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Nanoscale pores exhibit transport properties that are not seen in micrometre-scale pores, such as increased ionic concentrations
inside the pore relative to the bulk solution, ionic selectivity and ionic rectification. These nanoscale effects are all caused by the
presence of permanent surface charges on the walls of the pore. Here we report a new phenomenon in which the addition of
small amounts of divalent cations to a buffered monovalent ionic solution results in an oscillating ionic current through a
conical nanopore. This behaviour is caused by the transient formation and redissolution of nanoprecipitates, which temporarily
block the ionic current through the pore. The frequency and character of ionic current instabilities are regulated by the potential
across the membrane and the chemistry of the precipitate. We discuss how oscillating nanopores could be used as model systems
for studying nonlinear electrochemical processes and the early stages of crystallization in sub-femtolitre volumes. Such nanopore

systems might also form the basis for a stochastic sensor.

Channels and pores in biological cells control almost every
physiological function of living organisms!. Nanopores act as
valves for ions, much as diodes and transistors act as valves for
electrons and holes. Both also use tiny amounts of charge to
control macroscopic flows>’. Both synthetic and biological
nanopores have begun to play an important role in
biotechnology as sensors for viruses, DNA, proteins and other
molecules*®. Nanopores offer a suitable environment to design
sensors with low detection limits, to study the behaviour of
molecules in sub-femtolitre volumes, and to give insight into the
fundamental science of interactions of ions and charged
molecules at the nanoscale’ .

The transport properties of nanopores differ greatly from those
of micrometre-sized pores because the increased surface-to-volume
ratio in nanopores causes ions and molecules passing through the
nanopore to be strongly influenced by the properties of the pore
walls. In particular, charged pore walls result in the accumulation
of counter-ions and the exclusion of co-ions near the surface'>!>,
Ionic concentrations are also strongly influenced by the applied
transmembrane potential. The combination of these two effects
leads to large ionic gradients from inside the pore to the bulk
electrolyte solution. These gradients play an important role in
physiological processes and methods to enhance ionic fluxes in
ionic diodes and transistors>!>-18,

We show that the increased concentration of divalent cations
near negatively charged pore walls of single conical nanopores
prepared by the track-etching technique'®® can lead to the
formation of transient precipitates and, as a result, to transient
blockages of the ionic current. In our experiments, a membrane
with a single conical nanopore (with its narrow opening
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measuring between 2 and 6 nm in diameter) was immersed in a
solution containing 0.1 M KCl and various divalent ion salts at
sub-millimolar concentrations, ensuring salt or hydroxide
solubility in the bulk electrolyte. Inside the nanopore, the negative
surface charges of the carboxyl groups created during the
fabrication process?® and the applied transmembrane potential
increase the concentration of all the ions so the formation of
precipitates is possible (Fig. la). Nanoprecipitates form even if
ionic activities in the bulk solution are below the bulk solubility
product K. The formation of precipitate is observed as a voltage-
dependent blockage of the ion current passing through the
nanopore. Once the pore is closed, a new ion distribution is set up
inside the pore, leading to the re-dissolution of the precipitate and
reactivation of the ionic current. The few molecules in the
precipitate control a macroscopic flow of current.

The blockage of current leads to two effects in the transport
properties of single nanopores, which have been reported
previously, but have not yet been fully explained: (1) negative
incremental resistance (NIR) in current—voltage curves?!; and (2)
oscillations of ion current in time?’. In a previous report*> we
indicated the importance of divalent ion adsorption on the pore
walls to the occurrence of NIR. Here we provide experimental
studies and theoretical modelling showing both the accumulation
of divalent ions on the pore walls and the nanoprecipitation of
cobalt and magnesium hydroxides along with calcium and cobalt
hydrogen phosphates in the narrow opening of a conical
nanopore. We discuss the dynamic character of nanoprecipitate
formation, and its application in studying electrochemical
oscillating systems and building biosensors, and in studying how
nanocrystals seed the formation of macrocrystals.
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Figure 1 Nanoprecipitation of calcium hydrogen phosphate (CaHP0,) in a single conical nanopore. a, When the negatively biased electrode (cathode) is at the
larger opening of a conical nanopore, cations will move from the narrow opening towards the larger opening of the cone. The activities of Ca?* and HPOZ~ ions
inside the nanopore with negative surface charges (blue dashed line) then rise above the solubility product K, of CaHPQ,, allowing nanoprecipitation to occur.

In the bulk solution, the Ca®* and HPO3~ activities remain below the value of Ksp- b, We studied a single conical nanopore with a tip opening of 2 nm diameter.
Current—voltage curves and corresponding current signals versus time were recorded in 0.1 M KCI with 2 mM PBS buffer alone (black trace) and with varying calcium
concentrations. A, B and C in the top panel relate to the traces in the lower panels. ¢, Current—voltage curves and corresponding current signals versus time (D—G)
were recorded in 0.1 M KCI and 0.2 mM calcium with varying PBS concentrations, as indicated. lon current time signals marked as A—F were recorded at —1,000
mV, and signal G was recorded at +700 mV. The colour of the signals corresponds to the colour of the /- V curves in b and c¢. Fluctuations of ion current were
present mainly for negative voltages. lon current instabilities were observed for positive voltages only for high Ca>*+ and PBS concentrations for which the ionic
activities in the bulk approached Kg,. For one recording shown in b performed in 0.1 M KCI, 1 mM CaCl, and 2 mM PBS (the green curve in b) the bulk ionic activities
were above the value of Kg,. The error bars in the /- V curves indicate standard deviation.

NANOPRECIPITATION AND CURRENT INSTABILITIES

The first system in which nanoprecipitation was observed consisted
of a single conical nanopore in polyethylene terephthalate (PET) in
contact with a solution of 0.1 M KCl containing sub-millimolar
concentrations of calcium, and buffered to pH8 with 2 mM
phosphate buffer (PBS). Figure 1b shows current—voltage (I-V)
curves before and after adding calcium. Adding calcium in the
presence of PBS induced a nonlinear behaviour in the I-V curve
(NIR at negative voltages); that is, larger amplitudes of voltage
induced smaller ionic fluxes?!.
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We believe that the mechanism of NIR observed in our system
involves the nanoprecipitation of calcium hydrogen phosphate
(CaHPO,) in the pore. The questions that then arise are ‘How
does the nanoprecipitation occur?’ and ‘How does the precipitate
then dissolve to “reopen” the pore?” The phosphates in this
system play the role of both buffer and reagent. Using 2 mM pH
8 PBS gives 1.9 mM hydrogen phosphate in the solution. Because
of the significantly higher concentration of K,HPO, we consider
only CaHPO, precipitation. Moreover, the salt Ca(H,PO,), is an
easily soluble compound. The CaHPO, has a bulk solubility
product K, of ~1 x 1077 [mol dm~3]? at ambient conditions®.
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For the typical calcium experiment that showed NIR, the product
of these two activities is still below the solubility product,
precluding any precipitation in the bulk electrolyte. However, the
ion concentrations inside a nanopore with negative surface
charges are very different from the values in the bulk
solution!?!#2425 The number of ions that dwell inside the pore
at any time is also influenced by the applied transmembrane
potential'*?*; therefore the solubility product is expected to be
exceeded only at a particular threshold potential. This is what
was recorded experimentally, in that nanoprecipitates began to
form above certain negative voltages, causing the formation of a
‘plug’ in the nanopore, and thus a decrease in the average
ion current.

In order to support the hypothesis that nanoprecipitation is
responsible for the NIR effect, we performed a series of
measurements with 0.2mM Ca®>* while varying the PBS buffer
concentration (Fig. 1c). In both cases—that is, when varying
either calcium or PBS concentration—the presence of calcium
and phosphates predominantly affected the currents recorded for
negative voltages. Currents recorded for positive voltages
decreased only for very high bulk concentrations of calcium and
PBS, at which the ionic activities approached K.

The I-V curves shown in Fig. 1 were obtained. by averaging 30-s
and 2-min recordings of ion currents in time. Large standard
deviations recorded for high negative voltages indicate that the ion
currents exhibit fluctuations of large amplitude. The lower
panels of Fig. 1b,c show recordings of ion current versus time at
—1,000 mV. For calcium and PBS concentrations where NIR was
observed, the signals oscillated between a state of high ionic
conductance and a state with a much smaller current.
Interestingly, the frequency of oscillations was dependent on the
bulk concentration of calcium and phosphate ions: for higher
concentrations, the switching of the pore is more frequent (lower
panels, Fig. 1b,c).

We were intrigued by the voltage-dependent behaviour of the
ion current time series, and the occurrence of two-state switching
of the ion current. We noticed that the voltage at which NIR
occurs is also the voltage at which the ion current exhibits
instabilities. This is clearly seen when comparing the power
spectra of the following ion current recordings: (1) the time
series for negative voltages that are below the threshold for NIR,
(2) currents at voltages for which NIR has just commenced, and
(3) recordings at —1,000 mV. Figure 2a shows the current time
series together with histograms of the current values and Fig. 2b
their power spectra in the frequency range 0.1-2,000 Hz. The
signals at low negative voltages (—100 mV in Fig. 2) are indeed
very ‘quiet, which is confirmed by the low amplitudes in the
power spectrum. At the voltage for which NIR has just started
(—200 mV), the signal is much more ‘noisy’; however, the pore
stays predominantly in its low conductance state. The power
spectrum amplitude of the time series at —200 mV is higher
by several orders of magnitude compared to the recording at
—100 mV. At —1,000 mV, regular bursts of the pore opening
occur and are reflected in the power spectrum as a peak of
frequency ~10Hz. This frequency indeed corresponds to the
oscillations observed in the time series.

Figure 3a,b shows very similar results, with 0.1M KCl
containing various concentrations of CoCl, and 2 mM PBS. This
time we observed fluctuations of ion current due to the
formation of cobalt hydrogen phosphate precipitates (CoHPO,),
which had a bulk K, of ~1 x 1077 [moldm™>] (ref. 23). The
observations in this system are qualitatively very similar to those
with CaHPO,. I-V curves showed NIR, and ion current time
series at high voltages exhibited a distinct two-state switching
behaviour. The shape of the current oscillations deserves
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Figure 2 lon current oscillations through a single conical nanopore induced
by CaHPO, nanoprecipitates. a, lon current time series along with current
histograms for various applied voltages as indicated, with 0.1 M KCI, 0.2 mM
CaCl, and 5mM PBS. The data were recorded for the same pore as studied in
Fig. 1. b, Power spectra of the ion current recordings shown in a. The peak
between 10 Hz and 20 Hz for the —1,000 mV time series corresponds to
oscillations of that frequency, which can be clearly seen from the time series.

attention. For CoHPO,, the gradual decrease of ion current in
time has, typically, a multistep character, indicative of damped
oscillations (Fig. 3b). The timescale of the current oscillations
can vary substantially for various pores. However, CoHPO,-
induced fluctuations typically have a lower frequency (~1Hz in
Fig. 3¢) than the CaHPO,-induced fluctuations.

In order to provide further evidence for the role of
nanoprecipitation in NIR and current instabilities, we
experimented with nanoprecipitation for magnesium and cobalt
hydroxides. These nanoprecipitation systems were chemically
much simpler than those using hydrogen phosphates, because
the anion participating in the precipitation was not a
direct component of a buffer. The bulk K, of Mg(OH), is
5.61 x 107" [mol dm ™}’ (ref. 23), but the bulk K, of Co(OH), is
significantly smaller at 5.92 x 107!> [moldm3]* (ref. 23). In
experiments using magnesium ions, we expected to observe NIR
for much higher concentrations than in experiments with cobalt
ions. Figure 4a shows I-V curves and Fig. 4b examples of ion
currents in time for the system containing 0.1 M KCl, varying
concentrations of MgCl, and pH 9.5. This system again showed a
threshold of Mg** concentration at which the NIR effect
occurred. Ion current oscillations in this case had a very low
frequency, and the pore predominantly stayed in the low
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Figure 3 Nanoprecipitation of cobalt hydrogen phosphate (CoHPO,) in a
single nanopore. a, Current—voltage curves for 0.1 M KCI and 2 mM PBS buffer
with varying cobalt salt concentrations. The tip opening of this pore was 6 nm in
diameter. b, Time series recordings showing the details of CoHPO, oscillations
at —1,000 mV for 0.01 mM (A) and 0.1 mM (B) cobalt ions. The colour of the
signals corresponds to the colour of the /—V curves in a. ¢, Power spectra of ion
current time series recorded in 0.1 mM Co?*. A peak is visible for frequencies
between 0.1 and 1 Hz corresponding to the brief open states occurring
approximately every 3s.

conductance state. (See Supplementary Information, Fig. S1, for
the results for the Co(OH), system.)

Further evidence for the nanoprecipitation hypothesis
explaining NIR was provided by experiments performed with a
complexing agent for polyvalent cations, ethylenediamine
tetraacetic acid (EDTA). Adding EDTA caused the immediate
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disappearance of both the NIR and ion current instabilities (see
Supplementary Information, Fig. S5).

EVIDENCE FOR NANOPRECIPITATION IN NANOPORES

The above-mentioned experiments provide evidence that weakly
soluble compounds can precipitate inside a single nanopore that
has negative surface charge.

The questions that have to be answered are as follows. Are the
ionic concentrations sufficiently high to cause precipitation? Why
do NIR and ion current oscillations occur predominantly for
negative voltages? And why is the nanoprecipitate formation
dynamig; that is, what produces its time course and its dissolution?

In order to answer the first two questions, we checked the
precipitation conditions in our system by comparing the product
of ionic activities in a conical nanopore with the solubility
product K, We used the specific interaction theory to calculate
the activity coefficients of the ions?*®?’ (see Supplementary
Information). The ionic concentrations were modelled with the
Poisson—Nernst—Planck (PNP) equations?®?°. We considered a
static case, and we modelled the ionic concentrations in a
nanopore that is in contact with an electrolyte of a given
composition. It is important to mention that we assumed that
solubility products in the pore are the same as in the bulk K,
We are aware that the precipitation conditions inside nanopores,
where the ratio of surface to volume is very large, might be
different from the bulk. Inside nanopores, precipitation probably
occurs for activity products that are smaller than K,

Because of the small opening angle of our conical nanopores
(~3°), the one-dimensional PNP model provides a very good
qualitative and quantitative description of ion transport.
Figure 4c—e shows the product of ionic activities in the nanopore
calculated for the Mg(OH), system as a function of the position
along the pore’s axis and the transmembrane potential. These
results confirm that the ionic activities inside the pore are strongly
voltage dependent. For negative voltages above ~400mV and
Mg*" concentration of 0.5 mM, the product of the predicted ionic
activities significantly exceeds the K, value, thus enabling
nanoprecipitation. For the range of negative voltages above
~500 mV, NIR was indeed observed experimentally (see the red
curve in Fig. 4a).

The PNP modelling also explains why the precipitation is
predominantly observed for negative voltages. The conical
geometry of the nanopore is responsible for the asymmetric
distributions of ionic concentrations at the two voltage polarities.
For positive voltages, ionic concentrations at the tip of the pore
are in fact smaller than in the bulk, therefore no precipitates of
Mg(OH), are formed (Fig. 4d).

The third important question remains: What is the mechanism
behind the transient formation and dissolution of the
nanoprecipitates? A simple explanation would be to assume that,
once formed, the nanoprecipitate ‘plug’ gets pushed through the
pore by the applied electric field. This explanation, however, does
not account for the different timescales we see for different
compounds at the moment when the pore is opening. We believe
that the mechanism for precipitate dissolution is electrical in
character (Fig. 5). When the pore is plugged with the
nanoprecipitates, almost the entire voltage drop occurs on the
precipitate. The electric field in the regions that are adjacent to
the precipitate is therefore much lower, which in turn causes the
ionic activities to decrease. As can be seen in Fig. 4e, decreasing
the voltage from —500 mV to —100 mV changes the product of
the ionic activities by several orders of magnitude. However, the
electric field in this region is finite, which promotes the removal
of cations from the pore. The concentration of ions also
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Figure 4 Nanoprecipitation of magnesium hydroxide (Mg(OH),) in a single nanopore. a, Current—voltage curves of a single nanopore for 0.1 M KCI and 2 mM
CAPSO buffer at a pH of ~9.5 with varying magnesium concentrations. The tip opening of this pore was 5 nm in diameter. b, Time series of ion current recordings
for 5 wM (A) and 500 M (B) magnesium chloride at —1,000 mV. The colour of the signals corresponds to the colour of the /—V curves in a. ¢,d, Theoretical results
from the one-dimensional Poisson—Nernst—Planck model mapping the products of the magnesium and hydroxide activities for —1,000 mV (c), +1,000 mV (d), along
the pore axis. Position 0 corresponds to the tip of the pore. The modelling confirms that the ionic concentrations in the pore are very different for the two voltage
polarities, so the nanoprecipitates form for negative voltages. e, Theoretical products of activities for 0.5 mM Mg in the bulk at various voltages (as indicated)
showing the transmembrane-potential-dependent onset of nanoprecipitation. The nanopore that was modelled had opening diameters of 5 nm and 400 nm.

decreases due to the diffusion of ions out of the pore and into the
bulk where concentrations are smaller. These effects work together
to greatly decrease the local ionic concentrations, which promotes
the dissolution of the precipitates. The pore is then open, ions can
move freely, and the process of reforming the precipitates starts
again. This scenario also explains why at voltages for which NIR
commences, the current stays predominantly in its closed state.
In this case the electric field is too low to create a depletion zone
that would induce dissolving of the precipitate.

APPLICATION OF EI ECTROCHEMICAL OSCILLATIONS

Electrochemical oscillations have attracted much scientific interest,
largely because of oscillations observed in the physiological
processes of living organisms as well as nonlinear chemical
systems®, such as the Bielousov-Zhabotinskii reaction?.
The transient nanoprecipitation observed in our conical
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nanopores could serve as a model system for studying chemical
oscillations of much higher frequencies than those observed in
previously studied electrochemical oscillators. The high
oscillating frequencies achieved in our system correspond to
dynamic changes occurring in a sub-femtolitre volume of a
single nanopore.

Our oscillating nanopore operates far from equilibrium and as
such is very sensitive to changes in external parameters®?, such as
the addition of a biomolecule to the solution. Figure 6a,b shows
CoHPO,-induced ion current oscillations before and after adding
15uM neomycin. This small amount of neomycin, which at
pH 8 is positively charged, caused an immediate disappearance of
the characteristic current switching. Interestingly, adding another
positively charged molecule, spermine, had a different effect, in
that the frequency of the ion current oscillations increased
(Fig. 6c,d). It is important to mention that the molecules
could not be detected without the nanoprecipitation reaction;
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Figure 5 Scheme of the transient formation of the nanoprecipitates.

The formation of nanocrystals causes the local cation concentrations next to the
precipitate to be reduced due to (1) a lower electric potential in the region
adjacent to the precipitate, (2) the cations being driven out of the pore by the
electric field, (3) the precipitation hindering the addition of cations into the pore,
and (4) the diffusion of ions into the bulk where the ionic concentrations are
higher. a, Lowering of cation concentrations favours dissolution of the
nanoprecipitate. b, The nanoprecipitate plug is broken up and the current flow
resumes. The panels on the right-hand side schematically show the distribution
of transmembrane potential inside the nanopore with and without the
precipitate plug.

that is, the ion current signals in 0.1 M KCl after adding neomycin
did not differ significantly from the control recordings (see
Supplementary Information, Fig. S12).

Future studies will be focused on investigating the details of the
sensing mechanism of this stochastic sensor. Our first results indicate
that the molecules are detected as they disturb the nanoprecipitation
process occurring at the pore tip. Because the tip of the pore has a
sub-femtolitre volume, we expect the sensing to be sensitive
down to a single molecule in a manner similar to that reported for
protein nanopores®. Similarly to the response of the protein-based
pore, the frequency shift of the oscillating signal in our nanopores
can be related to the concentration of an analyte, and its nature
could be identified through variation in the shape of the pulse.

CaHPO, has attracted a great deal of scientific interest because
of its biological role in biomineralization processes. This
compound is thought to be one of the precursors of
hydroxyapatite, which is the major component of vertebrate hard
tissues such as bone and teeth. Magnesium hydroxide is
popularly known as milk of magnesia. The striking difference
between the ion current signature obtained with magnesium
hydroxide and calcium hydrogen phosphates could be attributed
to the differences in crystal structure of these two materials.
Magnesium hydroxide crystals are known to consist of
octahedron sheets that do not have residual charges®, and the
sheets are therefore not connected to each other by ionic bonds
but rather by weak residual interactions. In contrast, CaHPO,
crystals have a fully ionic character’>. Moreover, calcium ions in
the CaHPO, lattice have two kinds of coordination with seven or
eight nearest oxygen neighbours. The ionic type of the crystal,
the differences in its structure, and its interactions with the pore
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Figure 6 Influence of biomolecules on the signature of the ion current
oscillations recorded in 0.1 M KCI, 0.2 mM CoCl, and 2mM pH 8 phosphate
buffer. a, ‘Control’ recordings of ion current through a single nanopore with a
tip opening of 3 nm in diameter. b, Addition of 15 wM neomycin breaks down
the CoHPO, oscillations shown in a. ¢, Addition of 15 WM spermine increases
the frequency of current oscillations observed with CoHPO,. The frequency of
oscillations increases with increased concentrations of spermine. d, Recordings
with 30 wM spermine.

walls are expected to influence its stability and its dissolution
kinetics in high electric fields.

We should also point out that our system of single nanopores in
contact with an undersaturated solution of a weakly soluble
compound gives a unique insight into the kinetics of the earliest
stages of crystallization. This might lead to useful practical
advances such as the formation of crystals of proteins. As the
pore volume at the tip is very small, each ion current decrease we
observe in the time series probably corresponds to one or several
crystallization nucleation sites forming in the pore.

CONCLUSIONS

We have presented a system of a single nanopore in which negative
incremental resistance and ion current oscillations were induced
by nanoprecipitation forming in the pore. Our future efforts will
focus on the modelling of these current instabilities and relating
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them to processes occurring inside the nanopore. We will use the
Maxwell-Stefan approach to account for interactions between
different species in restricted geometries and to calculate their
diffusion coefficients®®. The presented nonlinear electrochemical
system can serve as a model for studying nonlinear phenomena
in solution, as a basis for a stochastic sensor, and as a system
providing information on the kinetics of the early stages
of crystallization.

METHODS

PREPARATION OF SINGLE CONICAL NANOPORES

Foils of polyethylene terephthalate (12 pm thick) were irradiated with single
swift heavy ions at the Gesellschaft fiir Schwerionenforschung in Darmstadt,
Germany. The irradiated foils were subsequently etched from one side with 9 M
NaOH while the other side of the membrane was in contact with an acidic
stopping solution®. This asymmetric etching process led to the formation of
conically shaped nanopores. The diameter of the large pore opening, called the
base, was estimated on the basis of the bulk etch rate, which for PET with 9M
NaOH, and at room temperature, is 2.13 nm min~! (ref. 20). The diameter of the
small opening, called the tip, was measured by the electrochemical method
described previously?°.

RECORDINGS OF ION CURRENT THROUGH SINGLE-PORE POLYMER MEMBRANES

A single-pore polymer membrane was inserted between two chambers of a
conductivity cell®. We used Ag/AgCl electrodes (Bioanalytical Systems)
containing a saturated KCI solution and home-made Ag/AgCl electrodes for
measuring transmembrane ion currents. The potential differences were
computed as Vy— V|, where V| and V, are the potentials on the electrodes at the
base and the tip side, respectively. Positive currents in this electrode
configuration indicate that cations are flowing from the base to the tip. The ion
currents were recorded with the Axopatch 200B amplifier (Molecular Devices) in
voltage-clamp mode using a low-pass Bessel filter of 2 kHz. The signal was
digitized with a Digidata 1322 A (Molecular Devices) at 10 kHz, and viewed with
the Clampex 9.2 software (Molecular Devices). We typically recorded 2-min ion
current measurements at constant voltages sweeping from +1V to —1V at
100 mV increments.

All ion current recordings were performed with 0.1 M KCl as the
background electrolyte with various sub-millimolar and millimolar
concentrations of Mg?*t, Ca®* or Co?*. In some cases, pH 8 phosphate buffer
(PBS) was used by combining a specific ratio of 5% potassium dihydrogen
phosphate (KH,PO,) and 95% potassium hydrogen phosphate (K,HPO,).
Higher pH values of pH 9.5 were adjusted with 2mM 3-(cyclohexylamino)-
2-hydroxy-1-propanesulphonic acid (CAPSO) buffer.

DATA ANALYSIS
Analysis of ion current signals was performed using Matlab 7.2 and Clampfit 9.2.
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