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ABSTRACT: A higher rectification degree in ionic diodes is
required to achieve better performance in applications.
Nonetheless, the active geometrical change that is critical for
inducing electrical potential asymmetry is difficult to realize in
typical ionic diodes because of the intrinsic limitation of the .
fabrication method. Here, we propose a nanochannel-network- ] nction |
based bipolar diode with a high rectification degree of ~1600— w
the highest value realized until now, to the best of our A V”
knowledge. Such a high rectification is obtained based on the [ A\
5 q @ Positively charged nanoparticles -
synergetic effect of the bipolar surface charge and the g yegatively charged nanoparticies ——— Enmport skong the v
optimization of the microchannel through experimental studies Fluorescent probe tagged heavy metal ions channel tll the junction
and multiphysics numerical simulations. It induces ion
concentrations at the heterogeneous junction based on the accumulation effect under the forward potential bias. In
particular, this proposed molecular concentration occurs in the ohmic region without vortex and instability that is inevitable at
the conventional nano-electrokinetic concentration. Combining this accumulation with the horizontally aligned configuration
of the nanochannel network membrane (NCNM), a highly sensitive and quantitative mercury ion (Hg>") sensor based on a
fluorescent signal is fabricated that allows direct measurement using a general fluorescent microscope. The detection limit of
Hg" is 10 pM, which is ~10 times lower than the best detection limit realized so far (~100 pM) in fluorescent dye-based
detection. This demonstrates the potential of asymmetric NCNM for high-performance ion transport in applications such as
energy conversion, based on its design and material flexibility.
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on transport through artificial nanochannels has been while a bipolar diode has both positive and negative charges on
intensively studied in recent decades for mimicking the the surface.' Generally, the bipolar ionic diode offers a higher
functions of ion flow in biological ion channels."™ The
three main functions of biological ion channels are ionic
selectivity, gating, and ionic rectification that are associated
with their respective roles in living organisms, for example,

rectification degree than a unipolar ionic diode,'’ and the
bipolar ionic diode with asymmetric nanochannel geometry
exhibits a higher performance than the bipolar ionic diode with

energy conversion and sensing.’ Artificial nanochannels or symmetric geometry. However, because the realization of
nanopores are more stable and robust than biological channels patterning bipolarity in tiny nanochannels is challenging, a
and can be practically applied in many domains such as energy bipolar ionic diode with asymmetric nanochannel geometry

harvc=.sting,4’5 desalination,® and biosensing.7_9 By introducing
asymmetric attribution to nanochannels, a nanofluidic ionic
diode can be obtained that allows the preferred ionic flow in
one direction and the suppressed flow in the other direction.”
The ionic diodes are the basic elements for mimicking the Received:  February 26, 2022
functions of biological channels and have roles such as Accepted:  April 15, 2022
separation, sensing, and energy conversion. Ionic diodes are Published: April 20, 2022
classified into two types, unipolar and bipolar, depending on

the charge polarity of the nanochannels. A unipolar diode has

only a single-polar charge on the surface of the ionic diode,

was proposed in a limited way, such as the track-etched

technique with bipolar surface modification.'""
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Figure 1. Schematic, working principle, and fabrication results of the proposed bipolar ionic diode. (A) Schematic of asymmetric NCNM-
based bipolar ionic diode. (B) Working principle of the bipolar ionic diode that depicts the different ionic distributions depending on the
applied potential and the corresponding ionic concentrations calculated via numerical simulation. (C) Microscopic image of the fabricated
bipolar ionic diode. (D) SEM image for cross-sectional view of the CS-NCNM filled with nanoparticles (A-A’ section in panel C).
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shape structure-tailorable,'® and asymmetric branched
nanochannels.'”” Compared with these studies, our previously

proposed asymmetric nanochannel network membrane
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(NCNM) constructed based on self-assembled nanoparticles
with homogeneous surface charge'®™** demonstrated that the
ionic rectification can be controlled by the geometrical change
of the microchannel that can be adjusted almost freely via
standard soft lithography.”' Before we reported our findings,
the unipolar ionic diode was realized based on only asymmetric
geometry with nanoscale dimensions comparable to the
electrical double layer thickness (EDL). In the case of
NCNM, counterion selectivity gradients along the asymmetric
NCNM can be induced based on the asymmetric geometry of
the microchannel. This causes ion accumulation or depletion
within the NCNM under forward and reverse potential biases,
resulting in a unidirectional ionic current.

Another advantage of asymmetric NCNM is that ion
transport through the nanochannel networks can be observed
directly using a fluorescent signal owing to the horizontally
aligned configuration that is almost impossible in the other
reported fabrication methods for asymmetric ionic diodes.
NCNM has several additional advantages, including a high
ionic current (~1000 times higher than the typical conical
nanopore), easy fabrication and integration into a microfluidic
system, and a wide selection of materials and pore sizes.
Specifically, the quantification of the high ionic current owing
to 3D NCNM compared with the current of a single
nanochannel allows accurate characterization and analysis of
ion transport.23

This paper proposes a bipolar diode composed of anion-
selective NCNM (AS-NCNM) and cation-selective NCNM
(CS-NCNM) for the achievement of high rectification degrees
based on the synergetic effect resulting from heterogeneous
surface charges and the optimal ion selective gradients in
asymmetric NCNM determined by the microchannel design.
Through experimental investigation of various microchannel
designs, nanoparticle sizes, and electrolyte conditions, as well
as numerical modeling based on the Poisson—Nernst—Planck
equation, the optimal geometrical conditions for the bipolar
diode for obtaining a high ionic current rectification (ICR)
ratio are obtained, and the proportional relationship between
the ICR ratio and ion concentration at the heterogeneous
junction of the bipolar diode is confirmed.

On the basis of the high rectification degree, highly sensitive
heavy-ion detection is proposed. Previously, the principle of
the ionic diode for sensor application was essentially the
electrical measurement of the change in the transmembrane
ionic current induced by the decrease in the effective cross-
sectional area of the nanochannel due to the presence of the
analyte®** or by changes in the surface charge due to the
binding of target molecules.”® Our approach is totally different
from these previous studies. Our approach is based on
fluorescent detection that is possible due to the ionic
accumulation and the horizontal configuration of our bipolar
ionic diode. The signal can be amplified based on the
collection of ions at the heterogeneous junction when a
forward bias is applied, similar to that in p-n diodes. While the
accumulation of ions at the heterogeneous junction between
positive and negative surface charges under forward bias has
been studied and modeled theoretically,”’” to the best of our
knowledge, the application of sensors based on this physics in
the current study has not been attempted before.

RESULTS AND DISCUSSION

Working Principle of NCNM-Based Bipolar Diode.
Figure 1A shows a schematic of the proposed NCNM-based
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bipolar diode with an asymmetric geometric structure and
ionic rectification phenomenon under different biases. Owing
to the overlapping of EDL between nanopores in NCNM, that
is, the nanopore size is comparable with EDL,* the bipolar
diode exhibits the preferable ion distributions with respect to
their surface charge polarity. At the interface between two
oppositely charged surfaces, a heterogeneous ionic junction is
developed, similar to a p—n junction in a solid-state device.
The ions are in the equilibrium state without potential bias:
cations are in CS-NCNM and anions in AS-NCNM. When a
forward bias is applied, the accumulation zone at which both
ions are concentrated is formed at the junction, and high ion
transport is induced by the potential gradients along the
NCNM. Under the reverse bias, a depletion zone is formed at
the junction, and ion transport is suppressed, as shown in
Figure 1B.

Monovalent lonic Distributions in an NCNM-Based
Bipolar Diode. The ionic distribution of potassium (K*) and
chlorine (CI7) ions in an asymmetric NCNM with respect to
the applied potential bias was modeled through finite element
analysis (FEA) in COMSOL Multiphysics (Figure 1B).
Because the NCNM consists of numerous nanopores between
the assembled nanoparticles, the ratio of the nanopore size to
EDL thickness (R = d,/Ap, Ap, and d, are the EDL and
nanopore size, respectively) is an important factor for
determining the ion selectivity.”' The nanopore size is
determined to be ~15% of the diameter of nanoparticles.””
Here, the simulation for ionic distribution was performed
under the conditions of typical experimental environments
(KCI 3 mM, AD(AS—NCNM) =6 nm, Rysnenm = S, AD(CS-NCNM) =
6 nm, Regnenm = 3), and the other detailed conditions
including the governing equation for simulation are described
in the Materials and Methods and Supporting Information.
The obtained graphs and KCI concentration profile as the top
view of the 3D model show similar trends in the theoretical
results for straight and symmetric bipolar nanochannels
reported by Daiguji et al.”’ They show clear accumulation
and depletion at the junction under forward and reverse bias,
respectively. However, owing to the asymmetric geometry, an
asymmetric concentration occurs in each NCNM; in
particular, under the forward bias, the ionic concentration
increases along the top to bottom of the channel for CS-
NCNM gradually and shows a sharp jump-up near the
heterogeneous junction, while the concentration decreases
rapidly beyond the junction in AS-NCNM (Figure 1B). This
confirms that the profile of ionic concentration can be
modulated by the geometrical design of the microchannel
including the NCNM, and the ICR can be tuned as well.

Figure 1C,D shows the microscopic and SEM images of the
proposed bipolar diode fabricated via soft lithography and self-
assembly of nanoparticles. The shallow channels were filled
with nanoparticles with surface functional groups of COOH™
and NR;" corresponding to CS-NCNM and AS-NCNM,
respectively. The cross-sectional view and inset image show the
seamless integration of self-assembled nanoparticles in the
shallow microchannel, such that tunable ion selectivity is
possible in each NCNM.

Geometrical Optimization. In this study, we intend to
use the synergetic effects of heterogeneous surface charges and
ion selective gradients generated by the shape design of
NCNM, to achieve a high ICR. We investigated the variation
in ICR according to the change in the geometrical design of

https://doi.org/10.1021/acsnano.2c02016
ACS Nano 2022, 16, 8253—-8263
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Figure 2. Optimization of the ICR value and relationship between ICR and the concentration at the junction in a single layer device. (A)
Standard NCNM design and ICR distribution obtained from experiment and numerical simulation results by changing the area ratio
between CS-NCNM and AS-NCNM. w and [ are defined as the width and length of CS-NCNM, and the ratio W and L are defined as w/200
and /150, respectively. (B) Optimization of diameter of nanoparticles with surface functional group COOH" that forms CS-NCNM, and I—
V curve graphs according to the diameter of nanoparticles (C) Optimization of KCI concentration and its I-V curve graph. (D) Graphs of
the numerical simulation results. Under the conditions of KCI concentration = 3 mM, diameter of NR;* particles = 200 nm, diameter of
COOH particles = 100 nm, geometry ratio W = 0.075, and variable L, the relationship between ICR value and normalized ion concentration

in the heterogeneous junction is obtained under forward bias.

NCNM in a single layer, the size of the nanoparticles, and the
electrolyte conditions.

The standard total length of the NCNM was determined as
150 ym and the width of AS-NCNM as 200 ym, as shown in
Figure 2A. CS-NCNM was formed using silica nanoparticles
with a diameter of 200 nm and surface functional groups of
COOH™ and AS-NCNM using silica nanoparticles with a
diameter of 200 nm and surface functional group NR;". ICR
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values for a total of 25 areal ratios between CS-NCNM and
AS-NCNM were investigated by adjusting the width (W) and
length ratio (L). Consequently, when the length ratio was
~0.666, that is, when the lengths of CS-NCNM are two times
longer than AS-NCNM, the ICR value tended to be high, but
when the length ratio was exceedingly high or low, the ICR
values were low. Finally, the maximum value of the ICR
achieved was ~90 at a width ratio of 0.075 and length ratio of

https://doi.org/10.1021/acsnano.2c02016
ACS Nano 2022, 16, 8253—-8263
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Table 1. Comparison of Ion Current Rectification Realized Using the Proposed Device with That Reported in Previous Studies

author, [ref] year material of the device fabrication method voltage bias geometry change  maximum average ICR

Zhao et al,*® 2020 poly(ethylene terephthalate) (PET)/track etching technique from =2 to 2 V difficult ~500

Zhang et al,* 2015 poly(ethylene terephthalate) (PET)/track etching technique from =2 to 2 V difficult ~1025

Liu et al,”” 2020 anodic aluminum oxide (AAO)/anodization from -2 to 2 V difficult ~450

Li et al,” 2019 polycarbonate (PC)/track etching technique from —1to 1 V difficult ~450

Liu et al,*® 2020 polyacrylic acid (PAA)/anodization from =1 to 1 V difficult ~410

our study polydimethylsiloxane (PDMS)/soft lithography from =9 to 9 V easy ~1208
A Typical Concentration Method B Suggested Concentration Method
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Typical concentration method: working principle of molecular preconcentration and concentration profile in the ohmic, limiting, and over
limiting regimes. (B) Suggested concentration method: working principle of mercury ion detection and concentration profile in the ohmic

regime.

0.666. In addition, we obtained ICR distributions through
numerical simulation at a specific geometry ratio (W: 0.05—
0.125, L: 0.500—0.800) that were similar to the experimental
results, as shown in Figure 2A. The simulation results also have
the maximum ICR value at W = 0.075, L = 0.666.
Furthermore, to secure a higher ICR, the ion selectivity of
NCNMs is expected to be important, and the experiment was
conducted by adjusting the particle size (nanopore size)
associated with the overlap of the EDL and the ion selectivity.

8257

Nanoparticles with sizes of 100, 200, and 300 nm for CS-
NCNM, and 200 nm nanoparticles for AS-NCNM were
considered for the microchannel design determined as
discussed above and 10 mM KCl. When CS-NCNM was
formed with 300 nm particles, its nanopore size was 45 nm
(~Rasnenm = 10, ~Regnenm = 15) that was larger than that
of the 200 nm particles (Rygnenm = 10, Regnenm = 10).
Therefore, the ion selectivity and ionic current of CS-NCNM
with 300 nm particles are lower than those with 200 nm

https://doi.org/10.1021/acsnano.2c02016
ACS Nano 2022, 16, 8253—-8263
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Figure 4. Mercury ion sensing (A) fluorescence images of the NCNM obtained via experimentation and concentration images of the NCNM
obtained via numerical simulation according to the applied voltages. (B) The relationship between normalized fluorescent intensity in the
saturated state at the junction and the applied voltage (experiment result graph) and the relationship between concentration in the saturated
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concentrations on the log scale and the graph of the maximum concentration on the log scale at the junction over time for each initial

concentration, obtained via simulation.

particles, as the factor R is increased that also induces a low
ICR value. Furthermore, when CS-NCNM was formed with
100 nm particles, the nanopore size was 15 nm (Ryg.nenm =
10, Resnenm = S), and subsequently, more overlapping EDL
resulted in a higher ion selectivity and higher ionic current.
Accordingly, a higher ICR value of 373 could be achieved that
is approximately six times higher than that of the 200 nm
nanoparticles (Figure 2B). The tendency that smaller nano-
particles produce a higher ionic current (higher conductance)
is consistent with our previous work.”" The factor R = d,/Ap, is
also affected by the EDL thickness associated with the ionic
concentration of the medium. Therefore, we conducted an
experiment to increase the ICR by adjusting the concentration
of KCl to 0.1, 1, 3, 10, and 100 mM. In this experiment, as the
fixed experimental conditions, 200 nm NR;" functionalized
and 100 nm COOH™ functionalized nanoparticles and W =
0.075 and L = 0.666 geometric ratio of NCNM were used.
When the KCI concentration was 100 mM, the ion selectivity
collapsed because the EDL thickness decreased that reduced
the rectification degree, ICR. However, an excessively low ionic
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concentration (<1 mM) implies a small number of ions in the
medium, such that the ionic current decreases. Finally, we
obtained the maximum ICR = 1600 (average ICR value =
1208) at 3 mM KCI; this is the highest value to the best of our
knowledge. Table 1 shows a comparison of the ICR values
obtained in the current study and those obtained in previous
studies.

The proportional relationship between the ICR values and
the ion concentration at the junction under the forward bias is
observed through numerical simulation, as shown in Figure
2D, such that the optimized design with the highest ICR is
used for biosensors in the other section.

Detection of Heavy lons Based on Accumulation
Phenomenon. In this paper, we propose the highly sensitive
and quantitative detection of heavy metal ions (Hg*") in a fluid
using a bipolar ionic diode with a high rectification degree.
This approach is based on the ionic concentration phenom-
enon at the heterogeneous junction under a forward bias, as
shown in Figure 1B. This suggested concentration method
realizes a vortex-free stable ionic concentration in the ohmic
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region that is different from the typical nano-electrokinetic
concentration method. Figure 3 compares the concentration
principles between the suggested and typical concentration
method.”*™** The typical concentration method uses the
principle of ion concentration polarization (ICP) based on the
asymmetric ion transport of cation and anion as shown in
Figure 3A. When a potential is applied to the microdevice with
ion-selective nanochannels, the counterion can pass through
the nanochannels only. Then, an enrichment (cathode side)
and a depletion zone (anode side) occur at each interface of
micro- and nanochannels for maintaining electrical neutrality.
Because of the balance between electrophoretic migration
(EP) and electroosmotic flow (EOF), the preconcentration is
induced at the depletion boundary on the anode side.”> The
depletion effect does not appear in the ohmic region. After
that, the depletion zone is formed in the limit current regime
associated with the limited ion transport through the depletion
zone. When the voltage increases beyond the limit current
regime, the current is further increased, known as the
overlimiting region. At this time, the ions and molecules are
pushed outside of the depletion zone by strong and fast vortex
flows, and the preconcentrated region is formed. This
preconcentration has already been used for biomolecular
detection in previous studies owing to the enormous
fluorescent signal amplification. Nonetheless, owing to the
vigorous vortex, the additional pressure field should be applied
to control the preconcentrating plugs stably.”> However, the
preconcentrating plug loses its stability over time,** and
therefore, stable and quantitative sample analysis is limited in
the typical method.

Conversely, the suggested concentration method enables the
realization of a stable concentration plug without vortex flow,
as shown in Figure 3B. We used the optimized bipolar diode
device as a fluorescence-based sensor because it is expected
that a higher rectification degree, ICR, can induce a higher
concentration, as shown in Figure 2D. First, the positively
charged target ion with fluorescent probes is injected into the
deep channel in the CS-NCNM direction. When a forward bias
is applied, the target ions, along with the existing cations and
anions, continuously migrate and accumulate at the entrance of
the CS-NCNM owing to the electric drift forces and diffusion
and the convection flow. Over time, the target ions continue to
move through numerous nanochannel networks between the
nanopores, and many migrated target ions accumulate near the
heterogeneous junction between CS-NCNM and AS-NCNM.
Consequently, the fluorescent signal increases significantly, and
highly sensitive direct sensing is possible via general fluorescent
microscopy. Unlike the typical concentration method, the
suggested concentration method enables stable and quantita-
tive detection in the nanochannel network membrane without
vortex flow by applying relatively low potential within the
ohmic region. The ohmic behavior of the proposed device can
be confirmed by the experimental data shown in Figure 2.

To confirm the proposed sensing mechanism, the detection
of Hg** ions was conducted through experimental and
simulation studies. To demonstrate the stable ion sensing in
the ohmic region, we conducted the experiment according to
the applied voltage from low potential and confirmed its
behavior through simulation. In the experiment, the initial
concentration of Hg®* ions was fixed at 10 nM, and the
experiment was performed at voltages of 1, 2, S, and 10 V in
the ohmic region. The left side in Figure 4A shows the images
acquired at the initial time and the time to saturation with
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voltages of 1 and 10 V at an initial concentration of 10 nM.
(Experimental data and CCD images acquired with other
voltages are shown in Supplementary Figure S6.) We
performed CCD imaging based on an exposure time of 100
ms. The Hg?* ion solution was continuously injected at a flow
rate of SO #L/min using a syringe pump. At a low voltage (1
V), the fluorescence intensity is relatively small, and the time
to saturation is relatively long; at a high voltage (10 V),
relatively high intensity is obtained in the short saturation time.
The right side in Figure 4A shows the concentration
distributions obtained by the simulation at the initial time
and the time to saturation with voltages of 1 and 10 V and an
initial concentration of 10 pM. The simulation results also
show similar ion concentration behavior for Hg?* ions at the
junction when two different potentials are applied. In
experiments, because the target Hg®' ions are tagged by
fluorescent probes, the diffusivity of the combined molecules is
much lower than that of pure Hg®". Therefore, the time to
saturation in the experiments is longer than that in the
simulations. Quantitative sensing according to the applied
potential was verified, as shown in Figure 4B. The left side
shows the normalized intensity graph according to the voltage
(0—10 V), when the intensity is saturated at the junction, in
the experimental results. The right side is the concentration
graph according to the voltage (0—10 V), when the
concentration is saturated at the junction, in the simulation
results. In both experiments and simulations, the detected
signal (fluorescence intensity and Hg*" concentration) is
linearly proportional to the applied potential. When 10 V is
applied, concentration amplification of ~100 times is possible
in the simulation results; that is, the initial concentration of 10
PM increases to ~1000 pM.

Figure 4C shows the experimental results of Hg®" ion
sensing at various initial concentrations. These data are the
experimental results for the initial concentrations of 1 nM, 100
pM, and 10 pM, and the additional data on the experimental
results for other initial concentrations are shown in
Supplementary Figure S7. We observed the ion detection
process over time, and the graphs of the normalized
fluorescence intensity along the NCNM were obtained from
the CCD images via a simple imaging process. A 20 V forward
bias was applied to achieve a higher fluorescence intensity and
faster time to saturation. The medium containing Hg*" ions at
various concentrations was continuously injected at a flow rate
of 50 uL/min. When the images and graph for each
concentration were checked, the concentrated plugs observed
at the entrance of CS-NCNM migrated from left to right over
time, and their fluorescent signal increased significantly near
the junction (100-um position) after more than 30 min. A
lower initial concentration required a longer time to saturation.
Additionally, the concentrated ion movements after turning oft
the applied voltage were observed. When the voltage is turned
off, the amplified fluorescence intensity near the junction
decreases, and the concentrated plug retreats slowly from the
junction over time by diffusion (Figures 4C and SSB).
Obviously, since the Hg*" ions cannot move over the junction,
the diffusion occurs one way toward the entrance of CS-
NCNM. The calibration graph on the top in Figure 4D shows
a linear relationship between the maximum fluorescent
intensity at the junction and the initial ion concentration on
the log scale. The high rectification degree obtained by
geometrical optimization controls ion transport with high
performance and increases the ion accumulation at the
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heterogeneous junction. This results in a detection limit of 10
pM that is ~10 times lower than the best value (~100 pM)
obtained so far in fluorescent organic dye-based detection.”**
The graph on the bottom in Figure 4D shows the simulation
results of the accumulated Hg** ions at the junction with
respect to the initial concentrations (from 1 pM to 10 nM) on
a log scale. Consequently, it indicates that the saturated
concentration at the junction is increased by ~100 times
relative to the initial concentration that is almost independent
of the initial concentration. The concentration distributions
and profiles for Hg** ions obtained by numerical simulation are
shown in Figure S8. Compared to monovalent ions (K* and
Cl7), the divalent Hg** ion is accumulated more, considering
its initial concentration. That is a reasonable result seeing
Poisson—Nernst—Planck equation owing to higher ion valence
(eqs 1—3). The Hg*" ion concentration graph shows a shape
similar to the KCI concentration graph at the steady state
without convection flow (Figure S8A). If the solution is over
the critical concentration (~1 mM for Mg, ~20 mM for
Ca’), in the multivalent ion transport, the charge inversion
happens due to the strongly correlated liquid (SCL) layer, in
which the Poisson—Boltzmann equation is no longer valid.*”**
However, since very low concentrations of divalent Hg** ion
(10 pM to 10 nM) are explored in this study, we ignored the
charge inversion in numerical analysis.

The concentration profile for Hg*" can be changed in the
CE-NCNM according to the convection flow induced by
injection of the ionic solution (Figure S8B). To investigate the
degree of influence by the convection flow, the concentration
distributions were calculated at the steady state without
convection and the time-dependent analysis considering the
convection flow (1—50 yuL/min). As the flow rate increased,
the concentration at the junction increased, and the time to
reach saturation decreased. At the flow rate of 1 uL/min, the
concentration at the junction reached by ~80 times the initial
concentration, which is almost similar to the result without
convection flow (Figure S8A). At a 50 yL/min flow rate, the
concentration increased ~30% more compared to the no
convection flow condition. The convection flow effect is
further investigated by the experimental study as shown in
Figure S9, which shows fluorescent images and the extracted
concentration graphs with respect to 2 and 5 yL/min flow
rates under 20 V applied voltage and 100 pM initial condition.
At these relatively lower flow rates, the fluorescence intensity is
relatively low, and the time to reach the saturation is relatively
long, but still, it is clearly observable that the Hg** ions are
detected near the junction.

The proposed sensing approach based on the molecular
concentration and the horizontally aligned configuration of
NCNM presents a stable, quantitative, and highly sensitive
detection performance, as expected. The detection through
nanochannel networks naturally induces filtration of samples
such that the raw sample would be applicable without
preprocessing. The application of ion sensors using ion
accumulation under forwarding bias could be extended further
by considering other metal ions associated with toxicity and
health conditions, for example, Cd**, Pb**, and Fe®*.
Additionally, the numerical simulation can be studied in detail
by incorporating physical phenomena that have not been
considered yet (adsorption chromatography effect’”).
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CONCLUSION

The convenient and precise structural manipulation and
surface modification of ionic diodes is the key to controlling
ion transport at the nanoscale. Although various types of ionic
diodes have been reported, there are intrinsic difficulties in the
fabrication of nanochannels, functionalization with different
polarities inside the nanochannel, and change in the geometry,
pertaining to the realization of a high degree of ICR. In this
study, we propose a bipolar ionic diode fabricated by the self-
assembly of nanoparticles with different surface functional
groups that are packed in controlled microchannel geometries.
The rectification degree was optimized through experimental
and simulation studies by regulating various parameters
(channel geometry, size of nanoparticles, and medium
concentration), and finally, a high rectification degree
(~1600) was achieved. On the basis of the horizontal channel
configuration and a strong accumulation effect at the junction
of the bipolar ionic diode under forward bias, a stable,
quantitative, and highly sensitive fluorescent-based biosensor
was proposed, which has a totally different principle from the
previous ionic diode-based sensor. Additionally, the proposed
concentration mechanism can address the problems in the
typical nano-electrokinetic concentration, such as unstable
vortex flow, and relatively high applied voltage beyond the
ohmic region. The sensitive detection performance for very
low concentrated heavy metal ion (10 pM, the lowest
detection limit using fluorescent organic dyes for Hg*, so
far) was demonstrated with this mechanism. In the near future,
by extending nanoparticle materials with various intelligent
functions and through an in-depth understanding of the
underlying physics in the proposed bipolar diode, smart ionic
devices with multifunctions will be fabricated for various
applications such as gating, energy conversion and harvesting,
biosensing, and nervous system biomimicking.

MATERIALS AND METHODS

Fabrication of Bipolar lonic Diode. The proposed bipolar ionic
diodes were fabricated via the standard soft-lithography process, as
shown in Supplementary Figure S1. A Si wafer was spin-coated with a
negative photoresist (SU-8 2005; Microchem Co. USA) and
subsequently soft-baked. After the photoresist was exposed for
patterning S-um height-shallow channels using a mask aligner to
ultraviolet (UV) light, the photoresist-coated wafer was placed on a
hot plate for hard baking. The mold for shallow channels was formed
by removing the unexposed photoresist using the SU-8 developer
solution. Another photoresist (SU-8 3050; Microchem Co.) was spin-
coated on the patterned mold to form 100-um deep channels and
exposed to UV light, and subsequently, the exposed wafer was hard-
baked. Finally, a master mold was fabricated. The surface of the
master mold was treated with trichloro(3,3,3-trifluoropropyl)silane
(452807; Sigma-Aldrich, USA). After the polydimethylsiloxane
(PDMS; Sylgard; Dow Corning Korea Ltd., Korea) mortar was
prepared by mixing the curing agent with a volume ratio of 10:1, the
mortar was placed in a vacuum jar for degassing for 30 min. The
PDMS mortar was poured on a patterned mold and cured at 95 °C
for 1 h, after which the cured PDMS was demolded. A microfluidic
device was fabricated by bonding the PDMS with a slide glass that was
treated with O, plasma (Cute-MP; Femto Science, Korea).

NCNMs with positive and negative surface charges were fabricated
by the self-assembly of nanoparticles with surface functional groups
NR;" (Micromod, Germany) and COOH~ (Micromod, Germany)
into the desired regions in the microchannels, as shown in
Supplementary Figure S2. By using different sizes of nanoparticles,
the pore sizes formed in the NCNM could be easily controlled to
investigate the optimized rectification degree in the proposed bipolar
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ionic diode. First, the suspension containing NR;" nanoparticles
dispersed in 50% ethanol in distilled (DI) water was injected into the
reservoir connected to deep channel A. The mixed suspension was
introduced into the shallow channel through capillary flow, but it did
not pass through the interface of the shallow and deep channel B
owing to the neck pressure.** Thereafter, the solvent from the
suspension was evaporated such that the nanoparticles were drawn
toward the interfaces (that is, evaporation-driven self-assembly).
When the AS-NCNM is filled with positively charged nanoparticles,
the suspension was completely removed from the channel by injecting
DI water. Since the evaporation-driven self-assembly became slow at
the interface of two compartments of shallow channel compared to
the initial assembly at the interface of shallow and deep channels, the
desired assembled area could be secured. Subsequently, the
suspension containing COOH™ nanoparticles dispersed in 50%
ethanol in DI water was injected into deep channel A, and the
evaporation-driven self-assembly occurred at the edge of AS-NCNM.
After the desired volume of CS-NCNM in the shallow channel was
realized, the suspension was completely removed from the channel,
and the fabricated device was dried overnight. Supplementary Figure
S3 shows the I-V experimental results including the variation of the
device-to-device to verify that the similar device can be obtained
through the suggested fabrication procedures. The average standard
error was ~0.0718 pA for seven samples, which reflected the areas for
each polarized region were properly regulated.

lon Current Measurement. Prior to the ionic current measure-
ment, the nanopores of NCNM were cleaned with 70% ethanol and
DI water three times. Following this, KCL with the target
concentration was injected, and we waited ~20 min until the
equilibrium state was reached. The potential was applied between two
deep channels from =9 to 9 V for 02 V per 1 s, and the
corresponding current was measured. The electrodes were selected as
the platinum wire, and a picometer (6487, Keithley) was used to
apply the voltage and read current.

Binding of RhB-EDA and Hg?* lon. We used fluorescent probes
(thodamine B) lactam-1,2-ethylenediamine (RhB-EDA) to observe
the quantitative behavior of Hg?* ions in the NCNM of the device.*'
The RhB-EDA, a rhodamine B-based fluorescent probe obtained from
Angene International Limited (Hong Kong), a phosphate buffer stock
(PBS) solution (Sigma-Aldrich, Korea), and mercury(I) chloride
(Sigma-Aldrich, Korea) were used for binding. First, RhB-EDA was
diluted in DMSO to prepare a RhB-EDA stock solution. Next, Hg**
was diluted to prepare a stock solution. A RhB-EDA stock solution
was mixed with Hg** stock solution, PBS, and distilled water in a
molar ratio of 3:3:14:10.*" It was studied after being incubated for 20
min at room temperature in the dark. Supplementary Figure SSA
compares the image of the RhB-EDA solution before binding to Hg**
ions and the image of the solution in which the fluorescence signal is
amplified by combining Hg** ions with RhB-EDA. The final solution
was diluted to the molar concentration required for the experiments.
RhB-EDA transforms the spirolactam form with low fluorescence into
an open-ring amide with high fluorescence in the presence of Hg**
ions. Thus, the transport of Hg** ions attached to RhB-EDA can be
visually observed as a fluorescent signal in the NCNM covered with
transparent PDMS material.

Hg?* Measurement. As shown in Figure 2D, the ion
concentration at the junction of the bipolar ionic diode is
proportional to the rectification degree (ICR). Therefore, for the
measurement and analysis of Hg?*, we used an ionic diode with an
optimized geometry ratio (length ratio 0.666, width ratio 0.075) and
200 nm-diameter NR** nanoparticles in AS-NCNM and 100 nm-
diameter COOH™ nanoparticles in CS-NCNM, exhibiting the highest
rectification degree.

First, we washed the channel three times with 70% ethanol and
three times with DI water, added a small concentration of KCI
solution, and waited for it to stabilize. Next, a higher concentration of
3 mM KCI solution was added to facilitate transportation with an
extremely low concentration of Hg?* ions. The ionic diode device was
connected with tygon tubing to a syringe pump that was responsible
for the continuous injection of Hg** ions into the deep channel.
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In addition, the device was connected to a source meter (2400,
Kelthley, USA) that provided the potential bias. Deep channel A in
the CS-NCNM direction was connected to the forward bias voltage,
and deep channel B in the AS-NCNM direction was connected to the
ground. The device was subsequently fixed on a fluorescence
microscope (Olympus IX71, Japan) with an attached CCD camera.
Hg** ions were injected continuously with various flow rates (2 L/
min, S uL/min and S0 uL/min), and 1-20 V forward bias was
applied according to the experimental conditions. The migration and
accumulation of Hg** ions were monitored over time using the CCD
camera based on the fluorescence intensity.

Numerical Modeling. The bipolar ionic diode was modeled in
three dimensions through a finite element method (COMSOL
Multiphysics 5.6) for the calculation of the ion concentration
distribution and the ion current according to the geometric-ratio
change and the applied potential, and for the determination of the
relationship. The main modeling system is ion transport under the
electric field. It can be solved using two modules: “Transport of
Diluted Species (Nernst—Planck equation)” and “Electrostatics
(Poisson’s equation)”.”"***  Additionally, in solving the model
related to mercury (Hg**) ion sensing, the “Laminar flow (Navier—
Stokes)” module is used to consider the convection flow.

The transport of potassium (K*) and chlorine (Cl7) ions through
the asymmetric NCNM at steady state was calculated using the
Poisson—Nernst—Planck equation. The conservative equation for ion
flux and the Poisson equation are defined as follows:

dc; v

ot i (1)
A F

V=" =—— 2 z;
€08, €08, 2)

where @ is the electric potential, p, is the space charge density; F is
Faraday constant, &, and €, are the permittivity of vacuum and
dielectric constant of the electrolyte solution, and z; and ; are the ion
valence and concentration of ion species i, respectively. Ton species i
are either cations or anions.

The ion flux J; is given as follows:

Fz;
J = uc; + D{Vci + —V(p]
RT 3)

Here, u is the flow velocity, D; is the ion diffusion coeflicient of ion
species i, R is gas universal constant, and T is temperature of the
solution, respectively.

In this model, eq 3 is expressed considering the flux induced by
hydrodynamic convection, diffusion, and migration under an electric
field. The convection flow is ignored for the optimization of geometry
based on the concentration distribution of monovalent ions, while it is
included for simulating heavy metal detection.

The continuity equation and the Navier—Stokes equations are as
follows:

Vau=0 4)
[0_14 + u~Vu) =—Vp+ uVu + FZZCE

where p (= 1000 kg/m?) is the density, 4 (= 0.89 mPa-s) is the
viscosity of water, p is the pressure, and E is the electric field,
respectively.

The geometry of the model was designed with three-dimensional
axisymmetric microsized blocks or two-dimensional microsized
rectangles, including the deep channel with the same volume as the
experimental device and the shallow channel heterogeneously
combined with AS-NCNM and CS-NCNM. The detailed simulation
models and their boundary and input parameters in NCNM can be
referred to in Supplementary Methods, Table S1, and Figure S4 in
Supporting Information.

The space charge density in the deep channel py, is calculated
using eq 6 according to eq 3.** The concentrations of cations and
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anions are ¢, and c,,, respectively, and the charge numbers of cations
and anions are z., and z,,, respectively.

= F(z¢

cat™cat + zancan)

pdeep

(6)
The space charge density in the shallow channel pg 0, is

calculated using eq 7 with the z.Cmem term as an assumption for

the membrane on which polar silica particles are arranged.

= F(z ¢

cat™cat

+ z,.c

an~an

+ 2, Conem)

mem"~ mem.

7)

Here, the concentration of the membrane ¢, is calculated by
adding 6 = + 0.01 C/m? that is the surface charge density of silica
nanoparticles,”* and n = 3/4 x 0.74 X V/(xr®), which is the total
number of nanoparticles in NCNM:*'

pshallow

2
4nr no

C =
T eNy(1 - 074)V (8)

where ¢, N, and r are the charge of the electron, Avogadro’s number,
and radian of the nanoparticle, respectively. The constant 0.74 is the
space occupation rate for the FCC structure in the NCNM.

A simulation was conducted to determine the equilibrium,
accumulation, and depletion states of ions in the heterogeneous
ionic junction of the model and the calculation of ion current
rectification according to the ion current. The ion current (I) is given
as the integral of the ion fluxes for cations (J.,,) and anions (]am):%’44

I=F f/ (Zeayy T Zan,,) A dS

where 7 is the normal vector of surface S.
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