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Abstract

Nanopore technology was first envisaged as a DNA sequencer, which already became a
practical technology in a form of a bio-engineered transmembrane protein in a lipid bilayer.
The sensor mechanism is based on resistive pulse sensing that can acquire physical
information of an analyte by measuring the ionic blockade current characteristics as it passes
through a pore in a thin membrane. In recent years, it has been rigorously discussed to
expand the sensor's ability beyond the sequencing by leveraging the advanced
nanofabrication techniques to form a hole of arbitral size from the scale of micrometer to
nanometer. One of the goals has been to realize the characterizations of three-dimensional
shapes and surface charge distributions of nanomaterials by nanopore sensing. To this end,
however, the dynamics of mass and ion transportation in nanopores still remain poorly
understood, and it is of crucial importance to deepening the fundamental understanding of
the physics and chemistry behind the sensing mechanism. This research is devoted to
studying the ion and mass transport in a solid-state nanopore of a low depth-to-diameter
structure under a salinity gradient. The size of the pore is chosen to be at the sub-micrometer
scale, where the ionic current and particle translocation tend to be affected by multiple
physical features including electrophoresis/electromigration, electroosmosis, and
diffusioosmosis. The membrane surface was fabricated by dielectric coatings to explore the
roles of zeta potentials at the channel wall on the ion transport behavior as well as the
nanoparticle translocation dynamics. Multi-physics simulations are used in combination
with the ionic current measurements to elucidate the interplay of these factors and find a
route toward optimal materials and designs of solid-state nanopores for characterizing

nanomaterials.



Chapter 1is a general introduction to the solid-state nanopores providing a brief explanation
of the ionic current measurements. The effect of applying a salt gradient in the nanopore
sensor is explained. Then, Chapter 2 describes the experimental methods including nanopore
fabrications, ionic current measurements, SEM observations, COMSOL simulations, and

data analyses.

In Chapter 3, asymmetric ion transport in a non-permselective nanopore was reported.
Under uniform salt concentration conditions, the cross-pore ionic current showed ohmic
characteristics with no bias polarity dependence. In stark contrast, despite the weak ion
selectivity expected for the relatively large nanopores employed, nanopores exhibited diode-
like behavior when a salt gradient was imposed across the thin membrane. An intriguing
interplay between electro-osmotic flow and local ion density distributions in a solid-state
pore is found to induce highly asymmetric ion transport. Chapter 4 shows negative
differential resistance to resistive switching characteristics appeared under a 100-fold
difference in the cross-membrane salt concentrations. In Chapter 5, a partial coating method

to alter the nonlinear ionic current through a salt-gradient-biased pore was reported.

Chapter 6 - 8 focus on the topic of single nanoparticle sensing. In Chapter 6, the interference
of ion diffusion kinetics at liquid-electrode interfaces in nanopore sensing was reported. A
slow and large decrease was observed in the ionic current through a nanopore suggestive of
the considerable influence of the growing impedance at the liquid-metal interfaces via
Cottrell diffusion. In Chapter 7, the impact of using polymers as insulating layers in solid-
state nanopores for single-particle detection is discussed. In Chapter 8 reports on single-

nanoparticle translocation dynamics in a nanopore under salt gradients, wherein the effect
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of EOF on the capture-to-translocation dynamics of analytes is studied. Chapter 9 explains
the conclusions of this thesis and the future direction in nanotechnology with solid-state

nanopores.

Keywords: ionic current, ion transport, nanofluidic, nanopores, electroosmotic flow
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Chapter 1 Introduction

1.1. General introduction

In the present day, independent science is unable to cope with immediate technical
bottlenecks. Therefore, interdisciplinary fields have emerged and developed, like the study
of nanotechnologies that enables the creation of artificial nanomaterials with rich chemical
and physical properties. To expand the development of nanomaterials, meanwhile, it is

critical to be able to properly analyse and evaluate techniques at the nano-microscale.

Common analytical methods, such as spectroscopy (X-ray, UV-visible, IR or Raman), mass
spectrometry, nuclear magnetic resonance spectroscopy, electrochemical analysis, or
thermal analysis have all reached maturity. Those methods can characterize and evaluate the
different characteristics of nanomaterials both qualitatively and quantitatively. Nevertheless,
the information collected by those methods is an average of a group's behavior. Therefore,
they cannot be used for the correct evaluation of the sample at a level of individual

nanomaterials.

On the other hand, the most relevant nanotechnology in terms of sensor technology is
perhaps electron microscopy (TEM or SEM) and scanning probe microscopy (SPM). The
microscopy technique is good for analysing individual characteristics. Although it can obtain
the information of a single sample very accurately, the requirements for sample preparation

are generally strict, and it is difficult to measure a large number of samples at the same time.

Solid-state nanopore used for DNA sequencing is an emerging technology with high



throughput and the ability to analyse at the single molecule level. If the tiny pore expands to
any size in proportion to the size of the sample passing through, the nanopores can be applied
to the nano-micro scale by measuring the current signal in an aqueous solution without

further pre-treatment (Figure 1.1).

Open pore current (~nV)

€ © C ‘

|

T T

Current

G Bias voltage (~100 mV)
Time

Figure 1.1 Single molecule and single particle sensing using solid-state nanopores

1.2. Solid-state nanopores

Nanopores are tiny pores at the nanoscale. The first results of DNA transport through a bio-
nanopore were reported using a-hemolysin in 1996.! Soon after, the passage of DNA through
solid-state nanopores was also first reported in 2001.2 The solid-state nanopores, as the name
suggests, are fabricated on solid membranes such as SiO,, SiNy. Using ionic current signals
through a small aperture as a biosensing mechanism was first proposed in Coulter’s invention
in 1953.3 The principle of resistive pulse sensing is shown in Figure 1.2. In brief, a bias voltage
is applied at both ends of the nanopore to form an electric field, and ions move along the
electric field according to their own charges resulting in an ionic current. At this point, if a
substance passes through a nanopore, blocking the ionic current can reveal information
about the substance. The surface of the nanopore has surface charges (in the case of SiNy, it
is generally negatively charged), and an electrical double layer (EDL) is formed by the solid

surface (Figure 1.3a). The parameter to evaluate the size of EDL is called Debye length:
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where e; and €, are, respectively, the relative dielectric permittivity of the solvent and the
vacuum permittivity, kg is the Boltzmann constant, T is the thermodynamic temperature, e
is the elementary charge, z; is the valence of the jth ionic species, and c; is the concentration

of the jth ionic species.
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Figure 1.2 Principle of resistive pulse sensing



If the nanopore is smaller than the Debye length, it will form a situation that restricts the
passage of counter ions, which is so-called ion selectivity. In addition, a fluid flow is generated

on the charged surface, known as electroosmotic flow (Figure 1.3c). In general, the estimation

of electroosmotic flow is as follows:

—e{,E
u

Ugor = — (1-2)

where ¢ is the relative permittivity of the fluid, ¢ is the surface charge (zeta potential) at the

nanopore surfaces, E is the electric field, and u is the dynamic viscosity of the fluid.
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Figure 1.3 The physical phenomena of electrical double layer (EDL), ion selectivity and

electroosmotic flow (EOF) in solid-state nanopores



By measuring the ionic current in the nanopore, the conductivity of the nanopore can be
estimated. The concept of Maxwell access resistance 4 is the classic result for ions to the pore

mouth (Figure 1.4). The resistance of the whole system in the experiment is given as follows:

4ol P (1-3)

Ropening = Rpore(cytindricaty T Raccess = 2 d
Where p is the conductivity of electrolyte, d is the diameter of nanopore, [ is the thickness of
the free-standing membrane. The effective sensing space inside nanopore is fixed, so
addressing the effective radius for access resistance will reflect the ionic current blockage

event for the detected sample.
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Figure 1.4 Maxwell access resistance in nanopore measurement



Even though solid-state nanopores have made remarkable progress in the past 20 years,
compared with commercialized biological nanopores (Oxford Nanopore Technologies),
solid-state nanopores still have many shortcomings. For improving the availability of solid-
state nanopores, scientists combine advanced technologies (i.e., FETs, gate voltages, optical
enchantments). Among these approaches, the simple concept of applying a concentration
gradient in nanopore experiments was first proposed by M. Wanunu et al. in 2010.5 As the
result of nanopore measurement under asymmetric ion concentration conditions, the
capture rates were enhanced and translocation times of DNA were prolonged. The most
interesting thing is that, in addition to being used as a sensor, this situation can also be used
as a nanofluid transistor and osmotic power generator. However, this scenario happens only
with ion-selective nanopores. This raises the question of what happens to the ion transport

and single-sample detection if there are no EDL-overlapping.



1.3. Salt gradient in nanopore sensing

When the nanopore is much larger than the thickness of EDLs, both anions and cations can
pass through the nanopore, resulting in the ion selectivity to almost disappearing. At this
point, the effects of EOF will be stronger than that in the ion-selective nanopore (Figure 1.5a).
If a particle translocation is carried out in this case, the influence of EOF on the particle will
be much greater and more complex (Figure 1.5b). This thesis studies this unexplored topic of
salt gradient-mediated ion and mass transport in sub-micrometer-scale conduits, where the
ionic current and particle translocation motions are affected by several physical phenomena,

including electrophoresis/electromigration, electroosmosis, and diffusioosmosis.



Figure 1.5 Comparison of ion transport (upper figure) and material passage (lower

figure) in the case of nanopore size (relative to Debye length)



1.4. Outline

In this introduction, Chapter 1, the background of analytical methods for characterization in
nanoscale, solid-state nanopores, and ionic current measurement was reviewed. In Chapter
2, the fabrication process, experimental methods, general measurement setup, and data

progressing method have been summarized.

First, an asymmetric ion transport in a low thickness-to-diameter aspect ratio nanopore with
a salt gradient was reported in Chapter 3. Under uniform salt concentration conditions, the
cross-pore ionic current showed ohmic characteristics with no bias polarity dependence. In
stark contrast, despite the weak ion selectivity expected for the relatively large nanopores
employed, diode-like behavior was observed when a salt gradient was imposed across the
thin membrane. Furthermore, in Chapter 4, quasi-stable ionic current characteristics and
negative differential resistance behavior were presented when the cross-membrane salt
concentrations increased to a 100-fold difference. In Chapter 5, a simple method to alter the
nonlinear ionic current through a pore by partial dielectric coatings was studied. A variety of
dielectric materials are examined on both the inner and outer surfaces of the channel with
four different patterns of coated or uncoated surfaces. By controlling the specific part of the
surface charge, the pore can behave like a resistor, diode, and bipolar junction transistor.
Numerical simulations provide the reason for the asymmetric ion transport in the pore and

illustrates the relationship between specifically charged surfaces and electroosmotic flow.

In Chapter 6, the interference of ion diffusion kinetics at liquid-electrode interfaces in
nanopore sensing was elucidated. Using platinum as electrodes, a slow and large decrease

was observed in the ionic current through a 300-nm sized nanopore in a salt solution



suggestive of the considerable influence 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 electrodes.
The interfacial impedance was also demonstrated to couple with the nanopore chip
capacitance thereby degrading the temporal resolution of the ionic current measurements in
a time-varying manner. In Chapter 7, the influence of polymer coating on the temporal
resolution of solid-state nanopores was systematically investigated. A SiNy nanopore
integrated with a polyimide sheet partially covering the substrate surface was used to
compare the signals of ionic current blockage from single particle detection. Upon detecting
the nanoparticles dispersed in an electrolyte buffer by ionic current measurements, a larger
resistive pulse height was observed along with a faster current decay at the tails under larger
coverage of the polymeric layer, thereby suggesting a prominent role of the water-touching
SiNy thin film as a significant capacitor serving to retard the ionic current response to the ion
blockade by fast translocation of particles through the nanopores. In Chapter 8, the fine
control of capture-to-translocation dynamics of analytes in solid-state nanopores using an
applied salt gradient was discussed. The result showed a decrease up to a factor of 3 in the
electrophoretic speed of nanoparticles at the pore exit along with an over 3-fold increase in
particle detection efficiency by subjecting a 5-fold ion concentration difference across the
dielectric membrane. The improvement in the sensor performance was elucidated to be a
result of the salt-gradient-mediated electric field and electroosmotic flow asymmetry at

nanochannel orifices.

Finally, Chapter 9 reviews all studies made in this thesis. And the outline research direction

in future have been discussed.
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Chapter 2 Fabrications and methods

2.1. Nanopores fabrication

The first solid-state nanopore was created by Golovchenko’s group at Harvard University in
a silicon nitride (SiNy) membrane via a method called “ion beam sculpting”.6 Afterward,
various methods have been invented for the pore drilling including focused electron beam
(TEM drilling),” chemical etching,® and dielectric breakdown.? In this study, nanopores were
formed in another way by drawing a fine patten on a layer of resist with electron-beam
lithography (Elionix inc.) followed by reactive-ion etching for drilling the SiNy layer.1° Unless
otherwise noted, these nanopores were formed in a 50 nm-thick SiNx membrane. It allowed
to fabricate a circular hole of various diameters as shown in Figure 2.1 for a case of a 300-nm

sized nanopore.

The fabrication process starts with a 4-inch silicon wafer, which has a 50 nm thick silicon
nitride thin film coated on its both sides by low-pressure chemical vapor deposition.
Alignment marks are defined on the top side of the silicon wafer using photo-lithography and
a chrome lift-off process (Figure 2.2). On the backside of the wafer, a metal mask was placed
and treated it with reactive ion etching using CF, as the etchant gas to partially remove SiNy
of 1 mm x 1 mm square area. The wafer is then diced and divided into 25 x 25 mm components.
The Siin the 1 mm x 1 mm square area was then dissolved in a 20% w/w KOH solution heated
at 80 °C. By completely removing Si, a 50 nm-thick free-standing SiNy film is obtained
(Figure 2.3). After that, on the free-standing membrane side, an electron beam resists
(ZEP520A) was spin-coated. Subsequently, a circle of a specific diameter was delineated by

standard electron beam lithography. After development, the remaining resist layer was used
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as a mask to open a nanopore by reactive ion etching (CF,). The residual resist layer was
removed by keeping the nanopore chip in N, N-dimethylformamide overnight followed by

rinsing in isopropanol, ethanol, and acetone. The nanopore device is accomplished. (Figure

2.3)

(top view)

<BRSSERR s, 50

Si 500 um
(S|de view) SiN, 50 nm

Figure 2.1 Sketch of a SiNx nanopore device structure (left) and a scanning electron
micrograph of a 300-nm sized nanopore formed in a 50 nm-thick SiNx membrane on a

Si chip.
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Figure 2.2 Pre-preparation processes for fabricating nanopore chips
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2.2. Measurements and data analysis

To measure the ionic current and detect particle translocation through a nanopore, a
polydimethylsiloxane (PDMS; SYLGARD 184, Dow Corning) flow cell was used for sample
injection and electrode connection. The PDMS blocks were created by imprinting on a SU-
8/Si mold. For this, the surfaces of the PDMS blocks were pre-treated with oxygen plasma in
prior to bond them together. Three holes in each block were used as an inlet and outlet to
introduce PBS as well as a place to fix an Ag/AgCl electrode for ionic current measurements.
PBS was capillary-injected into the channel-integrated pore. Two Ag/AgCl rods were then

placed at both sides of the membrane via the holes punched in the PDMS block (Figure 2.4).

Ionic current versus voltage characteristics was measured and the resistance of the nanopore
was compared to a theoretical estimation to ensure that the experimental configuration was
setup in an appropriate manner. To obtain the ionic current- voltage characteristic data, PBS
or KCI aqueous solution was used. All chemicals were purchased from a local distributor
(Wako co., Itd.) and without further purification. The salt solution was diluted to specific ion
concentrations with deionized water (Milli-Q IQ 7000 ultrapure water system). Filling the
solution into the cis and trans using a syringe, the cross-membrane ionic current was
measured using a pair of Ag/AgCl electrodes. The bias voltage was swept and the ionic
current was recorded by Keithley 6487 (Keithley). For the I-V characteristic curve used in the
experiment in each chapter, a 50 mV step was used for the sweep. All the measurements were

conducted at room temperature in a Faraday cage under a program coded in LabVIEW.

For the nanoparticle translocation experiment, the ionic current flowing through the

nanopore was recorded by applying a DC voltage to one of the Ag/AgCl electrodes and

15



measuring the output current at the other electrode via preamplification using a custom-
designed current amplifier and digitizing using a fast digitizer (PXI-5922, National
Instruments). All the measurements were conducted at room temperature in a Faraday cage

under a program coded in LabVIEW.

Resistive pulse extractions and waveform analyses including the estimations of the pulse
heights and widths as well as the pulse-to-pulse time were performed by custom scripts in
Python3. Meanwhile, OriginPro software is used for further mathematical processing (such

as exponential fit).

ﬁ Ag/AgCl electrode

Solution and sample inlet

Control by LabVIEW code
Keithley 6487 (for |-V characteristic)

PDMS block

(microchannel)
NI-5922 (for single particle detection)

Nanopore device

Figure 2.4 Sample injection and measurement setup
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2.3. Multiphysics simulation

Finite element calculations were used to simulate ion transport, fluidic flow and the forces
exerted on nanoparticle at a nanopore. A cylindrical pore was defined in a 2D axisymmetric
model. The detail of the geometry, meshing setting and boundary conditions used in the finite
element simulations are shown in Figure 2.5 and also in Table 2-1. The cross-pore ion and
fluid transport was then simulated by solving coupled Poisson—Nernst—Planck and Navier—
Stokes equations using COMSOL Multiphysics 5.6 software with AC/DC and chemical
species transport and fluid flow modules. All equations were solved under steady-state by a

MUMPS direct solver.

Specifically, Poisson-Nernst-Planck equation (ionic flux consists of diffusion, convection,

and electromigration) is given as,

_grvz¢ =P,
V-, :V{Qu—D’ (V(“,Jri.—quﬂ:o, (2-1)
RT
On the other hand, Navier-Stokes equation is described as,
V-u=0,
(2-2)

WV u-Vp-pVé=0.
The surface charge density at the SiNy nanopore was changed from o to —100 mC/m? (Figure
3.3d). Generally, the value of surface charge density at the SiNxy membrane was assumed to
be -10 — -15 mC/m2 (also see Chapter 3 and Chapter 8). The ionic current can be calculated

as follows.

L

[apenJ‘F(
s

Zu’f) nds (2-3)
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In Chapter8, the electrophoretic and drag force acting on nanoparticle were estimated by the
procedure reported in the previous literature.

For example, the electrophoretic force (on a particle) is obtained through,

?EP = feﬁl_éads (2-4)
For the viscous drag force (on a particle), it is expressed as,

— — ow
Frop = §f frords = *”I'Eﬂ)? ds (2-5)

All symbols are explained in Table 2-1.
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Figure 2.5 Mesh conditions used in the finite element simulations
The model of boundary and mesh conditions is used in Chapter 3-5 (a) and Chapter 6, 8 (b).
The chambers at both the cis and trans sides were modeled as a circle with a radius of 12.5

um.
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Table 2-1 Boundary conditions used in simulation

The following symbols ®, g, c, n, Ni, p, and v are the surface potential, the surface charge

density of the corresponding surface, the concentration of KCl or NaCl (PBS) solution, normal

vector, the flux of ions (K*, Na* and CI"), pressure and fluid velocity, respectively. '

Physics field AC/DC Laminar flow | Chemical species transport
Boundary
1 axis-symmetry
bulk
2 gzg}uzdoe)d concentration
(C = Ccis) .
bulk No slip (v =0)
6 applied terminal bias ut i
(® = Vb) concentration
(C = Ctrans)
constant surface
3 charge density
(O'surface.cis)
constant surface
4 .
charge (jen3|ty Zero
(O'wall.lnner) . _
pressure lon-impenetrable (n<N; = 0)
constant surface (p=0)
5 charge density
(Usurface.trans)
7 constant surface

(if applicable)

charge density
(Obead)
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Chapter 3 Electric field—driven ion transport through solid-

state nanopores under a salt gradient

3.1. Introduction

Electric field—driven ion transport in fluidic channels has been extensively studied for ionic
electronics!2-15 and energy harvest.?6-19 Functional nanochannels with various ion transport
properties have been reported, such as artificial ion channels,2° rectification,2:22, and even
memristive switching.23 Generally, surface charge effects play a central role in rendering the
unique characteristics through the electrostatic interactions with mobile electrolyte ions in
the sub-Debye length scale conduits with overlapped electric double layers.2425 This in turn
predicts function-less fluidic devices with characteristic sizes much larger than a screening
length, as the ion conductivity will largely be determined by the bulk properties. In contrast,
the study shows that ionic current rectifications in a symmetric nanopore of diameter are
much larger than the Debye length under a salt gradient bias, wherein any surface effects are

anticipated to become weak to render notable influence on the cross-membrane ion transport.

The anomalous feature was attributed to the surface charge-induced fluid flow, known as
electroosmosis,?0-29 that effectively modulated the bulk ion distributions around the pores,
thereby causing ion flow asymmetry to diode-like ionic current response against the cross-
membrane voltage. In this chapter, the ionic current rectification based on asymmetric
electroosmotic flow will be elaborated. The extended application of this effect in resistive

switches and the surface effect of the nanopore are discussed in Chapter 4 and 5, respectively.
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3.2. lon transport asymmetry under a salt gradient

The ionic current (Iion) through a nanopore of 300 nm diameter formed in a 50 nm-thick SiNy
membrane was measured under the bias voltage (V}) swept from —1.5 to 1.5 V with a pair of
Ag/AgCl electrodes (Figure 3.1). The fabrication method has been described in Chapter 2. In
the experiment, the cis and trans chambers were filled with phosphate-buffered saline (PBS)
of various ionic concentrations by diluting with ultrapure water. Specifically, the
concentration of Na* and Cl- at 1370 mM (10x PBS), 137 mM (1x PBX), and 13.7 mM (0.1x
PBS) were used (thereafter, ¢, = 137 mM is used to denote the ion concentration conditions).
Then, a salinity gradient was added to the nanopore by pouring the buffer of different
dilutions into the cis and trans chambers, which was described by the concentration ratio

I'conc = Chigh/ Clow between the cis (Chigh) and trans (Ciow).

Figure 3.2a displays Lion-V5 curves recorded with no salt gradient across the membrane, i.e.,
Teone = 1. The results showed linear characteristics with little difference at the negative and
positive Vj, regimes. The slope denotes the open pore conductance (Gpore = Rpore™?) in the disk-
shaped channel of diameter (dpore) and length (Lpore) filled with the electrolyte buffer of
resistivity (p), which can be expressed as a series resistance model composed of the
components inside (pore resistance, Rpore) and outside the pore (access resistance, Raccess) as
equation 1-3. For the symmetric shape of the channel as well as the same p at both sides of
the chambers, Ris = Rirans = p/2dpore. In this case, the analytical model yields Rpore = 0.36 MQ
with Rpore = 0.062 MQ and Raccess = 0.29 MQ for the case of 10 x PBS with p = 0.088 Qm,
which is in fair agreement with Figure 3.2a. It is also noticeable that Raccess » Rpore, Signifying
the predominant influence of the ion transport characteristics at exterior areas of the

nanopore due to the low thickness-to-diameter aspect ratio motifs.
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If the equivalent circuit is valid for describing the nanopore conductance under differing ionic
concentrations at cis and trans sides, it was observed the symmetric and linear Lion-Vb
characteristics with the slope 1 / (Rdis + Rirans) €ven though the two compartments were filled
with different concentrations of buffers. Contrary to the anticipation, however, the Iion-Vs
characteristics under rconc > 1 were found to be asymmetric with the conductance being
always lower under negative V4, (it should be reminded that the ionic concentration was set
to be higher at the cis side). In addition, the diode-like behavior became more pronounced as
the result of larger salinity gradients with the rectification ratio (ry.) reaching 20 under rconc

=100 at +1 V (Figure 3.2b).
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trans (c,,,) ”

| Olionlll

Figure 3.1 Schematic illustration of the nanopore device with a salt gradient

Si 500 ym
SiN, 50 nm

(a) A schematic model of the experiment of a 300 nm-sized nanopore under a salt gradient.
Two Ag/AgCI electrodes were used to apply Vb and record fion through the single pore. The
cis and trans sides are filled with buffer solutions of various ion concentrations chigh and ciow.
(b) Structure of a SiNx nanopore device and a scanning electron micrograph (SEM) of the
300 nm-sized nanopore. Reproduced and adapted with permission from ref.3°. Copyright

2020 American Chemical Society.
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Figure 3.2 Measurement results of recorded flion-Vb characteristics

(a) Linear lon-Vb curves were observed when cis and frans were filled with the buffer of the
same ion concentration in a 300 nm-sized low thickness-to-diameter aspect ratio nanopore.
co denotes the electrolyte concentration of 1x PBS as 137 mM. (b) lonic current rectification
(ICR) occurred in the salt-gradient applied conditions. Reproduced and adapted with

permission from ref.2%. Copyright 2020 American Chemical Society.
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While the above findings demonstrate a predominant role of the salt gradient on the ion flow
asymmetry, it also precludes the applicability of the analytical model for describing the
observed phenomenon. To shed light on a physical mechanism underlying the asymmetric
ion transport characteristics, it was conducted that a finite element analysis using an
axisymmetric two-dimensional model was applied to understand the ion transport of salt
gradient-biased nanopore.2® The numerical simulations solved Navier—Stokes, and Nernst—
Planck equations under steady-state conditions in COMSOL Multiphysics. The detailed
simulation experiment setup has been explained in Chapter 2. The calculated ionic current
reproduced the symmetric and asymmetric Iion- V3 characteristics upon setting reonc of 1 and
over 1, respectively (slight quantitative deviations from the experimental results are
presumably due to the difference in the surface charge destiny at the nanopore wall surface
in the simulations, which was estimated as —10 mC/m2, also see Figure 3.3). This
corroborates that the ionic current rectification is indeed an intrinsic property unique to the
salinity gradient applied to low aspect ratio nanopores. Nevertheless, its interpretation is not
straight forward since the conventional idea24-25 of the surface charge-derived ion selectivity
in the sub-Debye-length-sized nanochannels cannot be applied in the present model as the
nanopores had dpore of 300 nm (which is more than 2 orders of magnitude larger than the
screening length in the buffer used). What is more, the surface-to-volume ratio is small in the
disk-like nanopores which further indicates the minor contributions of the ion selectivity. In
fact, the short circuit voltage (Vinort), which represents the self-built potential in ion-selective
nanopores under a salt gradient,3! demonstrated no notable correlation with the rectification
properties for the 300 nm-sized nanopores. The ion transport asymmetry should thus be

ascribed to factors other than surface charge-derived electrostatic interactions.
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Figure 3.3 Surface effects in ion transport with a salt gradient

(a, b) Simulated lion versus Vb characteristics under reconc = 1 with chigh, 1ow = 0.1 (blue), and 1
co (red). lonic current rectification under concentration ratio rconc = 10 when cnigh > ciow (red)
and ciow > chigh (blue). (¢) Simulation results of the flion- Vb characteristics in a 300-nm diameter
and 50-nm thick SiNx nanopore. Electrolytes of the frans chamber are fixed to 0.1 co while
that of cis is varied from 0.1 to 1 co, where co = 137 mM denotes the electrolyte concentration
of PBS. (d) Simulated flion- Vb in the nanopore with the applied salt gradient at rconc = 10 under
different surface charge density conditions o at the SiNx membrane surface. (€) rconc at Vb =
11V plotted as a function of surface charge density . (f) The rectification ratio rrec at Vb = %1
V in the nanopore of various diameter dpore with the thickness-to-diameter aspect ratio of 1
with the applied salt gradient rconc = 10. Reproduced and adapted with permission from ref.30.

Copyright 2020 American Chemical Society.
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3.3. Electroosmosis-driven ionic current rectification

The asymmetric Lion-V3 characteristics infer the presence of a voltage-dependent force field
acting to change the ion distributions around the nanopores. Electroosmosis is such a
phenomenon that brings a fluid flow along the cross-membrane electric field.32 To examine
its effect, the fluid flow speed (vauia) was mapped under V4. It illustrated high vaua regions
near the channel wall signifying the nanoscopic Debye length in the buffer used that provides
mobile counterions only at proximity to the SiNy surface. The water flow as a whole directs
toward the negative potential due to the migration of the counter-cations on the negatively
charged wall surface. These Vi,-dependent hydrodynamics was found to modify the ion
density profiles at the nanopore orifices in a way that dense ions tend to move along the
hydrodynamic flow making the ion concentration around the nanopore to be higher (lower)
under the negative (positive) applied voltage; or more directly, it can be envisioned as a
polarity-dependent change in the local solution conductivity (Figure 3.4 and Figure 3.5). The
electroosmotic contribution can thus be a plausible explanation for the asymmetric lion-Vb
curves considering that the open pore conductance of the shallow nanopores is largely
determined by the access resistance rather than the resistance. These results prove the use of
electroosmosis to create and modulate the ion depletion region for building nanopore diodes

of size much larger than the Debye length.

28



0.0

Figure 3.4 Shifted ionic conductivity distributions by EOF
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(a) lonic conductivity profiles at Vb = -1.5 V (left) and +1.5 V (right). (b) Axial variation of the

ionic conductivity under different Vb. The ionic conductivity is 1.73 S/m when 1 co. All the

results are obtained for the 300 nm diameter and 50 nm thick nanopore. (c) Axial variation in

the cross-sectional ionic conductivity in nanopores having the aspect ratio of 10 (left), 1

(middle), and 0.1 (right). Reproduced and adapted with permission from ref.20. Copyright

2020 American Chemical Society.
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Figure 3.5 Calculated results of electroosmotic flow in a nanopore

Fluid velocity in the 300 nm-sized pores. (a) Fluid velocity profiles simulated at Vb = -1.5V
(left) and 1.5 V (right). The white arrow indicates the direction of water flow. (b) The fluid
velocity along the radial (r) and axial (z) directions under different Vb. (c) Two-dimensional
map of the fluid velocity at z = 0 under V, = -1.5 V (top) and +1.5 V (bottom). (d) Roles of
electroosmosis on the ion concentration distribution at nanopore orifices. The nanopore has
a 500 nm in dpore in @ 50 nm in Lpore. The pore wall surface was considered to have a negative
surface charge density of -10 mC/m? (top) and electrically neutral (bottom) in the simulations.
A 2D colored profile of the ion concentration revealed an asymmetric salt gradient under Vo
= -2V (left) and 2 V (right) for the negatively-charged nanopore while almost symmetric when
there is no charge on the wall surface thereby suggesting the vital role of the electroosmosis
to modulate the ion concentration distributions by the applied voltage. Reproduced and

adapted with permission from ref.30. Copyright 2020 American Chemical Society.
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3.4. Roles of Nanopore Geometries

It is interesting to investigate whether the diode-like behavior can only be seen in nanopores
having low aspect ratio structures. Hence, the COMSOL simulations were extended to inspect
for the pores of different dpore and Lpore. The calculated rrec at Vi, = + 2 V revealed two regimes
regarding the channel structure dependence as displayed in Figure 3.6a. Under extremely
low aspect ratio conditions, rr. is around 2 irrespective of dpore in the range from 10 to 500
nm (Region I). This manifests a rather universal role of the electroosmotic flow that induces
asymmetric ion transport to ionic current rectification via the hydrodynamically modulated

access resistance. Similarly, e tends to level off at about 4 with increasing Lpore (Region I11).

The result can be interpreted as a consequence of the electroosmosis to change the ion
concentration inside the long pore in a V,-dependent manner that causes an appreciable
change in Rpore (note that Rpore » Race for the high-aspect-ratio channels). In contrast, the
rectification ratio demonstrated nontrivial dependence on the pore configurations in the
intermediate range of the aspect ratio (Region II). An obvious difference can be found for
dpore larger than 100 nm and smaller than 20 nm. The former pores presented a nonlinear
increase in rr. to 4 with increasing Ipore that can be explained as a gradual shift from the
Riccess~ to Rpore-dominant nanofluidic diode characteristics. The small dpore, however, showed
almost no rectification behavior suggesting little contributions of electroosmosis on the ionic
current due to the overlapped electric double layer (Figure 3.7). In fact, the finite element
analysis of the in-pore fluid dynamics predicted rapid reduction in the water flow speed vfluid
with increasing Lpore (Figure 3.8). The exception is the case of a 50 nm-sized nanopore
representing a rwec enhancement above 4 in Region II. In this particular channel structure,

surface charge effects are weakly confined at the wall due to the nanoscale dimension
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comparable to the Debye length that makes vauia high even at the middle of the pore, thereby

giving rise to more pronounced diode behavior via the electroosmosis contributions.

The present study in Chapter 3 demonstrated for the first time that the resistance outside a
nanopore plays a significant role in signal retardation in resistive pulse analyses rather than
the resistance at the pore. Charging at the cross-membrane net capacitance was also found
to contribute equally to retard the signal along with the RC-relevant resistance. More
importantly, the present findings preclude the anticipated cause of the inevitably large in-
pore resistance of single-nanometer scale nanopores, thereby paving a way for ultrafast

genome sequencing and single-protein analyses.
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(a) Influence of dpore and Lpore 0N the rectification ratio rrec. (b) lonic conductivity profiles under
Vb = 2 V(top) and -2 V for 50 nm-thick nanopores of dpore = 5 Nm (left), 50 nm (middle), and
500 nm (right). Scale bars denote 300 nm. Reproduced and adapted with permission from

ref.30. Copyright 2020 American Chemical Society.
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Figure 3.7 Extended result of nanopore structure dependence of the rectifying
properties

lonic conductivity(a), the concentration of anion(b) and cation(c) profiles under Vb = -2 V (left)
and 2 V (right) for 50 nm-thick nanopores of dpore = 5 Nnm. Reproduced and adapted with

permission from ref.3%. Copyright 2020 American Chemical Society.
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Chapter 4 Negative differential resistance and resistive

switching in solid-state nanopores

4.1. Introduction

Ion transport in a fluidic channel has been intensively studied for promising applications
including energy harvesters,9:33-36 jontronics,3-37-40 artificial neurons,23 and single-molecule
sensing.442 It implements electric field-driven ion and mass transport in a confined space,
wherein electrostatics and fluid dynamics reflect rich properties of the wall surface to induce
pronounced ion selectivity and the associated unique ionic current characteristics that
cannot be expected in bulk systems as described in Chapter 3. According to this principle,
nanofluidic devices demonstrated a variety of ion transport properties such as ionic current
rectification (ICR) and negative differential resistance (NDR)2:22 via geometric structure
engineering,43 membrane material designs,4+45 and molecular functionalizations!4-40:46.47 to
provide high-density surface charge to the walls2! and increase the surface-to-volume ratio
of fluidic channels. The surface effects were, however, known to be effective only in a small
channel of sub-Debye length size because of screening of the electrostatic field at the wall by

the electrolyte ions. The details of this effect are detailed in Chapter 5.

A salinity gradient across a conduit was recently found to enable asymmetric ion transport
concerning bias voltage polarity?24348 even in channels of micrometer-scale diameter.'2 The
peculiar ionic current characteristics were explained by voltage-driven modulation of the
cross-membrane salt gradient under the influence of diffusio-osmotic and electro-osmotic

fluid flow.2949-53 For instance, Rabinowitz et al.48 observed ICR in 25 nm diameter glass
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pipettes with an ion concentration ratio between 10 and 21, which was ascribed to electro-
osmosis-induced Eddy current driving more or less concentrated solution into the channel
in a voltage-dependent manner.48 Moreover, NDR was reported by Lin et al.22 for 100 and
400-nm-sized nanopores in a 12 pm thick PET membrane under a concentration ratio
between 10 and 1000, where the authors found the influence of the interplay between electro-
osmotic and diffusio-osmotic contributions on the asymmetric ion transport
characteristics.22 Whereas this chapter found the rectifying behavior in fluidic channels
having a relatively high length-to-diameter aspect ratio structure. Herein, such electrokinetic
effects are observable even in low thickness-to-diameter aspect-ratio micropores where any
surface charge effects were anticipated to become negligibly small under the orders of
magnitude larger space given for the ion transport with respect to the Debye length.
Surprisingly, more pronounced -electro-diffusio-osmotic contributions in the shallow
channels were found that led to anomalous ionic current characteristics from NDR to

resistive switching.

4.2. Negative differential resistance with solid-state nanopores

In the experiments in this chapter, a 1-um diameter pore was fabricated in a 50 nm thick SiNy
membrane by electron beam lithography and reactive ion etching as detailed in Chapter 2. A
pair of Ag/AgCl electrodes were used for measurements of the ionic current (fion) versus
cross-membrane bias voltage (V3,) characteristics in phosphate-buffered saline (PBS). The
ionic strength was varied by diluting the buffer with ultrapure water from 10 ¢, to 0.01 co,
where ¢, = 137 mM is the concentration of Na+ and Cl- in 1x PBS. A salt gradient was formed
across the pore by filling the cis and trans chambers with PBS of high (chign) and low (ciow)

ion concentrations (Figure 4.1a). Hereafter, rconc = Chigh/Clow iS used to describe the salinity
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difference ratio.

Under a uniform ion concentration condition (rconc = 1), the ionic resistance Riotal complied
with an analytical expression of Riotal = Raccess + Rpore (Figure 4.1b). Note that for the present
channel having a low thickness-to-diameter aspect ratio structure, Raccess iS an order of
magnitude larger than Rpore.5475¢ Whereas Iion- Vi, characteristics were observed to be linear
at r'conc = 1, diode-like behavior occurred when applying a 10-fold difference between chigh and
Clow ("conc = 10) with a rectification ratio rec of 4.6 at +1 V. This ion transport asymmetry was
ascribed to voltage-dependent salt gradient modulations by the electro-osmotic flow (EOF)
that lowers (enhances) the effective ion concentration around the micropore under the
positive (negative) V3,.4344 The plots were also confirmed to be reproducible under repeated
bias ramps, suggesting reversible ion distributions under the Vj-driven hydrodynamic
control. Enlarging the salt gradient to rcnc = 100 (red curve in Figure 4.1c), Tion-Vb
characteristics became more asymmetric with the rectification ratio as high as 24.8.
Unexpectedly, it also revealed NDR behavior at around V4, = —0.56 V. Considering the
predominant role of EOF in the ion flow asymmetry,5” this feature can be naturally
interpreted as a consequence of the augmented electro-diffusio-osmotic flow at critical V4,
that diluted the local ion concentration at the pore orifice and thereby led to a rapid increase

N Raccess.
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Figure 4.1 Measurements of the ionic current through a solid-state pore in a thin
dielectric membrane

(a) Schematic model of a SiNx pore, both sides filled with either electrolyte buffers of high
(green) or low (blue) ionic concentration buffers. The bias voltage Wb is applied to the pore at
the cis chamber, and the resulting ionic current fion is measured at the other side with a pair
of Ag/AgCl electrodes. The inset shows a scanning electron micrograph (SEM) image of the
1 ym-sized micropore. (b) Equivalent circuit model for the pore system. Racc.cis and Racc.trans
are the access resistance in the cis and trans compartments, respectively. Rpore is the pore
resistance inside the pore. (c) Typical current-voltage characteristics of a low thickness-to-
diameter aspect-ratio pore (1 um diameter and 50 nm thick) under the moderate (blue curve)
and large (red curve) salt gradients. rconc is the ratio of the bulk salt concentrations at the cis
and trans. Reproduced and adapted with permission from ref.58. Copyright 2020 American

Chemical Society.

39



To theoretically verify the mechanism underlying the NDR behavior, finite element analyses
of the cross-membrane ion transport by solving time-independent Poisson—Nernst—Planck
and Navier—Stokes equations in a framework of a finite element method using COMSOL
software were performed. The model is constructed with a disk-shaped pore having a
diameter (dpore) of 1 pm in a SiNy membrane of 50 nm thickness (Lpore).29:52 The entire surface
of the membrane was considered as negatively charged at —15 mC/m?2. The rest of the
boundary conditions are described in Chapter 2. The simulation reproduced NDR and ICR
when setting rconc = 100 (Ceis = 1 Co; Ctrans = 0.01 Co) and Teone = 10 (Ccis = 1 Co; Ctrans = 0.1 Co),
respectively, which are in good agreement with the experimental results. Further calculations
revealed an ICR-to-NDR transition point at around reonc = 14 (Figure 4.2). and the important
role of the pore wall surface charge is also checked. It is found that decreasing the number of
negative charges on the membrane led to a weaker NDR. It elucidated the profound influence
of the entire membrane surface. No NDR behavior happened in cases when only a part of the
surface was set to be charged (Figure 4.3a). This was confirmed in experiments as well where
the disappearance of the NDR feature when the number of negative charges on the surfaces
was reduced by coating a 20-nm thick Al.O; layer on the nanopore (Figure 4.3b). These
results manifest a crucial role of the surface charge in the salt gradient-derived asymmetric
ion transport characteristics. However, the effect of surface effects of solid-state nanopores

on ion transport is discussed in more detail in Chapter 5.
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Figure 4.2 Simulated results of ionic current-voltage characteristics

(a) Simulated ionic current-voltage (fion-Vb) characteristics results in a 300 nm-diameter and
50 nm-thick SiNx pore under various cis-to-trans ion concentration ratio (rconc) conditions
(denoted by different colors). The concentration of NaCl solution filled in the top reservoir is
fixed at 1 co. (b) The result shows that clear negative differential resistance behavior starts
to appear at rconc > 14. (c) Simulated fion-Vb curves for a SiNx pore in 1 ym-diameter and 50
nm-thick under the cis-to-trans ion concentration ratio of 100. The values of charge density
were set to 0 (black), -5 (red), -15 (sky blue), and -30 mC/m? (green). Reproduced and

adapted with permission from ref.%8. Copyright 2020 American Chemical Society.
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Figure 4.3 Schematic models depicting three different surface charge conditions

(a) Negative charges on the entire membrane surface, only on the pore wall, and only on the
top and bottom surfaces. lonic current characteristics are simulated under different surface
charge conditions. Color maps denote the fluid velocity profiles at Vb = -0.5 V. When the
entire surface of the SiNx membrane was considered to be charged, the curve demonstrated
clear NDR behavior (red). On the other hand, when the membrane was only partially charged,
the NDR feature became less obvious. (b) Measured current-voltage curves under the cis-
to-trans ion concentration ratio of 100 for a 1.1 ym-diameter Al203 pore, which was created
by coating 20 nm-thick Al2O3 via radio frequency magnetron sputtering from both sides of the
10 nm-thick SiNx membrane. The voltage was swept from -2 V to 2 V and also from 2 V to -
2V for 5 cycles. As shown by the curves, the NDR feature is very weak, which is ascribed to

the less amount of negative surface charge on the Al2Os compared to that on SiNx as
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revealed by surface zeta-potential measurements using a zeta-sizer: the zeta-potentials were
-43.2 and -32.7 mV for the bare SiNx and 20 nm-thick Al2Os-coated SiNx surfaces,
respectively. Reproduced and adapted with permission from ref.%8. Copyright 2020 American

Chemical Society.
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By mapping the local ion concentration near the pore (Figure 4.4), both cation and anion
concentrations have a rapid decrease when lowering V4, below —0.55 V. This tendency is in
qualitative accordance with the expected influence of the EOF streaming from trans side to
cis side to alter from Raccess, Or equivalently the total resistance (Riotal) for the present low-
aspect-ratio micropore, larger by diluting the ions in the pore region at V4, < —0.55 V. NDR
can thus be explained as a consequence of the faster voltage-driven fluid speed (vfuia) in more
dilute electrolyte solution due to the extensive surface charge effects under the longer

screening length,43 which eventually causes the ionic current to decrease with increasing | V3 |.

How about the EOF velocity then? Figure 4.5 shows the fluid velocity contours at V4, = —0.5
V, -0.8 V, and — 1.5 V under rconc = 100. At —0.5 V, the flow speed is fast only near the wall
surface because of the short Debye length under the high in-pore ion concentration condition,
as depicted by the ion density isosurfaces (Figure 4.5a). Enlarging the voltage to —0.8 V
(Figure 4.5b), on the other hand, the flow speed suddenly becomes more significant in the
entire channel. This characteristic feature is revealed as stemming from the concomitant
weakening of the diffusio-osmotic effect for the stronger EOF, which makes the ion density
in the channel more homogeneous (Figure 4.5d-f).22 It is perhaps this self-catalytic effect that
depletes ions at the channel openings more significantly than the current gain by larger | V3|,
thus bringing about NDR at the specific range of negative voltage. Meanwhile, further voltage
sweep (Figure 4.5¢) led to a linear decrease in Iij,n with a slope close to 1/R under chigh = Clow
= 0.01 Cy, as the ion concentration at the cis and trans orifices is already close to clow. These
findings elucidate the important roles of electro-diffusio-osmosis on the highly asymmetric

ion transport in low-aspect-ratio pores (Figure 4.6).
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Figure 4.4 Finite element analyses of ion transport in the salt gradient-applied low-
aspect-ratio pore
(a) Calculated lion-Vb characteristics of a 1 um diameter and 50 nm thick SiNx pore. co = 137
mM denotes the concentration of Na* and CI~ in the electrolyte buffer used. Blue and red
curves are the results when reonc is 10 and 100, respectively. (b) Cross-sectional views of the
two-dimensional conductivity around the pore under different Vb. Reproduced and adapted

with permission from ref.58. Copyright 2020 American Chemical Society.
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Figure 4.5 Voltage-dependent ion concentration distributions

(a-c) Simulation results of ion concentration isosurfaces around a 1 ym diameter and 50 nm
thick SiNx pore under (a) Vb = -0.5V, (b) -0.8 V, and (c) — 1.5 V. Blue contrasts and purple
arrows depict the electro-diffusioosmosis-driven fluid flow speed and directions, respectively.
(d-f) d, The ion concentration ¢ along the pore axis. Solid line = cation; dotted line = anion.
Fluid velocity profiles along the z axial (e) and r radial directions (f). Reproduced and adapted

with permission from ref.58. Copyright 2020 American Chemical Society.
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Figure 4.6 Simulated EOF velocity heatmaps and streamlines

Simulated EOF velocity heatmaps and streamlines for the 1 pym-diameter and 50 nm-thick
SiNx pore under the applied cross-membrane voltage Wb of 1.5V and -1.5 V. Asymmetric
water flow can be seen when the cis-to-trans ion concentration ratio is 100 (middle), while
the flow is symmetric against the voltage polarity under the uniform ion concentration
conditions (left and right). Reproduced and adapted with permission from ref.58. Copyright

2020 American Chemical Society.
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Both the experimental and simulation results consistently suggest the predominant role of
EOF in the NDR characteristics. Interestingly, while the channel length (Lpore) was increased
from 50 to 1000 nm in the numerical simulations (Figure 4.7), the NDR features were found
to occur at a smaller V4. This is an intriguing result that reflects the relative influence of Raccess
and Rpore on the pore conductance as well as the different voltage dependences of the EOF.
For example, R, tends to determine the open pore resistance of channels having lower-
aspect-ratio structures, which also suggests a more moderate potential gradient at the
orifices59-°© and hence a weaker electric field across the membrane. The resulting EOF during
the voltage sweep is therefore expected to be also weak compared to that in the channels of
higher-aspect-ratio motifs. Moreover, Rac. will be affected only when the ion concentration
at the pore orifices is changed appreciably by the fluid flow, which was found to take place
only under relatively large voltages in the simulations (Figure 4.7b). On the other hand, the
cross-membrane electric potential tends to drop more sharply inside the channels in the case
of higher-aspect-ratio pores. The resulting stronger EOF induces a more facile change in the
in-pore ion concentrations by the cross-membrane voltage (Figure 4.7c¢). Meanwhile, unlike
the shallow channels, such a change in the ion density causes a large impact on the resistance
of the high-aspect-ratio conduits because Rpore > Raccess and hence gives rise to NDR features

at lower V4 compared to the lower-aspect-ratio pore counterparts.

48



(a) (b) (c)

HTGOO - - - 1 r‘TGOO - - - 1
Ipore =50 nm; dpom =1um Ipore =1pum; dpare =1um
1200 1
o DD 1B /" N | PN
800
a 06+ 400 “,,_-\/b =09V
£ SiN_ membrane
03t - X |
Ty = SiN, membrane
/ -V, =-08V 800 .
0.0E _
— 1 —5—10 -~V =03V 11200 “V,=-03V
—— 50 —— 100 b °
—— 500 —— 1000 -1600) -1600 {
'0'3.2 A 0 1 2 0 500 1000 1500 2000 2500 3000 3500 4000 nm 0 500 1000 1500 2000 2500 3000 3500 4000 nm
% V)
(d) (e) )
12 am . m o
1600 — . - 1 160f = - =
d'mIre (nm) Ipure =50 nm; dpore =1pum Ipure 50 nm; dpore 50 nm
E 1200 1200
“r —
800 1 8of V=209V
Ao i
§ 06 400/ VJ =09V ! 407
e o
= SiN_membrane A
03f L SIN, membrane |
TV, =06V V=06V
0.0
— TV =03V 1™ V=03V
—1—5—10 — 50 b ) b -
03 T 100 - 500 0 1000 1600 -160f
- -2 -1 0 1 2 0 500 1000 1500 2000 2500 3000 3500 4600 nm 0 100 200 300 400 nm
Ve (V)

Figure 4.7 Pore structure-dependent ionic current characteristics

(a-c). (a) COMSOL-simulated fion-Vb characteristics of a 1 ym diameter pore in a SiNx
membrane of various thicknesses from 1000 to 1 nm (Cbulk.cis = 1 Co, Cbuik.trans = 0.01 o). (b, C)
Moving ion concentration isosurface at 0.1 co under voltage sweep for (b) 50 nm and (c) 1
pm thick pores. (d-f). (d) COMSOL-simulated fion-Vb curves deduced for pores of various
diameters from 1000 to 1 nm in a 50 nm-thick SiNx membrane. NDR features disappear in
pores smaller than 50 nm due to inefficient effects of electroosmotic flow on the cross-
membrane ion transport. (e-f) Vb-dependent ion density profiles around the 1000 nm- (e) and
50 nm-sized (f) pores. Isosurface indicates 0.1 co (Couik.cis = 1 Co, Cbulktrans = 0.01 co) under the
applied bias voltage of -0.3 V (blue), -0.6 V (red), and -0.9 V (green). Reproduced and

adapted with permission from ref.%8. Copyright 2020 American Chemical Society.

49



4.3. Resistive switching in solid-state nanopores

How robust are the NDR characteristics? Because the salt gradient was created by merely
injecting electrolyte buffers of different dilutions into the trans and cis chambers without
careful manipulations, it was not guaranteed that there will always be a symmetrical ion
concentration difference with respect to the membrane as modeled in the simulations. In fact,
whereas stable NDR features were often observed persisting under several Vi, sweeps, as
shown in Figure 4.9 and Figure 4.10, completely different characteristics demonstrating Vi,-
controlled bimodal conductance switching were also found (Figure 4.8c). When this was the
case, the Iion-V3 curves showed no clear rectification behavior, keeping the high conductance
state even at the negative voltage regime (Figure 4.10). Meanwhile, the current tended to
drop sharply under a large negative voltage. After the switching from high- to low-
conductance states at the voltage of an off-like state (Vo), there was another current jump
taking place at the voltage of an on-like state (Von) upon reversing Vi, to zero. The unipolar
conductance switching behavior contained hysteresis characterized by the difference

between Vo, and V.

During several cycles of voltage sweeps, this hysteresis became smaller and eventually
disappeared, as displayed in Figure 4.8d. Thereafter, it showed stable NDR features (Figure
4.8e) similar to those shown in Figure 4.8a. The results can be understood as a consequence
of a nonsymmetrical salt gradient along the pore axis formed before the measurements. More
specifically, the fact that the conductance at negative V3, was similar to that in the positive
regime suggests a certain extent of intrusion of high-concentration buffer into cis during the
liquid injection (Figure 4.8f). However, the salt gradient was presumably quasi-stable under

the repeated EOF processes, so it gradually deformed into the symmetric one after several
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cycles of Iion-Vi, recordings (Figure 4.8g). This not only proves the robustness of the ionic
NDR but also indicates a possible application as memristors23-1-63 by adding control over the

quasi-stable salt gradient across the membrane.

The presence and absence of resistive switching behavior are thus attributed to the varying
initial salt gradient conditions that were not controllable under the experimental procedure
used where the high-concentration electrolyte buffer was injected to one side of the
membrane and then the low-concentration one to the other side using a syringe. As a
consequence, the ion distribution around the micropores was presumably asymmetric in
some cases at the first point, resulting in the resistive switching behavior, as shown in Figure
4.8c. Otherwise, when the ion distribution was symmetric, the Lion-Vi, curves showed stable

NDR characteristics under the repetitive voltage sweeps (Figure 4.8a).

In summary, asymmetric ion transport characteristics in a low-aspect-ratio solid-state pore
under the applied 100-fold salt concentration difference across the membrane were
demonstrated. The mutual roles of diffusio-osmosis and electro-osmosis in rapidly
decreasing the local ion density at the channel orifices under negative voltage sweeps and
thereby causing NDR behavior were found. This characteristic was also suggested to take
place only under a symmetric salt gradient across the channel. Otherwise, the electro-
diffusio-osmotic effects induce conductance switching until the asymmetric local ion density
distribution becomes symmetric via EOF under the repeated voltage ramps. The present

results in Chapter 4 may provide a guide to designing micro- and nanofluidic memristors.
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Figure 4.8 Observed phenomenon of resistive switching in micropore

Example of an experimental data set of resistive switching recorded by a 1 ym diameter and
50 nm thick pore when rconc = 100 (Ccis = 10 co and ctrans = 0.1 co). (a) Repeated fion-Vb
measurements with little hysteresis under positive and negative sweeps. The ionic current
changed smoothly under the Vb sweeps. The inset shows the results of five cycles of the fion-
Vb measurements. (b) The voltage at lion minima in (a) during the positive (Vp) and negative
(Vn) voltage sweeps. (c) lon-Vb curves with large hysteresis. The inset shows the results of
five cycles of the measurements. The conductance tends to jump from high to low states
during the voltage sweeps in a negative direction at Vor (blue). Subsequently, the conductivity
was reset to the original state at Von when scanning back the voltage (red). (d) Change in
Von and Vot during several cycles of V» sweeps, demonstrating smaller hysteresis by

repeating the voltage scans. (e) The result of the fifth measurement with no resistive
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switching but a clear NDR feature (the inset is a magnified view), is almost identical to that
in (a). (f, g) Schematic models describing (f) symmetric and (g) asymmetric ion density
distributions responsible for the stable NDR and quasi-stable resistive switching behaviors.
Reproduced and adapted with permission from ref.%8. Copyright 2020 American Chemical

Society.
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Figure 4.9 Example of experimental results when resistive switching happening

Experimental results of resistive switching were observed in a 1 ym-diameter and 50 nm
thick SiNx pore. (a-f) The fon-WVb curves acquired under 5 cycles of voltage sweeps from 3 V
to—3V (a). The lion — Vb characteristics in each cycle from the first (b) to the fifth (f) sweeping
(b-f). Blue and red curves are the data obtained during negative and positive voltage sweeps
as indicated by the arrows. (g-m) Another experimental result of the resistive switching
behavior. Reproduced and adapted with permission from ref.8. Copyright 2020 American

Chemical Society.
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Figure 4.10 Example of experimental results when resistive switching happening
The pore was the same as the one used in (a-f). The lion-Vb curves acquired under 5 cycles
of voltage sweeps from 3 V to -3 V (g). The fon-Wb characteristics in each cycle from the first
(h) to the fifth (m) sweeping. Blue and red curves are the data obtained during negative and
positive voltage sweeps (h-m). Reproduced and adapted with permission from ref.%8

Copyright 2020 American Chemical Society.
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Chapter 5 Surface effect of electroosmosis-driven

nanofluidic diodes

5.1. Introduction

Understanding and controlling mass and ion transport in the nanoscale is of importance for
fluidic circuits,% biosensing,%5, and energy harvesting.356¢ The innovative solution can
directly address the water-energy nexus®7.%8 through the application of forward osmosis and
reverse osmosis. The use of ion-selective materials such as graphene,-70 MXenes,”-72, and
metal-organic framework7374 is usually employed in related studies. Recently, solid-state
nanopores have demonstrated remarkable controllability of ion transport that opens the way

to develop a feasible ionic circuit.7

The ion transport phenomena in nanochannels are related to the electrostatic effect of surface
charges on the wall.”® Generally, negatively charged surfaces (usually found in silicon-based
channels) attract countercations. In a fluidic channel of size much larger than the Debye
length, the electrostatic potential at the wall causes negligible influence on the ion transport
due to the screening by ions. On the other hand, if the size of the channel is comparable to
the thickness of the electrical double layer, the negative surface potential tends to effectively
impede the migration of anions via the electrostatic repulsion.5” In this situation, the
nanopore rectifies the ion cross-membrane ion flow in a voltage-dependent manner under
the imposed asymmetry in the solution properties as well as channel geometries, thereby

enabling diode-like characteristics called ionic current rectification (ICR).77:78
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The strength of ion selectivity depends on the channel size and Debye length, which are
closely related to the ion concentration and mobility, and the physical conditions of the
channel.5779 In addition, multi-component and multivalent electrolyte solutions also have
varying degrees of influence on ion transport8%-8! because of the ion-dependent surface
charge regulation.82 Therefore, many approaches are used to modify the properties of ion
transport, including but not limited to, molecule modification,®3-85 high-dimensional
materials,8-89, and gate potential.’39° Furthermore, bipolar channel291-94 or Janus
membrane% are reported to achieve the function of an ionic diode, even a solid-state bipolar

junction transistor (BJT).9

As the diameter of the nanopore increases, the electric double layer doesn't overlap, which
means that ion selectivity fails, and so does the ICR of the nanofluidic. In a non-uniform
solution system, ion transport in low-aspect-ratio nanopores includes electromigration,
electroosmosis, and diffusion-osmosis. The direction of ion diffusion is fixed from high to
low concentration, but the direction of electroosmotic flow (EOF) is determined by the
potential bias, and this difference causes ICR. In the case where EOF can resist ion diffusion,
nanopores can achieve the effect of ICR even without ion selectivity or ion polarization.3048
The entrance effect of nanochannels was thoroughly studied with channel size%” and
geometry® in numerical simulation. The ICR effect of nanopores functionalized with
molecule brushes has been reproduced and studied using theoretical simulations, followed
by a comparison of the inner- and outer-surfaces of nanochannels%9-192, In addition, research
groups modified anodic aluminum oxide membrane'©3.1°4 and nanopipette'4 with polymers

to control ion transport.
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Besides the application as iontronics building blocks, the present approach may be useful in
resistive pulse sensing of nanoparticles and molecules considering the pivotal roles of the
electroosmotic flow in the capture-to-translocation dynamics of the analytes as described in
Chapter 3 and Chapter 4. For example, the present results in this chapter suggest that the
direction and speed of EOF can be largely controlled by the coating material on the inner wall
of a pore. Meanwhile, one can choose the dielectrics on the top surface to vary the
contribution of the electrostatic interactions between the analytes and the membrane
charges.1°5 It would also be important to choose the suitable side of the membrane to add the
analytes as the fluidic diode may provide a critically low open pore current for implementing
resistive pulse sensing. Another example is the osmotic power generators, where it is known
that the surface charge densities at both the inner and the outer surface of a nanopore
membrane are important for attaining high energy conversion efficiency.'°¢ To this end, the
partial coating method would allow fine control of the entrance effects to the ion selectivity

by the choice of the dielectric layer on the top surface.04.107

In the present work, a method of manufacturing nanopores with oxide coating to gain control
of ion transport is discussed. Compared with chemical ways of surface modification with soft
organic monolayers, physical approaches such as sputtering is a convenient method to coat
nanopores with hard dielectric thin films. In the previous literature, various coating materials
(Si0,,108:109 HfQ,,110:111 ZnQ,12.113 Ti0,, 114115 and Al.04116:17) were employed to study the effect
of controlling mass and ion transport. Herein, the coating materials and patterns of a
dielectric layer on solid-state nanopores were qualitatively examined. By testing coating
materials of various isoelectric points and a wide range of pH conditions, the effect of surface

charge on the EOF-derived ICR was fully investigated. Meanwhile, a numerical simulation is
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used to illustrate the fluidic phenomenon near the nanopore. Even without ion selectivity,
the ionic current characteristics can be changed from resistor to diode via surface charge
control through dielectric coatings. As a result of the present finding in this chapter, it
became evident that modifiable surfaces can be used as building blocks to create novel

nanostructures with thin film deposition.

5.2. Surface charge effects with oxide thin film deposition

First, an experiment was performed to confirm that ICR occurred under asymmetric solution
conditions and a single pore with a diameter of dpore = 300 nm in a Lyore = 50 nm thick SiNy
membrane was used. In the experiments in this chapter, all measurements were performed
in a potassium chloride (KCI) solution. The KCI solution of 1 mM and 100 mM was filled into
the cis (top) and trans (bottom) chambers (Figure 5.1a). While the chambers are filled with
uniform electrolyte (ccs = Ctrans), linear ionic current (fion) - bias voltage (V) curves were
obtained. In contrast, the Iion - V3 curves demonstrated ICR under an applied salinity gradient
(Figure 5.1b, and 5.2). It is noted here that the Debye lengths are 0.97 nm and 9.7 nm under

the KCl concentrations of 100 mM and 1 mM, respectively.

It is thus difficult to expect ion selectivity in the nanopore since the diameter is larger than
30 times larger than the Debye length. Instead, it is more natural to anticipate the EOF-
driven mechanism for the ICR observed,3° which can be qualitatively explained by a serial
resistance model.5418 In this, the total resistance of the nanopore is considered as three
resistors connected in series: pore resistance and access resistance in cis/trans sides (Riotal =
Rpore + Raccess.cis + Raccess.trans)- The pore resistance results from the physical space in the

nanopore (Rpore = 4pL/mtd?) and the access resistance is due to the ions accessing the
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nanopore in bulk solution from both cis and trans sides (Raccess = d/2p). 4 In the case of the
300 nm-diameter cylindrical pores in SiNy membrane with Lpore = 50 nm, Raccess » Rpore-
When there is no salt concentration difference between cis and trans, Raccess remains almost
unchanged during the voltage sweeps that give rise to the linear Iio, - V4 characteristics. With
a concentration gradient, on the other hand, Raccess.cis > Raccess.trans When Ceis < Ctrans. Changing
the transmembrane potential, meanwhile, the EOF pushes the water of a high (low) ion
concentration into the pore so as to increase (decrease) Riotal in a voltage-dependent manner,

thus causing ICR (Figure 5.1c).

Table 5-1 The estimated values of zeta potential
The estimated values of zeta potential (¢) corresponding to materials and pH value were

collected from ref.119,

Zeta potential Zeta potential Zeta potential
Materials
(mV, pH 3) (mV, pH 7) (mV, pH 11)
Si0. 30 -50 -80
SiNx 40 -50 =75
TiO, 45 10 -30
HfO, 25 10 -25
Al,O4 80 10 -55
Zn0 50 -10 -40
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Figure 5.1 Resistance model for the nanopores

(a) Schematic setup of a 300-nm sized nanopore experiment. The objects are not to scale.
The solutions with a lower (1 mM) and higher (100 mM) KCI concentration were in the cis
and trans chambers. The ionic current (lion) is recorded by applying a potential bias (Vb) with
a pair of Ag/AgCI electrodes. (b) lion — Vb characteristic of a nanopore under symmetric (blue
curve) and asymmetric solution conditions (red curve) at pH 11. (c) . Equivalent circuit model
of the nanopore under asymmetric solution conditions. Raccess.cis and Raccesstrans are the
access resistances cis- and trans-side of the chamber. Rpore is the resistance inside the
nanopore. All resistance is marked as variable resistance. Reproduced and adapted with

permission from ref.12°, Copyright 2023 American Chemical Society.
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Figure 5.2 The result of the ICR ratio for coating materials and patterns

The result of the ICR ratio for coating materials (a) and coating patterns (b) at Vo =2 Vis in
Figure 5.3 and Figure 5.5. It can be seen that the logarithmic rectification ratio tends to be
largely negative (positive) for nanopores coated with dielectric materials of higher (lower)
isoelectric points as the pore wall surface tends to be charged more positively (negatively) at
larger (smaller) pH. Pores with an ICR ratio greater than log 2 or smaller than log 0.5 are
regarded as diode-like behavior, which is marked with red dotted lines in the figure.
Reproduced and adapted with permission from ref.}2°, Copyright 2023 American Chemical

Society.
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In the next experiment, the surface effects of nanopores were investigated with the properties
of oxide materials on nanopores (Figure 5.3). Figure 5.3b shows Iion - V4 curves for a SiNy
pore along with the ones with a 10 nm-thick layer of SiO,, HfO,, ZnO, TiO,, and Al,O4
deposited on the entire surface including the pore wall. The devices were verified by SEM and
the diameter of the nanopores was 280 nm + 18 nm due to fabrication errors (Figure 5.3d).
Coating materials have independent isoelectric points (Figure 5.3e and Table 5-1), and by
controlling the pH value under acidic (purple curve), neutral (black curve), and alkaline (cyan
curve) conditions, each shows their corresponding Iion — V3 characteristic result (Figure 5.3b,

see also Figure 5.4 for the result without salt gradient).

The ICR ratio of all the experiments at V}, = +2 V was sorted out and compared with the
collected zeta potential ({) of the material at the corresponding pH value (the values used are
described in Table 5-1).129 To see the dependence of the rectification behaviors on the surface
potential, the logarithmic ICR ratio was plotted as a function of ¢ for the cases of pH 3, 7, and
11 (Figure 5.2a), so that the difference in the rectification directions can be easily judged by
their positive and negative values (note that the positive and negative values of the
logarithmic ICR ratio signify different rectification directions). The result clearly showed the
different rectification directions for the cases of positive and negative zeta potentials.
Interestingly, a linear relationship was also observed between the logarithmic ICR ratio and
the ¢ irrespective of the coating materials (Figure 5.3c), which can be interpreted as a
consequence of the stronger electroosmotic flow to modulate the ion concentration
distributions at the nanopore orifices during the voltage sweeps. The results clearly
demonstrate the effectiveness of the dielectric coating approach for controlling the EOF-

driven ICR behaviors through membrane surface charge engineering.
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Figure 5.3 Schematic setup of the experiment with coating materials on nanopores
(a) Schematic setup of the experiment with coating materials on nanopores. The objects are

not to scale. The solutions with a lower (1 mM) and higher (100 mM) KCI concentration were
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in the cis and trans chambers. (b) lion - Vb curves for the SiNx pore and the coating materials
of SiO2, HfO2, Zn0O, TiO2, and Al203 at pH 11, pH 7, and pH 3. Inserts are the images of the
nanopore obtained by scanning electron micrographs. The black scale bar is 300 nm in
length. (c) ICR ratio in a logarithmic scale with zeta potential. The ICR ratios rare collected
from all data in (b) while Vb = £2 V. The insert shows the direction of rectification. (d)
Comparing the reduction of nanopore diameter (dpore) after the oxide coating process in
scanning electron micrographs (SEM). SEM images were used to estimate the size of the
nanopores with an oxide coating, where n is the number of samples. (e) The pH range of the
isoelectric point of oxide materials used in nanopores. Reproduced and adapted with

permission from ref.12°, Copyright 2023 American Chemical Society.
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Figure 5.4 lon - Vb characteristics of a symmetric condition

(a) Schematic setup of the experiment under a uniform solution. The objects are not to scale.
The solutions with 100 mM KCI are filled in both the cis and trans chambers. (b) lion - Vb
curves for SiNx pores and the coating materials of SiO2, HfO2, ZnO, TiOz, and Al2O3 at pH
11, pH 7, and pH 3. All pores are 300 nm in diameter. Reproduced and adapted with

permission from ref.12°. Copyright 2023 American Chemical Society.
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5.3. Partial coating with different patterns

From the results in the previous section, it was shown that the  successfully changed by using
oxide coatings and pH adjustment, allowing us to control ICR in a nanopore. The next
question is, what is the role of pore surfaces in ICR? To understand the role of the three
surfaces of the nanopore: wallinner, Surface.s (the lower concentration side), and surfacetrans
(the higher concentration side) (Figure 5.5a), a fabrication method was designed, through
fabricating a nanopore with or without an oxide materials layer on the three surfaces. By
arranging the sequence of the manufacturing process, four types of structures with an Al,O5-
coated surface can be produced (Figure 5.5). Scanning electron microscope observations
revealed a similar appearance of these nanopores, while the Iion — V3 characteristics showed
a wide variation ascribable to the difference in the zeta potentials. Type 1 exhibits diode-like
behaviors of different polarities at pH 3 and pH 11, for example, while Type 2 and Type 3
display diode and resistor behaviors, respectively. Based on the results above, only Type 1
pore had reverse ICR at pH 3, indicating that only a completely positive charge could cause
EOF to reverse. As a supplement, if the salt gradient is removed, all types of pores will obtain

a linear Iion — V3 curve (Figure 5.6).

Since the construction of Type 2 and Type 3 pores are asymmetric, the Lion — V3, curve will be
changed if the direction of the salt gradient was reversed (Figure 5.6). The outer surface
behaves differently in higher and lower concentrations because the phenomenon has been
reported within Debye-overlap ICR.™°! It was generally believed that the outer surface effect
on ion transport was negligible, but the experimental results show that the outer surface will
influence the fluidic flow on a sub-100 nm scale, thereby affecting the Iion — V4 characteristics.

In addition, Type 4 pore exhibited a BJT-like behavior at pH 3 (Figure 5.5). Both surfacecis
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and surfaceirans are positively charged and wallinner is negatively charged. From the results of
Lion — W1, the entire pore exhibits lower conductivity at higher Vi,. The solution with lower
conductivity occupies the entire nanopore regardless of positive or negative bias. This
phenomenon shows that the fluid always flows from the thinner side to the higher
concentration side. From this experiment, It was demonstrated that it is possible to change

the ICR properties of the Iion — V3 characteristic by modifying the specifically charged surfaces.
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Figure 5.5 Schematic illustration of the surface composition of four types of

nanopores

(a) Three modifiable surfaces: surfacecis, wallinner and surfacewans (marked as red, yellow, and

69



purple). (b) fion - Vb curves for the 4 types of Al2O3-coated nanopore with dpore = 300 nm under
a 100-fold concentration gradient at pH 11 and pH 3. Inserts are the images of the scanning
electron micrograph. The black scale bar is 300 nm in length. (c) Fabrication processes for
the four types of nanopore clips. The coating method was reported in previous literature.'?’
Briefly, the freestanding membrane was subjected to radio-frequency magnetron sputtering
(SVC-700LRF, Sanyu Electron) for HfO2, ZnO, TiO2, and Al203 and CVD (PD-200STP,
Samco) for SiO2 (all deposition materials were purchased from Samco). Thus, the entire
coated surface with a 10 nm-thick dielectric layer was made by monitoring the growth rate. If
needed, another side of the chip was also covered with oxide coatings of the same thickness.
On the membrane surface, an electron beam resists ZEP520A-7 (Zeon) on the top side of
the membrane was spin-coated and delineated a 300 nm-diameter circle by electron beam
lithography (50 kV, Elionix). After the development with ZEP-N50 (Zeon), the nanopore was
drilled by reactive ion etching with CH4 etchant gas. Following this, the nanopore chip was
immersed in N, N-dimethylformamide (DMF) overnight to dissolve the resist before being
rinsed several times with isopropanol and acetone. Reproduced and adapted with permission

from ref.12°. Copyright 2023 American Chemical Society.
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Figure 5.6 fion - Vb result of Type 1 — Type 4 pores with uniform concentration condition
Recorded fion - Vb curves for the 4 types of 300-nm sized and Al2Os-coated pores under a
uniform concentration (first row), forward salt gradient (second row), and reverse salt gradient
(third row). The same devices were used in Figure 5.5. Reproduced and adapted with

permission from ref.'2°. Copyright 2023 American Chemical Society.
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5.4. Extended result with numerical simulation

It can be seen from the measurement results that the order of the influence of the surface on
the EOF-driven ICR is wallinner, surfacess, and surfacewans. However, limited by the
experimental conditions, it is difficult for us to independently test the effect of a single surface

on ion transport.

Numerical simulations were performed to predict the ionic current and the EOF to better
understand the ion transport properties in nanopores. An existing model was used for
estimating lon and EOF in the nanopores under salinity gradients.48102122,123 More
specifically, a 2D axis-symmetric model was used to simulate the electric field, ion transport,
and fluidic flow by numerically solving the Poisson—Nernst—Planck and Navier—Stokes
equations in COMSOL software. The diameter and thickness of the nanopore model are dyore
= 300 nm and Lypere = 70 nm. The ¢ of various materials'9 were compared at different pH and
converted into surface charge densities for easy input into the software. Comparing the
converted values and referring to past literature,"9 and a surface charge density of o = -10
mC/m? was used as a standard value for the SiNy membrane. The surface charge density was
set for a certain surface and set the non-participating surface to zero charges in the simulation.
Meanwhile, special care was put on the validity of the estimations of EOF, where finer meshes
were used near the membrane and pore wall surfaces compared to those in the bulk
compartments. Technically, the verification was exhibited by testing different mesh sizes and
finding a convergence of the EOF speed. The other detailed setting of the nanopore model
used in each calculation and the boundary conditions are described in Chapter 2 (also see

Figure 5.7 for the surface charged density set on the pore wall).
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In the first place, it can be observed that if a negatively charged boundary is placed with a
concentration gradient of 10 mM KCl in the cis chamber and 100 mM KClI in the trans
chamber, the simulation results of Iion — V1, will be linear if a concentration gradient is not
present or if surface charge density is very small (-1 uC/m2). ICR will only be triggered if there
is a concentration gradient and a charged surface on nanopores (Figure 5.8a). Further, the
research target was set to the surface charges on different surfaces. The simulated Lion — V3
for charged wallinner (red curve in Figure 5.8b) is very similar to the model of all charged
surfaces (black curve in Figure 5.8b), and charged surfacecis + wrans has a weaker ICR result
(blue curve in Figure 5.8b). Likewise, the result of comparing charged surface.s and
surfacewans (Figure 5.8¢) also revealed that the surface with a lower concentration (surfacecis
in this case) has a larger influence. Based on the simulation results, the order of influence is
wallinner, surfaceds , and surfacewans. In addition, considering the different surface charges
due to the solution concentration, it was shown that surface.s and surfaceans have varying
negative charges (Figure 5.9), which can evaluate the effect of surface charge differences

caused by concentration regulation on ICR.
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Figure 5.7 Surface charge conditions used in this chapter
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(mM)

The diameter and membrane thickness of the nanopore model is 300 nm and 70 nm. The

surface charge density is set to -10 mC/m?. lion - Vb characteristics are calculated when

Ccis/Ctrans = 10 (with a salt gradient). (a) Simulated result of lion - Vb curves under symmetric

(pink curve) and asymmetric (black curve) solution conditions. For the non-charged surfaces,

the surface charge density is set to 1 pC/m? (purple curve). (b) Simulated result of lion - Vb

curves of comparison for the charged inner wall (wallinner, red curve) and outer surfaces
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(surfacecis+trans, blue curve) (c) Simulated lion - Vb curves of comparison for the charged
surface on surfacecis and surfacetans. (d) Simulated lion - Vb curves for the solid-state BJT-like
behavior with Type 4 pore. The surface charge density on wallinner is fixed to -10 mC/m?, with
variable values on the outer surfaces (surfacecis and surfacetans) from -20 to +40 mC/m?. (e,
f) The concentration distribution profiles of ions at Vb = £2 V. (g - i) The color mapping of the
EOF magnitudes (veor, with arrows depicting the directions) for the representative
comparison between the cases of resistor- (g), diode- (h), and BTJ- (i) like behavior when Vp
= -2V (left) and +2 V (right). Reproduced and adapted with permission from ref.12°, Copyright

2023 American Chemical Society.
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Figure 5.9 Simulated result for the outer surface

Simulated results of fion - Vb characteristics for surface charge regulation by a concentration
gradient. To evaluate the effect of surface charge differences caused by concentration
regulation on ICR. The surface charge density is set to -60 mC/m? on trans membrane, while
the surface charge density on cis membrane is set to -10, -30 and -60 mC/m?, respectively.
Reproduced and adapted with permission from ref.'?0. Copyright 2023 American Chemical

Society.
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For the special case of the BJT-like ICR situation, the surface charge density on wallinner is
kept at -10 mC/mz2, and the surface charge density of both surface.is and surfaceuans is varied
from -20 to 40 mC/m?2. The result of lion- V1 is limited at both positive and negative bias when
the surface charge density reaches 40 mC/m?2 (Figure 5.8d). Compared with the negatively
charged Type 1 pore, the EOF direction of type 4 under uniform concentration conditions is
reversed after the salt gradient was added, there will be an EOF in the opposite direction
above the pore. The local ion concentration distribution can explain the BJT-like behavior
(Figure 5.8e and Figure 5.8f): no matter whether the positive or negative bias is increased,
ion migration reached the same saturation state and was maintained by the EOF, which leads

to the appearance of BJT-like ion transport.

The numerical simulation explains how the situation of ion transport acts like a resistor,
diode, and BJT in the pores (Figure 5.8g-4i). For the Type 1 pore with a weak surface charge,
EOF of equal magnitude and opposite direction will be generated at both positive and
negative bias that creates a resistor-like property (Figure 5.8g). If the surface charge density
increased to -10 mC/m?, on the other hand, the nanopore acts as a diode because of the
asymmetric EOF (Figure 5.8h). For the Type 4 pore working under an asymmetric salt
condition, this concentration gradient induces fluid vortices and nonlinear EOF, driving the
pore to exhibit BJT-like characteristics (Figure 5.8i). Especially, the calculated ion
distribution results also satisfy the resistance model consisting of Rpore and Raccess (Figure
5.1¢c). Notably, even surfaces influence is much more significant than surfaceiwans. The
heatmap of EOF magnitudes (veor) show that wallinner contributes more power to EOF than

surfaceds + wans (Figure 5.10). Under the condition of an applied bias V4, = -2 V, it can be
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observed that the EOF result for Type 1 can be split into the sum of the wallinner and surfacecis
+ trans.

Additional experiments were performed for extending the pore radius and membrane
thickness. If the radius of the Type 4 pore increases, the BJT-like Iion, — V3 characteristic does
not diminish even at 500 nm (Figure 5.11c¢). Conversely, the BJT-like Iio;n — V3 characteristic
disappears quickly with increasing membrane thickness to 1000 nm (Figure 5.11d). This
evidence suggests that the lower-aspect-ratio structure is helpful for the formation of a

functional nanofluidic transistor, depending on whether the EOF has sufficient influence.

Unlike ion-selective pores, oxide-modified pores exhibit the properties of solid-state BJT-
like ICR by electromigration and electroosmosis. If a bipolar pattern is applied to this model,
the result of BJT-like ICR will not appear in the numerical simulation (Figure 5.12). Finally,
It was found that materials with different isoelectric points between the surfaces on the pore
also affect the Lion — V4 results. It shows that even without the positively charged layer such
as an Al.O; layer at pH 3, other materials will influence ion transport by asymmetric EOF
(Figure 5.13 shows the results with TiO.-coated pore). The nanoscale fluid properties can be
used to create nanodevices with the resistor, diode, and BJT-like properties through partial

surface oxide coating.

In this chapter, it was shown that the ICR properties have been successfully changed in low-
aspect-ratio pores by using a 10 nm-thick dielectric layer. Not only the coating materials but
also the coating patterns affect the I-V characteristic. It demonstrated that the models
experimentally and theoretically evaluated the impact of the 4 types of pores on ion transport.

The numerical simulation shows that ICR occurs in extended-size bipolar nanopores without
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ion-selectivity. Therefore, nanoscale pore structure can be demonstrated like a resistor, diode,
or BJT under certain conditions. The direction of the electric potential bias, salinity gradient,
and fluidic flow affects the ionic circuit properties based on nanopores. The result provides a
novel approach that electrophoresis- and electroosmosis- driven transport in nanochannels

can be modified by manipulating surfaces.
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Figure 5.10 Simulated EOF results in 2D colour mapping

The heatmap for magnitudes of EOF when W, = +2 V by setting the value of surface charge
density as -10 mC/m? on corresponding surfaces, and the other surfaces to zero charge.
Reproduced and adapted with permission from ref.'?0. Copyright 2023 American Chemical

Society.
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Figure 5.11 Geometry effect in the ICR

(a, b) Comparison of the axial concentration change between the Type 1 and the Type 4
nanopore at V» = 2. (a) Axial variation of total ion concentration along the z-axis. (b) The
concentration of K* and CI- along the radial direction. (c, d) Pore size- and thickness-
dependent ICR characteristics. Simulated fion - Vb curves deduced for pores of various radii
from 5 nm to 500 nm in a 70 nm-thick SiNx membrane (c) and various thicknesses from 10
nm to 1000 nm in a 300 nm-sized pore (d). Reproduced and adapted with permission from

ref.’20. Copyright 2023 American Chemical Society.
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(a, b) Simulated result of fion - Vb curves for bipolar membrane by setting the corresponding
surface charge density to surfacecis, wallnner, and surfacewans. (C) The result for ion
concentration profiles and EOF magnitudes when W, = +2 V. Reproduced and adapted with

permission from ref.'2°. Copyright 2023 American Chemical Society.
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Figure 5.13 The result of TiO2-coated devices

A comparison of fion - Vb characteristics between Type 1 and Type 4 pores with a 10 nm TiO2
layer on a 300 nm-sized pore at pH 3 and pH 11. The black dashed curve represents the
result obtained from SiNx pore without oxide coating. Reproduced and adapted with

permission from ref.'2°. Copyright 2023 American Chemical Society.
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Chapter 6 Electrode effect in single particle sensing

6.1. Introduction

Nanopore technology is a powerful tool for analyzing biological samples at a single-molecule
level 6465124125 Tt 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,’2¢ the
simple mechanism of which has been demonstrated to enable a versatile sensor for
identifying miscellaneous analytes from cells to genomes.%4-65124-127 Being electrochemical
in nature, meanwhile, the electrical current generally reflects the dynamic phenomena at the
electrode-liquid interfaces.128129 Specifically, the application of voltage perturbs the local ion
distribution by overconsuming reactants for the electrochemical reactions, which induces
subsequent ion motions in the bulk to relax the acute ion concentration gradient near the
electrode surface. 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.'3013t However, little effort has been devoted to investigating its
relevance to nanopore sensing,'29 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.'-132133 In this chapter, therefore,
the issue of comparing resistive pulse measurements of nanoparticles was explored by using

multiple kinds of electrodes (Figure 6.1).
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Cation

Figure 6.1 Schematic model for the concept of electrode effect in nanopore sensing

The ionic current fon flowing through a nanopore in a SiNx membrane is measured in a
phosphate-buffered saline (PBS containing various concentrations of NaCl under the applied
voltage Vb. Transient drops in lion 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 (SEM) image of a 300 nm diameter pore in a 40 nm
thick SiNx membrane used for the resistive pulse measurements. Reproduced and adapted

with permission under a CC BY-NC-ND 4.0 License from ref.'34. Copyright 2022 Elsevier.
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6.2. Resistive pulse measurements using Ag/AgCl electrodes

In the experiments in this chapter, a nanopore of diameter 300 nm in a 40-nm thick SiNy
membrane was used to detect 178-nm-sized polymeric beads in phosphate-buffered saline
(PBS) at a concentration of 109 particles/mL (zeta potential of —37 to —30 mV in the
electrolyte buffer of pH 7.6 containing 55 to 137 mM NaCl as measured by a zetasizer
(Malvern)) by recording the ionic current (Zjon) under the applied bias voltage (V1; 0.4 V was
used, unless otherwise noted). First, the case of Ag/AgCl, which is a typical compound used
in nanopore measurements,35:136 was used to verify the single particle sensing. It provided a
persistent current flow with slow ups and downs (Figure 6.2a) associated with concentration
fluctuations of reactants and products via their adsorption and precipitation at the surface
under the electrochemical reactions in chloride solutions. In the meantime, resistive pulses
were observed as the polymer nanoparticles passed through the pore by electrophoresis.
These signals showed little variations in their heights (Figure 6.2b) 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
(Malvern)). There are also no notable changes in the pulse-like waveforms with time for the
entire range of the salt concentration conditions tested, which suggested a minor influence

of the ion diffusion at the solution-electrode interfaces on the resistive pulse sensing.

To verify the accuracy of the single-particle measurements, the ionic blockade current was
theoretically estimated by the polymeric sphere.!37:138 Finite element calculations based on
coupled Poisson-Nernst Planck and Navier Stokes equations (also see Chapter 2) 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 concentration of 123 mM NaCl (Figure 6.2c). The experimental Alion
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- t traces 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 electrophoresis of the
negatively charged particles in the SiNy nanopore for its negative native charge on the wall

surface).27-139

Moreover, the simulations indicated a linear rise in the resistive pulse height I, with the open
pore current Iopen (Figure 6.2d), which is in fair agreement with the experimental
observations (Figure 6.2e). 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 Rpore
=p (4L / 7 dpore® + 1 / dpore) at the nanopore with negligible contributions of the electrodes
(apart from the slight change in I, in response to the time-course decrease in Iopen by less than
10% ascribable to the small yet finite effects of the resistance at the electrolyte solution-

Ag/AgCl interfaces (Figure 6.3).
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Figure 6.2 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 SiNx nanopore with Ag/AgCI electrodes under the transmembrane
voltage Wb 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) A magnified view of
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aresistive pulse in 123 mM NacCl (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. z denotes the position of the particle center. (d) The resistive pulse height Ip
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 Ip under
various salt concentration conditions plotted as a function of the open pore current /open 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. Reproduced and adapted with

permission under a CC BY-NC-ND 4.0 License from ref.'®*. Copyright 2022 Elsevier.
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Figure 6.3 The relationship between I, and lopen and the expanded view of the ionic
current trace

The resistive pulse height I, plotted as a function of the open pore current lopen for the
measurement of the 178 nm-sized polymeric beads in 123 mM NaCl solution under the
applied transmembrane voltage Vb of 0.4 V using Ag/AgCI electrodes. The dashed line is a
linear fit to the plots that show a weak dependence of I, on lopen due to the small yet finite
impedance at the interface between the Ag/AgCl and the electrolyte buffer. In the right figure,
note that the ionic current initially decreases more slowly than that predicted by the Cottrell
equation. This is attributed to the fact that the interfacial resistance is negligibly small
compared to the nanopore resistance at the moment when the voltage was applied to the
electrodes. As it grows over time, meanwhile, the ionic current decreases more rapidly.
Eventually, the t°° dependence was observed when the interfacial resistance became much
larger than the nanopore resistance at %5 < 0.2. Reproduced and adapted with permission

under a CC BY-NC-ND 4.0 License from ref.'®*. Copyright 2022 Elsevier.
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6.3. Cottrell diffusion observed in Pt electrodes

Next, it was found that quite different ionic current characteristics showed a large decrease
in Iopen Over time by measuring the polymeric beads using the same nanopore but with
platinum electrodes instead of Ag/AgCl. (Figure 6.4a). While the nanoparticles still could be
detected, the resistive pulses became steadily weaker along the diminishing open pore
current (Figure 6.4b-e). Here, what is different in platinum from 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.!32 In the case of parallel plate electrodes without a nanopore
membrane, Fick’s law describes the time-dependent Faraday current to behave as: Iion =
nFAD°-5¢/(mtt)°-5, where F is the Faraday constant, A is the water-touching electrode area, D
and c is the diffusion constant and the concentration of ions, and n is the number of electrons
worked in the electrochemical reaction.'32 Indeed, the deep Iopen drop was found to occur as
t=05 (Figure 6.4c) thereby manifesting 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,4%141 D of 7.0 x 10-8 m2/s was obtained from the
t-05 fitting (solid line in Figure 6.4c) with the electrode area of 2.7 x 105 m2. While this value
is close to the diffusion constants of H* and OH- at ambient conditions,42143 it should also
be pointed out that V4, is lower than the voltage required for initiating Faraday electrolysis of
water. Further efforts should thus be devoted to shedding light on the electrochemical

reactions responsible for Iion in the Pt/nanopore/Pt system.
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Figure 6.4 Time-varying Faraday current and resistive pulses in a Pt-nanopore-Pt
setup

(a) Partial lion traces in 123 (blue) and 55 mM (red) NaCl solutions were recorded using a
300 nm-sized nanopore with Pt electrodes under W, of 0.4 V. Large spike-like features are

presumably due to charging/discharging. (b) Resistive pulses of varying heights were
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observed in 123 (blue) and 55 mM (red) NaCl. (c) The ionic current curves are displayed as
a function of t%5. Gray lines are linear fitting to the data. (d) Resistive pulses were observed
at the beginning (pink arrow in (b)) and the end (orange arrow in (b)) of one measurement.
(e) The measured Ip with Pt (open triangles) and Ag/AgCI (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. Reproduced and adapted with permission under a CC BY-NC-

ND 4.0 License from ref.'®*. Copyright 2022 Elsevier.

94



6.4. Electrode material and electrolyte dependence of Cottrell
behaviors

Extending the experiments to different electrode materials (Figure 6.5a), stable ionic current,
as well as uniform height resistive pulses of the polystyrene nanoparticles with Ti, was
obtained (Figure 6.5b). This demonstrates that Ti is equally useful to Ag/AgCl for nanopore
sensing owing presumably to its dissolution reactions under the electric potential
difference.’44 In the 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 electrochemically inert properties.

Moreover, salts other than NaCl were tested. In the case of a mixture of an aqueous solution
of K3Fe(CN)e and K Fe(CN)¢ (Figure 6.5¢), the redox reactions involving precipitations,45
similar to those occurring 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 6.5d) 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
K;Fe(CN)g since the redox reactions cannot take place without K,Fe(CN)s. These results were
consistent to validate the pronounced roles of the electrochemical ion diffusion on nanopore

sensing.
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Figure 6.5 Electrode material and electrolyte dependence of the ionic current
characteristics

(a) flon traces were recorded using a 300 nm nanopore under 0.4 V with different metal
electrodes: Ag/AgCI (red), Ti (greed), Ag (blue), and Au (dark yellow. Dashed lines are fitting
with fion-t?2. (b) Resistive pulses were obtained for the 178 nm nanobeads within 15 min with
various electrodes. (c) lonic current traces were recorded in aqueous solutions of

ferrocyanide using a 300 nm-sized nanopore with platinum electrodes under the
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transmembrane voltage of 0.4 V. Blue curve is the result in the water solution containing
potassium hexacyanoferrate(lll) (Ks[Fe(CN)s]) and potassium hexacyanoferrate(ll) trihydrate
(K4[Fe(CN)s]) at 0.1 V while red curve is the result in the solution containing only Ks[Fe(CN)g]
at 0.1 M. The ionic current is plotted against t 0.5. A stable ionic current was observed with
Fe(CN)s*/Fe(CN)s*> due to the redox reaction at the platinum electrodes. In contrast, the
absence of reactants with only Ks[Fe(CN)s] led to diffusion-limited ionic current manifested
by the decay in lion by t%5 (dashed line is a fit with fion-t%-%). (d) Resistive pulse measurements
of the 178 nm-sized polystyrene beads in the solution of 0.1 M Fe(CN)e*/Fe(CN)e*>. No
notable features suggestive of particle translocation were observed due presumably to
aggregation of the polymeric beads. Reproduced and adapted with permission under a CC

BY-NC-ND 4.0 License from ref.'34. Copyright 2022 Elsevier.
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How about its impact on nanopore sensing? The resistive pulses were already explained to
become smaller over time (Figure 6.4d). To be more quantitative, the signal heights were
plotted with respect to the Iopen. They revealed a proportionality between I, and Iopen €ven for
the data in a single measurement under a specific salt concentration condition (Figure 6.4€),
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, the resistivity of the whole nanopore system was
changed by the salt concentration conditions that affected I;, and Iopen on the same footing.26
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 Iypen®> when
assuming a serially connected resistor of resistance Rele at the two electrodes. It thus requires

further analyses to explain the linear dependence observed in Figure 6.4e.

In fact, significant blunting of the resistive pulse waveforms was found via interplay between
the resistance and capacitance.4® Its effect was examined by fitting the tails with the
following: ALion~exp(-t/11), where 7, = RC is the time constant of a parallel RC circuit model
assumed (Figure 6.6a and 6.6b). This expression is 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 revealed a linear
relationship between t1 and the resistance of the nanopore system, Riotal = Vb/Iopen (Figure
6.6c¢; see also Figure 6.8), 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 Rele to the temporal resolution of nanopore sensors (note that t; scales
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linearly with R even within the data acquired under a certain salt concentration condition).
In this context, it is noticeable that similar trends were reported when varying solution
resistance at external regions of nanopores by integrating microchannels on membranes.147
The 1, - R dependence thus indicates the major contribution of Re to alter the out-of-pore
resistance contributing to the signal retardation. It is speculated that this gave rise to the

linear I, - Iopen dependence in Figure 6.7b.

In contrast, the curvatures at the left-half of the resistive pulses, which reflects the motions
of the nanoparticles 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 Figure 6.7a and 6.7b)
revealed only faint dependence on R (Figure 6.7¢). This is in part due to the considerable
scattering in the pulse onset line shapes reflecting the stochastic nature of the 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).'38 Another thing is
the slow electrophoretic motions of the polymeric beads at the orifice (note that 7. is relatively
longer than ;) allowing the ionic current to catch up with the change in their positions, hence

obscuring the trait of the RC retardation.

99



C 100

71 (Ws)

A @137 mM NaCl
A @123 mM NaCl
A ® 110 mM NaCl
A ® 96 mM NaCl
® 82 mM NaCl
A ® 69 mM NaCl
A ® 55 mM NaCl

O 1 1 1 1

0 10 20 30 40
Vo / lopen (108 Q)

Figure 6.6 Impedance-limited temporal resolution of the nanopore sensing (leaving)

(a,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 W of 0.4 V. Sky blue curves are the
exponential fits by fion ~ exp(-t/11) at the signal tails. (c) 11 versus Vb / 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. The dashed line is a linear fit to the whole plot.
Inset is a refined equivalent circuit explaining the overall dependence of {1 on the nanopore

resistance.
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Figure 6.7 Impedance-limited temporal resolution of the nanopore sensing (entering)
Resistive pulse onset line-shapes (a, b) Resistive pulses recorded using Ag/AgCl (a) and Pt
(b) with fit curves in red by fion ~ exp(-t/12). (C) T2 versus Wb / 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. Reproduced and adapted with permission under

a CC BY-NC-ND 4.0 License from ref.’34. Copyright 2022 Elsevier.
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Figure 6.8 The time constant 11 and 12 for the measurements

The time constant 11 (left) and T2 (right) for the measurements of the 178 nm-sized polymeric
particles using a 300 nm diameter SiNx nanopore with Ag/AgCI electrodes, which was
calculated by fitting the resistive pulse tails with Alion ~ exp(-t/1). The dashed line in the left
figure is a linear fit to the results including those obtained with Pt electrodes. The plots reveal
longer 12 under lower ion concentration conditions, which suggests a more significant
influence of the electroosmotic flow to slow down the nanoparticle motions in the buffers of
lower ionic strengths. Reproduced and adapted with permission under a CC BY-NC-ND 4.0

License from ref.'3*. Copyright 2022 Elsevier.
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6.5. Influence of electrode ion diffusion on particle translocation
dynamics

It is also noticeable that 7. is electrode-material dependent. In the case of Ag/AgCl, it could
find a tendency that 7. to become longer with Ri.ta1 when decreasing the salt concentrations
(Figure 6.8). 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
6.9).1127.148 This is different for the results obtained with Pt electrodes, where t2, or
equivalently the time t.p for the nanobeads to be drawn into the nanopore (Figure 6.10A),
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 7. (tcap) characteristics.
What largely determines the particle motions at the orifice is the balance between the
counteracting electrophoretic and hydrodynamic drag forces.!27:148.149 As these forces both
become stronger with the transmembrane voltage, it gives non-straightforward V;
dependence of the translocation dynamics.'5° For the present system, increasing voltage led
to a monotonic elongation of t..,, manifesting a more rapid increase in the hydrodynamic drag
force compared to the electrophoretic counterpart (Figure 6.10b; see also Figure 6.11 that
explains why t..p increases rapidly at above 0.4 V), i.e. faster translocation under lower V4,

(here, Ag/AgCl was used to avoid the influence of the ion diffusion at the solution/electrode
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interfaces). Analogous discussion can be made to explain the plots in Figure 6.7c and 6.10a.
At the beginning of the measurement with Pt electrodes, the impedance at the
solution/electrode interfaces was low so a large portion of V}, was focused at the nanopore.
Later, however, the Cottrell diffusion steadily enlarged the interfacial resistance R at the
electrodes. When it became comparable to Ryore, the voltage started to drop largely at the
electrodes. As a consequence, the electric potential difference Vg across the nanopore
became weaker over time (Figure 6.10c). Concurrently, it led to shorter t.p 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 Veg—V4, 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 6.8). 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.
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Figure 6.9 Electroosmotic flow velocity estimated by finite element calculations

The electric potential was +0.4 V at the bottom side of the nanopore membrane. The
negative velocity denotes water flow in a direction from positive-to-negative electric
potentials, which is opposite to that of the electrophoresis of negatively charged objects.
The inset image shows the direction of z. Reproduced and adapted with permission under

a CC BY-NC-ND 4.0 License from ref.’34. Copyright 2022 Elsevier.
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Figure 6.10 Transmembrane voltage-dependent particle capture dynamics

(a) The width fcap at the first half of the resistive pulses obtained with the Pt-nanopore-Pt
setup represents 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 tap with Vb observed in the resistive pulse measurements using
Ag/AgCl electrodes in 55 mM NaCl solution. tcap increases steadily when increasing Vb from
0.1 to 0.6 V signifying a more rapid increase in the electroosmotic forces Feor than the
electrophoretic counterpart (Fep). 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 Veit due to the growing impedance at the solution/Pt
interfaces. Reproduced and adapted with permission under a CC BY-NC-ND 4.0 License

from ref.134. Copyright 2022 Elsevier.
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transmembrane voltage from 0.1 (top) to 0.9 V (bottom). Grey curves are Gaussian fits the
distributions. Typical resistive pulse signals are shown on the right side. Note the different
scales for the data at voltages higher than 0.4 V. The high-voltage signals above 0.6 V
demonstrate the anomalously long translocation time of the nanobeads attributed to the
trapping by the balanced electrophoretic and hydrodynamic drag forces in the nanopore. The
trap durations were long enough for another particle to be drawn into the pore that pushed
the trapped one. As such, f.ap at the high voltage showed only weak dependence on Vb.
Reproduced and adapted with permission under a CC BY-NC-ND 4.0 License from ref.'34,

Copyright 2022 Elsevier.
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It should be noted that the present work studied the roles of electrode materials for only 300
nm diameter nanopores. Considering that smaller nanopores possess larger Rpore, the roles
of the Cottrell diffusion may change as the voltage division at Rele would become smaller. On
contrary, the choice of electrode materials is predicted to become more important when using
micropores where smaller pore resistance gives rise to a more pronounced influence of Rele

on the ionic current characteristics. Further efforts should be devoted to clarifying this point.

However, the present findings in this chapter 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 resistive pulse detections of particles and molecules.
Unlike the non-polarizable electrodes, electrochemical reactions 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's! and proteins'5>153 by the difference in the ionic signal
waveforms. Yet, electrochemistry predicts a way to make such electrodes still useful by
employing a large electrode 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.154
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Chapter 7 Polymer coating for solid-state nanopore

Sensors

7.1. Introduction

Solid-state nanopores have been used as a useful sensor platform for detecting individual
nanoscopic objects42155-158 and studying their fast translocation in a confined nanofluidic
system.159-163 This monitors ion transport through a nanoscale conduit sculpted in a thin
membrane using a pair of electrodes in an electrolyte buffer. When a particle passes through
the nanochannel, the ion flow is obstructed which is seen as a temporal drop of the ionic
current. The thus obtained resistive current pulses were found to contain rich information
concerning the size,104165 shape,166:167 surface charges,681%9 and even surface chemical and
biological components of analytes when the pore is surface-functionalized to add bio- and
chemo-selectivity,'7°-175 that enables the identification of miscellaneous bio-samples from

cells to nucleotides by resistive pulse waveforms.

In this nanosensor, temporal resolution is a fundamental yet crucial factor for implementing
the single-particle analysis wherein the ionic current needs to respond rapidly enough to the
actual ion blockade events so as to reflect the physical properties of analytes in the associated
resistive pulses.'33 Otherwise, fine features would be smeared leading to critical difficulty in
identifying objects or on the worse side, weakening the signals down to undetectable levels.
This would be in fact a vital issue, particularly in small nanopores for detecting nanometer-
sized molecules such as proteins and nucleotides because, despite the expected short

translocation time, it calls for infinitesimal channels in an ultrathin membrane to render
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enough spatial resolution that inevitably brings huge capacitance and resistance, and hence

a long charging time.176

The polymer coating has been recently reported as a promising strategy for improving
temporal resolution.146177:178 By covering the nanopore substrate with a thick organic
dielectric layer, the ionic current tended to respond faster presumably because of the
decrease in the net cross-membrane capacitance. However, it still requires further studies to
elucidate how a polymer layer contributes to the current response speed. In the present work
in this chapter, therefore, systematic experiments were performed to explore the roles of the
polymeric cover to clarify where and what materials should be added to engineer the

impedance sensor performance.
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7.2. Fabrication of polyimide layer on solid-state nanopores

The membrane-side of the SiNx surface was then covered with a 5 um-thick photo-reactive
polyimide by spin-coating. Using a photo-mask, we patterned and created a 50 um diameter
hole in the polyimide. Here, the position of the micropore was centered on the location of the
SiNx nanopore. Also, the photolithography created the polymeric sheet to have a width and
length of 5 mm and Liayer ranging from 1 to 16 mm, respectively. Finally, the polyimide was

baked at 350 °C for hardening (Figure 7.1).

For the back-covered nanopore chip fabrications, we first prepared a nanopore chip by the
aforementioned procedure based on electron-beam lithography and reactive ion etching.
After that, we spin-coated PMMA (Aldrich) on the back side of the Si substrate, that is, the
opposite side of the membrane surface. There, the deep Si trench was protected from being
coated with PMMA by adhering to a small piece of plastic tape. The PMMA cover was then
baked at 180 °C. Finally, the PMMA surface was coated with 20 nm-thick SiO2 by chemical
vapor deposition for adhering the PDMS block upon the ionic current measurements. PBS
was capillary-injected into the channel-integrated pore. Two Ag/AgCl rods were then placed
at the bottom side of a micropore and the outer ends of the SU-8 microchannels via holes
punched in a PDMS block (Figure 7.2). The cross-pore ionic current lion was measured by
applying the bias voltage V}, between the rods and recording the output current through pre-
amplification using a home-built current amplifier backed by a fast digitizer (NI-5922,

National Instruments). All the measurements were carried out at room temperature.
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Figure 7.1 Fabrication procedure of polyimide-coated nanopores

A 25 mm? square piece of a Si wafer on both sides covered with 50 nm-thick SiNx (1) was
exposed to reactive ion etching to partially remove the SiNx at the back side surface (2). The
substrate was then immersed in KOH solution to wet-etch the Si layer to create a membrane
of size 100 ym x 100 ym on the front-side (3). On the membrane, a nanopore of diameter
300 nm was formed by an electron beam lithography followed by reactive ion etching (4).
Subsequently, 5 um-thick photo-sensitive polyimides were spin-coated on the front surface
(5). By irradiating UV light via a photo mask, a polyimide micropore around the SiNx nanopore
was formed (6). Reproduced and adapted with permission under a CC BY-NC-ND 4.0

License from ref.’”®. Copyright 2019 American Chemical Society.
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Figure 7.2 Schematic models of a PDMS block used to seal the nanopore chip from
both sides

(a-c) Side-view (a), top-view (b), and bottom-view (c) of the chip configuration. Three holes
are penetrated in the PDMS blocks. At the center hole, an Ag/AgCI rod was inserted to
measure the ionic current. The other two holes were used as inlets and outlets of particle-
containing PBS solution. (d) Close-up view of the polyimide-coated region. Polyimide was
coated on the SiNx front surface. The polymeric sheet had a rectangular shape of 4 mm wide
and Liayer length. The size of the nanopore is not to scale for the sake of clarity. (e) The
dimension of the fluidic channel on the PDMS block. The polyimide layer is also depicted.
When flowing PBS solution through the channel, the SiNx surface touches water except for
the polyimide-covered area. Reproduced and adapted with permission under a CC BY-NC-

ND 4.0 License from ref.'”®. Copyright 2019 American Chemical Society.
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A nanopore configuration employed to evaluate the role of the polymer coating is shown in
Figure 7.3. This is constructed with a 300 nm-sized nanopore in a 50 nm-thick SiNy
membrane partially covered with a 5 pum-thick polyimide layer (Figure 7.1a-c). On the
membrane, phosphate-buffered saline (PBS) containing 200 nm-sized polystyrene beads at
a concentration of 109 particles/mL was added through a fluidic channel in a
polydimethylsiloxane (PDMS) block (Figure 7.2). Here, the area of water touching the SiNx
surface was defined by the length L1y of the polymeric sheet (Figure 7.3b). From equivalent
circuit model points of view (Figure 7.3d), the cross-plane net capacitance Cpet would be
determined using the polyimide-coated SiNy structure as it is orders of magnitude smaller
than that of the other serial components such as the doped Si substrate and the electric
double layer Cepr.”7® Crhet can then be approximated as Cnet = Cpoly + Csink. Here, Cpoly is
described as epoly &v Wihin Lpoly/tpoly When Lpoly < 12 mm where &y = 8.9 x 1072 F/m and gpoly =
3.4 are the vacuum permittivity and the relative permittivity of the polyimide, respectively,
Wihin = 0.5 mm is the PDMS channel width, and oy = 5 pm is the thickness of the polyimide
sheet. Meanwhile, it becomes (0.012 &poly &v Wihin / tpoly + (Lpoly — 0.012) Epoly Ey Wsq / Lpoly) iN
case when Loy = 16 mm because of the contribution at the square regions of the width wsq =
2 mm. Similarly, Csinx at the non-coated 50 nm-thick SiNy domain is calculated as esinx &v
Wihin (0.012 — Lpoly) / tsink and €sinx v Wihin (Lpoly — 0.012) / tsing When Lpoly < 12 mm and Lpoly
> 12 mm, respectively, with esing = 7.5 of the SiNy relative permittivity and tsiny = 50 nm of
the thickness of the silicon nitride layer. Because tpoly > tsinx, Cnet decreases steadily with Lypoly.
In this way, the net cross-membrane capacitance is expected to be controlled by the
polyimide length. As for the pore resistance Rpore, 0n the other hand, the polyimide layer was
designed to have a 50 um-sized micropore around the nanopore so as to make its influence

on Rpore to be negligible small.
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Figure 7.3 Structure of polymer-coated SiNx nanopores

0.4 x PBS

(a) Schematic illustration depicting single-particle detections of polystyrene nanobeads in an
electrolyte buffer using a polymer-coated nanopore. The membrane-side of the nanopore
chip was partially coated with a photolithography-defined 5 ym-thick polyimide layer. (b)
Optical image of a polyimide-coated nanopore chip. The red dashed line indicates the region
where the chip surface was exposed to the buffer solution. Loy denotes the length of the
polyimide layer. (c) Scanning electron micrograph showing a nanopore with a diameter of
300 nm sculpted in a 50 nm-thick SiNx membrane. The polyimide layer was patterned to have
a 50 ym-sized pore around the SiNx nanopore. The inset displays a magnified view of the
300 nm-sized nanopore. (d) Equivalent circuit of the polyimide-coated nanopore structure.

CepL, Cpoly, and Csinx are the capacitance components of the electric double layer, the
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polyimide sheet, and the SiNx film, respectively. Rpore is the resistance at the nanopore in
0.4x PBS. The inset image represents the PBS-exposed (sky blue) and -non-exposed
(orange) SiNx surface area. Reproduced and adapted with permission under a CC BY-NC-

ND 4.0 License from ref.'”®. Copyright 2019 American Chemical Society.
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7.3. Results of the coating area of the insulated layer

Polyimide-coated nanopore chips were prepared of various Lpore from 0 mm (non-coated) up
to 16 mm and performed resistive pulse detections of 200 nm-sized carboxylated polystyrene
nanobeads in 0.4x PBS at 0.1 V. Irrespective of Lpore, the open pore ionic current lion was
around 14 nA (Figure 7.4), which agrees with an analytical expression45518 of the ionic
resistance Rpore = p/dpore With the solution resistivity p = 1.4 Q m for the diluted buffer and
dpore = 200 nm. This is not surprising, as the polymer sheets were designed to cause no
notable influence on Iion by virtue of the micropore configuration at the SiNy nanopore. When
the buffer contains the polymeric nanobeads, stochastic temporal drops of the ionic current
were observed suggestive of successive nanoparticle translocation through the nanopore
(Figure 7.5a,b). These resistive pulses show relatively wide variation in the line shapes at the
onset that reflects the random nature of the particle capture approaching toward the orifice
at variable angles, which is a characteristic feature in the nanopore having a relatively low
thickness-to-diameter aspect ratio structure (Figure 7.5¢ and 7.6).59180 In contrast, the tails
are less scattered indicating the regular motions of the escaping particles by virtue of the

physical confinement in the nanochannel.46
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Figure 7.4 Raw ionic current curves obtained with the partially-polyimide-coated 300
nm-sized nanopores

(a-c) The length of the polyimide covers Lpoly is 2 mm (a), 3 mm (b), and 12 mm (c) with 200
nm-sized polystyrene nanoparticles contained in 0.4 x PBS under 0.1 V. Reproduced and
adapted with permission under a CC BY-NC-ND 4.0 License from ref."”®. Copyright 2019

American Chemical Society.
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Figure 7.5 lonic current traces and resistive pulses

(a) The cross-pore ionic current lion through a polyimide-coated 300 nm-sized SiNx
nanopore recorded at 0.1 V in 0.4x PBS containing 200 nm-sized carboxylated polystyrene
nanoparticles. The polymer layer had lengths Lpoy of 0 mm (gray), 1 mm (red), 2 mm (blue),
3 mm (green), 6 mm (sky-blue), 12 mm (purple), and 16 mm (orange). (b) Close view of a
resistive pulse signifying translocation of a single nanoparticle through the nanopore. (c)
Trajectory-dependent ionic current traces. 30 pulses were overplotted. The onset line-shapes
vary widely due to the variable incident angle of the particles approaching the nanopore. In
contrast, the tails demonstrate little variation reflecting the regulated motions of the particles
in the post-translocation stage. Reproduced and adapted with permission under a CC BY-

NC-ND 4.0 License from ref."”®. Copyright 2019 American Chemical Society.
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Figure 7.6 Variations in the resistive pulse waveforms

(a-i) Two-dimensional histograms of resistive pulses. The open pore current was offset to
zero. Nanopore chip configurations and the number of pulses used are as indicated in each
plot. Reproduced and adapted with permission under a CC BY-NC-ND 4.0 License from

ref.179, Copyright 2019 American Chemical Society.
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Here, as shown in Figure 7.54a, it is noticeable that there is a marked difference in the height
of the resistive pulses as a whole depending on the dimension of the polyimide layers: longer
Lyoly tends to provide larger signals. As it was already confirmed above that the polyimide
layer contributes little to the cross-pore ion conductance, the distinct Lyoly dependence of the
pulse height is naturally ascribed to capacitance effects. When this is the case, it anticipates
the charging-derived slow response of the ionic current compared to the temporal blockage
of the ion transport by fast electrophoresis of the polymeric nanoparticles through the
nanopore.4%181 As a result, the Iion spike-like signals would be blunted to small pulses yet
with an equivalent area.'7s Indeed, despite the large difference in the height (Figure 7.7), the
pulse area was found to be the same in the entire Lyoy-range tested, thereby signifying the

prominent role of the polyimide to change the net capacitance of the nanopore chip.
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Figure 7.7 Scatter plots of the resistive pulse
Scatter plots of the resistive pulse height Ip versus the width td for 200 nm-sized carboxylated
polystyrene nanobeads in 0.4 x PBS measured with partially-polyimide-coated 300 nm-sized
nanopores under 0.1 V. Color code denotes the length Lpoy of the polyimide sheet used.
Reproduced and adapted with permission under a CC BY-NC-ND 4.0 License from ref.'7®,

Copyright 2019 American Chemical Society.
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The equivalent circuit (Figure 7.3d) predicts that the capacitance contribution tends to retard
the current response as Iion = IoeXp(—t/Tdelay) Where the charging time of capacitor elements
enters through Tgelay = CnetRpore With the net cross-membrane capacitance Cret. To investigate
the capacitive contributions in the polymer-coated nanopores, Tdacday Was reduced by
exponential fitting to the tails of the average resistive pulses (Figure 7.8). The result revealed
an overall tendency of a steady decrease in tqelay With increasing the size of the polymer sheet
(Figure 7.8b, see also Figure 7.9 for the capacitance of each component). This is in qualitative
accordance with the aforementioned reduction in Cper with Lpoy (Figure 7.9), though

quantitatively the theoretical CyetRpore is much longer than tqelay-

It should also be noted that the current noise is strongly suppressed with Lpoy = 12 mm
(Figure 7.54, see also Figure 7.10 for the RMS noise data). This can be interpreted as another
outcome of the lowered capacitance by the polymer coating.182:183 Specifically, it was reported
that the ionic current noise tends to be dominated by that stemming from a coupling between
the amplifier voltage noise and the nanopore chip capacitance at high frequencies.184.185
Similarly, it is likely that the decrease in the noise level by the polymer coating is due to
diminished capacitance-derived current fluctuations. As for why the noise does not simply
become weaker with Loy from 0 to 6 mm is attributable to the counteracting effects of the
lowered capacitance providing not only suppression of the high-frequency noise but also a

faster response of Iion which in turn means less damping of the fast current fluctuations.
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Figure 7.8 Polymer layer effects on the temporal response of the ionic current through
a nanopore

(a) Close views of resistive pulse tails obtained for 200 nm-sized polystyrene nanobeads with
300 nm diameter Si3N4 nanopores coated with polyimide layers of different lengths Lpoy. The
red line denotes an exponential fitting to the polymer-coated nanopore with Lpoy = 3 mm. (b)
Lpoly-dependent temporal resolution of the nanopore sensor. Reproduced and adapted with
permission under a CC BY-NC-ND 4.0 License from ref.'”®. Copyright 2019 American

Chemical Society.
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Figure 7.9 Capacitance estimations of the device

The cross-membrane net-capacitance was assessed from the calculated water-touching
SiNx (Csinx; blue region) and polyimide (Cpoly; yellow region) capacitance. Cpoly is given as
Cooly = EvacEpolyWLlpolytpoly Where &vac = 8.85 x 10712 F/m is the vacuum permittivity, ooy = 3.4 is
the relative permittivity of polyimide, w = 0.5 mm is the width of the PDMS channel, and Lpoly
and fpoy = 5 uym are respectively the lengths and the thickness of the polyimide sheet.
Analogously, Csinx can be described as Csinx = &vac €sinx fsiNx { W ( 0.012 - Lpoly ) + 2Wsq Lsq}

with the width wsq = 2 mm and length Lsq = 2 mm at the square channel regions and the
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thickness of the SiNx film tsinx = 50 nm when Lpoly < 12 mm and Csinx = 0 for the case of
Lpoly = 16 mm. In addition to this frontside capacitance, there is another water-touching 50
nm-thick SiNx layer at the back side amounting to 18.7 nF. The rest of the components such
as the electric double layer capacitance CepL and the capacitance at the 0.3 mm-thick doped
Si substrate Cusi are expected to contribute little to Cnet as Csinx << CepL, Casi. Orange and
blue plots are the capacitance of the polyimide sheet and the un-covered SiNx layer,
respectively while green plots denote the net capacitance. The kink at Lpoy = 16 mm is due
to the contribution of the 2 mm square regions of the PDMS channel as depicted in (a).
Reproduced and adapted with permission under a CC BY-NC-ND 4.0 License from ref.'”®.

Copyright 2019 American Chemical Society.
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Figure 7.10 lonic current noise in RMS units
Alms plotted as a function of the length Lpoly of the polyimide layer on the membrane surface.
The blue dashed line is the noise observed in a PMMA back-covered nanopore. Reproduced
and adapted with permission under a CC BY-NC-ND 4.0 License from ref.'”®. Copyright 2019

American Chemical Society.

128



7.4. Back-side polymer-coated solid-state nanopore sensors

The above findings imply that the capacitance relevant to the response speed of Iion can be
tailored by only one-side substrate coating. Thus, a polymer layer may not necessarily cover
a membrane surface to improve the sensor temporal resolution but it would be equivalently
functional when covering the opposite side of the nanopore chip. Furthermore, the choice of
material should be rather unimportant as long as the thickness can be made thick. To verify
this assertion, a nanopore substrate (dpore = 200 nm) was prepared with the back-side surface
being coated with a 5 pm-thick polymethyl-methacrylate (PMMA) layer (Figure 7.11a).
PMMA was employed to verify whether the coating effect is material-dependent. In this back-
coating design, the capacitance CPMMA at the PMMA layer is anticipated to determine Cpet
as Cpmma (44 pF) < Csing (13 nF) <€ Cgsi where Cgsi is a huge capacitance at the doped-Si
substrate (Figure 7.11b). As a comparison, a polyimide-coated nanopore with the polymer
layer covering the entire area of the membrane-side surface was also tested. Interestingly,
these two designs led to further suppression of the noise from that in the partially coated
nanopore chips suggesting even lower capacitance achieved by the insertion of the large
polymer sheet (Figure 7.11¢). More importantly, they offered an equally well-diminished Iion
noise platform thereby inferring the expected role of the back cover in decreasing the

capacitance.

How about the resistive pulse waveforms? It was addressed by assessing the delay time for
the two sensor configurations through an exponential fit to the tails of the average Iion pulses
that yielded 7aelay of 145 and 149 ps for the PMMA back-covered and the polyimide front-
covered chips (Figure 7.11; and Figure 7.12 for statistical distributions of gelay). The slightly

faster current decays than that of L,y = 16 mm are consistent with the lowered capacitance
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suggested by the decreased noise level. More directly, the two pulses completely overlap with
each other at the tails demonstrating that the capacitance charging time was adequately short
compared to the actual speed of the dynamic change in Iion upon the fast electrophoretic
translocation of the polystyrene nanoparticles (Figure 7.11b). It can thus be concluded that
polymer coating at the back-side surface is equally effective for the front-covering for
lowering the capacitance to achieve better sensor temporal resolutions as well as a noise
platform. More quantitatively, when the assumption that a 7gelay of 145 ps is reflecting the
actual translocation motions of the nanoparticles, the capacitive effect on the effective delay
time T = Tqelay — 145 ps can be described as 7 = aRporeCnet With a coefficient a amounting to
0.002. This finding may be useful in building integrated nanopore structures as they usually
involve constructions of additional structures such as nanofluidic channels, nanopillars, and
nanoelectrodes on the membrane-side of the chip surface,'86-189 that makes the front-side

coating technically difficult.

In summary, a series of experiments have been established to inspect the influence of
capacitance on the temporal resolution of a solid-state nanopore sensor by adjusting the
contact area of the electrolyte solution and the thin dielectric layer on the substrate by a
polymer coating. The results demonstrated that sufficient coverage of a thick polyimide layer
on the membrane-side of the surface could fasten the speed of the response of the cross-
membrane ionic current because of the lowered capacitance by the organic layer. Learning
from this finding, covering the PMMA layer at the back-side surface was designed and
verified, which provided an equivalent effect to that observed for the polyimide coating. The
back cover structure facilitates the integration of nanofluidic structures on the membrane

side without compromising the sensor temporal resolution of resistive pulse measurements.
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Figure 7.11 Effects of back-side polymer coating on the sensor temporal resolution

(a) Schematic model of a nanopore chip with a PMMA layer coated on the back-side of the
substrate surface. (b) Equivalent circuits of the back- (left) and front-side coated nanopore
chip (right). (c) Ionic current curves were obtained with front-side polyimide coated (Lpoly =
16 mm, orange) and back-side PMMA coated (pink) SiNy nanopores. The result of a nanopore
with a polyimide layer covering the entire front surface (except the 50 um region around the
nanopore) was also shown (dark yellow). (d) Magnified views of resistive pulse tails. Color
coding is the same as that in (b). Reproduced and adapted with permission under a CC BY-

NC-ND 4.0 License from ref."7®. Copyright 2019 American Chemical Society.
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Figure 7.12 Statistical distributions of the ionic current decay constant

Statistical distributions of the ionic current decay constant at the resistive pulse tails for 200
nm-sized carboxylated polystyrenes in 0.4 x PBS in the PMMA back-covered (pink) and the
polyimide front-coated (orange) nanopores under 0.1 V. The slightly longer time constant of
the front-coated nanopore is consistent with that deduced from the average ionic curve
presented in the main text. Reproduced and adapted with permission under a CC BY-NC-

ND 4.0 License from ref.'”®. Copyright 2019 American Chemical Society.
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Chapter 8 Single particles sensing with solid-state

nanopores under salt gradient condition

8.1. Introduction

A solid-state nanopore is a resistive pulse detector of small objects in electrolyte solutions.
Tremendous efforts have been devoted to exploiting this nanosensor for studying the
translocation dynamics of DNA and reading its genome sequence at a high speed in a label-
free fashion.®s Meanwhile, recent progress in the field also led to growing interest in
leveraging the capability for things beyond sequencing. One of the emerging applications is
proteomics which foresees identifications of amino acids by ionic blockade currents as
denatured proteins pass through the nanoscale conduit.190191 At a larger scale,
lithographically defined nanopores were also reported to allow single-virion discriminations
to digital infection diagnosis.’92-198 Despite the expectations, however, excessively rapid
electrophoretic motions of analytes have remained as a technical bottleneck for detecting
minute changes in the ionic current upon their instantaneous transits through the
nanoscopic sensing zone. It is thus of fundamental importance to find an effective way for

slowing down the translocation dynamics in a nanopore.

Several approaches have been verified to face this challenge.?99 Among the various strategies
examined, such as active controls by means of adding external forces through light
irradiation2°° and gate voltages'! as well as passive methods via changing viscosity292°1 and
temperature2°2 of liquid, a salt gradient approach was reported to be useful for manipulating

the translocation dynamics through the induced self-built electric field that serves not only
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to slow down the motions of objects such as DNA31,122,203-206 and nanoparticles32207-211 hut
also to raise the capture rates in the conduit.518:212-217 Meanwhile, the mechanism is predicted
to become ineffective in pores of size much larger than the Debye length since it relies on ion-
selective transport across the membrane to induce ion concentration polarization via the
profound influence of surface charges on the nanopore wall.218-220 Even though such a
condition is common in nanopore sensing of relatively large particles and molecules such as
viruses and amyloids, along with the fact that various intriguing phenomena have been found
in resistive pulse sensing using submicrometer channels5” such as pore shape-dependent ion
blockage characteristics,211:221222 deformations of soft particles,223-225 and concentration-
polarization-induced ionic current enhancements,219:226 little experimental efforts have been
devoted so far to assess the feasibility of the salt gradient approach for controlling the

translocation dynamics of non-DNA objects in the non-ion-selective channels.

Herein, in this chapter, the impact of salt gradients on electrophoretically driven
translocation motions of nanoparticles in submicrometer-sized solid-state nanopores was
investigated. It was found the significant roles that asymmetric electric potential profiles
across the membranes and salinity-gradient-mediated electroosmotic flow22:39:48 are not only
enabled to slow down the translocation motions of particles, but also served to facilitate or
completely inhibit their electrophoretic capture via a salt concentration control. The present
findings suggest the usefulness of the salinity gradient approach for resistive pulse sensing

even in a non-ion-selective pore of size much larger than Debye length.
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8.2. Single particle translocation under an asymmetric salt condition

A lithographically defined 300 nm diameter nanopore was formed in a 50 nm thick SiNy
membrane (Figure 8.1) that separated the cis and trans chambers filled with phosphate-
buffered saline (PBS) of different ion concentrations from 0.1 to 1 ¢o, where co represents a
NaCl concentration of 137 mM in a non-diluted buffer (Figure 8.1). Resistive pulse
measurements of 200 nm-sized carboxylated polystyrene beads (added to cis at 109
particles/mL) were performed by applying DC voltage V}, across the membrane and recording
the ionic current at a 1 MHz sampling rate. When the particles diffuse to approach in the
vicinity of the orifice, they tend to be drawn electrophoretically into the pore via the focused
electric field (the ¢ potential of the polymeric nanobeads was negative ranging from -30 to
—38 mV in the electrolyte buffer of different ionic strengths (Figure 8.2)). As a consequence,

resistive pulses were observed each time the particles transited the conduit (Figure 8.1b, c).

It is known that surface charges on analytes may affect the cross-membrane ionic current
upon their translocation. This is due to the fact that in general, more counterions are
attracted on a surface of an object with larger ¢ potential. Since these counterions serve to
enlarge the ion density inside the channel upon the translocation, it counteracts the volume
exclusion effect and even gives rise to ionic current enhancement instead of resistive
pulses.159:160 However, this mechanism is effective only under a condition where the electric
double layers at the object and the pore wall surfaces overlap with each other,° which is not
the case for the present system where the nanopore size is orders of magnitude larger than
the Debye length (less than 1 nm) in the salt solution. Meanwhile, Qiu et al.226 observed a
significant influence of surface charge densities of submicrometer-sized particles on the

resistive pulse heights.226 The results were attributed to the electric-field-induced ion
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concentration polarization at the particles when they move through a polymeric
microchannel. While this may have affected the current blockage characteristics in the 300
nm-sized nanopores, its contribution is predicted to be small,226 as the surface charge
densities vary by only less than 30% under the ion concentration conditions tested (Figure

8.2).
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Figure 8.1 Schematic diagram of nanoparticle measurement with nanopores

(a) Setup of a polyimide-coated solid-state nanopore sensor. (b) lonic current blockade by a
nanoparticle passing through the nanopore. The pulse height I, and the width td in general
denote the size and the translocation time of the nanoparticles. {4 is further decomposed into

the width at the onset (tin) and the tail (fout), which represent the particle speed when entering
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and escaping the nanopore. (c) Three configurations of the electrolyte concentration
difference at the two chambers. Nanoparticles were always added to the cis chamber.
Positive and negative salt gradients were created by changing the ion concentration at the
cis or trans to lower than 1 co while keeping the other side at 1 co. (d) Scanning electron
micrographs showing a 50 pum-sized polyimide pore around a 300 nm-sized nanopore
sculpted in a 50 nm-thick SiNx membrane. Reproduced and adapted with permission from

ref.227. Copyright 2021 American Chemical Society.
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Figure 8.2 Zeta potential of 200 nm diameter carboxylated polystyrene beads in PBS
of different ion concentrations
Reproduced and adapted with permission from ref.22”. Copyright 2021 American Chemical

Society.
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The roles of the salt gradient on the single-nanoparticle electrokinetics were explored by
analyzing the signal widths and also the pulse-to-pulse intervals representing, respectively,
the time they took to pass through the membrane and the electrophoretic capture rate (Figure
8.1b).29 When the ion concentration c.s of the particle-containing solution was made lower
than that in trans cuans. First, the results explained that under positive salt gradient
conditions, i.e., when the ion concentration of the particle-containing solution at cis (ccis) was
made lower than that in trans (cwans). Specifically, the electrolyte buffer in cis was changed in
a range from 1 to 0.2 co, while that in the trans was kept at 1 ¢,. The decrease in c.s tends to
lower the open pore current (Figure 8.3a) as well as the resistive pulse heights (Figure 8.3b)
due to the less number of current-carrying ions around the nanopore. This trend can be found
clearly in the scatter plots of the pulse height I, as a function of width td (Figure 8.3c). On
the other hand, it is also noticeable that td tends to be wider with decreasing cs, indicating
slower translocation speed under the larger salinity difference. This is somewhat
counterintuitive since the particle ¢ potential is larger under lower salt concentrations228

predicts shorter t3 with c;s.

Before getting into detailed analyses of the translocation motions, it was added to note that
the salt concentration difference causes dissimilar electrode potentials at cis and trans whose
amount is approximately given by AV = —GkT/qlog(ceis/Ctrans),2*5> where G is the nanopore
conductance, kT is the thermal energy, and q is the elementary charge. In fact, it found that
the measured base current was well matched with the series resistance model (consisting of
the resistance inside (Rpore = 4pL/mdpore?) and outside (Race = dpore/2p),4229 where p is the
resistivity of the electrolyte solution, dpore is the diameter of the pore, and L is the thickness

of the membrane5455 by taking the potential shifts into account (Table 8-1). In the following,
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therefore, the effective cross-membrane electrical potential difference Ve (=V, + AV) was
used for deducing the electrokinetic particle transport through the salinity gradient-biased

nanopore.

To clarify the mechanism responsible for the salt gradient-dependent translocation dynamics,
the electrophoretic motions of the nanoparticles was investigated in more detail by analyzing
the first (tin) and second (tout) halves of the resistive pulse widths denoting the particle
velocity before and after the translocation, respectively (Figure 8.1b).138 With no salt gradient,
the resistive pulse waveforms were asymmetric with tin being longer than tout (Figure
8.3d,e). This can be understood as a result of more confined particle trajectories after
escaping the pore as reported in the previous literature. 138 Unexpectedly, on the other hand,
tin tended to become larger, while tout became smaller with decreasing salt concentration,
leading to tin < tout When ceis < 0.6 ¢, (Figure 8.3d, 8.3¢). The cis-dependent td found in Figure
8.3c is thus attributed to the pronounced effects of the salt gradients to retard the

electrophoretic motions of the particles after exiting the nanopore.
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Figure 8.3 Single-nanoparticle detections by nanopore sensors under salt gradients

(a) Partial ionic current traces recorded in the nanoparticle-containing PBS of ion
concentrations 1 (red), 0.4 (orange), and 0.2 co (dark yellow) at the cis chamber and 1 co at
the trans under an applied cross-membrane voltage Vb of 0.2 V. co represents 1x PBS (137
mM NaCl). (b) Averaged resistive pulses were calculated from the signal data obtained under
various salt gradient conditions denoted by the ion concentration at the cis chamber. The
numbers of pulses used for the estimations were 644 (1 co), 513 (0.8 co), 426 (0.6 co), 1083
(0.4 co), and 2345 (0.2 co). (c) Scatter plots of the resistive pulse height I, with respect to the
width td. (d) Histograms of the signal width at the pulse onset (fin) and the tails (fout). Solid
curves are Gaussian fitting to the distributions. (e) The average tin and tout deduced from
(d). (f) Nanoparticle translocation speed under different cross-membrane electric potential

differences Veft. Translocation velocity at zero voltage (Vesr = 0) is approximately —208 um/s
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under a 5-fold difference in the salt concentration. Reproduced and adapted with permission

from ref.?2”. Copyright 2021 American Chemical Society.

Table 8-1 Concentration gradient-dependent open pore conductance

*1 Measured ionic current under the applied cross-membrane voltage Vb of 0.2 V.

*2 Theoretical conductance values calculated with a series resistance model, i.e. Rtotal = Rpore
+ Racc = 4pL/TTdpore? + p/dpore Where p, L, and dpore are the resistivity of the electrolyte solutions,
the membrane thickness, and the diameter of nanopores, respectively.

*3 Electrode potential difference AV under different concentrations at the cis and trans
chambers obtained from AV = —GkT/q log(ccis/Ctrans).

*4 Open pore ionic current under Vb + AV.

Concentratio Measured lonic  Theoretical Potential Difference Corrected
n of ccis (o) Current (nA) Current (nA)  with ctrans =1 co (mV)  Current (nA)
1 55.84 54.94 0 54.94
0.8 50.33 49.81 5.71 51.23
0.6 47.04 43.09 13.08 45.91
0.4 46.21 33.94 23.46 37.92
0.2 42.97 20.73 41.20 25.00
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It is interesting to see if reverse effects can be found when applying the salt gradient in an
opposite direction. The result was verified by extending the resistive pulse measurements
under conditions ccis > Ctrans. Precisely, the cis chamber was filled with PBS of 1 ¢, while
changing cians in the range from 1 to 0.2 ¢o. By adding the nanoparticles in cis, long-ti, pulse
signals were observed (Figure 8.4a, 8.4b). On the other hand, while cirans lowered to below
0.6 co, it was observed that resistive pulses became significantly weaker and eventually
disappeared in the ionic current traces. The absence of the signals cannot be attributed to the
decreased open pore conductance under the lower ion concentrations, as can be detected in
the signals even when c¢s was 0.2 ¢,. Instead, it is more likely to consider that the polymeric
beads started to be rejected from the nanopore. This is certainly a possible case for the
electroosmosis at the SiNx wall surface with negative native surface charges inducing water
flow in a direction opposite to that of the electrophoresis of the negatively charged
carboxylated polystyrenes, thereby causing the hydrodynamic drag force to be stronger than
the electrostatic counterparts under the extremely weak electric field at the trans side of the

orifice so that the nanoparticles were rejected without being captured into the pore.

In fact, the result also demonstrated that it was able to hold a nanoparticle at the nanopore
under the salt gradient control. This can be found in the ionic current trace under cirans = 0.6
co where significant ionic current fluctuations were ascribed to oscillatory motions of a
nanoparticle under a balance of the hydrodynamic drag and electrophoretic forces (Figure
8.4¢).11148 The change in the pre- and posttranslocation speeds of nanoparticles can be
explained qualitatively by the salinity-gradient-derived asymmetric electric potential profile
across the membrane. Due to the stronger dependence of Rpore 01 dpore, the ionic conductance

is dominated by Racc in the present nanopores having a low thickness-to-diameter aspect
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ratio structure.5455 When there is no ion concentration difference between the cis and trans
chambers, the Rac. is the same at both sides of the conduit, giving rise to an equal amount of
electric potential drop across the membrane (while the polyimide layer adds additional
resistance at the cis, its contribution is negligibly small due to an order of magnitude larger
size compared to dpore). Meanwhile, this is not the case when there is a difference in salt
concentration. For example, ccis < Ctrans leads to higher p, and equivalently larger Rac., at the
cis side of the nanopore. As a result, the voltage drops more largely at the cis side of the orifice
which anticipates stronger electrophoretic forces on the particles at the inlet with decreasing
Ccis- At the same time, the electric field becomes weaker at the trans region, thereby causing
a steady decrease in the particle velocities after escaping the pore under larger salt gradients.
In fact, finite element analyses23°© revealed a focused electric field at the cis region when ceis
< cirans (Figure 8.5). These findings indicate the effectiveness of the salt gradient to tailor the
single-nanoparticle translocation dynamics. The slower motions at the nanopore exit would
be particularly useful for resistive pulse analyses of small molecules like proteins since one

can also benefit from the suppressed variation in the motion trajectories.148
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Figure 8.4 Nanoparticle translocation event with a negative salt gradient

(a) lonic current curves recorded in dispersion PBS solution of the 200 nm-sized polystyrene
beads using a nanopore of 300 nm-diameter in a 50 nm-thick SiNx membrane under Vp = -
0.2 V with the applied negative salt gradient. 1, 0.4, and 0.2 co denote the ion concentration
of the buffer added to the cis. In this experiment, the trans chamber was always filled with
PBS of 1 co.(b) Typical resistive pulses were observed under a negative salt gradient imposed
by adding diluted PBS of 0.8 co to the trans while keeping cis at 1 co (blue). The signal under
no salt difference was also displayed for comparison (red). (c) Examples of the fluctuated
ionic current signals signifying trapping of a nanoparticle via the balanced electrophoretic
and hydrodynamic drag forces when cqis = 0.6 co and ctrans = 1.0 co. Reproduced and adapted

with permission from ref.?2”. Copyright 2021 American Chemical Society.
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Figure 8.5 Salt-gradient-dependent electric potential profiles across the nanopore
Numerical simulations of the cross-membrane electric field distributions with a 200 nm

diameter nanoparticle translocating from z = 800 to -800 nm through the 300 nm sized
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nanopore under (a) a positive salt gradient (ccis = 10 ctrans), (b) no salt gradient (ccis = Ctrans),
and (c) a negative salt gradient (10 ccis = ctrans). Dashed curves in (a) and (c) are the electric
field in (b) shown for comparison. The right panels describe the equivalent circuits where the
largest resistance components at the low ¢ regions are depicted in red. Reproduced and

adapted with permission from ref.227. Copyright 2021 American Chemical Society.

A
)
2
—_
S

At 60

1nA

1s a

Figure 8.6 The result of capture rate with asymmetric concentration condition

(a) Time interval At between the consecutive two signals. (b) Histograms of log Af. Solid
curves are Gaussian fits the distributions. (c) The average particle capture rates fcap were
obtained from (b). Reproduced and adapted with permission from ref.??”. Copyright 2021

American Chemical Society.
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So far, the salt gradient is proven capable to lower the electrophoretic speed of objects at the
pore exit. Further investigation suggested another outcome of the ion concentration
difference to enhance the particle capture efficiencies. The evaluation was carried out by
calculating the time interval At between the two consecutive signals (Figure 8.6a).23! The
average particle capture rates fe.p were then estimated by feap = 1 / Atave, Where Atyye is the
time interval deduced by Gaussian fitting to the histograms (Figure 8.6b). fcap demonstrated
a steady increase (decrease) under larger (smaller) salinity gradients enabling up to a factor
of 3.6 enhancement by a 5-fold ion concentration difference (Figure 8.6¢). The tendency is
consistent with the stronger (weaker) electric field at the nanopore opening filled with lower
(higher) ion concentration buffer that serves to draw the polystyrene beads in the inlet more

effectively into the nanopore (Figure 8.5).

Besides the electrophoretic and electroosmotic contributions, the salinity gradient alone
gives osmotic pressure to a local electric field at the nanopore. To assess this effect of
diffusiophoresis and diffusioosmosis, resistive pulse measurements of the nanoparticles in a
300 nm sized nanopore with and without a salinity gradient under various cross-membrane
voltage were performed.> When there was no salt concentration difference, the average
translocation speed of the nanoparticles deduced from the widths of the resistive pulses
demonstrated a linear increase with the cross-membrane voltage (red plots in Figure 8.3f).
Extrapolating the dependence to zero voltage, it was found that there was almost zero velocity
of the particles as expected since no driving force exists to move them through the pore. On
the other hand, the translocation speed became much slower and showed weaker dependence
on Ve under a 5-fold difference in the salt concentrations (blue plots in Figure 8.3f), which

was attributed to the smaller forces exerted on the nanobeads as shown by the finite element
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simulations of the electrostatic and electrophoretic drag forces (Figure 8.5). Linear fitting
revealed a negative translocation velocity of approximately —208 um/s at Ve = 0 V,
suggesting particle motions in the direction of decreasing salinity gradient via diffusion
osmosis/phoresis. Although this may affect the electrophoretically driven translocation
dynamics of the nanoparticles, its influence is anticipated to be only minor considering the

order of magnitude lower velocity under zero Vet compared to that at above 0.2 V.

8.3. Numerical simulation results of particle passing process

While the salt-gradient-mediated capture-to-translocation dynamics can be qualitatively
explained by the asymmetric cross-membrane electric potential profiles, it is worth
discussing in a more quantitative manner by taking into account the influence of the
electroosmotic flow. For this, finite element simulations of hydrodynamics were exhibited in
the 300 nm sized SiNx nanopore assumed to have a surface charge density of —45 mC/m?2
(see Figure 8.7 for the estimation of the charge density at the nanopore wall surface) at the
wall surface?232233 by solving coupled Poisson—Nernst—Planck and Navier—Stokes equations
using COMSOL 5.6 Multiphysics.23° The deduced fluid flow occurred mostly in the direction
opposite to the electrophoresis of the negatively charged nanoparticles at the cis due to the
field-driven motions of dense countercations at the negatively charged pore wall surface
irrespective of the ion concentration conditions (Figure 8.8). On the other hand, eddies were
found under the negative salt gradient48 (Figure 8.9), giving rise to negative fluid velocities

at the trans side of the nanopore.
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Figure 8.7 Simulated result of I-V characteristics with a 300 nm-sized nanopore

(a) Typical current-voltage characteristics of a 300 nm diameter nanopore in a 50 nm thick

SiNx membrane obtained under the conditions of ccis = 0.01 ctrans (red curve), Ccis = 0.1 Ctrans

(blue curve) and ccis = ctrans (black curve). (b) Simulated current-voltage characteristics of a

300 nm-sized and 50 nm-thick nanopore under c.is = 0.1 cwans. The surface charge density at

the channel wall was varied in a range from 0 to -150 mC/m?2. Since the simulated curve at -

45 mC/m? was in close agreement with the experimental counterpart (a), this value was

employed in the present work to deduce the electrokinetic transport of particles in the salinity-

gradient-biased nanopore. Reproduced and adapted with permission from ref.22”. Copyright

2021 American Chemical Society.
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Figure 8.8 Axial result of Simulated EOF and its 2D distribution color mapping

1200

(a-c) Simulated electric potential, electric field, and fluid velocity(vz) along the pore axis for a

300 nm-diameter and 50 nm-thick nanopore under the different salt gradient conditions. (d,

e) vz distributions when the nanoparticle positioned at z

600 nm (d) and z

0 (e).

Reproduced and adapted with permission from ref.??’. Copyright 2021 American Chemical

Society.
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Figure 8.9 Axial result of Simulated EOF and its 2D distribution color mapping

Electroosmotic flow velocity distributions around a 300 nm-sized SiNx nanopore with a 200
nm-sized particle positioned at 5000 nm (out of nanopore, upper part) and 0 (in the middle
of the nanopore, lower part). The arrows show the direction of the fluid flow. When there is
no salt gradient (cis = Ctrans), water flows from trans to cis due to the negative surface charge
on the pore wall surface (middle). In contrast, eddies are found in the cis and trans chambers
under the positive and negative salt gradients (left and right), respectively. Reproduced and

adapted with permission from ref.??’. Copyright 2021 American Chemical Society.
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The finite element analyses provided a physical picture of the capture-to-translocation
dynamics in the salt-gradient-biased SiNy nanopore by revealing the spatial distributions of
the electroosmotic flow (Figure 8.10) and the force acting on the nanoparticle (Figure 8.11
and 8.12). Under a uniform salt concentration, both the electrophoretic and electroosmotic
flow-derived drag forces (Fele and Farag, respectively) were found to be strongest at the pore
center where the electrical field becomes the largest (Figure 8.11a). Once a positive or
negative salt gradient was applied, in contrast, the force peak tended to shift toward the trans
and cis, respectively, which is consistent with the change in the solution conductivity
associated with the imposed salinity gradients. Here, it can be assumed that the bead was
immobilized instead of moving in the electrolyte solution. Although Farag estimated in this
way underestimates the actual drag force exerted on the particle in motion, it enables a
qualitative assessment of which direction the particles may move under the given cross-

membrane electric potential and salinity gradients.

Overall, the calculations predicted an increase in the total force (=Fele + Farag) at the nanopore
opening under negative salt gradients to draw the negatively charged nanoparticles into the
sensing zone consistent with the experimentally observed enhanced capture rates (Figure
8.11b). On the contrary, positive salinity gradients led to a flipping of the force direction at
the cis side due to strong electroosmotic flow as expected from the absence of the resistive
pulses in the ionic current traces under ccs > Cirans (Figure 8.4). These results consistently
explain the crucial role of the salinity gradient on the capture-to-translocation dynamics of
nanoparticles that allows not only to lower their translocation speed and simultaneously
enhance the detection efficiency but also to block their electrophoretic capture via the

salinity-gradient-mediated fluid flow (Figure 8.11c).

153



The salt gradient approach was shown to be effective in slowing down the posttranslocation
motions of objects and concurrently increasing the capture rates even in a low-aspect-ratio
nanopore of size much larger than the Debye length. This finding may be particularly useful
in resistive pulse analyses of small biomolecules and particles such as amyloids'53 and
proteins’5? by allowing not only prolonged translocation time for reliable measurements of
the ionic current signals but also enabling higher signal intensities; whereas these
biomolecules are generally unstable under high ion concentration conditions, which
inevitably limits the available ionic conductance to gain a better signal-to-noise ratio, the salt
gradient approach can serve to amplify the resistive pulses by allowing applications of an
electrolyte buffer of higher ionic strength than the physiological media to impose salt

gradients.
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Figure 8.10 Simulated EOF in the particle translocation process
(a, b) Simulated electroosmotic flow velocities (vz) with a nanoparticle positioned at zne along
the axial direction under the imposed positive (a) and negative (b) salt gradients. Dashed
gray lines are vz without the salt gradient, i.e., ccis = ctrans = 1 co. Reproduced and adapted

with permission from ref.?2”. Copyright 2021 American Chemical Society.
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Figure 8.11 Electrokinetic analysis of capture-to-translocation motions of particles

(a) Numerically deduced electrophoretic (Fele; red) and hydrodynamic drag forces (Farag; blue)
acting on the 200 nm diameter nanoparticle translocating from z = 800 to —800 nm. While
the sign of Farag is opposite to that of Fele, they are shown to be the same for the sake of
comparing the strength of the counteracting forces. (b) The total force on the nanoparticle.
The inset is a magnified view of the exterior region while the particle tends to enter a
nanopore along the z-axis. (c) Schematic illustrations showing a particle translocating
through a nanopore under a positive salt gradient (left) or being repelled by the
electroosmotic backflow under a negative salt gradient as a result of the balance between
the electrophoretic and hydrodynamic drag forces. Reproduced and adapted with permission

from ref.22”. Copyright 2021 American Chemical Society.
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Figure 8.12 Force analysis of particles passing through nanopores

(a) A diagram illustrating the Stokes drag (Fadrag) and the electrophoretic force (Fele) exerted
on a particle with negative surface charge in electrolyte buffer under positive applied voltage
at the trans and no salt concentration difference between the cis and trans. (b) When the salt
concentration is higher at the cis, the particle feels diffusiophoretic force Fop in addition to
the two forces in (a). Furthermore, diffusioosmosis affects the cross-membrane water flow
rate that induces Farag different from that in (a). (c) Schematic illustration of capture radius
increment and decrement by the applied positive and negative salt gradient. Reproduced

and adapted with permission from ref.2?7. Copyright 2021 American Chemical Society.
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Chapter 9 Conclusion and perspectives

9.1. Conclusion

In summary, this thesis discusses the ion transport phenomenon under concentration
gradients and its application to single nanoparticle detection. In the presence of an ion
concentration gradient, the ionic current-voltage characteristic through the nanopores
exhibits a diode-like behaviour, and this result is attributed to the combined effects of
electrophoresis, electroosmosis, and diffusioosmosis. The mechanism by which ionic current
rectification occurs has been studied thoroughly. In addition to the measurements, numerical
simulations provide the ion flux, fluidic flow, and electric field distribution near the nanopore.

The key achievements of this thesis are listed as follows:

@) Extended-size nanopores with no notable ion-selectivity demonstrated ICR under
applied salt gradients. The combined effects of electro-diffusio-osmosis induce
conductance switching, causing the access resistance and pore resistance to change
significantly under repeated voltage ramps.

(ii) Deposition of a layer of 10 nm-thick dielectric metal oxides on nanopore membranes
altered the ICR properties, demonstrating that modulating the surface potentials can
change electro-diffusio-osmosis-driven transport.

(iii)  The asymmetric concentration condition was applied to study the complex dynamics
of nanoparticle capture and translocation through nanopores. A detailed discussion

was provided for both the pre- and post-entry processes of the nanoparticles.
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9.2. Outlook

Although nanopore technologies have been developed and studied for decades,?34-236 more
and more extended applications are reported recently. Accordingly, design, fabrication
methods, and materials must meet different requirements based on the applied scenario.
Combining various advanced techniques (e.g., optical237, FET238 and electrochemistry239) is
also a clear vision for the future. In the following discussion, the application including sensors,
artificial ion channels, and osmotic energy generators using solid-state nanopores will be

discussed.

Bio-nanopore-based technology has achieved remarkable success in DNA sequencing.
Scientists are now attempting to apply this to proteomics.24%241 However, the current
problem is how to pass a weakly charged or charge-free substance through the nanopore and
collect information from the ionic current signal. As compared to electrophoresis,
electroosmosis is more likely to allow a substance to pass through nanopores without charge.
As described in the present research, electroosmotic flow is dependent on surface properties.
Studying the material engineering of membrane surfaces may prove useful for controlling

electroosmosis and for customizing the translocation dynamics of uncharged analytes.

Solid-state nanopores are also used in the research of artificial ion channels. Nanofluidic
channels could be used for controllable ion transport in diodes, transistors, and memristors.
For example, ionic circuits can create more complex and versatile nanofluidic systems for
realizing device functions such as long-term memory and synapse dynamics in nanofluidics.
242 The result of NDR and resistive switching properties was observed in Chapter 4.

Nanopores are shown to be feasible as memristor-like nanofluidic devices under asymmetric
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solution conditions. The usage of room temperature ionic liquids has been reported.23-62 It is
foreseeable that there will be more possible combinations of membrane materials and
electrolyte choices in the future, which will lead to new insights on advanced nanofluidic

memristors.

In this paper, concentration gradients are used to provide the diffusioosmosis environment
in the nanopore experiments. Osmotic energy harvesting with nanoporous materials is a very
promising way to solve the energy issue.”3 A nanopore-based osmotic power generator is
primarily based on ion selectivity.6® However, increasing the pore size to obtain higher ion
flux results in a weakening of ion selectivity. The efficiency of output power is expected to
decrease. A possible role of electroosmosis on transmembrane salt concentration
distributions under diffusion potential differences has been predicted in this study. The role
of nanopores in energy harvesters will need to be addressed in the future to enable better

designs. The influence of EOF on the osmotic power generation also deserves exploration.
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