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alcium ions play a key role in cell bio-
chemistry, being involved in plant
growth and development, the mod-
ulation of cell death, and the regulation
of neuronal excitability. Many biochemical
processes involve the calcium binding and
subsequent blocking/reduction of ionic cur-
rents that occurs in the ion channels." Cyclic
nucleotide-gated (CNG) ion channels acti-
vated by cyclic guanosine monophosphate/
adenosine monophosphate (cAMP/cGMP)
play a vital role in the visual and olfactory
sensory systems of vertebrates? These
channels are cation selective and conduct
different monovalent as well as divalent
cations. However, under physiological con-
ditions they preferably permeate Ca®" ions
due to the presence of specific binding
site(s) in the selectivity filter of the pore.>*
The Ca* binding inside the pore effectively
blocks the monovalent cation current,>®
leading to a reduction of channel conduc-
tance and playing a central role in the signal
transduction of the visual system.” The
binding of divalent and trivalent ions to
internal sites is responsible for the gating
of the current in many ion channels.' ™"
The interaction between the charges
fixed on the channel surface and the mobile
ions in solution is usually crucial in the above
phenomena. Remarkably, the ionic equilib-
rium and transport observed in artificial
nanopores with pH-sensitive fixed charges
confined over small volumes can mimic
some of the processes characteristic of ion
channels.”>3° The nanoscale pores consti-
tute then a convenient model to study
the basic physical chemistry involved in
the more complex biological phenomena.
The control of the pore geometry and the
surface functionalization allows some of
the functionalities characteristic of wide ion
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ABSTRACT Gl

dum binding to fixed
charge groups confined
over nanoscale regions

I(nA)

is relevant to ion equi-

librium and transport in
the ionic channels of

the cell membranes

and artificial nanopores.

We present an experimental and theoretical description of the dissociation equilibrium and transport

in a single conical nanopore functionalized with pH-sensitive carboxylic acid groups and phosphonic

add chains. Different phenomena are simultaneously present in this basic problem of physical and

biophysical chemistry: (i) the divalent nature of the phosphonic acid groups fixed to the pore walls and

the influence of the pH and calcium on the reversible dissociation equilibrium of these groups; (ii) the

asymmetry of the fixed charge density; and (jii) the effects of the applied potential difference and

caldum concentration on the observed ionic currents. The significant difference between the

carboxylate and phosphonate groups with respect to the caldum binding is dearly observed in the

corresponding current—voltage (/—V) curves and can be rationalized by using a simple molecular

model based on the grand partition function formalism of statistical thermodynamics. The /—V curves

of the asymmetric nanopore can be described by the Poisson and Nemst—Planck equations. The

results should be of interest for the basic understanding of divalent ion binding and transport in

biological ion channels, desalination membranes, and controlled drug release devices.
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current—voltage curves

channels.'>147162031735 previous relevant
studies have concentrated on different
effects of calcium-induced voltage gat-
ing in narrow pores (current fluctuations
and transient phenomena, negative in-
cremental resistance and ratchet effects,
precipitation-induced processes, and local
charge inversion).2>26:2836

We present here experimental and theo-
retical descriptions of the effects of calcium
binding on ionic transport for the case of a
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Modification of as-prepared COOH nanopores with APPA
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Figure 1. (a) Experimental /—V curves of a single conical nanopore measured in a 0.1 M KCI (pH = 9.0) aqueous solution prior
to (M) and after (o) modification with APPA molecules. (b) Rectification ratio obtained from the respective IV curves.

single conical nanopore bearing ionizable carboxylic
acid and phosphonic polyacid chains. The nanostruc-
tures are fabricated by means of the asymmetric track-
etching procedure®® and incorporate functional chemical
(phosphonic acid) groups onto the pore surface and inner
walls by the covalent coupling of surface carboxylic acid
moieties with 3-aminopropylphosphonic acid (APPA) via
carbodiimide coupling chemistry. The phosphonic acid
groups display multiple pK, values” which generate
different protonation/deprotonation states that can be
modulated by the external solution pH. In fully ionized
form, these groups act as binding sites for Ca®* ions.

The high surface/volume ratio of the nanopore pro-
duces significant electrical double-layer effects on the
calcium binding. Different phenomena are simulta-
neously present in this problem: (i) the nature
(monovalent or divalent) of the charge groups fixed
to the pore walls and the influence of the pH and
calcium concentration on the reversible dissociation
equilibrium; (ii) the asymmetry of the fixed charge
density; and (iii) the effects of the calcium concentration
on the current—voltage (/I—V) curves. The significant
difference between the carboxylate and phosphonate
groups with respect to the binding phenomena is
clearly observed in the [V curves and can be rationa-
lized by using a simple molecular model based on the
grand partition function formalism of statistical thermo-
dynamics. The results obtained involve basic physical and
biophysical chemistry concepts and should be of interest
for the understanding of divalent cation binding and
transport in biological ion channels, desalination mem-
branes, and controlled release units because of the
calcium ion relevance and the fact that single pore tracks
are the elementary constituents of membranes~*

RESULTS AND DISCUSSION

Experimental Results. Figure 1a shows the experimen-
tal -V curve of a single, as-prepared conical nanopore
with carboxylic acid (COOH) groups measured at
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concentration ¢s = 0.1 M KCl in the external agqueous
solutions. The /I—V curve measured after pore modifica-
tion with APPA molecules and the schemes of the pore
chemical functionalities are also included. The value / > 0
corresponds to the cation flowing from the narrow (tip)
toward the wide (base) opening of the conical nanopore.
Figure 1b shows the rectification ratio obtained from the
respective |-V curves of Figure 1a. The results of
Figure 1a correspond to pH = 9.0, where the ionized
carboxylate (—COO™) groups are negatively charged and
the anion (CI™) concentration is much lower than the
cation (K™) concentration in the pore solution. The high
conductance state (V > 0) corresponds to the cations
entering first the negatively charged cone tip, and the
low conductance state (V < 0) corresponds to these
carriers entering first the (almost neutral) cone basis.
The increase in the fixed charge concentration of the
APPA-modified pore with respect to the as-prepared
pore causes a significant increase in the concentration
of electrical carriers (the cations here), and then the ionic
current rectification characteristic of the pore also in-
creases (Figure 1a). The nanopore rectification character-
istic is described by the ratio r between the electric
current in the conductive and nonconductive pore states
obtained at a given voltage. The ratios arer~5and r~ 10
for the as-prepared and APPA-modified pore, respec-
tively, at V=2V, in agreement with the high fixed charge
concentration of the APPA-modified pore.

Figure 2 shows the experimental |-V curves and the
charge state of the pore modified with APPA molecules
in (a) the absence and (b) the presence of Ca®" ions
(1 mM CaCly) in the background electrolyte solution at
the pH values indicated in the respective /—V curve.
The pK,; and pK, values of the two ionizable hydroxyl
groups in the attached phosphonic acid (—POsH,)
moieties are ~4.5 and ~7.7, respectively.?’ The pH
dictates the dissociation state of the weak acid moi-
eties in the pore and thus is relevant for ionic equilib-
rium and transport properties,'3~ 123874043745

VOL.6 = NO.10 = 9247-9257 = 2012 K@LNMLJ\)\

WWwWW.acsnano.org

9248



APPA-modified nanopore: experimental curves
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Figure 2. Experimental /—V curves of the nanopore modified with APPA molecules in (a) the absence and (b) the presence of
Ca?t (1 mM CaCly) in the electrolyte (0.1 M KClI) solution at the pH values indicated in the curves. The estimated pore
dimensions are 12 um (length), 260 nm (pore base diameter), and 6 nm (pore tip diameter).

The pH-dependent -V curves of the modified
nanopore in the absence of Ca>" ions (Figure 2a) were
discussed previously.'® In alkaline conditions (pH = 9 >
pK.»), the fully ionized phosphonate (—PO3%7) groups
produce high positive currents and rectification values.
At intermediate pH conditions (pH =5, pK,; < 5 < pK,2),
the phosphonic (—POsH™) groups give a negative
charge density lower than the corresponding value at
pH = 9 and then a decrease in the current (from 1.58
to 0.57 nA) and the rectification r (from ~10 to 4.6)
values at +2 V. For the acidic condition pH = 3 < pKj,;,
complete protonation of the phospohonic (—POsH,)
groups produces a neutral pore with a quasi-linear [—V
curve (no rectification).

Figure 2b shows the experimental /—V curve of the
modified nanopore in the presence of Ca®" ions (1 mM
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CaCly) in the electrolyte (0.1 M KCl) solution under
different pH conditions. It is evident from the /—-V
curves measured at pH = 3 and 5 that the Ca*" ions
do not induce any change in the ion transport through
the pore when the phosphonic acid moieties are in
fully (—POsH,) and partially (—POsH™) protonated
states. Under these conditions, no binding of Ca®" ions
with the —POsH, and —POsH™ groups occurs. On the
contrary, at pH = 9 > pK;,, at which the phosphonate
(—PO527) groups are in the completely ionized state,
a relatively low concentration of Ca*" ions (1 mM) in
the external solutions dramatically changes the |-V
curve (note that the monovalent potassium K* ions
are in the 100 mM range). The binding of Ca*" with the
divalent —PO5%™ group results in the neutralization of
the pore charge, and consequently, the pore switches
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Effect of CaCl, concentration
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Figure 3. Experimental /-V curves of (a) the as-prepared COOH pore and (b) the APPA-modified pore at different CaCl,

concentrations in a 0.1 M KCI (pH = 9) solution.

from the highly conductive state to the low conductive
state. The Ca?" binding decreases the ionic current
carried by the K* ions, as observed in biological ion
channels.">®? For example, the suppression of the
monovalent cation current and the concomitant low-
ering of channel conductance have been noted in the
CNG ion channels of rod photoreceptors upon the
binding of Ca®* ions with the glutamate residues in
the pore®~'° However, the decrease of the current
observed in our case should be ascribed to the decrease
of the mobile ion concentration caused by the low
charge density in the pore after neutralization rather
than to the steric pore blocking (ionic occlusion) that
occurs in the narrow ion-specific biological channels.

Remarkably, Ca®" binding is absent at pH = 5,
indicating that the binding constant is much higher
for the doubly charged —PO;?~ groups than for the
singly charged —PO3H™ ones (note the similarity of the
two [—V curves (Figure 2) in the absence and presence
of Ca®" ions in the electrolyte solution at pH = 5). This
fact clearly suggests that the binding constant should
be much lower than 10°> M~ in this case, contrarily to
the doubly charged —PO5%" group case (pH = 9). The
values in the range 10—10°> M~" have indeed been
previously reported®*=%**3=%% for monovalent (e.g.
—COO7) groups. Finally, the pore is neutral at pH = 3,
and the /-V curve is again quasi-linear.

Figure 3 shows the changes in the experimental |-V
curves of the (a) as-prepared pore and (b) APPA-
modified pore with CaCl, solutions of different con-
centrations prepared in the same electrolyte (cs=0.1M
KCland pH =9). As expected, calcium binding is absent
in the case of the pore with monovalent —COO™ groups
(Figure 3a) at calcium concentrations in the 1 mM
range. Contrarily, for the case of the modified pore
bearing divalent —PO5>~ groups, binding occurs even
at very low calcium concentration, leading to a drastic
change in the current carried by K* ions from the tip
toward the base of the conical pore. The presence of
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only 10 uM calcium led to a ~85% decrease in the ionic
current at 42 V (Figure 3b). This fact suggests that the
effective binding constant should be on the order of
10° M~ in this case.

We may compare the effective Ca®* binding constants
found here with those of ion channels. For the singly
charged —PO3sH™ group, the binding constant should be
lower than 10> M~". On the contrary, for the doubly
charged —PO5*~ group, this constant should be on the
order of 10> M™". Models describing the gating of single
calcium-dependent potassium channels have considered
low- and high-affinity sites with effective constants lower
than 10* M~ and higher than 10" M, respectively, for
Ca”" binding? Also, effective constants for Ca>™ binding
in calcium channels are on the order of 10> and 10° M™"
for low- and high-affinity binding (see refs 9 and 10 and
references therein). Some calcium channels' are inacti-
vated when the concentration of Ca®" rises above 107
to 107® M, suggesting binding constants on the order of
10° M. It has also been reported previously that calcium
binds to multiple carboxylate groups with very high
effective binding constants. 2>

Note also the saturation (and, in some cases, small
decrease) of | with V that occurs at high calcium
concentrations, presumably because of some partial
pore blocking.?®*” The decrease in the ionic currents of
Figure 3b is more pronounced for the more concentrated
CaCl, solutions. Eismann et al. have also investigated the
effect of different Ca®* concentrations on the conductance
of the CNG channel. By increasing the Ca*>" concentration,
the observed current was progressively suppressed due to
the binding of Ca*" ions with the high affinity pore sites,
blocking the monovalent cation current.’

Figure 4a shows the I—V curves of the APPA-modified
nanopore obtained for asymmetric additions of Ca®*" in
the left (cone tip) and right (cone base) external solutions.
Clearly, the charge state of the narrow region around the
cone tip, which is the zone where the electrical double
layer effects are significant, dictates the calcium binding
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APPA-modified nanopore
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Figure 4. (a) I-V curves of the APPA-modified pore with asymmetric addition of Ca?" (1 mM CaCl,) in the electrolyte
(0.1 M KCI) solutions at pH = 9.0. (b) lonic currents measured at 2 V upon reversible binding and unbinding of Ca*"
(1 mM CaCly) with the phosphonic acid groups of the APPA-modified pore during different cycles.

and the ionic transport.22%%47 |t should be mentioned
here that the rectification ratio of biological ion channels is
also strongly dependent on the side of the channel where
the blocking ion is added (examples concerning the ions
Ca?" and Mg?" in potassium and calcium channels can
be found in ref 1;a recent study concerning the ion La>™ in
the bacterial porin outer membrane protein F, OmpF,
channel can be found in ref 11).

Figure 4b shows the ionic currents obtained upon
reversible binding and unbinding of Ca*" with the
doubly charged —PO5*" groups in the modified nano-
pore. The currents observed for the different cycles after
washing the pore show that the binding of Ca®>" with
—PO5%™ groups is approximately a reversible process,
in agreement with previous studies.'®

Theoretical Results. Divalent ion binding to acid
groups is significant in controlled drug delivery with
ion exchange fibers,*4394% jonic gels,*® and the lipid

N
I

=2—0h —20c, =2 —/1H<

bilayers of biological membranes." We make use of
a simple molecular model* based on the statistical
thermodynamics formalism of Hill*® and Ben-Naim*° to
estimate the number of effective (negative) charges in
the phosphonic groups. The model has the advantages
of simplicity and generality because it introduces only
the minor structural information needed while provid-
ing some molecular background.?**°

Figure 5a shows the different states of the functional
groups attached on the APPA-modified pore, and
Figure 5b gives the grand partition function terms for
these states. In this figure, 4; is a magnitude pro-
portional to the activity of ion i, and Z; is the ionic partition
function (including the binding energy).”> The term
corresponding to a phosphonic group with two negative
charges is taken as unity (a reference value). From the
grand partition function g, the average number 6, (0 <
0, < 2) of effective charges in a phosphonic group is*

dlng dlng
an ) ~%a < 9ca )

242 x 10PKa — PHalvol

(m

142 x 10PK ~ PHelvol 4 10PKn +PHe; = 2PHe2luol 4 K, ccpelvol

where we have taken into account that the pH value
and the calcium concentration in the pore solution,
which are denoted by overbars in Figure 5b, differ from
those values in the external solution because of the
Donnan factors e/*l for hydrogen and e2'*°! for cal-

cium, where3%44
0,X0\°
< X 0) +1
2¢s

is the Donnan potential in RT/F units.>® In eq 2, X,
is the maximum value of the volume fixed charge

1/2
0:Xo /

2¢s

+

[¥pl = In (2
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concentration and X = 6,X, is the effective value of
this concentration. Constants R, F, and T are the gas
constant, the Faraday constant, and the absolute tem-
perature, respectively. Note that the model involves
only the volume fixed charge concentration X at the
pore tip. It is the pore region where the interaction
between the ions and the pore surface is more intense,
and this interaction will eventually determine most of
the nanopore characteristics.>3%47

Figure 5c shows the effective charges in a phos-
phonic group calculated in the absence and presence
of calcium for different values of the binding constant
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A simple molecular model for the dissociation equilibria
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Figure 5. (a) Different ionization states of the functional groups attached on the APPA-modified pore. (b) Grand partition
function for these states. The overbars denote the pH and calcium concentration values in the pore solution, which differ from

those values in the external solution because of the Donnan equilibrium.

3944 () Effective number of charges in a phosphonic

group (6,) for the cases of the absence and presence of 1 mM CaCl, in the 0.1 M KCI electrolyte solution. The curves are
calculated for two values of the binding constant Kc,. (d) Influence of the binding constant in the theoretical /—V curves for

different CaCl, concentrations at pH = 9.0.

Kca with ¢ = 0.1 M KCl. We have taken pK,; = 7.7 and
pKa2 = 4.5 according to previous results obtained with
this nanopore functionalization.'**” The theoretical
curves describe the dissociation equilibrium of the
fixed charge groups as a function of the pH in the
external solution and the assumed value for the cal-
cium binding constant. In the absence of calcium, the
double S-shaped curve describes the two successive
deprotonations of the phosphonic group that occur
approximately at the pH values given by the two pK,
values above. In the presence of calcium, the Ca®"
ions enter the pore from the external solution and
compensate for the negative charges of the phos-
phonic groups (the effective number of negative

ALI ET AL.

charges per group is then lower than two). We have
considered finally if the significant increase in the
Ca’" binding observed for the phosphonate groups
might also be obtained by simply increasing the
density Xp in the case of the carboxylate groups.
The fact is that doubling the density of the car-
boxylic groups while keeping the binding constant
values significantly lower than those in Figure 5c has
only a minor effect on the equilibrium (results
not shown). It is the “electrostatic pocket” effect
caused by the phosphonic groups on the Ca®" ions
(described here by the high values assigned to the
effective binding constant) that determines the
current decrease.
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APPA-modified nanopore: theoretical curves
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Figure 6. Calculated /—V curves for a nanopore modified with APPA molecules in (a) the absence and (b) the presence of Ca%*
(1 mM CaCl,) in the 0.1 M KCl electrolyte solution at different pH values. The current is scaled to a normalization current /, that
depends on the nanopore and electrolyte solution characteristics.

The steady-state ionic transport is governed by the
one-dimensional Nernst—Planck equations'*3%>"

. F
Ji= -Di (%JrZiC‘* dﬁ)

dx 'RT dx 3)

the Poisson equation

d’¢ _
dx2

—F(3zici) — X/ @)

and the continuity equation

dJ;

where J;, D; c¢ix), and z; are the flux density, the
diffusion coefficient, the local concentration, and the

ALI ET AL.

charge number of ion i. The variable x denotes the
axial pore coordinate, ¢ is the electrical permittivity,
and ¢(x) is the local electric potential. Note that we ignore
the convective motion (electro-osmotic flow) of the
fluid because it is the (narrow) cone tip that dominates
the transport over the nanoscale volume.*' In general,
egs 3—5 must be solved numerically, and details of the
solution procedure can be found elsewhere3%47°152
The results obtained with the above transport model
are shown in Figures 5d and 6. We have introduced D; =
2 x 10~ m?/s for all ionic diffusion coefficients and 12 um
(length), 260 nm (pore base diameter), and 6 nm (pore tip
diameter) for the nanopore dimensions. The surface charge
density o= 0.2 e nm ™2, where e is the elementary charge,
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APPA-modified nanopore: results with Mg
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Figure 7. Experimental /—V curves of (a) the APPA-modified pore at fixed MgCl, concentration (2 mM) at different pH, (b) the
same pore in the absence and presence (concentration 10 mM) of ions Mg2+ and Ca®" at pH = 5, and (c) the same pore at
different MgCl, concentrations at pH =9. In all cases, cs = 0.1 M KCl. The estimated pore dimensions are 12 um (length), 380 nm
(pore base diameter), and 12 nm (pore tip diameter). (d) Calculated /—V curves at different MgCl, concentrations, cs = 0.1 M
KCl, and pH = 9. The current is scaled to a normalization current /, that depends on the nanopore and electrolyte solution

characteristics.

gives Xo = 0.1 M at the pore tip region, in agreement with
our previous analysis for a similar nanopore.'* Figure 5d
shows the influence of the binding constant on the
calculated /—V curves for different CaCl, concentrations.
This theoretical curve can be compared qualitatively with
the experimental data of Figure 3b and suggests that
the effective binding constant of calcium to the divalent
phosphonic group should be on the order of 10° M™".
Figure 6 shows the calculated -V curves for the
pore modified with APPA molecules in the absence
and presence of calcium at different pH values. The
currents have been scaled to a normalization current /,
that depends on the pore geometry (the tip and base
radii of the cone and its length), the maximum fixed
charge concentration, and the electrolyte characteristics. It
is clear that the theoretical curves are able to describe the
observed experimental trends of Figure 2, which shows
that continuum approaches can approximately describe
the transport phenomena observed with these nanopores
because the pore radii are much larger than the ionic size.”'
While the model predicts qualitatively similar I—V
curves for different divalent ions, the decrease in the
current with the ion concentration (Figure 3b) depends
on the particular binding constant assumed (Figure 5d).
Therefore, different divalent ions should show different
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blocking phenomena. Sensitivity to block by specific
divalent ions is another characteristic of ion channels.'
In particular, Mg*™ ion is also present in intracellular
fluids and influences significantly the rectification phe-
nomena in ion channels.'

Figure 7a shows the experimental [-V curves
of the APPA-modified pore obtained at fixed MgCl,
concentration at different pH conditions. The results are
qualitatively similar to those obtained in Figure 2b for
CaCl,. Figure 7b corresponds to the same pore in the
absence and presence (concentration 10 mM) of diva-
lent Mg®" and Ca®" ions at pH = 5. The results are similar
for the two divalent ions (absence of current decrease at
pH = 5). Finally, Figure 7c considers the case of different
MgCl, concentrations at pH = 9, and Figure 7d shows
the theoretically calculated /—V curves. If we compare
Figure 3b with Figure 7c, it becomes clear that the
binding of Ca*" to the pore fixed charges is stronger
than the binding of Mg?" (note also the different
binding constants in Figures 5d and 7d). The different
individual properties of divalent ions in solution deter-
mine also the degree of binding to specific sites ob-
served inion channels.” In particular, the dynamic nature
of the effective hydration shells of Ca®* and Mg*" is
significantly different,®® and in the dissolved state, Mg**
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binds hydration water tighter than that of Ca* " ions. This
fact could explain the relatively weak interaction of
Mg*" with the doubly charged phosphonate group.

CONCLUSIONS

We have presented a qualitative phenomenological
description of the calcium binding to fixed charge
groups confined over nanoscale regions and its influ-
ence on the ionic currents through a pore. The dissocia-
tion equilibrium and ionic transport in a single conical
nanopore functionalized with pH-responsive carboxylic
acid and phosphonic polyacid chains have been ana-
lyzed experimentally and theoretically. Different equi-
librium and transport phenomena relevant to the
ion channels of cell membranes and artificial nanopores

MATERIALS AND METHODS

Polyethyleneterephthalate (PET) membranes (Hostaphan RN
12, Hoechst) with a thickness of 12 um are irradiated at the
Helmholtz Centre for Heavy lon Research (GSI, Darmstadt) by
single swift heavy Au ions of energy 11 MeV/u. The ion tracked
PET membrane is then irradiated with UV light (50 W/m?) for
15 min from each side to sensitize the latent tracks for the
subsequent etching process. N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC, 98%, Fluka), pentafluoro-
phenol (PFP, 99+%, Aldrich), and 3-aminopropylphosphonic acid
(APPA; 99%, Aldrich) are then used in order to achieve the
appropriate chemical modifications.

Fabrication of Single Conical Nanopores. The asymmetric track-
etching technique by Apel et al. is employed to obtain the single
conical nanopores in the PET membranes.?® A single-shot PET
membrane located between the two halves of the conductivity
cell serves as a dividing wall between the left compartment
filled with an etching solution (9 M NaOH) and right compart-
ment with a stopping solution (1 M HCOOH + 1 M KCl). During
the etching process occurring at room temperature, a potential
difference of —1 V across the membrane gives a zero current,
provided that the channelis not etched through. When the pore
breakthrough occurs, a sudden increase in current to typically
~100 pA, together with significant current fluctuations, is
observed. The stopping solution on the other side of the
membrane then neutralizes the etchant coming from the left
compartment of the cell. The etching process is terminated
when the current is approximately stable and reaches a value of
~150—300 pA after a certain fixed interval of time. The etched
pore is washed with a stopping solution to quench the etchant
inside the nascent pore as well as with deionized water. Finally,
the resulting membrane is immersed in deionized water over-
night to remove all residual salts.

Immobilization of Polyprotic Acid Chains. Due to the ion irradia-
tion and subsequent chemical etching process, carboxyl (COOH)
groups are generated on the surface and inside walls of the pore.
These COOH moieties constitute the sites that permit further
pore functionalization by appropriate surface chemistry. To
this end, the COOH groups of the pore surface are activated by
carbodiimide coupling chemistry. In the activation process,
ethanolic solutions of EDC (200 mM) and PFP (400 mM) are
prepared separately and mixed together, achieving the final
concentrations of 100 mM EDC and 200 mM PFP. Subsequently,
the single-pore membrane is immersed for 60 min in the activa-
tion solution at room temperature. The surface COOH groups
are then converted into amine-reactive pentafluorophenyl esters
in this activation process. After washing with ethanol several
times, the single-pore membrane is dipped in an aqueous
ethanolic solution of 3-aminopropylphosphonic acid (20 mM)
overnight, and reactive PFP esters are covalently coupled with the
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are simultaneously present in this basic problem of
physical and biophysical chemistry: (i) the charge
state of the groups fixed to the pore and the
influence of the pH and calcium on the revers-
ible dissociation equilibrium of these groups; (ii) the
asymmetry in the fixed charge density; and (iii) the
effects of the applied potential difference and cal-
cium concentration on the observed ionic currents.
The physical models are based on simple but plau-
sible assumptions and make use of well-established
concepts of the statistical thermodynamics and
transport phenomena of electrolyte solutions. The
results should be of interest for the basic under-
standing of divalent ion binding and transport in
biological ion channels and synthetic membranes.

primary amine group of APPA in this process. Finally, the resulting
membrane is washed with ethanol and deionized water.

Current—Voltage Measurements. The APPA-modified mem-
brane is fixed between the two halves, forming the conductivity
cell. The /—V curves are measured using a 100 mM KCl electro-
lyte solution at different pH values (adjusted by dilute HCl or
NaOH solutions) in the two cell halves. Different concentra-
tions of CaCl, and MgCl, can also be used in the electro-
lyte solutions. The Ag/AgCl electrodes are located in the re-
spective half-cell solutions, and a picoammeter/voltage source
is employed to apply the potential difference. The resulting
jonic currents through the single pore are measured with
a scanning triangle voltage (from —2 to +2 V) applied on the
tip pore side, while the base side is connected to the ground
electrode.
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