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Single Solid-State lon Channels as Potentiometric

Nanosensors

Gergely T. Solymosi, Gyula Jdgerszki, Levente Illés, Péter Fiirjes, and Robert E. Gyurcsdnyi*

Single solid-state nanopores are powerful tools for resistive pulse sensing
(RPS), but fabricating nanopores to selectively detect the smallest analytes,
such as inorganic ions, remains challenging. This problem is tackled by
introducing chemically functionalized single gold nanopores (GNPs) as
solid-state ion channels with potentiometric transduction. The “selectivity
filter” is established by modifying the nanopore interior with a mixed
self-assembled layer containing perfluoroalkane, ion exchanger, and
ionophore. The hydrophobic nanopore interior excludes bulk electrolyte and
“routes” the ion transport to the functionalized inner surface, which provides
ion selectivity. The combination of low resistivity and suppression of active
component loss overcomes key barriers to the extreme miniaturization of
conventional ionophore-based ion-selective electrodes. Here, the proof of
concept is shown for selective silver ion sensing with functionalized
nanopores of only 10 nm radius. The new “selectivity filter” provided

Ag™ selectivities exceeding those of biological ion channels, enabling robust
ion measurements with unprecedented miniaturization, but without the need
for subnanometer pore size control. The versatility of nanopore

1. Introduction

Miniaturization in ion-selective potentiom-
etry was initially driven by the need to assess
local extra- and intracellular activities.?] It
had a major impact on experimental phys-
iology, as essentially all cellular, physiolog-
ical, and pathological phenomena that oc-
cur in cells are accompanied by ionic con-
centration changes.’] Later, the potentio-
metric micro- and nanosensors found fur-
ther applications that exploit their high spa-
tial resolution, such as measuring ion con-
centration gradients in various biological
and environmental samples or mapping ion
concentrations over surfaces in scanning
electrochemical microscopy.“7! Their fab-
rication was, and still is, largely based on
pulling glass and quartz capillaries to obtain
pipette-shaped barrels with tip diameters
mainly in the low micrometer range (i.e.,

functionalization paves the way for fabricating single GNPs tailored to
sensing and transporting other ions, while also advancing the mechanistic
understanding of selective ion transport in functional nanoporous materials.
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micropipettes). The construction is simi-
lar to the fabrication of glass micropipettes
used to manipulate minute volumes!®° and
of micropipette reference electrodes used
for action potential measurements (i.e., mi-
cropipettes filled with concentrated chlo-
ride ion-containing electrolyte solutions
that are electrically contacted via Ag/AgCl wires). The earliest
ion-selective microelectrodes were needle-type H*-selective glass
electrodes with tip diameters of ~100 pm, just small enough
to fit into the largest cells.’l Later, sodium- and potassium-
selective glass microelectrodes could be produced,!!! eventually
with tip diameters under 1 um.[""] The implementation of ion-
selective liquid membranes based on ion exchangers"'*) and,
most importantly, on highly selective ionophores!**1>] has broad-
ened the range of measurable ions, also providing selectivities
up to the challenge of physiological measurements. Such ion-
selective micropipette electrodes are prepared to have the ion-
selective membrane (ISM) containing the active components—the
ionophorel'1¢-18] and/or the ion-exchanger!!21*l—as a hydropho-
bic viscous liquid plug in the tip of the micropipette, the lumen of
which is filled with an electrolyte solution electrically contacted
via an Ag/AgCl wire. The miniaturization of ion-selective mi-
cropipette electrodes faces important challenges that include, be-
sides their obvious fragility and difficulty of fabrication, the high
specific resistance of the ISMs (10*~10° Q c¢m)."”) Hence, owing
also to their needle-like geometry, the resistance of liquid mem-
brane microelectrodes with submicron diameter tips approaches
10" Q2% which could not be significantly reduced by adding
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lipophilic salts to the membrane.[2!l Therefore, for practical appli-
cations, ion-selective micropipette electrodes were usually minia-
turized only to a few hundred nanometers, and the smallest re-
ported tip diameters are justunder 100 nm.[?223] Not surprisingly,
nanopipette reference electrodes devoid of the high-resistivity
ISM plugs have been reported with much smaller tip diame-
ters, down to ~50 nm.[**l Another major caveat of micropipette
electrodes is the gradual loss of membrane components into the
sample solution, dramatically limiting their lifetime.[?>26] This af-
fects all ionophore-based membranes but is markedly enhanced
by miniaturization due to the minute amounts of active compo-
nents and the fast 3D mass transport inherent to nanoscale point
sources. Not even solid-state membranes can avoid this problem,
and thus, the smallest precipitate-based nanoelectrodes had to be
protected from dissolution by external coating.?”] While several
innovative fabrication methods were introduced to improve the
robustness of potentiometric nanoelectrodes—based on solid-
contact recessed electrodes (%500 nm)[28] or carbon nanopipettes
(~800 nm),[29)—they still had constraints in terms of lifetime and
extreme miniaturization due to the conventional ISM composi-
tion.

To overcome these limitations and explore the fundamental
limits of ISE miniaturization, an unconventional approach is
required—one that addresses the paradox of retaining the ac-
tive components in the ISM while reducing its resistivity. This
challenge can be met by switching from bulk (polymeric or
solid-state) materials used in conventional ISMs to functional-
ized nanoporous materials. If the nanopores’ diameter is suf-
ficiently restricted, their appropriately functionalized inner sur-
face can control the residence of ions to establish ion selectiv-
ity, i.e., mimicking the “selectivity filter” of biological ion chan-
nels. We have chosen gold nanopores (GNPs) to exploit their
versatile chemical modification with thiol derivatives known to
form high-density (up to ~4.5 x 10 molecules cm=?) self-
assembled monolayers (SAMs).3%l Previously, we demonstrated
using ~6 um-thick gold-coated track-etched polycarbonate mem-
branes with high pore density that functionalization of the in-
ner walls of sufficiently narrow, straight-through nanopores with
thiol- or dithiolane-bearing analogs of the active components
of conventional ISMs can lead to ion-selective membranes.3!32]
Our findings largely relied on Martin’s pioneering work to syn-
thesize such gold nanoporous membranes!*}| as well as our own
efforts to introduce ionophores that self-assemble on gold.?*l
Understanding the potentiometric behavior of nanopores!*!
as well as the formation of multicomponent self-assembled
monolayers in concave nanoconfinements—with compositions
tailored for ion selectivityl®!323¢37]—proved equally important.
However, transferring this approach from multipore to single-
pore systems presents significant technical challenges. Prior
studies(332] on high-pore-density gold membranes indicated that
ion selectivity could only be achieved when the average pore
radii were as small as 1.5-2.5 nm based on gas permeation
measurements—dimensions that are difficult to attain in single
solid-state nanopore fabrication on a routine basis. Yet, these esti-
mates may be skewed due to the broad pore size distribution and
the non-uniformity of gold coating in such systems. Thus, in this
study, we sought to investigate whether a single, solid-state GNP
could be fabricated and chemically modified to function as an
ion-selective nanochannel for potentiometric nanosensing—an
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approach that would push the limits of miniaturization in ion-
selective sensing.

Herein, we report that ion-selective single GNPs nanofabri-
cated in submicron-thick silicon nitride/gold membranes via fo-
cused ion-beam milling and subsequent functionalization with
functional thiol derivatives can serve as potentiometric ion
nanosensors, offering the utmost potential for miniaturization.
By tailoring the nanopore surface, we could produce highly Ag*-
selective single GNPs with radii as small as 10 nm, making
these—to the best of our knowledge—the smallest potentio-
metric ion sensors ever fabricated. We confirmed that even at
this extreme level of miniaturization, analytically meaningful dy-
namic ranges and near-Nernstian responses can be achieved—
comparable to those of conventional-sized electrodes. Besides
the previously mentioned examples,3238] potentiometric trans-
duction in solid-state nanopore sensors is exceedingly rare and
so far has been limited to the detection of large analytes (e.g.,
polyions,3¢! and proteins!®*!) using multipore membranes. In
contrast, our approach enables—for the first time—the direct,
reversible, and selective measurement of a small inorganic
ion with a single solid-state nanopore sensor. This fundamen-
tally distinguishes it from most other single-nanopore sensing
strategies, which rely on indirect detection. Specifically, such
methods typically monitor ionic currents through nanopores
or ion channels gated by the target ion, where the recorded
signal reflects the modulation of an ionic current carried by
a background electrolytel**] or an ionic marker!* at high
concentration.

2. Results and Discussion

The structure of single GNPs and the cell setup used for elec-
trochemical measurements are presented in Figure 1. A sin-
gle nanopore was “drilled” by focused ion beam (FIB) milling
in a 350 nm-thick double-layered membrane (Figure 1b) con-
sisting of a 200 nm-thick low-stress non-stoichiometric sil-
icon nitride (SiN,) supporting layer, a 5 nm-thick titanium
(Ti) adhesion layer, and a 150 nm-thick gold (Au) layer en-
abling surface functionalization via the chemisorption of func-
tional thiol and disulfide derivatives. This composite membrane
was suspended on a 380 um-thick silicon (Si) frame for easy
handling.

The transmission electron micrograph of the single GNP
cross-section (Figure 1c) indicates a truncated cone shape with
an approximate half-cone angle of 5.0 + 0.8° (n = 4) with the
narrower orifice in the Au layer. The single nanopore membrane
was mounted in a transport cell to separate two solution com-
partments (Figure 1a), both electrically connected via a double
junction Ag/AgCl reference electrode to a high input impedance
voltmeter for measuring the membrane (transpore) potential.
The potential difference between the two sides of a nanopore
connecting electrolyte solutions is determined by the relative
transport rates of different charge-sign ions across the pore. If
the transport rate of the cations exceeds that of the anions, a
net positive charge builds up on the receiving side, leading to
a positive membrane potential. Hence, for a selective Ag* re-
sponse, the primacy of cation transport needs to be established
first, which can be done conveniently by functionalizing the gold
nanopore with a negatively charged thiol derivative, in this study,
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Figure 1. Functionalized single GNPs for selective ion sensing. a) The electrochemical cell setup for potentiometric single GNP measurements.
b) Schematic cross-section of the axially symmetric single GNP membrane (not drawn to scale). In all experiments, the gold and silicon nitride sides
contacted the inner and outer (sample) compartments, respectively. c) Transmission electron micrograph of the single GNP cross-section. d) Schematics
of the inner pore wall of the Ag*-selective single GNP modified with a mixed self-assembled layer of three functional thiol-derivatives—Ag* ionophore
(L) with two terminal lipoic acid moieties (SS-Ag-Il), sulfonated alkanethiol (MDSA) as cation exchanger (IE), and hydrophobic (H) perfluoroalkanethiol
(PFT). Please refer to Table S1 (Supporting Information) for the chemical structure of the functional thiols.

10-mercapto-1-decanesulfonate (MDSA). The potential of a per-
fectly cation-permselective pore in a symmetrical cell obeys the
Nernst equation:

RT. &'
E,=—In— 1
m ZiF n uig ( )

where E,, is the membrane potential , 4 and a* are the activities
of the cation in the sample and inner solution compartments, R
is the universal gas constant, T'is the absolute temperature, F is
the Faraday constant, and z; is the charge number of the cation.
The permselectivity of the hydrophilic, MDSA-modified 12 nm-
radius single GNP is confirmed (Figure 2a) by the positive, close-
to-Nernstian slope of the potentiometric response as a function
of the cation activity in the sample solution (a}’). As expected for
hydrophilic, water-filled pores that are large enough to accom-
modate hydrated ions (i.e., larger than ~1 nm(*)), no discrimi-
nation is observed between ions of the same charge.l*! The hy-
drophilicity of the MDSA-decorated surface was confirmed by the
water contact angle (~15°) measured on a similarly modified flat
gold surface (Figure S5a, Supporting Information). All monova-
lent cations tested, ranging from small hydrophilic cations (e.g.,
Li*) to large lipophilic cations, such as tetramethylammonium
(Me,N*) or tetraethylammonium (Et,N*), behaved similarly. The
potential response to H* had an extended Nernstian range, prob-
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ably indicating a slight selectivity toward H*. These results are
presented in Figure 2a, where the potential response for all tested
ions is shown across a broad concentration range (107°-10~"! M),
obtained using the exponential dilution method (detailed in the
Experimental Section). This approach yields high-resolution cali-
bration curves—with ~2000 individual concentration points. For
clarity, only every 150th data point is displayed, which is suffi-
cient to capture any subtle deviation from the ideal Nernstian re-
sponse.

For any selectivity that extends beyond size- and charge-based
discrimination, it is essential to force the ions to dehydrate and
incur an energy penalty upon entering the pore.*’*] Nature uses
the subnanometer-wide constriction of the ion channels of ex-
citable cell membranes!*! to differentiate among ions based on
minute size and hydration differences. This has been mimicked
by shrinking solid-state pores to subnanometer diameters to cre-
ate ion sieves.>*2] However, such an approach is excessively
demanding in terms of engineering pores with subnanometer
size control. Therefore, we opted to turn the inner pore walls hy-
drophobic and take advantage of selective ion complexation by
ionophores. Ionophores are used in conventional ISMs to over-
ride the Hofmeister selectivity pattern that scales with the hydra-
tion energy of the ions.>3] For the single gold nanopore, such
a complex functionality was achieved by modifying the inner
walls with a 10:5:1 molar ratio ternary mixture of a disulfide-
bearing Ag*-ionophore (SS-Ag-1I), the cation-exchanger MDSA,
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Figure 2. Potential responses of functionalized single GNPs. a) Potentiometric calibration curves of a hydrophilic cation-exchanger 12 nm-radius single
GNP modified with MDSA. b) The potentiometric calibration curves of a hydrophobic Ag*-selective 12 nm-radius single GNP functionalized with a 10:5:1
mixture of SS-Ag-Il, MDSA, and PFT. In all cases, the inner solution contained 1073 M KNO; and was free of Ag* ions. c) Mean potential responses and
standard deviations (n = 4) of Ag*-selective single GNP functionalized as in (b) but with different inner solutions containing no or 107 m AgNOjs in
1073 M KNOjs. All potentiometric calibration curves were recorded with exponential dilution (only each 150th recorded potential is shown). The inserted

triangles show the Nernstian slope.

and a highly hydrophobic perfluoroalkanethiol (1H,1H,2H,2H-
perfluorodecanethiol, PFT). The choice is based on theoretical
considerations and taking into account the SAM-forming prop-
erties of the 3 components. According to the established phase
boundary model, ion selectivity for a given ionophore and ion ex-
changer is governed primarily by their ratio. In our system, with
1:1 ion/ionophore stoichiometry and a monovalent primary ion
(Ag*), the theory predicts the widest tolerance,>*! i.e., the se-
lectivity is preserved provided the ionophore is present in excess
relative to the ion-exchanger. We therefore had to ensure this con-
dition while using PFT solely to fine-tune pore hydrophobicity.
Achieving the desired SAM composition, however, is far from
straightforward, as multicomponent SAMs on gold rarely reflect
the composition of the modifying solution. Typically, PFT incor-
porates preferentially, followed by bulky neutral species such as
ionophores, while charged components like MDSA are incorpo-
rated least efficiently due to electrostatic repulsion. To maintain
a robust ionophore excess, we limited the ion-exchanger to 50
mol% relative to the ionophore. Water contact angle measure-
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ments on planar gold surfaces, analyzed using Cassie’s law, con-
firmed the strong preference for PFT incorporation in binary
PFT-MDSA SAMs (Figure S5, Supporting Information). Even
at a solution ratio of just 1:5 (PFT:MDSA), the resulting surface
coverage reached ~56% for PFT. Based on these findings, we re-
stricted PFT to ~0.1 molar ratio in the ternary mixture, while em-
ploying ~0.6 ionophore and ~0.3 MDSA.

The potential response (Figure 2b) of the resulting 12 nm-
radius Ag*-selective single GNP—which yielded the best
performance—clearly validates that a single properly functional-
ized nanopore can achieve a selective Ag* response. The poten-
tiometric response to Ag* ions was by ~350 mV more positive
than the response to the rest of the ions, suggesting potentio-
metric selectivities of at least 6 orders of magnitude for Ag* over
most ions (Table 1). The single functionalized GNPs that had
never been in contact with Ag* (the inner solution was 1073 M
KNO,) exhibited a marked super-Nernstian response. The super-
Nernstian response, also well-known in conventional polymeric
ISMs,[°¢1 is characteristic of highly selective and affine ISMs,
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Table 1. lon selectivity of functionalized single GNPs. Logarithmic selectivity coefficients, IogKZZ/j, of Ag*-selective (with ionophore) and MDSA-PFT-

modified cation-permselective (w/o ionophore) single GNPs were determined potentiometrically with the “unbiased” separate solution method using
an inner solution of 1073 M KNOj free of Ag*. Three different single GNPs with diameters of 12.5 + 2.5 nm were used to determine the mean values

and their standard deviation.

interfering ion, j H* Lit Na* K+ Cs* Me,N* Et,N* Mgt Ca?* Cu?* Zn?* Pbt

GNP with ionophore —4.4 + —6.4 + =59+ =57+ -6.7+ =57+ -6.1+ -6.8 + —6.6 + 49+ 6.2+ 6.2+
23 0.9 0.6 0.4 0.5 0.2 1.1 1.0 0.9 1.5 0.8 1.0

GNP w/o ionophore -0.1+ -2.0+ -0.8 + -0.4 + 2.7+ —0.4 + -19+ 24+ -0.0 + -2.6+ 24+ -28 +
1.4 1.6 0.8 0.6 0.6 0.5 13 1.7 0.9 2.1 2.1 1.9

further supporting the high Ag* selectivity and affinity of the
single GNPs. Super-Nernstian responses are generally attributed
to the primary ion uptake of unconditioned membranes. At Ag*
concentrations below 107> M, this uptake rate is large enough to
deplete the solution layer adjacent to the membrane of Ag* ions,
which in turn determines the phase boundary potential. Notably,
the lack of primary ion (Ag*) in the inner solution is a driving
force of the inward ion flux. However, this is imperative to un-
biasedly assess the potential response to discriminated ions and,
consequently, the potentiometric selectivity coefficients!>’l—the
primary objective of these experiments. The calibration with Ag*-
conditioned nanopores and 10™*M AgNO, in the inner solu-
tion, which effectively eliminated the super-Nernstian response
(Figure 2c), supports that the super-Nernstian response origi-
nates from the strong inward Ag* flux. The conditioned ion-
selective GNPs exhibited Nernstian slopes (59 mV per decade)
and surprisingly low limit of detections of ~100 nM. We must
emphasize that although the calibrations using exponential di-
lution are performed from high to low Ag* concentrations, the
potential response of conditioned Ag*-selective GNPs is fully re-
versible and repeatable, as shown in Figure S6 (Supporting In-
formation). Control experiments confirmed that these GNPs ex-
hibit practically no redox sensitivity (Figure S7, Supporting Infor-
mation) and are suitable for endpoint detection in precipitation
titrations, such as the titration of CI~ with AgNO, (Figure S8,
Supporting Information).

To quantify the selectivity of the single GNPs, we deter-
mined the potentiometric selectivity coefficients (Kgm) using the
Nikolsky-Eisenman formalism and the “unbiased” separate so-
lution method:(5738

) (2)

where i and j denote the primary ion (Ag*) and the interfer-
ing cations, respectively, E° is the intercept of the calibration
curve, and the Nernst factor (RT/F) is 59 mV per decade at
25° C. The logarithmic selectivity coefficients for representative
cations are compiled in Table 1. The potentiometrically deter-
mined selectivity coefficients are essentially weighting factors
that capture the contribution of the different interfering cations
to the measured potential. Hence, a logarithmic value of —7.0
for Li* indicates that Ag* is preferred by 7 orders of magni-
tude over Li*. In conventional, fully optimized PVC membranes,
the same thiacalixarene ionophore can achieve selectivities of up
to ~10 orders of magnitude for common inorganic cations.>!
With all components immobilized, our single-nanopore system

vg

_p o RT pot
E=E +Z‘Flog a;+ K" g,

1
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still achieves selectivities exceeding 6 orders of magnitude for
most ions—remarkably, this also applies to lipophilic ions such
as tetraalkylammonium, which are notorious for interfering with
all polymeric ISM.I®! The potentiometric response of cation-
permselective single GNPs modified with PFT and MDSA, but
without ionophore, revealed no or much lower selectivity for Ag*
ions than with the ionophore. This confirms that the selectivity is
dominantly determined by the SS-Ag-II ionophore immobilized
within the nanopore lumen.

The original hypothesis behind the ion selectivity of function-
alized single nanopores is that the inner surface properties dom-
inate the entire pore lumen and effectively eliminate bulk trans-
port. The resolution of FIB milling limited the smallest achiev-
able pore radius to ~10 nm, although the smallest reproducibly
fabricated size was slightly larger at 12 nm. This supports our
original hypothesis that the smaller pore sizes (r < 2.5 nm) re-
ported for functionalized multi-pore gold membranes!] are bi-
ased, i.e., the gas permeation calculations by which the small pore
radii were determined are skewed most likely by unaccounted
non-idealities in the gold plating process, such as non-uniform
deposition within the high aspect ratio multipore membranes
(~30 nm diameter and 6 um length), as well as the possibility
that some pores were entirely closed during plating.[**) Hence,
these are the first highly selective solid-state ion channels based
on functionalized single GNPs with individually controlled and
determined pore sizes devoid of averaging effects. This made it
possible to investigate the effect of pore radius on the ion selectiv-
ity from ~70 nm down to 10 nm. The resistance of Ag*-selective
single GNPs increases steeply with decreasing radius (Figure 3a),
owing to the quadratic decrease in nanopore cross-section. Cal-
culating the specific resistance, assuming the nanopore behaves
as a truncated cone-shaped homogeneous conductor, yields ~500
Q cm—2 to 3 orders of magnitude lower than the resistivity of
conventional polymeric ISMs.[1¢1] Equally importantly, the pore
radius also significantly impacts the selectivity coefficients of the
Ag*-selective single GNPs, as shown for K* as the interfering ion
(Figure 3a). Nanopores with radii over 20 nm are essentially non-
selective, giving equal potentiometric response to K* and Ag*.
Under 20 nm, however, the potentiometric selectivity increases
dramatically with shrinking radius, eventually reaching 8 orders
of magnitude for the smallest nanopores with a 10 nm radius.
This approach closely resembles the inherent selectivity of the
thiacalixarene ionophorel®”)—a remarkable outcome, consider-
ing the still very large pore size compared to the size of the ions
and the typical constrictions of the selectivity filters of natural ion
channels, which are at least 1 order of magnitude smaller.[%?] Tt is
unlikely that such extraordinary ion selectivity can be achieved if

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85U801 7 SUOLILLIOD AINRID 3ot [dde 8y} Aq peuIeAob 88 So o1 YO ‘9SN J0 S8INI 10} ARIq1T BUIIUO AB|IM UO (SUONIPUOD-PUE-SWLISYW0D A8 | M AReiq 1 BU1|UO//:SANY) SUONIPUOD pue Swis | 84} 88S *[520Z/2T/0E] U0 AkeiqiT auliuo A8 |1 IOMBN Uosessey elieBunH usy-UnH Ad 262615202 WIPe/Z00T OT/I0p/L0d A8 | im Ale.q Ul U0’ peoueApe//sdny Wolj pepeojumoq ‘0 ‘8Z0£9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

a
of [ -E 15
0 o ~-a
- ’
9 14
2F -
x + ln' 8.
go ' L 13 2
x '4- l|l g
8) |' @
o | Y 12 D
6 : g
8 1!
- o\\—»
8t 0o O----me oo odo

radius (nm)

www.afm-journal.de

b 100
s §
hydrophobic Ag*-selective GNP
10 g Lo
- 0---0---0---0--_g
G - - - 0.
Q S~
~ o,
[}] \
o 1L N
c N
Bt N
2 N
(%] ©
&’ E 5 .\
01 \
\
N
hydrophilic cation-exchanger \.
0.01 1 1 1 1 1

104 10° 102 10" 10°
[KNO4] (M)

Figure 3. Single GNP resistances and selectivities. a) Electrical resistances (red circles) and potentiometrically determined logarithmic selectivity co-
efficients (black squares) of Agt-selective single GNPs as a function of their inner radius. b) Resistances of hydrophilic cation-exchanger (filled black
circles) and hydrophobic Ag*-selective (empty red circles) 10 nm-radius single GNPs as a function of electrolyte concentration.

a bulk aqueous solution was present in the pore lumen. Hence,
while the Ag* selectivity of the single GNP is induced over the
cation permselectivity by the ionophore (see Table 1), the hy-
drophobicity imparted by the PFT may be equally important, as
only a hydrophobic pore interior is expected to be free of bulk
aqueous solutions. This assumption is supported by compar-
ing the electrical resistances of hydrophilic MDSA-functionalized
and hydrophobic Ag*-selective GNPs as a function of the elec-
trolyte concentration (Figure 3b). The resistance of the hydropho-
bic Ag*-selective single GNP remains practically independent of
the electrolyte concentration, suggesting that the concentration
of ions in the nanopore is determined exclusively by the amount
of cation exchanger on the inner pore wall. In contrast, the hy-
drophilic ion-exchanger nanopore shows a clear dependence on
the concentration of the solution, indicating the presence of bulk
electrolyte solution in the nanopore. In this case, the resistivity
of the nanopore is determined by the electrolyte concentration in
the nanopore. When the electrolyte concentration drops below
the equivalent concentration of the surface charge of the inner
pore wall (i.e., the concentration of monovalent cations compen-
sating the surface charge density), the resistance becomes con-
stant.

The very low resistivity of the Ag*-selective single GNPs sug-
gests that they may transport ions rapidly, resembling their nat-
ural counterparts that are known to transfer up to 10° ions
per second (~0.2 pA).*") Given the larger dimensions of our
nanopores—natural ion channels have subnanometer radii—it
seemed conceivable that they could pass pA-level currents with-
out significant deterioration in their function. While resistances
notexceeding 5 GQ are well manageable by high-input-resistance
(10" Q) voltmeters, they still permit tiny currents. Consider-
ing the minute cross-sectional area of the single GNPs, these
currents can lead to surprisingly high current densities. For in-
stance, in a 10 nm-radius pore, already 1 fA would yield a cur-
rent density of 0.3 mA cm~2. Such current densities may result
in concentration polarization and even a complete breakdown
of the potentiometric response. Therefore, we used a galvano-
stat to measure the potentiometric response of a 10 nm-radius
Ag*-selective single GNP under current control. Minute nega-
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tive and positive currents (3 fA-50 pA) were applied to generate
a cation flux toward and from the inner solution, respectively. As
shown in Figure 4, the Ag*-selective single GNP demonstrated
remarkable resilience to current-induced polarization. The low,
fA range, currents do not affect the dynamic range of the sin-
gle GNP-based ions-selective electrodes; however, the iR drop can
offset the intercept of the calibrations. Since the resistance of the
cell is determined by the resistance of the nanopore, the IR drop
is inherently pore size dependent. Hence, a small variation in ei-
ther the instrumental current or the nanopore size can lead to a

300 | -
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— ~4"‘;:"', : \v
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E 100 - 10pA p---p---p @ 0
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Figure 4. Effect of current-induced polarization on the potentiometric re-
sponse. Potentiometric calibration curves of a 10 nm-radius Ag*-selective
single GNP were measured for Ag* in chronoamperometric mode at 50 pA
(W), 10 pA (»), 1pA (#),3 A (H), —1pA (A), —10 pA (@). The internal
solution was 1072 M KNOj; and 10™* m AgNO;. The cross-sectional area
of a 10 nm-radius nanopore is 3.1 x 107'2 cm?; thus, 1 pA corresponds to
a current density of %0.3 A cm~2. The inset indicates the Nernstian slope.
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Figure 5. Effect of methanol exposure on the potential response. Potentiometric calibration curves for AgNO; were measured with a PVC-based Ag*-
selective membrane a) and a 12 nm-radius Ag™*-selective single GNP b) before (blue dashed traces with squares) and after (red solid traces with circles)
immersion into 10 mL stirred methanol for 4 h. The inner solutions contained 107> M KNO; and 107 m AgNO;. The calibration curve of the single
nanopore was recorded with exponential dilution (1 symbol shown for every 150 points measured). The insets indicate the Nernstian slope.

variation in the intercept (the calibration curves shift vertically).
Indeed, we observed variations in the intercepts of the calibration
curves across different GNPs, even when using identical inner
solutions. Specifically, for four GNPs with radii within the 10—
12 nm range, the standard deviation of the intercept was +46 mV.
However, this variation does not hinder their analytical utility.
For any given GNP sensor, the pore size—and consequently the
resistance—is fixed; therefore, once an individual calibration is
performed, as is customary for all ion-selective electrodes, the
sensor can be reliably used for quantitative measurements.

The potentiometric calibration at +1 pA preserved the linear
range of zero-current potential measurements, best approached
by +3 fA (potential time trace is shown in Figure S9, Support-
ing Information). Even at +£10 pA, the Ag*-selective single GNP
maintained a monotonic potentiometric response, albeit with
slightly super-Nernstian slopes for negative currents and reduced
Nernstian ranges for positive currents.>! This clearly indicates
that the applied current generated Ag* fluxes through the func-
tionalized GNPs.I] Only at 50 pA did the nanopores fail to pro-
duce a concentration-dependent membrane potential. Hence, the
Ag*-selective single GNP remained operational up to at least 0.3
A cm2, whereas conventional ion-selective membranes usually
cannot sustain current densities over 107% A cm~? without the
breakdown of their Nernstian behavior.[**] Even when their resis-
tance is not performance-limiting, conventional polymeric ISMs
can still fail under high-current conditions due to the migra-
tion of active membrane components (i.e., the ionophore and
the ion exchanger),l®) which perturbs the equilibrium at the
solution-membrane interfaces.[®*l In contrast, the Ag*-selective
single GNP, with its immobilized active components, demon-
strated greater resilience in its potentiometric response to cur-
rent polarization. To further assess the stability of these immobi-
lized components, the Ag*-selective single GNP was subjected to
an accelerated extraction test by immersion in methanol for 4 h—
a solvent in which all active components are soluble and which is
known to render ionophore-based plasticized PVC membranes
ineffective.l?1:%] Ag a control, the same procedure was applied to
conventional ISMs containing the same Ag* ionophore. Figure 5
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presents the potentiometric Ag* calibration curves before and
after methanol immersion. While the conventional ISM mem-
branes completely lost their Ag* activity-dependent potential re-
sponse (Figure 5a), the Ag*-selective single GNP retained, and
even slightly improved, its response (Figure 5b).

3. Conclusion

By controlling the inner surface chemistry of gold nanopores
via self-assembly of a hydrophobic ternary layer incorporating,
most importantly, an ionophore, we could transform cation-
permselective nanopores unable to discriminate between cations
of the same charge into highly Ag*-selective single GNPs. This
“selectivity filter”, largely independent of the charge, polarity, and
size of the ions, led to Ag™ selectivities that seem to far exceed
those of biological ion channels®? and of solid-state nanopores
studied in the context of ion-transport-related applications.[67-%]
Of note, owing to the special chemical dressing of the nanopore,
this extraordinary selectivity for a small inorganic ion has been
achieved at very large pore sizes, i.e., #1 order of magnitude
larger than the restriction of the selectivity filters in biological
ion-channels. The potentiometric signal transduction of a func-
tionalized single GNP results in a transpore potential that scales
with the logarithm of the ion activity down to a concentration
of ~100 nM. This and the direct detection of the ions are apart
from engineered single biological nanopores!*!7%! with a stochas-
tic current response. The performance of the functionalized
single GNPs addresses the main deficiencies of micropipette-
type ISEs (Table S2, Supporting Information), enabling robust
ion measurements at an unprecedented level of miniaturiza-
tion, but without the need for subnanometer control over the
pore size. The current polarization experiments support selec-
tive ion transport through the pore that could be at the core
of selective ion delivery at the nanoscale and may have further
application in electrodialysis and energy harvesting.[’!l The ver-
satility of thiol-based surface chemistryl*”! should, in the fu-
ture, enable the convenient fabrication of new single GNPs for
sensing, transporting, and separating other ions, integration in
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microfluidic devices!”?! or scanning probe microscopes, as well
as serving as a platform for mechanistic understanding of selec-
tive ion transport.

4. Experimental Section

Chemicals: ~ All salts, inorganic acids, and bases were of analytical
grade and supplied by Merck (Germany) or Sigma—Aldrich (US). Aqueous
solutions were made with ultrapure deionized water prepared using a Mil-
lipore Direct-Q 3 UV water purification system (Merck Millipore, US). A.R.
grade absolute ethanol was purchased from Molar Chemicals (Hungary).
The thiol-bearing Ag*-selective ionophore, 1,3-alt-5,11,17,23-tetra-tert-
butyl-25,27-bis (10-hydroxy-decyloxy)-26,28-(3,9-dithia-6-oxaundecane-
1,11-diyloxy)thiacalix[4]arene (SS-Ag-1l), was synthesized as previously
described.?*] Sodium 10-mercapto-1-decanesulfonate (MDSA) was
synthesized according to the recipe of Turyan and Mandler.”3] The
organic reagents for the synthesis of the SS-Ag-Il, the MDSA, and the
perfluorinated thiol-derivative, 1H,1H,2H,2H-perfluorodecanethiol (PFT),
were supplied by Sigma—Aldrich.

Fabrication of the Single GNPs: Single gold nanopores (GNPs)
were fabricated by combining conventional bulk silicon micromachining
and subsequent nanofabrication processes. First, a 200 nm-thick non-
stoichiometric silicon nitride (SiN,) layer was deposited on both sides of a
380 um-thick silicon substrate by low-pressure chemical vapor deposition
(LPCVD) using dichlorosilane and ammonia as precursors. Then, a 5 nm-
thick titanium (Ti) adhesion layer followed by a 150 nm-thick gold (Au)
layer was deposited by electron beam evaporation on one side of the wafer
and patterned by lift-off lithography. The silicon-nitride layer on the oppo-
site side was removed in a 700 X 700 um2 window by reactive ion etch-
ing using CF,/O, plasma (Figure S2-2.A,B, Supporting Information). The
thus-exposed silicon was anisotropically etched away in a concentrated
KOH solution, producing a 160 x 160 um2 SiN, /Au membrane defined by
the developing (100) silicon crystal planes. Finally, single nanopores were
drilled in the SiN, /Au membranes from the SiN, side by focused ion beam
(FIB) milling using accelerated Ga* ions. The pore size was controlled
through the applied ion current and drilling time. To avoid the deteriora-
tion of pore geometry due to electrostatic charging effects, an additional
sacrificial 200 nm-thick aluminum (Al) layer was deposited on the SiN,
side of the membrane by electron beam evaporation and grounded during
the ion milling. Before further functionalization of the nanopore, the sac-
rificial Al layer was removed by wet chemical etching in phosphoric acid
solution. The detailed fabrication technology is presented in the Support-
ing Information.

Characterization of the Single GNPs: The radii of the single GNPs
were determined by scanning electron microscopy (SEM) immediately
after fabrication using the same cross-beam setup. The generated sec-
ondary electron yield was mapped, and the pore radius was estimated
by intensity profile analysis (Figure S3, Supporting Information). To ob-
tain the precise pore geometry, cross-sectional analysis was performed
by high-resolution transmission electron microscopy (HRTEM/XTEM).
A typical cross-sectional profile is presented in Figure Tc. The de-
tailed characterization of the single GNPs is given in the Supporting
Information.

Functionalization of the Single GNPs: The gold layer of the single
GNPs was functionalized by overnight immersion at 25 °C in dilute,
deoxygenated, continuously stirred ethanolic solutions of the thiol- and
disulfide-bearing reagents. After modification, the nanopore chips were
thoroughly rinsed with ethanol and then deionized water. Hydrophilic
cation-permselective single GNPs were prepared by immersion into
0.1 mM MDSA solution. Hydrophobic cation-permselective single GNPs
were modified in a solution containing 0.1 mM MDSA and 0.02 mM PFT
(5:1 molar ratio). The Ag*-selective functionalization was performed in
two steps. First, the single GNP was immersed for 20 h in a solution con-
taining 0.2 mM SS-Ag-I1, 0.1 mM MDSA, and 0.02 mM PFT (10:5:1 molar
ratio). Then, the concentration of PFT was raised to 1 mM, and the single
GNP was incubated for an additional 1h. A summary of the modifications

Adv. Funct. Mater. 2025, 19292 €19292 (8 of 10)

www.afm-journal.de

Table 2. Compositions of the solutions used for the functionalization of
nanopores.

Hydrophilic Hydrophobic Ag*-selective
cation-permselective cation-permselective
MDSA 0.1mM 0.1mM 0.1mM
PFT - 0.02 mM 0.02 mM
SS-Ag-l - - 0.2 mM

is presented in Table 2. The structures of the thiol- and disulfide-bearing
reagents are shown in Table S1 (Supporting Information).

Electrochemical Cell Setup: Before assembly in a Teflon transport cell
(Figure S1, Supporting Information), the functionalized gold nanopore
chips were dried in a vacuum. Then they were sandwiched between 2
disk-shaped holders that contained outward-opening cone-shaped holes
in their center to allow the contact of the single GNPs with the electrolyte
solutions on their two sides (Figure S1b, Supporting Information). The
holders were padded with circular rings made from Parafilm M (Bemis,
US) to ensure watertight fits between the nanopore chip and the hold-
ers. The holder—chip assembly was mounted into a two-chamber transport
cell (Figure Sla, Supporting Information). The two cell chambers were
filled with aqueous electrolyte solutions. A double junction Ag/AgCl ref-
erence electrode (Metrohm, Switzerland)—filled with 3 m KCl and 1 m
KNOj as the inner and outer filling solution, respectively—was immersed
in each solution compartment. The reference electrodes were connected
to a Gamry Reference 600 Potentiostat. The electrical resistances of the
nanopores were determined via cyclic voltammetry in a two-electrode
setup. The voltammograms were recorded with a scan rate of 50 mV s™!
between —200 and 4200 mV vs the open circuit potential of the cell. The
electrical resistances were calculated as the inverse of the slopes of the
linear current—voltage curves.

Potentiometric Measurements: The inner and sample compartment
reference electrodes were connected to the galvanostat as working and
reference/counter electrodes, respectively, for potentiometric measure-
ments. 1073 M KNOj; was chosen as the default inner solution, and
5.107° m KNO; was used as background electrolyte in the sample com-
partment. Both the inner and the sample solution were continuously
stirred during measurement. The membrane potential was recorded in
chronopotentiometric mode at “zero-current”, which meant a residual in-
strumental current of <5 fA. Potentiometric calibration curves for the pri-
mary ion (Ag*) and interfering cations were recorded separately using the
exponential dilution method.[%374] First, a 1072 m concentration of the ni-
trate salts of the respective cations was established in the sample compart-
ment. Then the background electrolyte (i.e., 5-107 M KNOs) was pumped
via a peristaltic pump into the sample compartment at a flow rate (w) of
5 mL min~! by keeping the volume of the solution (V) constant at 15 mL.
This was achieved by continuously draining the stirred sample compart-
ment at the corresponding fluid level. Under these conditions, the concen-
tration of the electrolyte (c) decays exponentially in time (¢) from its initial
value (cg):

c(t) =¢p e_%t 3)

As the membrane potential depends logarithmically on the electrolyte
concentration, the measured voltage changes linearly with time in the
Nernstian range of the calibration curve:

RT
E(t) ~ E®+ = logc(t) = Epeg — —— — 4
() z,-FogC() =0T F R Q)

where the time needed for a tenfold dilution of the solution (¢ ) is:

15mL

———— 23 = 7mi 5
S5mL/min min ©)
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OriginPro2018 was used to process the measurement data. First, the
voltage—time curves were transformed into voltage—log concentration
curves using the conversion:

logc (t) = logey — (6)

L
Vin10

Then, a 200-point (=1 Hz) FFT filter was applied to the raw data to
remove high-frequency noise. Finally, the log concentration values were
transformed into log activity values using the two-parameter Debye—
Hiickel approximation.[’>] The measured cell voltage values were shifted
to account for the difference between the potentials of the inner and outer
reference electrodes and the asymmetry of the membrane. The membrane
potential is defined as zero when the sample solution was identical to the
inner solution (i.e., 1073 M KNO3).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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