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ABSTRACT

Single polymer nanopores with permanent surface charges act as rectifiers of ionic current. The pores are tapered cones with narrow openings

of several nanometers and wide openings of ~ ~1 gm. The pores are cation-selective, and in symmetric solutions of potassium chloride they
rectify the flow of potassium ions from the small opening toward the wide opening. Millimolar concentrations of calcium reverse the rectification,

and a negative incremental resistance is observed. These observations can be interpreted by a model containing flashing ratchets.

Introduction. Nanopores have been investigated widely rugged in a way not yet achieved in bilayer or patch pipet
because of their importance in nanotechnology and their setups. The effect of ion current rectification has been
crucial role as biological channels that control many physi- modeled by looking at electrostatic interactions of potassium
ological processes? The transport properties of these and chloride ions with the surface charges on the pore
systems are usually studied as the ion current passing througlwalls>78 The effective electric field that exerts a force on

a single channel as a function of time, voltage, and type andions passing through the nanopore has been treated as a sum
concentration of ions. Nanopores have new transport proper-of internal electric field produced by the permanent charge
ties not observed in larger micropores, their micrometer-scaleon the pore walls and the externally applied potential
counterparts. Rectification of ion current observed in difference, assuming that the internal and external fields do
nanoscale pores is usually seen as asymmetric, diode-likenot alter the underlying charge distributions.

current-voltage (V) curves®® Nanopores rectify ion In this letter we describe a conical nanopore system bathed
current if they are asymmetric, for example, if they are j, miviyres of~100 mM potassium chioride and micromolar
shaped as tapered cones and have permanent surface charges mijlimolar calcium chloride. As discussed below, we
on the walls of the poré!®These rectlfylng tape;red conical resume that the profile of internal electric potential of a
pores were prepared by a tra(_:k-etchmg Fechnlqug that start anopore is changed by the calcium ions. We think that these
by irradiating a polymer film with gnerggenc heavy ions. The calcium ions interact in a time-dependent way with the
Iatent_ track_s left by the h_eavy ions® are then etched permanent charge of the pore, producing a time varying
chemically in an asymmetric way. The walls of these pores potential field inside the channel that influences the net ion
are cqvered with carboxylate groups that form the perme_mentcurrem through it. We propose that fluctuations in the total
negative charge on the pore waflgat neutral and basic charge inside the channel, that is, the charge of mobile ions,

PH). dpermanent charge, and dielectric boundary charge, produce

The rectifying properties of these pores have been studie . g L X
. . : : fluctuating potentials and negative incremental resistance that
using potassium chloride as the electrolyte that carries current L e o
. : reverses the direction of rectification. A quantitative model
through the channel in a simple robust apparatus that has.

parasitic shunt impedances 101 Q57 Because lipid Is surely needed to make this proposal precise, but we think

bilayers are not involved, the apparatus is fundamentally that the qt_Ja_llltatlve phenomena and experlme_ntal ev_ldence
are so striking that they should be reported immediately:

:CO_rreSponding author. E-mail: zsiwy@uci.edu. the construction of even a low-resolution (time-dependent
. Bﬂ:zgg:g 8; l\CAz'i'rf]%'_”'a’ Irvine. Poissor-Nernst-Planck (PNP)) type model of such fluctua-
8 Rush Medical College. tions will not be easy and will not be convincing until it is
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Figure 1. Current-voltage curves recorded for a single PET
nanopore at symmetric electrolyte conditions and pH 8: black curve,
0.1 M KCI; red curve, 0.1 M KCH- 0.1 mM CaC}; green curve,

0.1 M KCI + 0.4 mM CaC}; blue curve, 0.1 M KCH 0.7 mM
CaCl. The voltage sweep was in the direction fren2 V to —2

V with 50 mV steps. Voltage is defined & — V;. The diameters

of the conical nanopore ag = 5 nm andd, = 890 nm.

derived from a high-resolution theory with atomic detail in

of the salt solutions was adjusted to values of-8& with

~2 mM phosphate buffer, thereby ionizing carboxylates and
keeping the surface charge of the walls of the pore neg#tive.
(We assume that the net permanent charge of the pore walls
is not influenced by mutual electric and steric interactions
of neighboring carboxylate groups or the dielectric constant
of the polymer matrix and so forth)

Two effects were observed with calcium present in the
system. At negativé/, — V,, larger magnitudes (we define
“magnitude” by the absolute value function, ey — Vi|)
of voltage resulted in smaller magnitudes of ion current, an
effect called negative incremental resistance. Additionally,
with calcium in the system, the direction of rectification
reversed compared to rectification when only KCI was
present (at 0.1 M concentration: black curve, Figure 1).
Figure 1 shows how thé—V curve changes when the
concentration of calcium is changed. At higher calcium
concentrations, the negative incremental resistance occurred
at smaller magnitudes &f, — V;. There is a clear threshold
for negativeV, — V; at which the negative incremental
resistance starts to occur: with 0.1 mM Catlstarted at
—0.65 V, with 0.4 mM CaGlat —0.45 V and with 0.7 mM
CaCb at —0.20 V. It is important to note that the effect of
negative incremental resistance was reproducible at 0.4 and
0.7 mM CaC} but not at 0.1 mM. At 0.1 mM Caglthe

appropriate places. No one knows how to construct or ffect did not occur in every voltage sweep, suggesting that
compute a calibrated high-resolution model including atomic the concentration of calcium was not high enough to maintain
length scales of the pore (A) and the macroscopic time scalesN® same value in each sweep. We imagine that the

of our experiment (milliseconds).
Experimental Results. The nanopores presented in this
letter were prepared in 12m-thick poly(ethylene tere-

concentration fluctuated too strongly to support the negative
incremental resistance in every sweep.

Higher calcium concentration also led to smaller magni-

phthalate) (PET) (Hostaphan RN12, Hoechst) by single heavytydes of ion current iq the gation directipn from tip to base
ion irradiation and subsequent asymmetric chemical etching (in our electrode configuration at negative — V).

of the tracks71° This procedure leads to the formation of

As mentioned above, with the presence of calcium, we

tapered-cone nanopores with two openings, one with asee rectification in the opposite direction to that observed

diameter in the micrometer range and the other with a
diameter as small as2 nm!!' The wide opening of the pore
will be called the base (with diametey); the narrow opening
of the pore will be called the tip (with diameté).

Figure 1 (black curve) shows the rectifying current

with only KCI. We wanted to check whether the rectification
effect can support net ionic transport against the electro-
chemical gradient, an effect observed before with KCl in
the direction from tip to base’ We kept the calcium
concentration the same on both sides of the membrane and

voltage characteristic of a single PET nanopore recorded inapplied a KCI concentration gradient with higher KCI

identical (i.e., “symmetric”) electrolyte solutions of 0.1 M
KCI, pH 8. The pore diameters ade= 5 nm andd, = 890

concentration on the tip side. In this case the potassium ions
would be transported against the concentration gradient from

nm. The diameters were measured as described in refs 6 andyase to tip. Figure 2 shows darV curve recorded at 0.15
10. The grounded electrode was on the tip side. The potentialM KCI with 0.7 mM CaCl on the tip side and 0.1 M KClI

differences are computed & — V; whereV, andV; are

potentials of the electrodes on the base and tip side,

respectively. Ohm’s law is then written as= g(Vp, — Vi)
with g = 0, and thus positivemeans that cations flow from

with 0.7 mM CaC} on the base side. The rectification
direction is still preserved with higher currents for positive
Vp — Vi than currents for negativé, — V.. If we average
the ion current along the whole voltage sweep fretd V

base to tip. As has been shown previously, PET nanoporesto +2 V, then we get a positive value of net current 0.149

at neutral and basic pH are cation-selectiVeThe cations
flow with less resistance from the tip toward the base than
from base to tip.

Thel—V curves change dramatically when we add calcium
ions at millimolar concentration to both sides of the
membrane (Figure 1). We used the chloride salt of calcium
CacCl, to avoid introducing additional anions to the system
and made no attempt to buffer €aconcentrations. The pH
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+ 0.042 nA (average over four voltage sweeps) that provides
evidence for ionic transport against the electrochemical
gradient, from base to tip.

We also investigated the influence of permanent surface
charge on the occurrence of the negative incremental
resistance and the effect of reversing the direction of
rectification. Figure 3 showls-V curves for a single conical
nanopore recorded at symmetric electrolyte conditions of 0.1
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Current (nA) 1 because divalents screen surface charges stréfijiin our
2 case, we know this screening effect is reversible: after each
| set of measurements with one calcium concentration, we
exchanged the electrolyte in the conductivity cell back to
11 0.1 M KCl at pH 8, which resulted in recording &aV curve
] identical to the one shown in Figure 1 as a black curve.

T y T y T T T T An important issue to consider is how calcium ions interact

- 1 1 2 with the surface on time scales comparable to the time that
-1 1 potassium ions take to move through the pore.
Voltage (V) The surface of track-etched PET membrane and on the
-2 pore walls have 1.5 carboxyl (COQ groups per square

| nanometet® One can expect therefore that the lumen of the
conical pore resembles the so-called “selectivity filter” or
-3- locus of a biological calcium channel, and of the chemical

] ethylenediaminetetraacetic acid (EDTA), for that matter,
-4 where four carboxylate groups concentrated into a tiny

_ ) volume have effective binding (formation) constarksy,
Figure 2. Current-voltage curve for a single PET pore (the same as hiah as 1OM 11617
as in Figure 1) recorded at 0.1 M KGt 0.7 mM CaC} on the 9 ] o ]
base side and 0.15 M KCGF 0.7 mM CaC} on the tip side (blue The effective binding or formation constant can be

curve). For comparison, the-V curve recorded at symmetric  expressed as a ratio of rates of calcium binding to carboxylate

conditions of 0.1 M KCI and pH 8 is shown as well (black curve). : P, ) _ 1
Voltage is defined a¥}, — Vi. Close examination of the blue curve grou_ps_?nd calcmm unbinding, thel _SO called to') and
aroundV, — V; = 0 shows that there is a finite current of ca20 Kot = to- The maximum value of,; is usually estimated

pA, as expected with the KCI concentration gradient. as if reactants were uncharged, from the diffusion limit of a
chemical reaction of an hypothetical uncharged calcium
Current (nA) . (implying that every calcium ion that enters the pore
1- binds-19). Taking the diffusion coefficient for ion® = 10°
nm¥/s and radius of the poire= 5 nm one obtaink,, ~ 10°
(M~1s71) for the hypothetical uncharged calcium binding to
B e A T an uncharged binding site. The off rate could similarly be
estimated a&,wWKes. Thus, calcium ions can stay bound to
-1 Voltage (V) the carboxylate groups for times0.1 s. One can calculate
1 similar quantities for ions using only their electrical properties
-2 and ignoring their diffusion. The ionic mobility of potassium
ions is~1078 V/(m?2-s) 2° If the electric field 5 1 V over 12
-3 micrometers, then the drift velocity of ions in solution reaches
| ~10"% m/s. The ions therefore translocate the pore within
4] ~1 ms. Calcium ions can indeed stay at the charged surface
for times comparable to the time that potassium ions need
to translocate the pore. These calculations have been
Figurg ?j- Current—vo:tagz curve of a sifr;gledconical ”aé‘l‘)pgre performed using bulk properties of electrolytes. As discussed,
2%?8;)eangtpol_'|18'vér§§ cﬁ?v e; r\r/1c|:/|It ai]ae%udgﬁl o 53@@ St_( Tﬁg however, in ref 20 and other places, this approach allows at
diameters of the conical nanopore are= 7 nm andd, = 610 nm. least a semiquantitative description of the transport properties
of pores with diameters of several nanometers.

M KCI with 1.0 mM CaCh at pH 8 and pH 6, adjusted with We present a possible explanation of the effect of negative
phosphate buffer~2 mM). At more acidic conditions, incremental resistance observed with calcium by a ratchet
because of protonation of carboxylate groups of the pore model.
walls, we expected to achieve a lower net surface charge Flashing Ratchet Model for Ca-Induced Pumping and
We have observed that lowering pH by two units changed Apparent Reversal of Rectification Properties Because
the I-V curve back to the shape that is recorded at KCI of the physical asymmetry of the pore, the potential energy
solutions without calcium (Figure 3). profile for an ion due to electric interactions with permanent
Interaction of Calcium lons with Permanent Charges surface charges is also asymmetric. The asymmetry has been
of Pore Walls. To understand the effect of calcium on the modeled explicitly by two approaches: (i) through integrated
transport properties of conical nanopores, we first consideredelectrostatic interactions between a cation inside the pore
interactions of calcium ions with permanent surface chargeswith negative charges on the pore walls at various positions
on the pore walls. Adding even a millimolar concentration inside the por&;”and (ii) from PNP modeling* Convincing
of divalent cations has a dramatic influence on the electric models are likely to need more atomic detail, but calibrated
potential at the interface between solids and ionic solutions computation of an atomic detail model is a formidable
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potential well. One or a few calciums dramatically decrease
the depth of the wef’ In the case when Ca is bound, we
model the potential as being flat, for simplicity. The
potassium ions in the well begin to diffuse with equal
probability to the left and to the right. Because the center of
their distribution is much closer to the tip, many more ions
b) exit through the tip than through the base. After some Poisson
distributed time, the calcium ion dissociates, returning the
Free potential to the deep well shape (Figure 4a). Now potassium
V ions must repopulate and will do so by moving through the
komipI A (i base of the nanopore, which is much wider than the tip
(through which most ions exited). This scenario is repeated
each time the calcium binds and releases. Because the

a)

el
|

Konpase (08" Ipaga| | Kompase potential fluctuates, flashing “on” and “off”, the mechanism
Erees is called a flashing ratchét:?82° The exit of ions is
_\/_ predominantly through the tip and the entrance of ions is
predominantly through the base; therefore, this Ca associa-
X tion/dissociation leads naturally to net pumping of ions from

base to tip. This direction is against the electrochemical
Figure 4. (a) Representation of the pore geometry on which the gradient of potassium (hence, we describe it as pumping)

schematic piecewise linear potential profile for the case of negative gnq works to cancel the background rectified current
surface charge on the interior of the pore is superposed. The dasheél L L . '
line illustrates the equilibrium concentration profile for potassium esulting in the observed negative incremental resistance.

within the pore. (b) Schematic illustration of how the potential | he direction of pumping is set by the asymmetry of the
profile within the pore changes depending on whether calcium is pore and is from base to tip. It is not necessary for the
specifically bound near the tip of the pore or not. The voltage nonequilibrium fluctuations to have a well-defined single
dependence of the on and off rates for Ca binding through the frequency, nor is any coherence needed. It is necessary,

narrow access tipkgnip Koriip iN Figure 4b) is greater than the . .
voltage dependence of the on and off rates through the less resistiv&owever’ that the fluctuations be driven by an energy source

base Kon,pase Koffbasd- The concentrations [Cgland [Cajascrefer (in our case an electrochemical pqtential difference of Ca
to the local concentration at the mouth of the tip and base, across the membrane and an applied voltage) to overcome

respectively. the symmetry imposed by the detailed balance that holds at
i . ) equilibrium?* We distinguish on and off rates for Ca binding
challe_nge, particularly on the millisecond time scale of through the narrow access tiku{ip, kofiip in Figure 4b) and
experimental data. _ o o on and off rates through the less resistive b#sa,{se Kof pase
In Figure 4a and b we see a simple heuristic depiction of j, Figyre 4b). The rate constants depend on the potential

the potential as a piecewise linear well resembling an gitferencevi, — V; such that the overall equilibrium constant
asymmetric sawtooth. Because of the asymmetry, the mobil-po« 4 form

ity (conductance) is an asymmetric function of the electro-

chemical potential gradiedt,that is, the pore behaves as a Konako
rectifier. This is how we have explained rectification of our —ontPOMbase — eyp[—2(V, — V,)/KT]
pores at KC}782326 (black curve in Figure 1). What about Kon,baskoftip

the effect of calcium and negative incremental resistance?

Here we propose a model in which calcium binding Because the voltage drop across the narrow tip of the
dramatically decreases the depth of the potential well shownnanopore is much greater than that across its wide base, the
in Figure 4a. At steady state without calcium, there is a dependence dfonp andKoiip ON voltage is much stronger
population of ions, in our case potassium ions, in the well than the dependence K pase@nd Koft hase ON VOItage. This
at any time, most of which are near the bottom of the well weak voltage dependencelqf paseandkof nase€Xplains why
and hence near the left-hand reservoir (dashed curve in Figurghe pumping is much greater when the voltage drives Ca
4a). This distribution of potassium ions of course fluctuates from the tip to the base than when the voltage drives Ca
because of thermal noise. Sometimes the peak is to the leftfrom the base to the tip.
of the minimum, but more often (because of the gentler In Figure 4b we marked the local concentrations of calcium
slope) the peak of the distribution is to the right of the at the mouth of the tip and base, as [adnd [Cajase
minimum of the potential. respectively. At equilibrium \(, — V; = 0 and bulk

In Figure 4b we give a schematic picture of how the concentrations of calcium on the tip and base side equal)
transport of calcium through the channel down its electro- the local calcium concentrations fluctuate, as does the local
chemical gradient can induce pumping of potassium accord-concentration of potassium in the pore. These fluctuations
ing to the flashing ratchet mechanig&t®When the voltage  are strongly correlated by electrostatic interactions, resulting
drives calcium from the tip to the base, the sequence of in a symmetry condition known as detailed balance in which
events can be sketched out; Ca enters the pore through th@very process is exactly as likely as the reverse of that
tip and binds to carboxylate groups near the bottom of the process. Thus, despite the physical asymmetry of the pore,
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