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ABSTRACT

We examine time signals of ion current through single conically shaped nanopores in the presence of sub-millimolar concentrations of calcium
ions. We show that calcium induces voltage-dependent ion current fluctuations in time in addition to the previously reported negative incremental
resistance ( Nano Lett. 2006, 6, 473—477). These current fluctuations occur on the millisecond time scale at voltages at which the effect of
negative incremental resistance was observed. We explain the fluctuations as results of transient binding of calcium ions to carboxyl groups

on the pore walls that cause transient changes in electric potential inside a conical nanopore. We support this explanation by recordings of
ion current in the presence of manganese ions that bind to carboxyl groups 3 orders of magnitude more tightly than calcium ions. The system

of a single conical nanopore with calcium ions is compared to a semiconductor device of a unijunction transistor in electronic circuits. A
unijunction transistor also exhibits negative incremental resistance and current instabilities.

Introduction. Interest in nanopores has been stimulated by magnitude of ion current with an increase in the magnitude
discoveries of the importance of biological channels in many of applied voltage. In this Letter we show that transient
physiological processes of a living organishas well as binding of calcium ions also induces voltage-dependent
the application of channels in building single molecule fluctuations of ion current through single conical nanopores.
sensors.Transport properties of nanopores are very different We discuss similarities of our system of a single conical
from transport properties of micrometer size pores. Transportnanopore with calcium to a semiconductor device, the
through nanopores is modulated strongly by interactions with unijunctional transistot®!* A unijunction transistor also
the walls of the pore, because nanopores are so small thaexhibits negative incremental resistance and current instabili-
transported ions cannot easily avoid the walls, particularly ties. This semiconductor device regulates electron current,
their electric fields. We have shown previously that electrical while our device controls movement of ions in a water
interaction of potassium ions with negative permanent surfacesolution. The relation between negative incremental resis-
charge in conically shaped nanopores makes these poresance and ion current instabilities is discussed here as well.
cation selective and rectifies the ion current that passes Experimental Section. (A) Materials. The nanopores
through these porésPotassium ions flow more easily from  studied in this Letter were prepared in iéh thick foils of
the narrow entrance toward the wide opening of the conical polyethylene terehphalate (PET) (Hostaphan RN12, Hoechst).
nanopores$: @ Three centimeter diameter disks of these foils were irradiated

In a recent Lettérwe studied transport effects induced With single heavy ions at the linear accelerator (UNILAC)
by electrostatic interactions together with chemical binding at the Gesellschaft fuer Schwerionenforschung, Darmstadt,
of ions inside a conical nanopore. We studied single conical Germany2*3Chemical etching of these single ion irradiated
nanopores in the presence of calcium ions that could foils leads to formation of single pores. Conically shaped
transiently bind to the walls of the pores, thus transiently nanopores were prepared by etching the foils from one side
changing the internal electric potential of the nanopores. with 9 M NaOH as described in refs 5 and 6, forming
These interactions produced a negative incremental resistancéapered-cone nanopores with two openings, one with diam-
observed in currentvoltage curves as a decrease in the eter~1um and the other with diameter2 nm. The wide

opening of the pore is the base (with diamelgr the narrow
* Corresponding authors. E-mail: zsiwy@uci.edu (Z.S.S.), mrpowell@uci.edu Opening of the pore is the tip with diameteyt Etching of

(M-TFEJ.P_-)-  of Californi PET with NaOH hydrolyzes ester bonds of PET and produces
% Ggg’;@é%a% fuzrl cs)rcnrﬁ\}erionenforschung. carboxylatg groups with surface charge density of carboxylate
§ Rush Medical College. groups estimated to bel.5 e/nnd.141%
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(B) lon Current Recordings. lon currents were measured b 2s
in a conductivity ceft® with Ag/AgCl electrodes (Bioana- o6 A 0 Kl ®)
lytical Systems Inc., West Lafayette, IN) and recorded with g™
the amplifier Axopatch 200 B (Molecular Devices Inc.) in " i
voltage-clamp mode using a low pass Bessel filter of 2 kHz. 02 3 1 2= KCl+ Cacl,
The signal was digitized with Digidata 1322 A (Molecular o0 "
Devices Inc.) at 10 kHz, and viewed with Clampex 9.2. We O on 0 =
typically recorded 2 min long time series with 50 mV steps
of potential. The potential differences are computed/gs 0sr (€) . )
— Vi whereV, andV; are potentials of the electrodes on the - -
base and tip side, respectively. Ohm’s law is then written as g
i = g(Vb — Vy) with g = 0 and thus positivé means that s '§T ).
cations flow from base to tip. As shown previously, PET <3 _;-»W'Tmu’ummwnm
nanopores at neutral and basic pH are cation selettfve. 004 0 2 - ——
The cations flow with less resistance from the tip toward Current (pA) ’
the base than from base to tip. o ® n )
Results and DiscussionWe recorded ion current at 0.1 ' m‘ 1s
M KCI, pH 8, before adding calcium and after adding P —— —
calcium at concentrations between 0.1 and 1.0 mM gaCl &% g
Since the concentration of potassium ions is much higher ‘ 5 - WL
than concentration of calcium ions, we neglect the current o9t = P -
carried by calcium ions themselves and treat calcium ions Current (pA) iz, KClI+caCl
just as a modulator of potassium ion flow and not the main
current carriet’
Figure 1 shows examples of ion current time series o1, (@ | <doome, *H
recorded at 0.1 M KCI and 0.3 mM CaCat pH 8 for a = 2 .
pore withd; = 4 nm andd, = 1.5 um. Before calcium is 0.05 3
added, the signals of ion current are very stable with a narrow E  sooms
distribution of current values (Figure 1). oo ° W‘W’ﬂmwmmmml
After calcium is added, the character of the ion current ~ ® o =0 o " \ ]w']
Current (pA) 1 KCI + CaCl,

changes dramatically and becomes clearly voltage-dependent.
ForV, — Vi > 0, and also for small magnitudes of negative Figure 1. lon current time series through a single conically shape
Vp — V,, the ion current signals remain “quiet” and currents nanopore at PET witly = 4 nm. Frequency histograms of ion
with calcium are comparable to currents recorded without Cérfentg('gégcoeeg ?%5% Im\é gA)'o_13ﬁAO Krr(1:\|/ (Cgl,_—soo m\;
calcum. Forv, — Vi < ~300 mV, cacium induced very (5, 5009 (4% 1 bk or 0.4 1 KOl anc i areen o
strong fluctuations of ion current with amplitudes reaching o cyrrent recordings before and after adding calcium3@ mv
100% value of the current signal. Fgg — V; < —600 mV, (B), =350 mV (D), —500 mV (F), and—900 mV (H). Voltage is
histograms of ion currents suggest existence of two statesdefined asvp — V.

in ion current values. We call the low level of ion current a

closed state of the pore and the level with higher current we negative incremental resistance starts, the current starts to
call an open state of the nanopore using the language ofdecrease very slowly: during 2 min of recordings—300
biophysics. Note that the current fluctuations are hundredsmv the current magnitude decreased fremd50 to —380

of picoamps in magnitude. Calcium reduced the current pA. We also show a fragment of signal a850 mV that
recorded fol, — Vi < —300 mV compared to the currents  was recorded immediately after the voltage was switched
recorded before adding calcium (Figure 1). For example, the from its previous value of—300 mV (that had been
average value of ion current at500 mV and 0.1 M KClis  maintained for 2 min). Negative incremental resistance and
—800 pA. After 0.3 mM CaGlis added, the average current instabilities in ion current signals occur at the same time, as
at —500 mV dropped to-74 pA. far as we can tell.

Figure 2 shows a currentoltage curve reconstructed Similar measurements were performed with larger con-
from current-time series. The signals were averaged over centrations of CaGl For larger calcium concentrations, the
the whole 2 min duration of the recordings, and mean valueseffect of negative incremental resistance occurred more
and standard deviations were calculated.\gor V; < —300 abruptly (Figure 2B) and appeared at voltages of a smaller
mV, larger magnitudes of voltages induced smaller magni- magnitude. Negative incremental resistance and instabilities
tudes of ion current, an effect called negative incremental in ion current signals again occurred at the same time.
resistance that we reported bef8r8ubsequent recording We studied the time scale of ion current fluctuations where
of time series of ion current gives us additional information the current shows a distinct two-state behavior, in the region
about the time scale of this effect not available in the original of —800 < V, — V; < —1000 mV for 0.3 mM CaGl Figure
experiments. For 0.3 mM Caglat —300 mV where the 3 shows a fragment of ion current time series together with
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Figure 2. (A) Current-voltage curve obtained by averaging 2 min

locate the poré We think that calcium ions remain near the
pore walls (i.e., are “bound” there), because the density of
carboxylate groups is very high, comparable to the density
of COOH groups in ethylenediaminetetraacetic acid (EDTA).
One can view the binding as a result of the crowded charge
mechanisi? 24 or one can take the more traditional chemical
view that COO groups form “coordination bonds” with
Ca2*.25 In this latter (somewhat vague but appealing) view,
COO groups are donors of an electron pair to the metal
ions: metal ions function therefore as Lewis acids while
COO groups act as Lewis bas#sWhat is important for
our discussion here is that calcium binds to the four
carboxylate groups of EDTA with effective binding (forma-
tion) constantKer as high as 1M 11926 What is also
crucial is that EDTA chelates various divalent cations with
differentKes, dependent on size and chemical properties of
the mobile ions and the EDTA&.It is important to remember
thatKex is a function of the concentration of most ions, i.e.,
ionic strength, local electrical potential, as well as position,

recordings of ion current through a single conically shaped nanoporein many situations, despite the name binding “constant”.

at PET with the tip opening of 4 nm. The recordings were performed
at 0.1 M KCl with 0.3 mM CaClevery 50 mV. As insets, fragments
of ion current recorded at300 and—350 mV are shown. Voltage

is defined as/, — V. (B) lon current recording at 0.1 M KClI, 0.7
mM CaCh, pH 8,V, — V; = —250 mV.

:ZE Il IWW[PW' I Mﬁ'ﬂh' mm | th

Figure 3. Fragment of ion current signal (A) through a single PET
nanopore wnI*dl 4 nm recorded at 0.1 M KCI, 0.3 mM Cagl
pH 8,V, — V; = —950 mV, together with a histogram of durations
of the open stat@on (B).

a histogram of the duration of open states Ygr— V; =

To support the idea of binding of divalent cations to
carboxylate groups, we also performed ion current measure-
ments in the presence of manganese ions (Figure Kéy).
of EDTA for Mn?* ions is 3 orders of magnitude larger than
that for calcium iong® We imagine that manganese ions bind
stronger to carboxylate groups in the nanopore. Therefore
the pore stays predominantly in the closed state in the
presence of M#, opening much less frequently than in the
presence of calcium ions (compare Figure 5B with Figure
1G).

(B) Similarities between Conical Nanopores with Cal-
cium and Semiconductor Unijunction Transistors. The
electrical signals that we observed with conical nanopores
in the presence of calciurmamely, negative incremental
resistance and current fluctuatiergre observed in circuits
containing semiconductor devices such as unijunction tran-
sistors!%! Unijunction transistors typically consist of n type

—950 mV. The data suggest that the duration histogram is S€miconductor material into which p type semiconductor
not uniform: some durations of the open state are more material is diffused to make the emitter. No current flows

probable than others. Figure 4 shows examples of ion current€tween the emitter and the base until a voltage is applied
recordings performed for various calcium concentrations at Petween them. When the voltage of the emitter is increased

Vp — Vi = —950 mV. As we can see, there is an optimal
range for formation of the discrete fluctuations of ion current,
namely, between 0.2 mM Cagind 0.7 mM CaGl For this
nanopore, at 0.1 mM Cag lthe open events occur in bursts,
while for very high calcium concentrations such as 1.0 mM
CacCl, the pore is blocked.

(A) Effect of Calcium on Electrochemical Potential of
a Conical Nanopore.To explain the effect of ion current

to some threshold value, the diode is forward biased and a
flow of ion current is observed. If the circuit contains a
capacitor as shown in Figure 6A, the capacitor is charged
through resistorR;,. When the voltage at the capacitor
reaches a threshold value, current flows between emitter and
base 1, discharging the capacitor. The cycle is repeated,
making relaxation oscillations. Relaxation oscillations have
a characteristic shape due to exponential charging of the

fluctuations in the presence of calcium, we considered the capacitor, observed as an exponential increase of voltage at

profile of electric potential of an ion inside a conical

the emitter with time constant equal to the productRaf

nanopore with permanent surface charges. Two independen@nd capacitoC.

approaches for modeling of this potential profile indicated

We think that our conical nanoporewith permanent

that the profile has an asymmetric shape, visualized for surface charges and calcium binding to carboxylate greups

simplicity as a piecewise linear ratchet to&fhi8We assume
that calcium ions stay near the CO@roups at the pore
walls—within a Debye length to be preciséor times

comparable to the time that potassium ions need to trans-

Nano Lett., Vol. 6, No. 8, 2006

operate rather like a unijunction transistor as we now describe
qualitatively, while we await a quantitative theory. The tip

of our conical nanopore, where the electric potential has its
minimum, is called “base 1”; the rest of the pore is base 2
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Figure 4. Fragments of ion current recorded at 0.1 M KCI, pH 8,¥gr— V, = —950 mV, with 0.1 mM CaGl (A), 0.3 mM CacC} (B),
0.7 mM CacC} (C), and 1.0 mM CaGl(D). Data in Figures +4 were recorded for the same PET nanopore it 4 nm andd, =
1500 nm.
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Figure 5. Fragments of ion current recorded at 0.1 M KCI, pH 8 ¥4r— V; = —950 mV, with 0.1 mM MnC} (A) together with
frequency histograr(l) of ion current values (B). The inset shows details of the histogram for open states. Diameter of the tip opening
d; of this PET nanopore was 6 nm.

(Figure 6B). The pore walls at the tip where calcium can binding is an essential feature of the crowded charge models
bind are our emitter. Without calcium, fof, — V; < 0 our of selectivity9-23

diode is biased in the forward direction, because the total Figure 6C shows the piecewise linear distribution of
potential, originating from internal charges and induced by internal electric potential with the potential well equal to

current flow, does not contain a deep cation tH&F. When —200 mV as shown in ref 28. We assume that the potential
Vb — Vi > 0, we suppose that the electric potential does have well is located 5 nm from the tip of the pore and that the
a deep cation trap® For negative values of, — V; we internal potential decays over the first 125 nm, where 80%

therefore observe large currents. When we add calcium toof the pore resistance is focused. The dotted line shows how
the system, calcium diffuses to the pore and accumulatesthe external voltag®y, — V; = —500 mV is distributed along
close to the tip of the pore, where the net potential originating the first 125 nm of the pore when we take into account only
from internal charges and induced by current flow has the the geometry of the po®.The dotted-dashed line presents
smallest magnitude. Without voltage applied, the number of the “total potential” as the sum of these two potentials,
calcium ions at the tip is however not enough to change the showing a shallow cation trap at the tip of the pore. A
resistance of the pore in a significant way. When values of complete solution of Poisson’s equation and the crowded
Vp — Vi become more negative, the number of calcium ions charge model is needed to make a more realistic computation
arriving at the tip of the pore increases, so does the numberof the total potential, but such a calculation is unfortunately
of calcium ions at the tip of the pore. We think that the not feasible at this time. Locally, at the tip betwee0
accumulation of calcium ions changes the overall potential and 100 nm (Figure 6C) the local electric force (defined as
profile rather as it changes the potential profile in the ratchet gradient of the potential) acting on calcium and potassium
mechanism&’ so the overall current decreases in magnitude ions has smaller magnitude than that in other parts of the
although the voltag¥®y, — V; (applied across the membrane) pore.

increases in magnitude. For 0.3 mM Ca@lis decrease of This is a coupled system because calcium binding to the
ion current occurred for potentials less thep— Vi ~ —500 pore walls changes the profile of internal potential together
mV. It is important to note that the binding of calcium to with the net potential acting on calcium and potassium ions.
the COO groups, described ., depends on the potential ~ With calcium bound to the pore surface, the total potential
within the channel, which in turn depends both on the applied is closer to the situation without any internal potential, where
potentialV, — V; and on all other charged groups in the pore. no trap or flattening of the potential occurs. We think that
The interdependence of potential, finite diameter, charge, andthreshold occurs at a combination of values/ef— V; and
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Figure 6. (A) Electric circuit with unijunction transistor that produces relaxation oscillations. (B) Schematic representation of a conical
nanopore with negative surface charges on the pore walls together with the shape of electric potential before adding calcium (continuous
line) and possible distributions of the potential after adding calcium (dashed lines). (C) (solid line) Simplified, piecewise linear repnesentati

of internal potential originating from surface charges of a conical nanoporeyithV; = 0.57-28 (dotted line) Distribution oy, — V; =

—500 mV inside a conical nanopore with= 4 nm andd, = 1500 nm. The dashedtotted line presents the sum of internal and external

(Vb — V) potentials over the length of 125 nm from the tip. (D) Fragment of recording shown in Figure 1H with two open events fitted with

a functiony = A exp(—t/tr) + yo. The exponents with values @fare given in the figure.

of the number of calcium bound to the pore. At the threshold, concepf We suggested a model in which calcium ions
the net electric force acting on calcium ions is high enough binding to the COO groups would change the potential
to bring the value oKes (which is not a constant despite its  profile from a ratchet tooth shape to the flat shape. This
name) to the level that ensures dwell times of calcium in change of shape pumps the potassium ions in the opposite
the pore comparable or shorter to the translocation time of direction to the applied electric field. It is possible that the
potassium ions. This threshold would explain the burst of pinding mechanism shown here could produce a flashing
open current, indicating collective exit of calcium ions. The ratchet. A convincing model must include crowded charge
internal potential goes back to its previous level, and the effects, spatial and time dependence of potential, voltage
net electric force acting on calcium decreases. Calcium cangependence of ionization of COQgroups?® as well as
therefore bind to the pore walls again, changing gradually fiyctuations of surface charge of PET pdfesnd charge
the local net force acting on ions, and the cycle repeats again.charge interactions on the time scale of the current fluctua-
The exponential shape of the majority of open states in yjons ysually milliseconds. This millisecond time scale is
current fluctuations (Figure 6D) also suggests charging/ jnaccessible to molecular dynamics and present models of

?lschlargln_g of r:he capacfltotr), prov:jdlng add]ironal gwdean crowded charge do not describe spatial dependence very well
or relaxation character of observed current fluctuations with o e 4enendence at all,

millisecond time scale fluctuations. . . . :
Conclusions.We describe a system with single conically

The previous paragraph describes one explanation of our h h | )
findings, but others are undoubtedly possible. There are manyS aped nanopores that produces voltage-dependent ion cur-

other effects that can occur, and a quantitative analysis isrgnt quctuat?ons-in the presence of s.ub—milll.ir-nolar concentra—
needed although difficult. For example, we did not take into tions of calcium ions. These current instabilities are described
account mutual repulsion of calcium ions that might also 2 rélaxation fluctuations due to binding and unbinding of
contribute to increase of the potenttalAchieving the  calcium ions to carboxylate groups, which produce charging
threshold potential at which the dwell time of calcium @&nd discharging of the capacitor element of our nanopore
becomes shorter than the translocation time of potassium ionsSystem and thus change the electrical potential. The transport
would correspond to the threshold voltage at the emitter of Properties of our system were compared to unijunction
an unijunction transistor that induces flow of current between transistor. In our future efforts, we will try to describe the
emitter and base 1. A quantitative model is needed to describeeffect quantitatively.
this important effect precisely.

In our previous paper, we discussed the effect of negative Acknowledgment. Irradiation with swift heavy ions was
incremental resistance in light of the flashing ratchet performed at the Gesellschaft fuer Schwerionenforschung
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