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esistive-pulse sensing involves the

detection and analysis of particles as

they pass through a channel or pore
separating two reservoirs of electrolyte so-
lution. The resistance of that pore is mon-
itored by applying a voltage between the
reservoirs, which drives a flux of ions
through it, detected as a current flowing
from the voltage source. Particles may be
driven through the pore electrokinetically,
by pressure, or simply move by diffusion,
and they modulate the flux of ions as they
pass through, thus inducing pulses in the
measured resistance. In addition to count-
ing particles, analysis of these pulses allows
estimation of particle size,' electrophoretic
mobility,? effective charge,* and measure-
ment of the size and volume of the pore
used to analyze those particles.?

The first example of resistive-pulse sens-
ing was the Coulter counter,' developed to
count and size blood cells. The Coulter
counter has since been used to characterize
a variety of analytes, including bacteria,®
mitochondria,® and gas bubbles.” With the
advent of track-etched pores? resistive-
pulse sensing was extended to counting
and sizing nanoscale particles, such as poly-
styrene spheres® and viruses.>'° Later, ion
channels enabled sensing of polymers''~'3
and small molecules,* 2" as well as of nu-
cleic acids?? and proteins,® and are now on
the cusp of sequencing DNA>*~2% Recently,
resistive-pulse sensing has been demon-
strated with solid-state nanopores,”” =’ silica
nanochannels®® gold nanoconstriction,’’
and PDMS nanochannels.*

It was noted in the past>’* that electrical
fluctuations within a resistive pulse corre-
spond to physical variations in the structure
of the nanopore. However, this has seen
little application, used only to determine the
base and tip diameters of a conical pore®
and to reveal the tapered shape of glass
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In this article, we report resistive-pulse sensing experiments with cylindrical track-etched PET

pores, which reveal that the diameters of these pores fluctuate along their length. The resistive

pulses generated by polymer spheres passing through these pores have a repeatable pattern of

large variations corresponding to these diameter changes. We show that this pattern of

variations enables the unambiguous resolution of multiple particles simultaneously in the

pore, that it can detect transient sticking of particles within the pore, and that it can confirm

whether any individual particle completely translocates the pore. We demonstrate that

nonionic surfactant has a significant impact on particle velocity, with the velocity decreasing

by an order of magnitude for a similar increase in surfactant concentration. We also show that

these pores can differentiate by particle size and charge, and we explore the influence of

electrophoresis, electroosmosis, and pore size on particle motion. These results have practical

importance for increasing the speed of resistive-pulse sensing, optimizing the detection of

specific analytes, and identifying particle shapes.

KEYWORDS: nanopore - nanoparticle - resistive-pulse technique - ion current

nanopipettes.3373> In addition, although
surfactant is routinely added to the particle
solution to prevent aggregation and miti-
gate pore clogging, the significant impact
of surfactant on particle velocity has never
been reported.

In this article, we report on the resistive-
pulse sensing of polystyrene spheres pas-
sing through track-etched polyethylene-
terephthalate (PET) pores. Our results show
that the diameter of these pores fluctuates
repeatedly along their length, which we
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Figure 1. (a) lonic current vs time for an 870 nm diameter pore at 300 mV with 220, 330, and 410 nm particlesin 1 MKCl, pH 8,
with 0.1% Tween 80. The concentration of each particle size was ~2 x 10° particles/mL. Each transient drop in current
corresponds to a single particle passing through the pore; example translocations of 220, 330, and 410 nm particles are
indicated. Note that the slow variation in the baseline was simply a consequence of variations in laboratory temperature
occurring on the minutes time scale. The magnitude of this slow variation was ~1% of the baseline current throughout the
whole measurement. (b, c) Agreement of our data with eq 1 for event depth vs particle diameter for an 870 nm pore (b) and
event depth vs pore diameter for 330 nm particles (c). Note that this equation is not fit to our data; it does not have any free

parameters; lparicie = Ip-

analyze by studying the corresponding variations in
the measured resistive pulses. We demonstrate that
this repeatable pattern of variations in the ion current
signal allows unambiguous resolution of multiple par-
ticles in the pore at once and detection of particles
transiently sticking in the pore. Compared to classical
Coulter counter systems, resistive-pulse sensing using
pores with varying cross-section can thus be per-
formed at higher analyte concentrations, since multi-
ple events can be easily resolved. We also believe that
particles of the same size and charge, but different
shapes, will modulate these resistive-pulse signals in
distinct ways due to the varying pore cross-section,
thus allowing differentiation between them.

To the best of our knowledge, the resistive-pulse
technique is the only nondestructive method of study-
ing the internal structure of high aspect ratio pores.
It has been shown recently that the structure of the
pore walls can significantly influence ionic transport
through nanopores,®® and for many applications of
nanoporous membranes, i.e., capacitors, drug-delivery
systems, separations, it is important to quantify the
pore geometry and wall structure. The method we
have presented to predict the internal pore struc-
ture from the ion current signal during particle trans-
location is also applicable to other nanopore and
nanofluidic systems. Finally, we show that a 20-fold
increase in surfactant concentration leads to an ap-
proximately 20-fold decrease in particle velocity, which
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is potentially of practical importance for optimizing the
detection of specific analytes.

RESULTS AND DISCUSSION

Particle Translocations Reveal Internal Pore Structure. Car-
boxyl-functionalized polystyrene particles with dia-
meters of 220, 330, and 410 nm suspended in 1T M
KCl solution were electrophoretically driven through
an approximately cylindrical 870 nm diameter track-
etched pore in a PET membrane, resulting in a transient
drop, or “event”, in the ionic current as each particle
passes through. Figure 1a shows the ionic current on a
long time scale, where it can be seen that the event
depths are clustered around specific levels. It has been
shown in the past that the depth is a function of
particle volume and pore geometry,>°3%3738 and for
particles whose size is comparable to the pore dia-
meter the event depth follows the relation®>°

(o)
sin —
Rparticle _Rempty o 9 D _ﬂ

Rempty L : (d) 2 D
-~ \D

_ Iempty - Iparticle M

lparticle

as shown in Figure 1b, c. Here, d is the particle
diameter, D is the pore diameter, L is the pore length,
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Figure 2. (a—c) Magnified views of the ionic current events from Figure 1a for 220, 330, and 410 nm particles, respectively,
showing that the events have a characteristic pattern of variations irrespective of particle size. A single event is shown on
the left, while the right shows 5 events, vertically offset from each other to facilitate comparison. In order to highlight
the reproducibility of this characteristic pattern of variations, Figure S2 shows 20 events superimposed on one another. The
events are linearly stretched in the x-direction so that the beginning and end of each are aligned, to compensate for slight
variations in the mean particle velocity. (d) Events for 330 nm particles passing in opposite directions through a different pore,
520 nm mean diameter, showing that the pattern of variations is reversed for the opposite particle direction. (e) An example
of a single 330 nm nanoparticle passing through the same 520 nm in diameter pore together with the pore diameter profile
according to the formula given in ref 9 (eq 2). Note that this plot may not be accurate in the x-direction, as the particle velocity
cannot be assumed constant. L is the pore length. (f) SEM images of gold replicas of similar PET pores. Gold was electro-
deposited into the pores, and then the PET membrane dissolved so that the interior of the pores could be imaged. This
process necessitated using membranes containing 107 pores/cm? to acquire suitable images in a reasonable time. These

membranes were etched under the same conditions as the single-pore membranes used for particle translocations.

Rparticie @nd Rempry are the electrical resistance with
and without a particle, and /,articie and lempyy are the
equivalent currents. The pore diameter D was esti-
mated from conductivity measurements assuming
cylindrical pore geometry. The value /. ricie Was calcu-
lated as an average current blockage in time within
each event with respect to the baseline current in
the vicinity of that event. Fitting the data shown in
Figure 1b using a different approach that relates the
event depth with minimum pore diameter as found
from the maximum blockage within each event gave
similar results (see Supporting Information).
Magnified views of individual events (Figure 2a—c
left side) show large variations in current, and these
variations occur in a specific pattern that is maintained
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for all events. This is highlighted on the right side of
Figure 2a—c, which presents several events vertically
offset to facilitate comparison. DeBlois and Bean ob-
served similar, albeit smaller, fluctuations® and pro-
posed that they were due to variations in the pore
diameter along its length. We set out to prove this.
We found that the pattern of fluctuations is maintained
for different particle sizes (Figure 2a—c for 220, 330,
and 410 nm particles, respectively). In addition, passing
the particles in opposite directions through a pore
(Figure 2d), an approach used before when translocat-
ing particles through glass pipettes, 3> shows that
the pattern of fluctuations is reversed. Note that the left
event shows an increasing trend apart from the final
dip, which was observed only for particles passing in
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this direction. We do not yet have an explanation
for this.

As would be expected, the pattern of fluctuations is
unique to a particular pore, as can be seen by compar-
ing Figure 2a—c with Figure 2d.

For a specific nanopore, the structure of ion current
events observed with particles of different sizes is very
similar (Figure 2a—c, Figure S2). However, the ion
current modulations are more pronounced for larger
particles, since they obstruct more of the ions flowing
through the pore. Although smaller particles can probe
the pore with higher spatial resolution (similar to tips in
atomic force microscopy), the reduced signal-to-noise
ratio creates a trade-off. We note, however, that the
particle size does not set a limit on the spatial resolu-
tion, as improved results can be achieved by deconvo-
lution. The ultimate limits are the measurement
bandwidth, noise, and the deviations in the particle
shape from a perfect sphere. In our future studies we
will investigate a wider range of particle sizes and
determine the optimal particle size vs pore diameter
that gives the highest spatial resolution. In addition,
we will statistically study the duration and amplitude of
the subpeaks within the ion current events. This anal-
ysis will allow us to map the velocity variations as a
particle passes through the pore and relate these to
local variations in the electric field in the pore.

Finally, SEM images of metal replicas of pores
etched under the same conditions show significant
variations in diameter along the pore length (Figure 2f),
which confirms our hypothesis that the current mod-
ulations reflect the varying pore diameter along its axis.
In PET pores etched under somewhat different condi-
tions, diameter variations have been attributed to
the laminar nature of the film, such that the etchant
can penetrate deeper at the interfaces between the
strata.>® We estimated the variations in pore diameter
using the first component in the equation derived by
DeBlois et al.® (eq 2), and an example of this is plotted
in Figure 2e. Note that this is only accurate in the radial
direction, as the particle velocity is unlikely to be
constant as it moves through the pore.

8pd? 4/d\?* 24/d\*
AR = 37D |:1 +§<5) +£<B) + ...
p in eq 2 indicates solution resistivity.
Characteristic lonic Current Variations Shed Light on Particle
Motion. This characteristic pattern of ionic current var-
iations as each particle translocates reveals details
about particle motion within the pore. Resolving

multiple particles within the pore at the same time,
a traditional problem for Coulter counting, becomes

(2

straightforward because the instances of the pattern
corresponding to each particle can easily be recog-
nized, as shown in Figure 3a. This is of practical
importance, since higher analyte concentrations can

PEVARNIK ET AL.
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Figure 3. (a) Two particles passing through a pore simulta-
neously. Note that the ionic current variations enable the
motion of each particle to be resolved independently. Solid
and dashed arrows indicate the entry (En) and exit (Ex) of
each particle. (b) Examples of particles temporarily sticking
in the nanopore. The time and location at which they become
immobilized are evident from the interruption of the char-
acteristic pattern of ionic current variations (details of the
event on the left are shown in Figure S3). For (a) and (b), the
particles were 330 nm in diameter in 1 M KCl, pH 8, with 0.1%
Tween 80. The same 520 nm mean diameter pore as in
Figure 2d was used, and the applied voltage was 300 mV.

be used to provide faster results. Currently, the con-
centration must be set low enough that multiple-
particle events are statistically improbable. In addition,
it is possible to clearly identify when particles get stuck
within the pore, which is indicated by a pause in the
characteristic pattern (Figures 3b, S3). The duration and
position of this pause reveal how long the particle is
stuck and the point where that happens. For example,
the current event shown in the right panel of Figure 3b
indicates that the particle got stuck in the beginning
of the translocation process. Finally, the characteristic
pattern allows us to determine if particles always
completely translocate through the pore, rather than,
for example, enter, partially translocate, and exit back
out on the same side. In our experiments, particles
always translocated completely through the pore. In
addition, as highlighted by Sun and Crooks,* if indivi-
dual particles enter and exit the pore multiple times,
the occurrence of translocation events in time would
not follow a Poissonian distribution. As expected, our
data are Poissonian (not shown).

Size and Charge Discrimination. As has been done in the
past, for example in refs 4, 9, 30, and 31, we demon-
strate discrimination between particles of different
sizes. Figure 4a shows a scatter plot of event depth vs
duration for a mixture of 330 and 410 nm particles
passing through an 870 nm pore. It is evident that the
events are clustered according to their size, so that
they can be discriminated in a mixture. As discussed
earlier, the particle volume can be computed from the
event depth and pore geometry. Figure 4a also high-
lights that events differ, not only in depth, but also
in duration. Ito et al. have shown that event duration
depends on the effective charge of the particle, in
tandem with hydrodynamic drag.* Following their
work, we explored charge sensitivity by studying a

VOL.6 = NO.8 = 7295-7302 = 2012 F@L@Mi{\)

WWwWW.acsnano.org

7298



@ (b) 45,
& 124 &
S S 4.0
. o
::a. E:a. 354
3 410 nm N .
= £ 304/
E g
a 2 254
= 5 )
g g 201
=
: : : 15 . ; ; .
0 200 400 600 80 100 120 140

Event Duration (ms) Event Duration (ms)

Figure 4. (a) Scatter plot of event depth vs duration for a mixture of 330 and 410 nm particles. Note that events for each
particle size are clustered together and easily distinguishable. The particles were analyzed with an 870 nm mean diameter
pore, in a solution of 1 M KCl, pH 8, with 0.1% Tween 80. The applied voltage was 300 mV. The concentration of each particle
size was ~2 x 10° particles/mL. The straight lines indicate event depth as calculated from eq 1. (b) Scatter plot for a mixture of
two types of 410 nm particles with fully ionized surface charge densities of —1.31 and —3.66 e/nm?. Again, the events fall into
two distinct clusters, differing significantly in event duration, corresponding to the two different particle types. More charged
particles translocate the pore faster than less charged particles. The particles were suspended in 100 mM KCl, pH 8, with 0.1%
Tween 80. The applied voltage was 150 mV. The pore used in this experiment had a mean diameter of 1360 nm.
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Figure 5. (a) Transport of 400 nm uncharged PMMA particles through a 700 nm mean diameter pore by electroosmotic flow.
The experiment was carried out at pH 10 to ensure the pore surface charges were fully ionized.*’ The applied voltage was
—500 mV, which means that the particles moved in the opposite direction of that which would be expected for
electrophoretic transport of negatively charged particles. The particles were suspended in 100 mM KCl with 0.1% Tween
80. (b) Control experiment performed at pH 3 with otherwise identical conditions, showing that no particle translocations are

observed when the electroosmotic flow is eliminated by protonating the surface charges.

mixture of 410 nm carboxyl-functionalized polystyrene
particles, differing only in surface charge. Figure 4b
plots event depth vs duration for this experiment and
shows that the particle types can be clearly distin-
guished based on event duration, even though there
is negligible difference in event depth (the sizes calcu-
lated from the mean depths are within the distribution
of sizes measured using a Zetasizer, Nano ZS, Malvern
Instruments, Ltd.).

Note that we cannot apply the method of Ito et al.*
to calculate particle charge, as they assume a system
free of electroosmosis, consistent with their uncharged
carbon nanotube pores. Our pores have a negative
surface charge, and we do not currently have the
ability to apply pressure in our experimental setup
so that we can measure that charge to account for
electroosmosis.

Electroosmosis. Track-etched PET pores are known
to have —COOH surface groups that are negatively
charged at basic pH,*" which is likely to induce elec-
troosmotic flow, as demonstrated recently in other
nanopore systems.*>** To confirm this, we carried out
experiments with uncharged poly(methyl methacrylate)

PEVARNIK ET AL.

(PMMA) particles, which should not experience electro-
phoresis. At pH 3, when the surface groups are fully
protonated, and thus there should be no electroosmotic
flow, we do not observe any particle transloca-
tions (Figure 5b). However, at pH 10, when the surface
groups should be completely ionized, particles are
observed translocating through the pore toward the
cathode, which is the direction of electroosmotic flow
(Figure 5a). The lack of translocations observed in the
electrophoretic direction (positive voltages) confirms
that the PMMA particles used in the experiments
were indeed uncharged, indicating that no significant
hydrolysis of the ester bonds occurred at pH 10. Thus,
in our experiments with negatively charged particles,
electroosmosis opposes particle transport, reducing the
velocity compared to electrophoresis alone. The tests for
electroosmosis were performed in 0.1 M KCl rather than
1 M KCl to enhance the effect of surface charges on ionic
and particle transport.

Translocation Velocity As a Function of Pore Diameter. Figure 6a
plots the velocity of 330 nm particles through pores
of a range of sizes. It can be seen that the velocity
increases by over an order of magnitude as the mean
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Figure 7. (a) Influence of Tween 80 surfactant concentration on the velocity of 410 nm particles passing through a 1360 nm
mean diameter pore. The applied voltage was 300 mV. (b) Zeta potentials for 330 and 410 nm particles measured in a range of
surfactant concentrations show that the effective charge decreases with increasing surfactant concentration. For both (a) and
(b), the particles were suspended in 100 mM KCl, pH 8, with the % (v/v) Tween 80 indicated in the figure.

pore diameter increases from 520 to 1400 nm. In a
narrow pore, the proximity of the walls will introduce
hydrodynamic drag, slowing particle translocation.**
We find that the corresponding velocity reduction
factors computed by Paine and Scherr* with respect
to the velocity in a 1400 nm in diameter pore accurately
describe our data (Figure 6a). In the calculations, only
electrophoretic transport was considered. Also, as
expected with smaller pores, due to the decreased
volume in which particles can be captured by the
electric field, the event rate also decreases with pore
size (Figure 6b). According to the modeling proposed
by Nakane et al.*® the rate of collisions of particles
with the pore opening scales with the pore diameter as
D*/(L + D) if the applied voltage assures that each
nanoparticle arriving at the pore mouth will translocate
the pore. Our data are indeed in agreement with the
model (Figure 6b).

Influence of Surfactant. Although surfactant is rou-
tinely added in resistive-pulse sensing, to avoid particles
sticking to each other or the pore, the effect of that
surfactant on particle motion has been little explored.
Crooks et al. noted that uncharged particles behave as

PEVARNIK ET AL.

if they have an effective positive charge when using
the nonionic surfactant Triton X-100.*° With the same
surfactant, they also observed that the effective charge
of carboxyl-modified polystyrene particles was signifi-
cantly lower than the number of ionizable —COOH
functional groups.4 We show that the event duration,
and thus mean particle velocity, depends very signifi-
cantly on the concentration of surfactant (in our case
Tween 80). Figure 7a shows that for an approximately
20-fold increase in Tween 80 concentration the particle
velocity decreases by a similar factor. Note that
changes in the solution viscosity are not responsible,
as it remains the same (data not shown). Our reasoning
for this correlation follows the hypothesis proposed
by Sun and Crooks.*° that crown-ether-like interactions
between K' ions and particle-bound Tween 80 mol-
ecules bind K* ions to the particle, making its effective
charge more positive. To support this hypothesis,
we measured the zeta potential of these particles
in various surfactant concentrations (Figure 7b). For
a fixed particle size and electrolyte concentration, sur-
face charge is proportional to zeta potential,*® which
indicates that the effective particle charge does
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decrease with increasing surfactant concentration.
Note that the instrument used was not capable of
measuring zeta potential with the 1 M KCl concentra-
tion used in many of our resistive-pulse sensing experi-
ments, due to its high conductivity.

As would be expected, since the particles have
more time to diffuse at lower velocity, the distributions
of translocation times are broader for higher surfactant
concentration.

CONCLUSIONS

We have demonstrated resistive-pulse sensing in
long cylindrical pores with undulating diameters. As
particles pass through these pores, they consistently
generate resistive pulses with a repeatable electrical
pattern mapping the physical variations of the pore's
structure. This pattern gives several advantages and
unique capabilities compared to typical resistive-pulse
sensing. It can detect transient sticking of particles in
the pore, it can confirm whether any individual particle
completely translocates the pore, and it allows unam-
biguous detection of multiple particles in the pore,

MATERIALS AND METHODS

Track-Etched Pores. All experiments presented in this article
were performed with single polymer pores prepared by the
track-etching technique.®#*” The technique involved irradiation
of 12 um thick polyethylene terephthalate foils with single
energetic heavy ions (e.g., 11.4 MeV/u Au and U ions) at the
UNILAC linear accelerator of the GSI Helmholtzzentrum fir
Schwerionenforschung, Darmstadt, Germany, and subsequent
chemical etching in 0.5 M NaOH at 70 °C. Under these etching
conditions, the pores are generally cylindrical. The mean pore
diameter scales linearly with the etching time, with 0.5 h
of etching resulting in approximately 100 nm diameter pores.
The mean pore diameter can be estimated more precisely by
measuring the pore conductance in a solution of known con-
ductivity, based on the membrane thickness and the assump-
tion of a cylindrical geometry.

Polystyrene Particles. The particles used in these experiments
were purchased from Bangs Laboratories (Fisher, IN, USA), and
all specifications quoted below were reported by the manufac-
turer. The carboxyl-functionalized (PS—COOH) particles used had
nominal diameters of 120, 220, 330, and 410 nm, with corre-
sponding surface charge densities of —0.53, —1.10, —3.75, and
—3.66 e/nm?. Particles of 410 nm diameter with a surface charge
density of —1.31 e/nm? were also used in the experiment
presented in Figure 4b only. In addition, 400 nm unfunctionalized
poly(methyl methacrylate) particles were used to explore electro-
osmotic transport. All particles were suspended in solutions of
0.01, 0.1, and 1 M K, with 0.1% v/v Tween 80 unless otherwise
noted. For pH 8 and 10, the solutions were buffered with 0.4 mM
Tris and adjusted to the desired pH with HCl or NaOH unless
otherwise noted; for pH 3, the pH was adjusted with HCI. Particle
concentrations were in the range 10% to 10'° particles/mL. Particle
sizes and zeta potentials were measured with a Zetasizer Nano ZS
(Malvern Instruments, Westborough, MA).

Experimental Setup. A PET membrane with a single pore was
mounted between the chambers of a custom-made conductiv-
ity cell. Particle solution was placed in one chamber only, and
solution without particles was placed in the other. Ag/AgCl
electrodes (chloridated Ag wire) were used to apply voltage
and measure ionic current. The current was measured with an
Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA,
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which would previously corrupt the results, so that
higher analyte concentrations can be used for faster
analysis. In addition, these resistive-pulse variations
due to the pore structure have the potential to enable
differentiation between particles of the same volume
and charge, but with different shapes. We have found
that the concentration of surfactant used has a sig-
nificant effect on the particle translocation velocity.
This has not been previously reported and is poten-
tially useful for optimizing the sensor for different
analytes. We have also shown the differentiation
of particles based on size and charge and confirmed
that both electrophoresis and electroosmosis are
significant driving forces for particle translocation.
Our results also highlight that as the pore diameter
approaches the particle size, hydrodynamic drag due
to the pore wall slows the particles. Future work will
focus on detailed statistical analysis of the peaks and
troughs present in each translocation event, which
carry information on local variations in the particle
velocity as well as the pore structure. In addition, the
translocation of particles of different shapes will be studied.

USA), filtered at 1 kHz using the Axopatch filter, and digitized
at 10 kHz with a Digidata 1322A (Molecular Devices). Voltages
were applied to the chamber without particles, and the other
side was connected to a ground, such that a positive voltage
would electrophoretically draw negatively charged particles
through the pore. The conductivity cell and Axopatch head-
stage were placed inside a faraday cage (Warner Instruments,
Hamden, CT, USA) on a vibration isolation table (TMC, Peabody,
MA, USA), to minimize noise. Data were analyzed using a
custom MATLAB (Mathworks, Natick, MA, USA) code.

Preparation of Metal Replica of Pores. Membranes containing
107 pores/cm? were obtained by chemical etching of 12 um
thick PET foils subjected to heavy ion irradiation with 107 ions/cm?
(UNILAC linear accelerator at the GSI Helmholtzzentrum fur
Schwerionenforschung, Darmstadt, Germany). The chemical
etching was performed for 3 h in 0.5 M NaOH, 70 °C. Gold
nanowires were electrodeposited using a gold sulfite-based
bath, at 50 °C, applying —0.7 V. Under these conditions, the gold
adopts the shape of the hosting channel. After dissolution of the
PET membrane in 9 M NaOH, SEM images of the Au wires reveal
the inner morphology of the hosting pores.
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