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Interference of electrochemical
ion diffusion in nanopore sensing

lat Wai Leong,’? Shohei Kishimoto,'? Makusu Tsutsui,’* and Masateru Taniguchi’

SUMMARY

Stable and fast-responding ionic current is a prerequisite for reliable measure-
ments of small objects with a nanopore. Here, we report on the interference of
ion diffusion kinetics at liquid-electrode interfaces in nanopore sensing. Using
platinum as electrodes, we observed a slow and large decrease in the ionic cur-
rent through a nanopore in a salt solution suggestive of the considerable influ-
ence of the growing impedance at the liquid-metal interfaces via Cottrell
diffusion. When detecting nanoparticles, the resistive pulses became weaker
following the steady increase in the resistance at the partially polarizable elec-
trodes. The interfacial impedance was also demonstrated to couple with the
nanopore chip capacitance thereby degraded the temporal resolution of the ionic
current measurements in a time-varying manner. These findings can be useful for
choosing the suitable size and material of electrodes for the single-particle and
-molecule analyses by ionic current.

INTRODUCTION

Nanopore is a powerful tool for analyzing biological samples at a single-molecule level (Xue et al., 2020; Hu
et al., 2020; He et al., 2021; Fried et al., 2021). It is a conductometer that detects a temporal change of the
ion flow in a nanoscale conduit upon translocation of an object via ionic current measurements (Henriquez
et al., 2004), the simple mechanism of which has been demonstrated to enable a versatile sensor for iden-
tifying miscellaneous analytes from cells to genomes (Xue et al., 2020; Hu et al., 2020; He et al., 2021; Fried
etal., 2021; Henriquez et al., 2004; Sun and Morgan, 2010). Being electrochemical in nature, meanwhile, the
electrical current generally reflects the dynamic phenomena at the electrode-liquid interfaces (Zhang et al.,
2006; Gao et al., 2019). Specifically, the application of voltage perturbs the local ion distribution by over-
consuming reactants for the electrochemical reactions, which induces subsequent ion motions in the
bulk to relax the acute ion concentration gradient near the electrode surface (Pletcher et al., 2011). This
Cottrell diffusion causes a gradual decrease in the ionic current over time, whose characteristics provide
rich information concerning the properties of ions in chronoamperometry (Messerschmitt et al., 2014;
Lee et al,, 2018). However, little effort has been devoted to investigate its relevance to the nanopore
sensing (Zhang et al., 2006), where the time-course change in the impedance outside the pore may cause
critical effects on the temporal resolution of the ionic current measurements for detecting small molecules
and particles (Plesa et al., 2013, 2015; Tsutsui et al., 2021). In the present study, therefore, we explored this
issue by comparing resistive pulse measurements of nanoparticles using multiple kinds of electrodes
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Figure 1. Schematic model depicting nanopore sensing of single-nanoparticles

The ionic current o, flowing through a nanopore in a SiN, membrane is measured in a phosphate buffered saline
containing various concentrations of NaCl under the applied voltage V. Transient drops in [;o, upon electrophoretic
translocation of the negatively charged polymeric nanobeads were recorded using two different electrodes, Ag/AgCl
and Pt. Inset is a scanning electron micrograph of a 300 nm diameter pore in a 40 nm thick SiN, membrane used for the
resistive pulse measurements.

signals showed little variations in their heights (Figure 2B) representative of the narrow size distributions of
the synthetic nanobeads (varying by less than 11% from the average particle diameter of 178 nm as
confirmed by a dynamic light scattering method). There are also no notable changes in the pulse-like wave-
forms with time for the entire range of the salt concentration conditions tested, which suggested minor in-
fluence of the ion diffusion at the solution-electrode interfaces on the resistive pulse sensing.

To verify the accuracy of the single-particle measurements, we theoretically estimated the ionic blockade
current by the polymeric sphere (Figure S1) (Tsutsui et al., 2019; Liao et al., 2020). Finite element calcula-
tions based on coupled Poisson-Nernst Planck and Navier Stokes equations predicted a drop in lion (Alion)
by approximately 15 nA when a 170-nm-sized particle was moved along the pore axis under the salt con-
centration of 123 mM NaCl (Figure 2C). The experimental Al - ttraces revealed similar features except the
asymmetric signal line-shapes demonstrating the relatively slow motions at the nanopore orifice due to the
hydrodynamic dragging under the electroosmotic flow (water flows in a direction opposite to the electro-
phoresis of the negatively charged particles in the SiN, nanopore for its negative native charge on the wall
surface) (van Dorp et al., 2009; Firnkes et al., 2010). Moreover, the simulations indicated a linear rise in the
resistive pulse height I, with the open pore current Iopen (Figure 2D), which is in fair agreement with the
experimental observations (Figure 2E). It can be interpreted by the fact that the electrolyte concentrations
affect the homogeneous resistivity of the solution (1/p) including the open volume in the partially occluded
nanopore by the particle. This in turn provides a transmission line circuit model of the fluidic system as a
simple resistor of the resistance Ryore = p(4L/‘rcdpo,e2 + 1/dpore) at the nanopore (Garaj et al., 2010; Kowalc-
zyk et al., 2011) with negligible contributions of the electrodes (apart from the slight change in I, in
response to the time-course decrease in lopen by less than 10% ascribable to the small yet finite effects
of the resistance at the electrolyte solution-Ag/AgCl interfaces (Figure S2)).

Cottrell diffusion observed in Pt/nanopore/Pt systems

Measuring the polymeric beads using the same nanopore but with platinum electrodes instead of Ag/
AgCl, we found quite different ionic current characteristics showing a large decrease in lo5e, over time (Fig-
ure 3A). Furthermore, while the nanoparticles still could be detected, the resistive pulses became steadily
weaker along the diminishing open pore current (Figures 3B-3E). Here, what is different in platinum from
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Figure 2. Open pore and blockade current characteristics observed with Ag/AgCl electrodes

(A) Partial ionic current traces recorded in a dilute suspension of 186 nm-sized polymeric nanobeads in phosphate
buffered saline containing 123 mM (blue) and 55 mM (red) NaCl using a 300 nm-sized SiN, nanopore with Ag/AgCl
electrodes under the transmembrane voltage V,, of 0.4 V.

(B) Resistive pulses of equal heights detected in the 123 mM (blue) and 55 mM (red) NaCl solutions. The open pore current
is offset to zero.

(C) Amagnified view of aresistive pulse in 123 mM NaCl (blue) compared with a simulated ionic signal for a 170 nm particle
passing through a 300 nm diameter channel (dark yellow). The open pore current is offset to zero. zdenotes the position of
the particle center.

(D) The resistive pulse height I, versus the open pore current lopen Obtained by the finite element simulations of the
particle translocation in aqueous solutions of various NaCl concentrations.

(E) Experimental I, under various salt concentration conditions plotted as a function of the open pore current Io,e, at the
moment when the resistive pulses were detected. Inset is an equivalent circuit model of the nanopore. There is no
additional impedance at the solution/electrode interfaces due to the electrochemical nature of Ag/AgCl in the chloride
solution.
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Figure 3. Time-varying Faraday current and resistive pulses in a Pt-nanopore-Pt setup

(A) Partial I, traces in 123 (blue) and 55 mM (red) NaCl solutions recorded using a 300 nm-sized nanopore with Pt
electrodes under Vi, of 0.4 V. Large spike-like features are presumably due to charging/discharging.

(B) Resistive pulses of varying heights observed in 123 (blue) and 55 mM (red) NaCl.

(C) The ionic current curves displayed as a function of t %% Gray lines are linear fitting to the data.

(D) Resistive pulses observed at the beginning (pink arrow in (b)) and the end (orange arrow in (b)) of one measurement.
(E) The measured I, with Pt (open triangles) and Ag/AgCl (filled circles) plotted with respect to lopen at the moment when
the resistive pulses appeared. Inset is a circuit model of the Pt-nanopore-Pt system with impedance at the solution/
electrode interfaces serially connected to the resistance at the pore.

Ag/AgCl is the electrochemical reactions in the chloride solution involving no precipitation/adsorption of
the reactants. In such a case, the Faraday current is expected to diminish monotonically rather than stay
stable at a certain level, as the non-equilibrium ion concentration gradients at the voltage-biased electrode
surface tend to be flattened by time via the diffusive motions of ions in the bulk solution (Plesa et al., 2015).
In the case of parallel plate electrodes without a nanopore membrane, Fick's law describes the time-
dependent Faraday current to behave as I, = nFAD®>c/(mt)>°, where Fis the Faraday constant, A is the
water-touching electrode area, D and c are the diffusion constant and the concentration of ions, and n'is
the number of electrons worked in the electrochemical reaction (Plesa et al., 2015). Indeed, the deep lopen
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drop was found to occur as t~%° (Figure 3C) thereby manifested that the transmembrane ionic current is
limited by the ion diffusion at the electrodes. More quantitatively, tentatively assuming water dissociation
reactions on Pt surfaces in the pH7.6 buffer (van der Niet et al., 2013; Jaksic et al., 1993), we obtain D of
7.0 x 1078 m?/s from the t7%° fitting (solid line in Figure 3C) with the electrode area of 2.7 x 107> m?. While
this value is close to the diffusion constants of H* and OH™ at ambient conditions (Lee and Rasaiah, 2011;
Holz et al., 2000), it should also be pointed out that V,, is lower than the voltage required for initiating
Faraday electrolysis of water. Further efforts should thus be devoted to shed light on the electrochemical
reactions responsible for the nanopore ionic current in the Pt/nanopore/Pt system.

Electrode material and electrolyte dependence of Cottrell behaviors

Extending the experiments to different electrode materials (Figure 4A), we obtained stable ionic current as
well as uniform height resistive pulses of the polystyrene nanoparticles with Ti (Figure 4B). This demon-
strates that Ti is equally useful to Ag/AgCl for nanopore sensing owing presumably to its dissolution reac-
tions under the electric potential difference (Baehre et al., 2016). In case of Ag, the open pore current as
well as the resistive pulse heights tended to become lower over time. It is naturally ascribed to the absence
of AgCl for the precipitation/adsorption-mediated electrochemical reactions that led the Cottrell diffusion
to become observable in the ionic current traces. Au also displayed similar behavior due to its electrochem-
ically inert properties.

Moreover, we tested salts other than NaCl. In case of a mixture aqueous solution of K3Fe(CN), and
K4Fe(CN), (Figure 4C), the redox reactions involving precipitations (Luo et al., 2017), similar to those occur-
ring at the Ag/AgCl electrodes in chloride solutions, provided stable ionic current even with Pt electrodes
though not applicable for the resistive pulse detections (Figure 4D) perhaps due to the aggregation of the
polystyrene nanobeads via the electrostatic interactions with the multivalent ions in the solution. On the
other hand, a Cottrell behavior was observed when replacing the solution with the one containing only
K3Fe(CN), since the redox reactions cannot take place without K;Fe(CN),. These results were consistent
to validate the pronounced roles of the electrochemical ion diffusion on the nanopore sensing.

Roles of electrode material on nanopore sensor temporal resolution

How about its impact on the nanopore sensing? The resistive pulses were already explained to become
smaller over time (Figure 3D). To be more quantitative, we plotted the signal heights with respect to the
open pore current. They revealed a proportionality between I, and lopen even for the data in a single mea-
surement under a specific salt concentration condition (Figure 3E), which implies a direct relevance of the
impedance at the solution/platinum interfaces on the ionic blockade current. Interestingly, the Ag/AgCl
results were also in line with the linear dependence. Nevertheless, it should be noted that the underlying
mechanisms are completely different. In the Ag/AgCl measurements, we changed the resistivity of the
whole nanopore system by the salt concentration conditions that affected I, and Iopen 0n the same footing
(Henriquez et al., 2004). On the other hand, the ion diffusion at the voltage-biased platinum yielded local
impedance at the liquid-electrode interfaces. In this sense, I, is expected to scale with lopen’ When
assuming a serially connected resistor of resistance R at the two electrodes. It thus requires further an-
alyses to explain the linear dependence observed in Figure 3E.

In fact, we found significant blunting of the resistive pulse waveforms via interplay between the resistance
and capacitance (Tsutsui et al., 2018). Its effect was examined by fitting the tails with Ali,, ~ exp(-t/74),
where 71 = RCis the time constant of a parallel RC circuit model assumed (Figures 5A and 5B). This expres-
sionis valid unless the translocation motions of the nanoparticles exiting the nanopore are much faster than
the RC-mediated temporal resolution of the ionic current measurements. The signal pattern analysis re-
vealed a linear relationship between 7, and the resistance of the nanopore system, R = Vi,/lgpen (Figure 5C;
see also Figure S3), in the whole resistive pulse data including those recorded with not only Ag/AgCl but
also Pt electrodes. The relationship as a whole implied the direct relevance of the time-varying Rec to the
temporal resolution of nanopore sensors (note that 71 scales linearly with R even within the data acquired
under a certain salt concentration condition). In this context, it is noticeable that similar trends were re-
ported when varying solution resistance at external regions of nanopores by integrating microchannels
on membranes (Kishimoto et al., 2020). The 71 — R dependence thus indicates the major contribution of
Rele to alter the out-of-pore resistance contributing to the signal retardation. It is speculated that this
gave rise to the linear I, - lopen dependence in Figure 3E.
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Figure 4. Electrode material and electrolyte dependence of the ionic current characteristics

(A) lion traces recorded using a 300 nm nanopore under 0.4 V with different metal electrodes: Ag/AgCl (red), Ti (greed), Ag
(blue), and Au (dark yellow. Dashed lines are fitting with fy ~ t7°.

(B) Resistive pulses obtained for the 178 nm nanobeads within 15 min with various electrodes.

(C) lonic current traces recorded in aqueous solutions of ferrocyanide using a 300 nm-sized nanopore with platinum
electrodes under the transmembrane voltage of 0.4 V. Blue curve is the result in the water solution containing potassium
hexacyanoferrate(lll) (K3[Fe(CN)4]) and potassium hexacyanoferrate(ll) trihydrate (K4[Fe(CN)g]) at 0.1 V while red curve is
the result in the solution containing only K3[Fe(CN)4] at 0.1 M. The ionic current is plotted against t79°, A stable ionic
current was observed with Fe(CN)¢* /Fe(CN),>~ due to the redox reaction at the platinum electrodes. In contrast, the
absence of reactants with only Ks[Fe(CN),] led to diffusion-limited ionic current manifested by the decay in lion by t7°°
(dashed line is a fit with lig, ~ t°9).

(D) Resistive pulse measurements of the 178 nm-sized polystyrene beads in the solution of 0.1 M Fe(CN)*~/Fe(CN)s>~. No
notable features suggestive of particle translocation were observed due presumably to aggregation of the polymeric
beads.

In contrast, the curvatures at the left-half of the resistive pulses, which reflects the motions of the nanopar-
ticles at the nanopore entrance, demonstrated a non-trivial manner. While the RC retardation is expected
to be equally effective to blunt the signals at the onsets and the tails, the time constant 7, (assessed by the
exponential fits as shown in Figures 6A and 6B) revealed only faint dependence on R (Figure 4C). This is in
part due to the considerable scattering in the pulse onset line-shapes reflecting the stochastic nature of the
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(A and B) Typical resistive pulses recorded for the 186 nm-sized nanobeads in 55 mM NaCl solutions with Ag/AgCl (A) and
Pt (B) electrodes under V;, of 0.4 V. Sky blue curves are the exponential fits by lio, ~ -exp(-t/7) at the signal tails.

(C) 71 versus Vi/lopen scatter plots. Open triangles and filled circles are the data obtained with Pt and Ag/AgCl electrodes,
respectively. Error bars denote the standard deviations. Dashed line is a linear fit to the whole plots. Inset is a refined
equivalent circuit explaining the overall dependence of 71 on the nanopore resistance.

nanoparticles drawn into the nanopore at random angles (which is not the case after escaping the pore
where the inertial effects tend to regulate their translocation motions) (Tsutsui et al., 2019). Another thing
is the slow electrophoretic motions of the polymeric beads at the orifice (note that 75 is relatively longer

than 74) allowing the ionic current to catch up with the change in their positions, hence obscuring the trait
of the RC retardation.

Influence of electrode ion diffusion on particle translocation dynamics

Itis also noticeable that 7, is electrode-material dependent. In the case of Ag/AgCl, we could find a ten-
dency where 7, becomes longer with R when decreasing the salt concentrations (Figure S4). Considering
that the resistive pulse onsets mostly represent the translocation dynamics at the orifice rather than the
RC effects, it can be explained by the slower motions of the polymeric particles under the more effective
electroosmotic flow in the diluter electrolyte solution imposing stronger hydrodynamic drag forces to push
them back (Figure S5) (Tsutsui et al., 2021; Firnkes et al., 2010; Xu et al., 2021). This is different for the results
obtained with Pt, where 75, or equivalently the time t.,,, for the nanobeads to be drawn into the nanopore

(Figure 7A), scatters more and tends to become gradually shorter by time within the data collected under a
constant salt concentration condition.

Since it is hard to imagine a gradual decrease in the mobility of the polymer spheres or ionic strength of the
electrolyte buffer during the resistive pulse measurements, physical mechanisms other than the RC
coupling should be responsible for the 75 (t..p) characteristics. What largely determines the particle mo-
tions at the orifice is the balance between the counteracting electrophoretic and hydrodynamic drag forces
(Tsutsui et al., 2021; Firnkes et al., 2010; Xu et al., 2021; Stein et al., 2010). As these forces both become
stronger with the transmembrane voltage, it gives non-straightforward V,, dependence of the translocation
dynamics (Bacri et al., 2011). For the present system, increasing voltage led to a monotonic elongation of
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Figure 6. Resistive pulse onset line-shapes

(A and B) Resistive pulses recorded using Ag/AgCl (a) and Pt (b) with fit curves in red by lion ~ 1-exp(t/72).

(C) 72 versus Vi/lopen scatter plots shown by open triangles and filled circles for the data obtained with Pt and Ag/AgCl
electrodes, respectively. Error bars denote the standard deviations.

teap Manifesting a more rapid increase in the hydrodynamic drag force compared to the electrophoretic
counterpart (Figure 7B; see also Figure S6 that explains why t.,,, increases rapidly at above 0.4 V) (Tsutsui
et al., 2021), i.e. faster translocation under lower V,, (here, Ag/AgCl was used to avoid the influence of the
ion diffusion at the solution/electrode interfaces). Analogous discussion can be made to explain the plots in
Figures 6C and 7A. At the beginning of the measurement with Pt electrodes, the impedance at the solu-
tion/electrode interfaces was low so that a large portion of Vi, was focused at the nanopore. Later, however,
the Cottrell diffusion steadily enlarged the interfacial resistance Reje at the electrodes. When it became
comparable to Ryqre, the voltage started to drop largely at the electrodes. As a consequence, the electric
potential difference V¢ across the nanopore became weaker over time (Figure 7C). Concurrently, it led to
shorter t., by the altered balance between the electrophoretic and hydrodynamic drag forces. In contrast
to Pt, the low electrode impedance at the solution-Ag/AgCl interfaces led to Vg ~ Vi, and hence relatively
long 7, due to the electroosmotic flow-derived slow motions of the nanoparticles at the nanopore entrance
(with the aforementioned influence of the ionic strength as shown in Figure S4). Although it is not possible
to quantify the effect of the interfacial impedance on the translocation dynamics of the nanoparticles due to
the uncertainty in the time-evolved resistance distributions between the electrodes and the membrane, the
above results elucidate another outcome of the electrode ion diffusion to vary the translocation motions of
analytes.

DISCUSSION

The present findings prove the important roles of electrode materials in nanopore sensing. Ag/AgCl is
confirmed to be particularly useful to obtain persistent ionic current in a chloride solution for reliable resis-
tive pulse detections of particles and molecules. Unlike the non-polarizable electrodes, electrochemical re-
actions at the platinum surfaces involve no precipitation/adsorption of reactants, and so induce growing
interfacial impedance. This Cottrell diffusion-derived resistance was demonstrated to substantially
degrade the temporal resolution of the ionic current measurements as well as to change the translocation
dynamics of analytes in a time-varying manner, which would be fatal to discriminate analytes such as viruses
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Figure 7. Transmembrane voltage-dependent particle capture dynamics

(A) The width tc, at the first half of the resistive pulses obtained with the Pt-nanopore-Pt setup representing the time
required for the particles to be electrophoretically drawn into the nanopore. The resistive pulses correspond to the data
displayed as red, green, and orange triangles.

(B) Change in tc.p with Vi, observed in the resistive pulse measurements using Ag/AgCl electrodes in 55 mM NaCl
solution. t,, increases steadily when increasing V, from 0.1 to 0.6 V signifying a more rapid increase in the electroosmotic
forces Feor than the electrophoretic counterpart (Fgp). The sketches depict the relative strength of the electrophoretic
and hydrodynamic drag forces on the particles at the nanopore orifice under different transmembrane voltages.

(C) A circuit model explaining the time-varying electric potential difference at the nanopore Ve due to the growing
impedance at the solution/Pt interfaces.

(Arima et al., 2020) and proteins (Houghtaling et al., 2018, 2019) by the difference in the ionic signal wave-
forms. Yet, electrochemistry predicts a way to make such electrodes still useful by employing large elec-
trode surface area with high ionic strength for mitigating the impedance increase to allow resistive pulse
sensing for a certain period of time before it becomes comparable to the resistance at a nanopore.
Conversely, it also cautions that care should be taken when utilizing microfabricated electrodes that
may augment the electrode ion diffusion interference even with Ag/AgCl (Chia et al., 2019).

Limitations of the study

We note that the present work studied the roles of electrode materials for only 300 nm diameter nanopores.
Considering that smaller nanopores possess larger Ry, the roles of the Cottrell diffusion may change as
the voltage division at Ree would become smaller. On contrary, the choice of electrode materials is pre-
dicted to become more important when using micropores where smaller pore resistance gives rise to
more pronounced influence of R on the ionic current characteristics. Further efforts should be devoted
to clarify this point.
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REAGENT or RESOURCE SOURCE

IDENTIFIER

Chemicals, peptides, and recombinant proteins

Phosphate buffered saline Nippon Gene Cat#: 314-90185
Polystyrene beads Polysciences Cat#: 08216-15
Potassium ferricyanide K3Fe(CN)6 Fujifilm Wako Chemicals Catt#: 167-03722
Potassium ferricyanide K4Fe(CN)6 Fujifilm Wako Chemicals Cat#: 161-03742
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Makusu Tsutsui (tsutsui@sanken.osaka-u.ac.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

Fabrication of micro- and nanopores

A 4-inch silicon wafer both sides of the surfaces covered with the low-pressure chemical vapor deposition-
grown SiN, layers of 50 nm thickness was purchased from Electronics & Materials Co. and used as sub-
strates after dicing into 30 mm x 30 mm pieces with a dicer. SiN, at one side of the substrate was partially
removed by reactive ion etching through a metal mask, which created an approximately 1 mm square area
of Si. The Si surface was then exposed to KOH ag. and heated to 80°C for deep wet etching. This formed a
trench with a 40 nm-thick SiN, membrane at the bottom (due to thinning of the SiN, by about 10 nm during
the wet etching). On the SiN, membrane, an electron beam resist ZEP520A (Zeon) was spin-coated. After
baking at 180°C, a circle of diameter 300 nm was delineated by an electron beam lithography. Developing
the pattern, the substrate was treated with the reactive ion etching to open a nanopore, where the residual
resist layer served as a mask. Finally, the nanopore chip was immersed in N,N Dimethylformamide over-
night to dissolve the resist followed by rinsing with ethanol and acetone.

Resistive pulse measurements

Polymer blocks were prepared by curing PDMS precursor (Sylgard184, Dow) and baking at 80°C for 5 h. The
blocks were adhered on both sides of the nanopore chip by activating the surfaces with oxygen plasma.
Three holes were punched in the blocks that served as inlet and outlet of sample solution as well as a place
to put the electrode, either a Ag/AgCl or Pt rod of diameter 0.8 mm, for the ionic current measurements.
Afterfilling the pore with dilute suspension of nominally 200 nm-sized carboxylated polystyrene nanobeads
(Polysciences) in diluted phosphate buffered saline, the voltage V,, was applied to one of the electrodes
and the output ionic current was measured through the other electrode at 1 MHz using a custom-designed
current amplifier and a digitizer (N1-5922, NI).

Data analyses

Resistive pulses were extracted from the raw ionic current curves by first offsetting the open pore current to
zero. This was implemented by subtracting the linearly-fit components in every 0.5 s region. The pulse
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signals were then identified by searching local minima of the ionic current using a threshold level of —1 nA.
Subsequently, the ionic current data of 5 milliseconds before and after each minimal point were saved. The
resistive pulses obtained in this way were then fit by exponential functions to deduce 7 and 7. All the
computational tasks were performed by codes written in Python.

Finite element simulations

lonic blockade current and electroosmotic flow velocity in a nanopore were simulated with coupled
Poisson-Nernst-Planck and Navier-Stokes equations using AC/DC, Chemical Reaction Engineering, and
Computational Fluid Dynamics (CFD) modules in COMSOL. We defined a 25 pm diameter and 40 nm thick
SiN, disk with a hole of 150 nm radius at the center in a cylindrical coordinate system. The nanopore was
filled with NaCl solution of dynamic viscosity of 7 = 1072 Pa's. Surface charge density of polystyrene beads
and nanopore wall surface was set according to the zeta potential measured using a zeta-sizer (Malvern
Panalytical). The permittivity of SiN, and water was assumed to be the same as that of the bulk.
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