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Abstract

Our manuscript addresses the issue of probing an effective surface charge that any
surface can acquire at the solid/liquid interface. Even if a particle is predicted to be neutral
based on its chemical structure, the particle can carry finite surface charges when placed
in a solution. We present tools to probe the presence of surface charge densities of meso-
particles, characterized with zeta potentials below 10 mV. The tools are based on the
resistive-pulse technique, which uses single pores to probe properties of individual
objects including molecules, particles, and cells. Experiments presented were performed
with particles 280 and 400 nm in diameter and single pores with opening diameter tuned
between ~ 200 nm and one micron. Surface charge properties were probed in two modes:
(i) the passage of the particles through pores of diameters larger than the particles, as
well as (ii) an approach curve of a particle to a pore that is smaller than the particle
diameter. The curve in the latter mode has a biphasic character starting with a low-
amplitude current decrease, followed by a current enhancement reaching an amplitude
of ~10% of the baseline current. The current increase was long-lasting and stable, and
shown to strongly depend on the particle surface charge density. The results are

explained via voltage-modulation of ionic concentrations in the pore.
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Surface charge of particles can be probed via an approach curve of individual particles

to a pore.



Introduction

Transport of particles in micropores can occur through several mechanisms. The most
common mechanisms include electrophoresis and electroosmosis, transport caused by a
pressure difference, and a combination of electrokinetics and the pressure-induced flow."
2 Electroosmosis is induced in pores whose walls carry excess surface charge.?
Counterions residing close to the walls follow the direction of the applied field and drag
solvent molecules with them, resulting in a net solution flow. In a pore with negative
surface charges, electroosmotic flow occurs towards a negatively biased electrode. If the
particles are charged, there will also be an electrophoretic force acting on them e.g.
electrophoretic force on negatively charged particles will be directed towards a positively
biased electrode. With no pressure difference applied, the particles will move in the
direction of electrophoresis if their zeta potential is higher than the zeta potential of the
pore walls.* If the zeta potential of particles is lower than that of the pore walls, the
translocation will occur in the direction of electroosmosis i.e. towards a negatively biased

electrode.

Neutral particles, such as unmodified polystyrene or PMMA particles, have been used
as a probe to understand electroosmotic transport in pores as well as to probe surface
charges of the pore walls.>® This is because the translocation speed measured at
different transmembrane potentials can be related with the zeta potential of the pore via
the Einstein-Smoluchowski equation.! In the resistive-pulse technique, a passage of an
individual particle is detected as a transient increase of the system resistance, called a
pulse, when a particle is in the pore.? %13 Duration of the pulse is a measure of the particle

speed while the distribution of the transit times/velocity can be informative on the
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trajectories the particles can follow when in the pore.”- 12.14-16 Neutral particles also serve
as a model system for understanding transport of exosomes and liposomes as well as for
developing tools to detect and isolate them.2 17-1° |t is important to recognize however
that in a real system of a solid-liquid interface, a perfectly neutral surface may not exist.
This is because a surface can acquire an excess charge by a variety of different
mechanisms including ionic adsorption, surface group deprotonation or dissociation.2°
Consequently, as mentioned above, the particles with finite charges will be moved by a
combination of electroosmosis and electrophoresis;’-# in this case, the information on the
particle or the pore walls’ surface charge cannot be easily probed, because the transit
time will be proportional to the difference between pore walls and particles’ zeta potential

values, not the zeta potential of the pore only.

Here we present experiments of the electrokinetic passage of particles through single
polymer micropores, and discuss how the resistive-pulse approach can provide
information on the presence of minute amounts of charge. In the classical resistive-pulse
set-up, when approaching the pore and when in the pore, a particle blocks the current to
an extent, which is determined by the pore and particle dimensions.2 9 10.13.21 The pulse
duration has already been used to measure zeta potential, ¢, of particles with an
emphasis on particles characterized by { of at least 10 mV.2 1. 2224 Here, we discuss
other characteristics of resistive-pulses, beyond duration, which are also sensitive to the
presence of surface charges, including those resulting in  only of a few mV. The
properties include the magnitude of the pulses corresponding to the beginning and end
of the translocations. We have also proposed using pores with a diameter smaller than

the particles examined to record an electroosmotic approach curve of individual particles
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to the mouth of the pore. The particles’ approach was detected as a current increase
above the baseline current, even though all pores and particles used in the experiments
had diameters exceeding the Debye screening length by hundreds of times. This finding
was surprising, because the amplitude of the current increase reached even 10% of the
baseline current, thus it was significantly higher than the amplitude of the current
decrease in a typical resistive-pulse experiment in which the particles pass through the
pore.5. 17.25-29 Numerical modeling presented here revealed that the current enhancement
was very sensitive to changes in the particles’ surface charges. The results are applicable
to understanding effective surface charge, however minute, created on the liquid/solid

interface.

Methods: Experiments and Modeling

Preparation of pores: Single micropores were prepared in 12 um thick polyethylene
terephthalate (PET) films by the track-etching technique.30 After irradiation with single
energetic heavy ions (11.4 MeV/u Au or Bi ions at the Institute for Heavy lons Research
in Darmstadt, Germany)3! the films were etched in 0.5 M or 2 M NaOH at 70 or 60 °C,
respectively. Both etching protocols were found to lead to cylindrical pores whose
diameter increased linearly with the etching time.32 The effective pore size was evaluated
using the pore resistance obtained through recording a current-voltage curve in 1 M KCI
solution, pH 8.33 At least three voltage scans were performed, which revealed the current
was stable with a standard deviation below 5%. Due to the laminar and semicrystalline

structure of PET films we used, the fabricated pores usually have rough inner surfaces,



resulting in fluctuations of the local pore diameter, reaching on average ~15% of the

average pore diameter.34 35

Detecting particles: Unmodified 280 nm and 400 nm in diameter polystyrene (PS) and
400 nm in diameter poly (methyl methacrylate) (PMMA) particles (Bangs Laboratories,
Fisher, IN, USA) were used in the majority of experiments presented here. Some
additional measurements were performed with 280, 400 and 410 nm carboxylated
polystyrene particles.36: 37 As reported before, based on dynamic light scattering and
resistive-pulse experiments, the standard deviation of the particles’ sizes was found not
to exceed 10% of the nominal values.3% 38 Particle suspensions contained ~10° particles
per mL and were prepared based on 0.1 M KCI solution at pH 10 with 0.01% (v/v) Tween
80 or 20. A few experiments performed in 0.05 and 0.3 M KCI are reported as well. Tween
80 was used for preparation of suspensions of PS particles; PMMA suspensions
contained Tween 20. As shown in Figure 1aillustrating our experimental set-up, a particle
suspension was placed only on one side of the pore; the other side was in contact with a
KCI solution without particles. Each chamber of our conductivity cell had a macroscopic
volume of ~1.5 mL. A pair of Ag/AgCI electrodes was used to apply the voltage and
measure the transmembrane current; no pressure difference was applied. The ionic
current was monitored with a patch clamp amplifier3® Axopatch 200B and 1322A Digidata
(Molecular Devices, Inc.) under a sampling frequency of 20 kHz. The recorded data were

subjected to a low-pass Bessel filter of 1 kHz.

Numerical modeling: Coupled Poisson-Nernst-Planck and Navier-Stokes equations
were solved with Comsol Multiphysics 4.4 package for single pores with opening

diameters of 500 and 260 nm.5 6. 36 All solutions provided are steady-state thus no
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transient states were considered. The temperature was set as 298 K. The mesh size of
0.2 nm was used for the charged pore surface; for the charged boundary of the reservoirs
the mesh of 0.5 nm was chosen. Diffusion coefficient for potassium and chloride ions was
assumed equal to the bulk value of 2 x 10° m?/s. All simulations were performed in 100
mM KCI as the bulk electrolyte assuming a relative dielectric constant of water of 80.
Surface charge was placed on the pore walls and on the outer membrane surfaces. Figure
S1a shows the scheme of a pore that is 500 nm diameter and 2.5 um in length, used to
predict resistive-pulses caused by 200 nm in diameter particles. The modeling was
performed for a pore that was 2.5 um long, not ~11 um as studied experimentally, due to
a very fine mesh (0.05 nm) that was necessary to reach convergence of the system. Note
that the pulses were predicted by placing a particle at different axial positions of the pore,
thus the particle motion was not modeled directly. Figure 1b presents a scheme of a
model used to predict ion current when a particle approached an opening of a pore with
diameter smaller than the particle size. The length of this pore was changed between 1

um and 11 um. Details of all boundary conditions for both models are shown in Table S1.



Results and Discussion

Electrokinetic passage of particles through single pores.

Unmodified polystyrene particles were first examined in the resistive-pulse mode, in
which they passed through single pores with diameters larger than the particles’ diameter.
Figure 1b shows example pulses obtained with 280 and 400 nm in diameter polystyrene
particles, and a 660 nm in diameter pore. The particle detection was performed from a
mixture, and the particles of different sizes were easily recognized by the amplitude of the
resistive pulses. The experiments were carried out in a range of voltages between 0.6 V
and 1.4 V; example pulses are shown in Figure 2. The average amplitude of the pulses
was found to correspond to the particle sizes, as predicted by the resistive-pulse formula
relating particle and pore volumes (not shown).2 10 13 The modulations of the current
within the pulse are primarily caused by the pore roughness.3* Note however that the
smaller (larger) current decrease in the beginning (end) of the pulse (noted as * in Figure
2) is not related with the pore topography. The evidence for this is that when the particles
were placed on the opposite side of the membrane (Figure 2d), and electroosmotically
driven by voltage of the opposite voltage polarity, a similar pore asymmetry of the pulses
was obtained; the pulses again started with a smaller current decrease, and ended with
the largest magnitude of Al/l. The peaks in the middle of the pulses however are mirror
images of each other, indicating the particles in (a-c) and (d) passed in opposite
directions.3* The peaks’ asymmetry observed here disappears in higher concentrations

of bulk electrolyte (Figure S2), as analyzed in the later part of the manuscript.

The data sets were first analyzed for the pulse duration. Figure 3 compares histograms

of passage time of PS particles at 1.4 V through three independently prepared pores of
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similar lengths but different opening diameter: 660, 920, and 1290 nm. The average
duration time in the full range of examined voltages for the 660 nm pore is summarized
in Figure S3. The analysis suggested the electroosmotic velocity was largely independent
of the particle or pore size, with the exception of the 660 nm pore, which slowed down the
400 nm beads to a larger extent than the 280 nm spheres.34 40 The slightly slower speed
of particles in the two wider pores, compared to the 660 nm pore, could result from their

increased roughness; it is known that the fluctuations of local diameter increase with the

etching time.*!
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Figure 1. (a) Experimental setup used to detect passage of polystyrene (PS)
particles through pores. (b) An example of a time series showing individual PS particle
passing through a 660 nm PET pore under 0.8 V. Events for 280 and 400 nm particles

are shown in red and blue, respectively.
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Figure 2. Shape of resistive pulses of 280 nm (red) and 400 nm (blue) polystyrene
(PS) patrticles in a 660 nm in diameter PET pore under 0.1 M KCI, pH 10. (a-c) Pulses
were recorded with the particle suspension being on one side of the membrane. (d)
Pulses recorded when the particles were placed on the opposite side of the membrane.
The asterisks (*) denote the beginning and end peaks of the pulses used later in the

analysis.

Note that in a perfectly cylindrical pore, and in the absence of pressure difference, the
electroosmotic velocity features a flat profile along the radial position in the pore." 3 Our
pores, however, are characterized by finite roughness of the walls, thus the velocity is
expected to have a more complex radial dependence, leading to different velocities of
different streamlines the particles can follow.”- 1441 In addition, previous reports provided
estimation of the drag as a function of a ratio of the particle and pore diameters;”- 40 42
consequently, particles are expected to translocate slower if there is a tighter fit between

the two sizes. Indeed, as noted above, the passage time in the 660 nm pore of 400 nm
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spheres is larger than the passage time of the 280 nm beads. There is no difference in
translocation velocity of 280 and 400 nm particles in the two wider pores in which the
effect of walls’ proximity can be neglected, as shown in Figure 3c. Note also that the larger
variance of the passage time for the 280 nm beads is in agreement with the expectation

that the smaller particles can probe more streamlines in the pore than the larger beads.'+

41

Electroosmotic flow of solution in all cases considered here is laminar (Re << 1) and
we suspected the majority of particles would follow the streamlines closer to the wall, not
on the pore axis.” If the particles approach the pore entrance from all directions, the
probability of passage along the pore axis is indeed much lower than the off-axis transit.
The preference to follow the off-axis streamlines is also evidenced by the modeling of the
solution electroosmotic velocity at the pore entrance using the coupled Poisson-Nernst-
Planck and Navier-Stokes equations (Figure 4).5: 6. 36 Note that near the pore walls, there
is a larger velocity gradient in the radial direction compared to the area closer to the pore
axis. We believe that this distribution of velocity lines might also contribute to the
preferential passage of the particles close to the walls. This is because the steeper
gradients might lead to shorter distances over which the particles speed up;
consequently, more particles will enter the pore through the off-axis paths. The wider
distribution of transit times in larger pores results therefore from two effects: (i) the
preference of particles to follow off-axis streamlines, and (ii) the existence of a wider

spectrum of trajectories with different velocities.
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Figure 3. Distribution of passage times of polystyrene particles in three
independently prepared pores with different opening diameters. All data sets shown
were recorded at 1.4 V. The particle suspension was prepared in 100 mM KCI, pH 10.

The dotted green line indicates the Gaussian fits of the distributions.
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Figure 4. Numerical modeling of the distribution of electroosmotic velocity close to a
pore entrance at 1 Vin 0.1 M KCI; no particles were present in the simulations. The
lines connect locations with the same velocity. In order to facilitate comparison of the

distances between the lines and the particles’ size, two shaded regions corresponding

to the cross-section of 280 nm particles are indicated.

Analysis of resistive-pulses corresponding to particles’ passage through pores.

In order to look for the evidence for the possible small effective surface charge on the
particles, we analyzed in detail the amplitude of resistive pulses, with special attention to
the beginning and end of the translocations. The edge effects associated with the surface

charges of the particles and pore walls were found before to cause an increased
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amplitude of the current pulse on the side in contact with a negatively biased electrode,
and a decreased amplitude at the pore entrance in contact with a positively biased
electrode.b 17 26. 29, 36, 43 |n meso- and micropores, the modulation of the beginning and
end peaks of pulses was predicted to occur only for particles which carried finite surface
charges.?® The amplitude of the modulations was also reported to depend on the voltage
and salt concentration in the bulk: the modulations were enhanced at higher voltages and
lower salt concentrations.?®: 43 For a negatively charged pore, the electroosmotic flow
occurs towards a negatively biased electrode,’ 3 4 so that the pulse of a particle with
negative surface charges and moving in the direction of electroosmosis is expected to
start with a smaller pulse amplitude. We will not consider positively charged particles,
because their approach to the pore would lead to a more permanent ‘sticking’ of the
particle to the negatively charged pore entrance, similar to results presented by Ali et al.

on particle induced ionic rectifiers.**

The dependence of the pulse amplitudes in the beginning and end of the pulses on
voltage and salt concentration (Figure 2) would therefore indicate presence of finite
surface charges on the particle. Figure 5 summarizes results of our analysis and shows
that the peaks and their ratio indeed depended on both parameters. Presence of finite
surface charges of the particles was also confirmed by the zeta potential measurements;
in 100 M KCI, pH 10, zeta potential of the PS particles was measured to be -8 + 1 mV.
We believe the particles can assume finite charges, e.g. due to ion adsorption.2 Using
the Graham equation,?° and assuming that the zeta potential is close in its value to the
magnitude of the surface potential, we estimated the particles’ surface charge density as

~-0.006 C/m?.

14



1.6 — T — 26 e

m PS_280 " m PS_280nm.
] m Ps:4oom 1 2.4 ® PS_400nm 4
1.5 d
4 | 22 ]
o | I |
2 144 1§ 20 il
; 4 ] ﬁ 18‘ ? I‘T ‘}'{'I'{ -
3 o W g
a 1.3 4 1.6 \ > J
1.4+ é 4
1.2+ 1 1.2 4
) @ 1o () i ]
" 06 08 10 12 14 50 100 150 200 250 300
Voltage (V) Concentration (mM)

Figure 5. Ratios of the second and first peaks (see the inset) in the events for 280
and 400 nm PS particles in a PET pore with 660 nm in diameter at (a) different voltages,
and (b) KCI concentrations in the bulk. 100mM KCI was used in (a) and 1.0 V was used
in (b). The asterisks, *, in the inset denote the beginning (end) peaks of the pulses (the

peaks are marked 1, 2). The error bars indicate standard deviation of average values

calculated based on at least 30 events.

In order to understand the results semi-quantitatively, we modeled resistive-pulses of
particles that were neutral, as well as particles which carried low and finite densities of
negative charges (Figure 6). We found that when a particle had no surface charge, the
pulses had a nearly rectangular shape, with the edge currents (beginning and end of the
pulses) staying voltage-independent (Figure S4). Adding -0.02 C/m? to the particle
surface, however, changed the pulse shape, making it more asymmetric and voltage-
dependent. The modeling confirmed that higher values of transmembrane potential led to

a smaller current increase (larger current drop) in the beginning (end) of the pulses.
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Figure 6. (a) Simulation of resistive-pulses of particles passing through a 500 nm in
diameter and 2.5 um long pore in 100 mM KCI background electrolyte. The area
highlighted in yellow indicates the pore interior. No surface charge as well as -0.02 C/m?
surface charge density were considered. The asterisk (*) symbol indicates the beginning
and end peaks of the pulses. (a) Dependence of the pulse on the particles’ surface
charge, and (b) on the voltage for particles with -0.02 C/m?. (c) Ratio of ion current
peaks (denoted as * in a and b) for neutral and charged particles; (d) the same as in (c)

but for two voltages and the charged particles (-0.02 C/m?).
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Probing surface charge of particles via an approach curve.

Examining the pulse amplitude did suggest presence of finite surface charges on the
particles, but we wondered if there was another, more sensitive approach, which would
allow us to test whether a particle is charged. Inspired by a method developed in the
Bayley lab to probe molecules at the pore entrance without translocation,*> we prepared
a pore of a diameter smaller than the particles to be examined. We expected to observe
a reversible blockage of the pore in the region of access resistance.*® Note that this
approach is different from the previous report by Ali et al.,** which discussed individual
positively charged particles electrostatically attached to negatively charged pores, which
resulted in ion current rectification of the pore/particle system. In our work, we assumed
lack of any specific interactions between the particles and the pore walls, and we are
interested in effects happening even when the particle is tens of nanometers away from
the opening. An example of the ion current time signal recorded when a particle
approached the pore is shown in Figure 7. The signal starts with a small current decrease,
and is followed by a stable current enhancement of amplitude reaching even 10% of the
baseline. Note, this biphasic character of pulses was reported before® 26.29. 43,47 byt only
for particles translocating through the pore, not approaching the entrance. The current
enhancement occurred for as long as we held the voltage, which experimentally was
tested up to 30 s. When recording the data, the voltage was typically held for only a few
seconds for each pulse so that multiple pulses were recorded for each voltage within a
relatively short time. We believe however that due to the macroscopic volume of our
conductivity cell, the current enhancement would be stable over much longer time scales,

perhaps even hours, since no ion depletion is expected to form.
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Figure 7. lon current time series recorded when a 280 nm PS patrticle approached a
260 nm in diameter, and 11 um in length PET pore. A series of subsequently observed
pulses, corresponding to individual particles’ release and capture, is shown in Figure S5.

The levels of current blockage and enhancement are stable and repeatable.

We analyzed the signal in Figure 7 and discovered that the amplitudes of both current
decrease and increase were voltage-dependent (Figure 8), but surprisingly only weakly
dependent on the particle size, as shown in Figure S6. Similar results were obtained using
another PET pore with an opening of 380 nm in diameter (Figure S7). Note that an

electrophoretic approach of negatively charged particles to the same pore, caused by
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negative voltages, resulted only in current decrease (Figure 8b) that did not show any

significant dependence on the particle size or particle’s surface charge density either.
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Figure 8. Analysis of an approach curve of the ion current signal recorded when
unmodified 400 nm in diameter PS patrticles as well as 280, 400, and 410 nm
carboxylated particles moved towards a 260 nm in diameter pore. Unmodified
(carboxylated) PS particles moved in the direction of electroosmosis (electrophoresis).
(a) Experimental data of a current decrease that occurred in the beginning of the
approach curve of an unmodified PS particle (Figure 7). (b) lon current change

observed at the end of an approach curve for unmodified and carboxylated particles.
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The error bars indicate the standard deviation of an average obtained with 5

subsequently recorded pulses for each voltage.

The qualitative interpretation of our results is as follows. The small current decrease in
the biphasic pulse (Fig. 7, 8a) can be caused by a particle entering the access resistance
zone.*® The current increase on the other hand was postulated to report on the possible
increase of ionic concentrations at the pore entrance caused by the charges on the
particle, when the particle is located within a critical distance from the pore opening. In
order to support the claim, we performed numerical modeling of the transmembrane
current and ionic concentrations, when the particle was located at different distances from
the pore entrance (Figure 9). Note that when the center of the particle is ~150 nm away
from the pore entrance, a detectable current increase above the baseline current could

be expected.
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Figure 9. Predicted approach curve in a form of relative change of the ion current in
a particle/pore system as a function of particle distance from the pore opening and
particle surface charge. The modeling was performed at 0.8 V applied across the pore.
The inset shows a zoomed in region when the particle was located between 100 nm

and 200 nm away from the pore opening.

Figure 9 confirms that the biphasic character of the signal accompanying an
electroosmotic approach of a particle can be reproduced by modeling, and that more
negatively charged particles cause a larger current enhancement. Note that even a
neutral particle is predicted to cause a current increase, however of a smaller magnitude
than that of negative particles. This is in contrast to the modeling results performed for
passage of neutral particles through a pore with diameter larger than the particle diameter
(Figure S4), which was predicted not to cause any modulations of either of the end peaks.
We also modeled the approach curve of a positively charged particle. In this case the
current enhancement and the current decrease in the beginning of the pulse had similar
absolute magnitudes, and did not exceed ~5% of the baseline current; note also that
positively charged particles with higher charge density cause a smaller current increase.
It is therefore expected that above a certain threshold of the positive charge density, only
current decrease would be observed. This current decrease could be responsible for the
rectifying current-voltage curves presented in the previous work by Ali et al.** Even though
the modeling of the approach curve shown in Figure 9 was performed with the particle
located at the pore axis, we verified that for some off-axis positions a current

enhancement can be observed as well (Figure S8). As discussed below, the current
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enhancement is observed when the particle diminishes the effective pore diameter below

a certain threshold.

The numerical modeling of ionic concentrations in the particle/pore system helped us
to further elucidate the mechanism beyond the unusual shape of the pulse accompanying
an electroosmotic approach of particles to the pore opening. As mentioned above, we
expected the increase of the current could be caused by modulations of local ionic
concentrations at the pore entrance. Figure 10 plots average concentrations of potassium
ions along the pore axis; since the pore was not ion selective the concentration of
potassium and chloride was the same. We were surprised to see that presence of a
particle at the pore entrance was sufficient to increase ionic concentrations in nearly half
of the pore volume. An approximately 10% increase of ionic concentrations above the
bulk value could therefore be responsible for the observed current increase. Figure S9

details distribution of ionic concentrations at the pore entrance.

When analyzing the experimental approach curve of a particle to a pore smaller than
the particle diameter (Figure 7), we noticed it took tens of milliseconds to reach the
maximum current increase. This is much longer than translocation times of the particles
even in the 660 nm pore (Figure 3). The results indicate that a rather long period of time
is needed to build up the increased ionic concentrations at the pore entrance and in the
pore, which are responsible for the current enhancement. The tens of millisecond time
scale required might explain why we do not see the increase above the baseline in the
translocation experiments:®. 7 the particles simply did not spend sufficient amount of time

at the pore mouth to enable the enhancement of ionic concentrations to be completed.
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Due to the large enhancement of ion current when a weakly charged particle
approaches a pore, we proposed that measuring an approach curve could inform on small
amounts of surface charge (and its polarity), which particles can acquire when in a
solution. The measured signals however might not be directly informative on the
magnitude of the surface charge density. The current increase accompanying the particle
approach to the pore is dependent not only on the surface charge density but also the
distance from the pore entrance (Figure 9). To test this claim, experiments were
performed with unmodified PS and PMMA particles approaching a pore with an opening
diameter of 380 nm. Both particles approached the pore by electroosmosis, but the
current increase caused by the PMMA particles was higher than the current increase
caused by the PS particles (Figure S10). Zeta potential of PMMA and PS particles in 0.1
M KCI, pH 10, was however measured as -4.5+ 0.5 and -8 + 1 mV, respectively. We
hypothesize that the different magnitudes of current enhancement observed with the
particles might be caused by different final positions that PMMA and PS particles assume
in front of the pore entrance. It is possible that the position a particle assumes depends
on the particle’s surface charge and applied voltage. It is, however, difficult to distinguish
whether the increase of Al/l in Figure 8b with voltage is caused by a particle moving closer
to the pore mouth at higher electric fields, or rather is caused by voltage modulation of

ionic concentrations as discussed below.
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Figure 10. (a) Comsol simulations of distributions of K* ions concentrations along the
pore axis when a 280 nm in diameter particle was located 70 nm away from the pore
opening as shown in Figure 9. The solid lines indicate ionic concentrations of an open
pore without a particle. (b) Magnitudes of ion current through the pore with the particle
present at the pore entrance as in (a). The pore had an opening diameter of 260 nm
and its length was varied between 1 and 11 um. 0.8 V was used for the longest pore;
the other voltages were selected to assure the same voltage drop across the different

pore lengths.

Our experimental studies of ion current modulations accompanying a particle approach
to the pore entrance is similar to the experiment in which an AFM tip was used to probe
transmembrane current of a SiN film containing one nanopore.*® The approach curves in
the SiN system however consisted only of current decrease below the baseline current;
no enhancement of ion current was seen. When we compared the two systems, SiN and
our polymer pores, the main difference between them was the pore length: the SiN films

were thin (<100 nm), while the length of our pores was microscopic.
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Using our Comsol models, we looked therefore at the distribution of ionic
concentrations in pores with various lengths (Figure 10). In all cases considered, a
particle was located at the same distance from the pore opening. The results revealed
that the ion current increase above the baseline value and enhancement of ionic
concentrations in the pore occurred only for pores that were longer than ~4 um (Figure
10a, b). The dependence of the current increase on the applied voltage, surface charge
density of particles, and particle location is shown in Figure S11. The modeling suggested
that the origin of the current increase above the baseline current could be understood by
taking analogy of the particle/pore system to the conically shaped pores. When a particle
is located close to the pore opening, the effective pore size indeed diminishes and is
determined by the nanoconfined space between the particle and the pore walls. Applying
voltage such that a positively biased electrode is placed at the narrow opening of a cone-
shaped pore, leads to an enhancement of both cationic and anionic concentrations in a
large fraction of the pore volume.*%-52 Note the ion current modulation in conical pores
occurs only if the pore is sufficiently long; the threshold length depends on a few
parameters including the pore diameter, opening angle, salt concentration, and voltage.53
We propose that the presence of a particle at the pore mouth could be considered an
analogue of a narrow opening of a conically shaped pore. In order to capture particles via
electroosmosis, we place a positively biased electrode at the side of the membrane in
contact with particles, thus at conditions for which enhancement of ionic concentrations
is expected (Figure S12 and S13). Note that passage of unmodified PS particles through
conically shaped mesopores revealed that the concentration modulations induced by

voltages can indeed occur even for pores as large as 500 nm.3 Numerically, we also
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treated a hypothetical situation in which the particle stayed in one location, 70 nm from
the pore mouth, but the voltage polarity was reversed. Note that experimentally this case
could not be realized, because the induced electroosmotic flow would push the particle
away. The modeling predicted that analogous to a system of conical pores, for the

opposite polarity a small depletion of ionic concentrations was formed.*°

Based on the experiments presented in the manuscript, we devised a system, which
could be applicable to selectively pick and manipulate position of particles with low
surface charge density, which are difficult to identify by other techniques. The set-up could
be based on the scanning ion conductance microscope whose probe, in a form of glass
pipette, could be used to capture a particle with diameter larger than the tip opening
(Figure S14). 5455 We envision the pipette to be placed at the location where the particle
is to be deposited; the particle’s release would be induced by reversing voltage polarity.
Voltage polarity during capturing process would determine whether a highly charged or

nearly neutral particle was selected and moved as shown in Figure S14.

Conclusions

In this manuscript we have considered electroosmotic translocations as well as an
approach of particles to single pores probed as the signal of the transmembrane current.
We discuss resistive-pulse experiments and point to the features of ion current pulses,
which are informative on the presence of finite surface charges on the particle surface.
This manuscript tackles the issue of charges on the solid/liquid interface and reminds us

that any surface, even if chemically considered neutral, can acquire charges e.g. by ion

26



adsorption.20 We show that unmodified polystyrene and PMMA particles can indeed
contain small surface charge densities. The experiments with pores smaller than the
particles to be detected, allowed us to trace an approach curve of individual particles
moving toward the pore opening. The approach curve is the signal of transmembrane
current in time that was found to consist not only of current decrease, indicative of a
particle entering the access resistance, but also current enhancement when the particle
moved closer to the pore opening. We identified the origin of the current increase as the
enhancement of ionic concentrations in a large fraction of the pore volume. We propose
using the approaches presented as a test for the existence and polarity of surface charge
of particles at solid/liquid interfaces, as well as potentially to manipulate the position of

individual particles.
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