerization
of 40 rectification factors up to 42 can be reached.”” Further
research needs to be performed in order to address these
questions.

Another important issue to address was the system’s
reversibility, ie., the capacity of exposing the system to
successive cycles of extreme pH values without losing its
responsiveness. It has been shown that in planar substrates, the
application of extreme pH and ionic strength conditions can
lead to the disassembly of polyelectrolyte multilayers, especially
when constituted of weak polyelectrolytes.*' = This feature
has been used for drug delivery by controlling the disassembly
of multilayered structures containing specific molecules inside.
However, in the case of nanofluidic applications pH-induced
disassembly of the functional layer is undesired. Testing the
reversibility by changing the pH of the electrolyte solution
successively between 2.5 and 10.5 confirmed the robustness of
the modification procedure (Figure 4).
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Figure 4. Reversibility test: The frec were calculated from experiments
measured at extreme pH successively. A high reversibility is observed.

High rectification efficiencies were obtained for each cycle.
Normal f,.. for surface modified nanochannels are around ~S.
We obtained f,.. of ~30 which are comparable with the ones
obtained for nanochannels modified with densely charged
polymer brushes that required more complex synthetic
protocols. The fact that the PAH remains inside the
nanochannel even upon the exposure to extreme pH can be
explained considering the protonation degree of the poly-
electrolyte obtained from MC simulations (Figure 3). These
results reveal that at low pH PAH is fully protonated, while the
carboxylate groups are not. On the other hand, at high pH, the
carboxylate groups are fully deprotonated while the PAH is not.
However, even at extreme pH values such as 2 or 10 there are
carboxylate and amine groups that still remain unprotonated or
protonated, respectively, allowing electrostatic interactions to
restrain the PAH from leaving the channel.

The functional features of this experimental system closely
resemble those observed in biological KcsA ion channels. This
family of ionic channel proteins shows pH and voltage-
controlled ion gating.44 As can be seen in Figure 5, there is a
pH-induced on—off switch at a fixed voltage. This behavior is
then reversed by applying the opposite voltage. This means that
by applying different combinations of pH and voltage the
selective transport of ionic species can be fully regulated.
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Figure S. Ionic currents measured at different pH and transmembrane
voltages. These results show the gating capacity of a PAH-modified
nanochannel. Different combinations of pH and voltage allow control
of the selective passage of ions through the nanochannel.

B CONCLUSIONS

We demonstrated a simple and highly effective way to control
the ionic transport properties of asymmetric nanochannels in
the presence of different proton concentrations in solution. The
procedure consisted of coating a hydrolyzed nanochannel-
containing foil with a weak polycation, poly(allylamine
hydrochloride). Poisson—Nernst—Planck equations were used
to calculate the surface charge densities under different pH
conditions, and Monte Carlo simulations were performed to
study the relationship between the protonation degrees of the
PAH layer and the ionizable surface groups on the nanochannel
wall, and the solution pH. We showed that the ionic transport
properties of the nanochannel are governed by a delicate
interplay between the negatively charged carboxylic groups of
the nanochannel walls and the positively charged primary
amines on the PAH layer. It is shown that the shift in the
protonation degree of amino and carboxyl groups prevents the
removal of the PAH layer from the nanochannel due to
presence of residual charges, even in the case of extreme pH
conditions. Furthermore, the capabilities of the system to act as
a biomimetic pH- and voltage-controlled ionic gate were
demonstrated. Taking into account that simple derivatization of
pendant amino groups of the polyallylamine layer with different
chemical groups can endow nanochannels with predefined
responsiveness or multiple functions, we believe that these
results can inspire further research toward advanced design of
nanofluidic devices.
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