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Abstract

Modulation of ionic current flowing through nanoscale pores is one of the fundamental biological
processes. Inspired by nature, nanopores in synthetic solid-state membranes are being developed
to enable rapid analysis of biological macromolecules and to serve as elements of nanofludic
circuits. Here, we theoretically investigate ion and water transport through a graphene-insulator-
graphene membrane containing a single, electrolyte-filled nanopore. By means of all-atom
molecular dynamics simulations we show that the charge state of such a graphene nanopore
capacitor can regulate both the selectivity and the magnitude of the nanopore ionic current. At a
fixed transmembrane bias, the ionic current can be switched from being carried by an equal
mixture of cations and anions to being carried almost exclusively by either cationic or anionic
species, depending on the the sign of the charge assigned to both plates of the capacitor. Assigning
the plates of the capacitor opposite sign charges can either increase the nanopore current or reduce
it substantially, depending on the polarity of the bias driving the transmembrane current.
Facilitated by dynamic inversion of the nanopore surface charge, such ionic current modulations
are found to occur despite the physical dimensions of the nanopore being an order of magnitude
larger than the screening length of the electrolyte. The ionic current rectification is accompanied
by a pronounced electro-osmotic effect that can transport neutral molecules such as proteins and
drugs across the solid-state membrane and thereby serve as an interface between electronic and
chemical signals.
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Introduction

Transport of ions across biological membranes is a process fundamental to the biology of all
living organisms.! For instance, the very survival of a biological cell depends on its ability to
control the concentrations of ionic species within the cell, a control realized by a diverse
families of membrane proteins, which include molecular pumps,! transporters? and ion
channels.3 Crystallographic studies of membrane proteins*% permit the intricate
mechanisms of ion transport regulation to be understood at the molecular level.” From an
engineering standpoint, however, the function of ion channels can be simply described as
controlling the ion flux,19-12 which includes control over the direction of ion transport (ion
current rectification) and over the type of ions are that being transported (ion selectivity).

With an eye on potential applications in nanoscale engineering, synthetic nanopore systems
have been developed to mimic the function of biological ion channels.13-14 Nanoporous
polymer!®-17 and solid-state18-20 membranes have been fabricated to display diode-like
behavior.21:22 Combinations of these diodic elements comprise the basic units of nanofluidic
electronics such as logic-gates23:24 or externally coupled circuitry?® potentially useful in lab-
on-a-chip technologies. Among possible applications of such rectifying and ion selective
nanoporous membranes are systems for the separation of molecular species?6-29 or larger-
scale filtration.30:31 In sensing applications, transient fluctuations of the nanopore ionic
current indicates the passage of biomolecules through the nanopore,32 which has been used
to identify the passage of DNA,33-35 proteins,36-39 and synthetic structures such as
nanoparticles.40:41

The primary method of controlling the molecular flux through both biological and synthetic
ion channels is steric exclusion: molecules larger than the smallest cross-section of the
nanopore cannot pass through it. Charge exclusion is another common mechanism, where
the passage of a particular molecule is opposed by a large electrostatic barrier from fixed
charges on the nanopore. The directionality of the ionic transport, or current rectification,
typically arises from the asymmetric distribution of the surface charges,2242 which can be
caused, for example, by the shape of the nanopore?! or preferential binding of ions to the
nanopore surface.*3

The mechanism of nanopore ionic current regulation often derives from the properties of the
membrane that contains the nanopore. In biological nanopores, the surface charge
distribution is determined by the locations of the charged amino acids and thus cannot be
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Methods

easily adjusted beyond small-scale structural rearrangement such as in ion channel gating.
Nanopores in synthetic membranes such as polymer,*4 thick solid-state,*>~47 and atomically
thin material membranes28:48 can be manufactured purposefully with custom
geometries,*9:50 chemical functionalizations,>! and charge distributions. In polymer
membranes, the ionic current is rectified due to the differential binding of ions to the interior
of the nanopore,16:52 while in glass nanocapallaries, the negative surface charge and the
narrow pore dimensions can lead to a depletion or enhancement of ions inside different
regions in the nanopore, a so-called concentration polarization, which produces current and
electro-osmotic flow rectification.>3 Recent experimental investigations suggest that a single
layer graphene membrane can carry a negative surface charge in solution, causing ion
selective transport through nanopores with diameters as large as 5.0 nm at high salt
concentrations.>* In the case of nanopores in semiconductor or metallic membranes, the
nanopore surface charge can be externally controlled via electrical bias,22-5> making it
possible to change the ionic conductivity of a nanopore without altering its geometry.

In this work, we report molecular dynamics (MD) simulations of a graphene nanopore
capacitor made by stacking a layer of insulator between two graphene membranes. Our
simulations show that charging the graphene plates can either increase or decrease the
overall ionic current, make the ionic current selective to cations or anions, and control the
direction of the electro-osmotic flow. Analysis of our MD trajectories explains why local
adjustment of the nanopore surface potential can affect the overall ionic current despite an
order of magnitude mismatch between the diameter of the nanopore (~3 nm) and the Debye
length of the electrolyte solution (~3 A).

Protocols of MD Simulations

All MD simulations were performed using the program NAMD, 6 a 2 fs integration time
step, and 2-2-6 multiple time-stepping. Parameters for carbon atoms in the graphene
membrane, modeled as type CA atoms, and ions were taken from the CHARMM36
parameter set with the CMAP corrections.” Silica parameters were taken from a custom
force field8 and a TIP3P model was used for water.® All simulations employed a 10-12 A
cutoff for van der Walls and short-range electrostatic forces, the particle mesh Ewald (PME)
method for long-range electrostatics®® computed over a 1.1 A grid and periodic boundary
conditions. Simulations in the NPT (constant number of particles N, pressure P, temperature
T) ensemble were performed using a Lowe-Andersen thermostat,%! and Nosé-Hoover
Langeivn piston pressure control®2 set at 295 K and 1 atm, respectively. Visualization and
analysis were performed using VMD.83

All Atom Models of a Graphene Nanopore Capacitor

Atomic-scale models of the silica membrane was built by first using the Inorganic Builder
plugin® of VMD®2 to create a rectangular volume of crystalline silicon dioxide. Following
that, the silicon dioxide membrane was annealed in vacuum by first heating the system to
7000 K for 40 ps, then reducing the temperature to 5000 K for 40 ps, 2000 K for 1 ns, and
finally, to 300 K for 1 ns to create an amorphous silica membrane.>8 During the annealing
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procedure, G-SMDS5 forces were applied to expel atoms from an hourglass shaped pore
region and confine atoms to a 6 nm rectangular volume arranged normal to the z-axis.54 The
annealing simulations were performed using the BKS force field56 under periodic boundary
conditions in the xand y~dimensions. The resulting membrane had dimensions of 8.0 x 8.0
x 6.0 nm and was periodic along the xy~plane. The nanopore had an hourglass shape and
was 1.0 nm in radius at its narrowest part and 1.75 nm in radius at either surface of the
membrane.

To create the stacked graphene-silica-graphene nanostructure, the two sheets of graphene
were generated using the Inorganic Builder plugin. Each graphene sheet was 8.0 x 8.0 nm
and periodic along the xy~plane. Next, carbon atoms were removed from the centers of each
sheet to create a circular pore with a radius of 1.75 nm. Following that, the graphene sheets
were placed at the top and at the bottom of the amorphous silica membrane such that the
nanopores in the graphene sheets were concentric with the nanopore in the silica membrane.
No bonds were added between the graphene and silica atoms. From this point, graphene and
silica atoms were restrained to their positions with a spring constant of 5 kcal mol~1 A=2in
all further simulations. The different charged states of the graphene nanopore capacitor were
modeled by assigning the same partial charge to each carbon atom of a graphene layer to
produce the target surface charge density.® In the baseline (uncharged) state of the
capacitor, each and every carbon atom of graphene was electrically neutral. Next, the
systems were solvated using the Solvate Plugin of VMD. Finally, K*and CI~ ions were
added to produce an electrically neutral 1.1 M solution of KCI using the Autoionize plugin
of VMD. Each of the final systems measured 8.0 x 8.0 x 14.2 nm3 and contained
approximately 96,000 atoms.

Upon assembly, each system was first equilibrated in the NPT ensemble for 12.5 ns. To
induce ionic current, the systems were simulated in the presence of a uniform electric field
applied to all atoms along the zdirection. The voltage bias produced by such field is®768 /
= —L £, where L,is the length of the unit cell along the z-axis. All simulations of the ionic
current were performed in the NVT (constant number of particles N, pressure P, and
temperature T) ensemble.

Calculation of lonic Current

The ionic current calculations were carried out inside the nanopore volume defined as - /2 <
z< /2, where /= 5.4 nm. The instantaneous ionic current /(#) was calculated as

1

N
D ai(Gi(t+At) — Gi(1),
i Q)

where
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zi(t), |zi(t)<1/2
G)=4 —1/2,%(t)< —1/2
l/2,Zi(t)>l/2 (2)

and /indicates the sum over all ions within the volume of interest, Af= 9.6 ps, the time
between two consecutive frames in the MD trajectory, € is the z-coordinate of the ith ion
atom defined by Eq. 1, and g;is the charge of ion /. The average ionic current was computed
by summing the instantaneous ionic currents from each frame of a trajectory and dividing by
the total number of frames. To estimate the error, the trajectory was block averaged over
intervals of 1.0 ns; the standard error was computed as @ / \/T_l, where o is the standard
deviation of the block-averaged ionic current values and #7is the number of blocks. All
average ionic current values and error estimates were obtained from the analysis of the last
15 ns fragment of the respective 25 ns-long MD trajectories.

Calculation of the Water Flow Rate

The calculations of the water flow rate were performed by analyzing displacements of water
molecules inside the nanopore volume (=42 < z< /2, /= 5.4 nm). The instantaneous current
of water molecules (molecules / seconds) was computed as

N()

1
w(t)=7=> (G+AL) = (1)),

where M) is the total number of water molecules in the volume of interest at a time £ €;is
the zcoordinate of the ith water molecule defined by Eq. 3, and A7= 9.6 ps is the time
between two consecutive frames in the MD trajectory. The average rate of water flow was
calculated by averaging the instantaneous water currents over the last 15 ns fragment of the
respective MD trajectory. The error was estimated by averaging the instantaneous water flow
rate over 1.0 ns trajectory blocks and computing the standard error of the block-averaged
values.

Calculation of Concentration Profiles

The concentration of ions in a cylindrical bin centered at the pore axis, ¢;was computed as
cj= n/(/mrz), where j denotes the ion species, 7;is the number of ions of /species, /#=0.5
nm is height of the bin along the zaxis and = 0.5 nm is the radius of the bin. The
concentration profiles were computed by averaging c¢;over the last 15 ns of the respective
MD trajectory.

Calculation of Electrostatic Potential

To visualize the electrostatic potential in our systems, we averaged the instantaneous
distributions of the electrostatic potential over the MD trajectory using a previously
described method®® implemented in the PMEpot Plugin of VMD. Each atom of the system
was approximated by a spherical Gaussian
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pte-a(Zg)

where g was the Gaussians” width. The instantaneous distribution of the electrostatic
potential corresponding to the instantaneous charge configuration was obtained by solving
the Poisson equation

V2o(x) =4y pi(r).
i (5)

To obtain the average distribution of the potential in a given MD simulation, instantaneous
distributions of the potential were averaged over the entire MD trajectory. Three-
dimensional (3D) electrostatic potential maps were obtained by averaging the last 15 ns
fragments of MD trajectories; A= 0.1 A~ was used for these calculations. One-dimensional
profiles of the electrostatic potential through the nanopores were obtained by taking values
from the 3D profiles along the coordinate, which is also the nanopore axis in our
coordinate system.

Calculations of the 2D Current Density

Results &

To visualize the flow of the K* and CI~ ions, the volume of the simulations systems was
divided into 0.3 x 0.3 x 0.5 nm grid elements on which the local averages of the K* and CI~
density and ionic flux were calculated with a sampling frequency of 480 ps. The local
current in each grid element was calculated as:"°

L= q; X fiks
j (6)

where j denotes a particular ion species (K* or CI7), g;denotes the ion charge, A the x, y or
z-directions, and £ ; 4 the flux of ionic species jalong the A-coordinate. Next, the 3D density
and ionic flux data was averaged along an azimuthal coordinate in a cylindrical coordinate
system to obtain the mean density and the mean flux in the -z plane. Velocities were
obtained by dividing the average ionic flux by the density of the ion species in each bin. The
resulting 2D density and ion velocity maps were made symmetric about the zaxis by
making the mirror image mapping of values from r— -r. Contourf and Streamplot
functions in the python matplotlib library were used to generate the density and velocity
plots.

Discussion

Figure 1 schematically illustrates the graphene nanopore capacitor system considered in this
work. The key element of the system is an electrolyte-filled hourglass nanopore in a
graphene-insulator-graphene membrane. Such stacked graphene membranes have been
experimentally manufactured by combining chemical vapor deposition, graphene transfer
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and atomic layer deposition techniques;’* nanometer diameter pores have been drilled
through such membranes using an electron field-emission gun.59 We assume that the electric
potential of each of the graphene sheets with respect to one of the electrolyte compartments
(the trans compartment in our setup) can be independently controlled via two voltage
sources. An additional voltage source can generate an electric potential difference (the
transmembrane bias V) between the two electrolyte-filled compartments, causing the ionic
current to flow through the nanopore. Below we investigate how charging of the graphene
sheets affects the nanopore ionic current.

First, we consider a baseline state of the nanopore capacitor where both graphene sheets are
electrically neutral (Viop = Vhottom = 0). For this purpose, we built an all-atom model of the
graphene nanopore capacitor submerged in a 1.1 M solution of KCI, see Methods for details.
Following energy minimization and equilibration at constant pressure, the system was
simulated under a constant electric field that produced ionic current through the nanopore.58
In such applied field simulations, the electric field magnitude, £, relates to the
transmembrane bias, V, as V= —FL,57-89 where L, is the length of the simulation system
along the direction of the applied field (the zaxis in our case); the ionic current can be
determined by summing up the instantaneous displacements of ions, see Methods for details.

Figure 2a illustrates a typical microscopic configuration realized during the ionic current
simulations. K* and CI~ ions are dispersed throughout the nanopore volume, which is
confirmed by the plots of the local ion concentrations along the nanopore axis, Fig. 2b. At
zero transmembrane bias, the average concentration of K* ions in the pore is similar to that
in the bulk whereas the the concentration of CI~ ions is slightly reduced, Fig. 2c. Such mild
cation selectivity is likely caused by the negative charge of oxygen atoms that predominantly
comprise the outer layer of our annealed silica membrane;*3 the entire silica membrane is
electrically neutral. Supporting Information Movie 1 illustrates an MD trajectory of this
system at a transmembrane bias of 200 mV. The average concentration of both ion types
slightly increases with the transmembrane bias, Fig. 2b and Fig. 2c, causing a slightly
superlinear dependence of the nanopore current, /, on voltage, Fig. 2d. The magnitudes of
the currents carried by K* and CI~ ions are not equal: the current of K* ions constitutes
approximately 60% of the total ionic current. The nanopore conductance, G= (W) V,
increases slightly with the transmembrane bias, Fig. 2e, as prescribed by the current versus
voltage plot.

Next, we examine the system where both top and bottom graphene layers carry the same
negative charge of —2.0 e nm~2. Note that a free-standing graphene membrane may carry a
net negative charge, which could be attributed to partial oxidation of graphene or adsorption
of contaminant material;>* the charge densities considered in our work are well within the
range of experimental estimates.>* The microscopic model of the negatively charged
capacitor system, Fig. 3a, was built starting from the baseline system by assigning the same
partial charge to all carbon atoms of the graphene layers, producing the target surface charge
densities oyop = Opottom = —2.0 € nm~2; additional K* ions were added to the system to make
it electrically neutral. After energy minimization and equilibration, the system was simulated
at several transmembrane biases. In all simulations of this negatively charged nanopore
capacitor system, K* ions were observed to form a boundary layer near the charged
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graphene sheets. Supporting Information Movie 2 illustrates an MD trajectory of this system
at a transmembrane bias of 200 mV. Within the nanopore, the concentration of K* ions
exceeds the bulk concentration whereas the concentration of ClI~ ions is reduced, Fig. 3b and
Fig. 3c. The average concentration of both ion types in the nanopore decreases as the
transmembrane bias increases, Fig. 3¢, whereas the difference in the nanopore concentration
of K* and CI~ ions increases. The total ionic current increases approximately linearly with
the transmembrane bias, Fig. 3d. K* ions carry 94, 98, and 98% of the total ionic current at
transmembrane biases of 200 mV, 500 mV and 1.0 V, respectively, indicating that ionic
current through the negatively charged nanopore capacitor system is highly selective to
cations. Hereafter we will refer to the negatively charged state of the nanopore capacitor
system as K* conducting. The overall conductance of the nanopore capacitor system in the
cation conducting state is larger than that in the baseline state regardless of the
transmembrane bias, Fig. 3e, which is explained by the increased concentration of ions in
the nanopore volume (compare Fig. 2¢c and Fig. 3c).

The ion conductivity properties of the positively charged nanopore capacitor (otop = Gpottom
= 2.0 e nm2, Fig. 3f) mirror that of the negatively charged one with the roles of the cation
and anion reversed, see Supporting Information Movie 3. K* ions are depleted from the
nanopore volume whereas the concentration of CI~ exceeds the bulk value, Fig. 3g and Fig.
3h. CI™ ions dominate the ionic current, Fig. 3i, and make up 91%, 88%, and 92% of the
total ionic current at transmembrane biases of 200 mV, 500 mV and 1.0 V, respectively,
indicating that the positively charged system is selective to anions. Consequently, we refer to
the positively charged state of the graphene nanopore capacitor as CI~™ conducting. As in the
case of the K* conducting state, the overall nanopore conductance is increased with respect
to the baseline state, Fig. 3j; the magnitudes of the currents in the K* and CI~ conducting
states are within the error at each transmembrane bias. The key difference, however, between
the K* and CI~ conducting states is the relative contribution of anions and cations to the total
current, which is more pronounced for the K* conducting state. We attribute such breakage
of symmetry to the inherent negative charge of the outer shell of the silica surface and the
electro-osmotic effect (described below).

Next, we examine the case of an overall electrically neutral graphene capacitor that contains
oppositely charged graphene plates. The response of such a system to the transmembrane
bias can be expected to depend on the direction of the bias with respect to the direction of
the electric field produced by the charged plates. Here we first consider the case when both
fields are parallel, which, in our setup, corresponds to the top and bottom graphene sheets
carrying the charges of oy, =2.0 € nm=2 and opgitom = —2.0 € nm~2 and the cis
compartment being positively biased with respect to the frans one, Fig. 4a. The microscopic
model of such a system was built starting from the baseline state model by changing the
charge of the carbon atoms comprising the graphene plates; no additional ions were added as
changing the charge of the graphene sheets did not change the overall charge of the system.
With no transmembrane bias applied, CI~ and K* ions form boundary layers near the
oppositely charged graphene sheets and are also present in approximately equal amounts
within the nanopore volume, Fig. 4b, c, although individual ion concentration profiles vary
along the nanopore axis, Fig. 4b. The nanopore concentration of both ion types increases
with the transmembrane bias, Fig. 4c, leading to larger than baseline total currents, Fig. 4d.
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The currents carried by K* and CI~ ions are approximately equal at all biases. The nanopore
conductance increases with the bias and is considerably greater than the baseline current,
Fig. 4e. Hereafter we refer to this conductance state of the nanopore capacitor as an
Enhanced state. Supporting Information Movie 4 illustrates the MD trajectory of this system
at a transmembrane bias of 200 mV.

Reversing the polarity of the nanopore capacitor charge (oyp = -2.0 € M2, opottom = 2.0 €
nm~2, Fig. 4f) in the absence of the transmembrane bias produced the expected
redistribution of ions with the roles of K* and CI™ reversed, Fig. 4g. Increasing the
transmembrane bias, however, was observed to reduce the concentration of ions within the
nanopores, Fig. 4h, opposite to the effect observed for the reversed charge polarity, Fig. 4c.
Consequently, the ionic current through the nanopore, Fig. 4i was considerably reduced in
comparison to the baseline current; the nanopore conductance reduced with the bias, Fig. 4j.
Hereafter we refer to this conductance state of the nanopore capacitor as an Off state.
Supporting Information Movie 5 illustrates the MD trajectory of this system at a
transmembrane bias of 200 mV.

Repeating the simulations of the nanopore capacitor system at negative transmembrane
biases yielded the current-voltage (&~ V) dependence of the system at the five charged states
considered in this work, Fig. 5a,b. The baseline, K* conducting and CI~ conducting states
exhibits linear /~V/ curves, Fig. 5a. Such a highly symmetric response to the direction of the
applied bias can be expected given the symmetric distribution of charges in these three
charged states of the system. In contrast, the ionic current flowing through the nanopore
capacitor system containing oppositely charged graphene sheets highly depends on the
direction of the bias, which is reflected by a highly rectifying /~V/ curves, Fig. 5b. In these
two systems, the conductance state of the nanopore capacitor changes from Enhanced to Off
depending on whether the transmembrane bias is aligned with or counteracts the electric
field produced by the charged plates of the capacitor. Note that the behavior of the system
remains symmetric with respect to simultaneous change of the transmembrane bias and the
polarity of the charge at the capacitor’s plates.

The fixed charge at the nanopore walls is compensated by counterions that, subject to a
transmembrane bias, move through the nanopore volume, producing the ionic current. When
the nanopore volume contains unequal amounts of cations and anions, the electric field-
driven motion of ions produces a net flow of water known as the electro-osmotic effect.”2-74
Fig. 5¢ illustrates the net water flux through the five charged states of the nanopore capacitor
for transmembrane biases from the 12000 mV range. The electro-osmotic effect is small in
the case of the electrically neutral nanopore capacitor systems, where both plates are either
electrically neutral (baseline) or carry opposite charges (CP1 and CP2), which is in
agreement with the mild selectivity of the ionic current in these systems, Fig. 2d and Fig.
44,i. As expected, prominent electro-osmotic effects are observed for K* and CI~ conducting
states, reflecting the high selectivity of the ionic current, Fig. 3d,i. Interestingly, at a given
transmembrane bias, the magnitude of the water flux is considerably smaller in the CI~
conducting state than in the K* conducting state, Fig. 5¢; the ratio of the water flux
magnitudes closely match the ratio of the excess number of ions in the nanopore volume in
the respective states, Fig. 5d. We attribute this asymmetry of the electro-osmotic effect to the
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mild cation selectivity of the silica nanopore, which produces a slight imbalance in the
K*/CI~ ionic makeup even in the absence of the transmembrane bias or the charge at the
capacitor’s plates, Fig. 2b—d. The difference in the magnitude of the electro-osmotic effect
explains the difference in the ion selectivity of the K* and CI~ conducting states, Fig. 3d,i:
the higher water flux in the K* conducting state makes it more difficult for CI~ ions to enter
the nanopore in comparison to K* ions entering the nanopore in the CI~ conducting state.
Such a behavior can be clearly seen in the animations of the MD trajectories, Supporting
Information Movies 2 and 3.

Our simulations have shown that the charge of the nanopore capacitor’s plates can affect
both the selectivity and the overall magnitude of the nanopore current. At first look, such a
behavior could be explained by the charge plates of the capacitor presenting an electrostatic
barrier to ion permeation through the nanopore. This explanation, however, is not correct
because the Debye length in our electrolyte solution is only 0.3 nm, a length considerably
smaller than the nanopore dimensions. Hence, the electrostatic field produced by the charge
of the capacitor’s plates should not affect the motion of ions in electrolyte if the ions are
located more than 0.3 nm away from the plates. To illustrate this fact, we plot in Fig. 6a the
profiles of the electrostatic potential along the nanopore axis: the electrostatic potentials
smoothly decay within the nanopore volume regardless of the charge state of the capacitor
plates and exhibits no barriers.

So, what is the mechanism of ionic current modulation by the nanopore capacitor? First, we
examine the difference in the local currents of K* and CI~ ions between the baseline, Fig. 6b
and the K* conducting, Fig. 6¢, states. In the K* conducting state, K* ions form a boundary
layer near the negatively charged graphene sheets, as described previously. Close inspection
of the ion density distributions reveals that K* ions also form a boundary layer along the
entire inner surface of the silica nanopore, which is reminiscent of the effect theoretically
predicted for doped silicon membranes.”® Thus, although counterions do screen the charge
of the graphene plates in the electrolyte solution, the charge screening does not occur within
the silica membrane and hence the negative electrostatic potential extends to the nanopore
surface, where it attracts K* ions; the K* ions screen the potential within the electrolyte-
filled volume of the nanopore. To illustrate the importance of the surface effect, we plot in
Fig. 6d the contribution of surface current to the overall nanopore current. For the baseline
system, the surface currents are slightly lower than the value prescribed by the ratio of the
boundary layer volume to the volume of the entire nanopore, which is explained by the
reduction of ion mobility in proximity of the nanopore surface.”® In contrast, surface
currents constitute the majority of the overall current in the K* conducting state. The same
mechanism explains the ion selectivity of the CI~ conducting state of the system, Fig. 6d.

In the case of the Enhanced and Off conducting states, K* and CI~ ions also form boundary
layers near the graphene capacitor plates and along the nanopore surface, Fig. 6,d,e. In
contrast to the K* and CI~ conducting states, however, ions of a particular type form a
boundary layer that extends along the nanopore surface only to the center of the membrane.
Thus, in both Enhanced and Off states, one half of the nanopore surface is coated with K*
ions and the other half with CI~. When the direction of the transmembrane bias aligns with
the direction of the electric field generated by the plates’ charges (Enhanced state), ions
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enter the nanopore from the side where their surface concentration is enhanced, producing
higher than baseline current, see Supporting Movie 4. In the opposite (Off) case, ions enter
from the side where their concentration is depleted, which reduces the current below the
baseline value, see Supporting Movie 5.

Conclusions

In summary, we have shown that the charge state of a graphene nanopore capacitor can
regulate both selectivity and magnitude of the nanopore ionic current. Such combination of a
graphene capacitor with a solid-state hanopore offers a means to couple electronic processes
in conventional solid-state circuits (of which graphene is poised to become commonplace) to
elements of nanofluidic electronics, where electrical current is carried by ions dissolved in
solution. The coupling, however, is not limited to ionic current, as selective ionic current is
accompanied by a strong electro-osmotic effect that can drive neutral or mildly charged
biomolecules through the pore, transforming a change of the electrostatic potential into a
chemical signal. One could envision a system where a nanopore capacitor acts as an injector
of biomolecular species regulated by a conventional solid-state circuit.

In contrast to previously described ion current rectifiers and/or nanofluidic electrical diodes,
the system described in our work can operate at high ion concentrations. In our system, the
mechanism of the ionic current regulation relies on modulation of the surface currents,
similar to an ion selectivity mechanism suggested for atomically thin, single layer graphene
membranes.>* The main difference, however, is that, in our system, charging the surface
layer of the graphene-dielectricgraphene membrane alters the effective charge of the pore
lumen that in turn modulates surface currents along the full length of the nanopore. This
mechanism differs substantially from the electrostatic21:77:78 or concentration
polarization53.79.80 mechanisms that regulate ionic current through nanopores in thick
dielectric membranes. We would like to note that the microscopic model of the nanopore
surface used in our work does not allow for prolonged direct binding of ions,*3 which is
known to produce an ion species-dependent rectification effect.16:81 Electrostatic regulation
of ion binding by graphene charging can thus offer yet another route to diversifying
functional response of a graphene nanopore capacitor system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
This work was supported in part by the National Institutes of Health grant RO1-HG007406 and Oxford Nanopore
Technologies, Inc. The authors acknowledge supercomputer time at the Blue Waters Sustained Petascale Facility
(University of Illinois) and at the Texas Advanced Computing Center (Stampede, allocation award MCAQ05S028).

References

1. Gouaux E, MacKinnon R. Principles of Selective lon Transport in Channels and Pumps. Nature.
2005; 310:1461-1465.

J Phys Chem B. Author manuscript; available in PMC 2018 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shankla and Aksimentiev

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 12

. Giacomini KM, et al. Membrane Transporters in Drug Development. Nat. Rev. Drug Disc. 2010;

9:215-236.

. Maffeo C, Bhattacharya S, Yoo J, Wells DB, Aksimentiev A. Modeling and Simulation of lon

Channels. Chem. Rev. 2012; 112:6250-6284. [PubMed: 23035940]

. Doyle DA, Cabral JM, Pfuetzner RA, Kuo A, Gulbis JM, Cohen SL, Chait BT, MacKinnon R. The

Structure of the Potassium Channel: Molecular Basis of K™ Conduction and Selectivity. Science.
1998; 280:69-77. [PubMed: 9525859]

. Prince SM, Achtman M, Derrick JP. Crystal Structure of the OpcA Integral Membrane Adhesin

from Neisseria meningitidis. Proc. Natl. Acad. Sci. U. S. A. 2002; 99:3417-3421. [PubMed:
11891340]

. Moraes I, Evans G, Sanchez-Weatherby J, Newstead S, Stewart PDS. Membrane Protein Structure

Determination - The Next Generation. Biochim. Biophys. Acta. 2014; 1838:78-87. [PubMed:
23860256]

. Bezanilla F, Cha A, Snyder GE, Selvin PR. Atomic Scale Movement of the Voltage-Sensing Region

in a Potassium Channel Measured via Spectroscopy. Nature. 1999; 402:809-813. [PubMed:
10617201]

. Isacoff EY, Glauner KS, Mannuzzu LM, Gandhi CS. Spectroscopic Mapping of Voltage Sensor

Movement in the Shaker Potassium Channel. Nature. 1999; 402:813-817. [PubMed: 10617202]

. Uysal S, Véasquez V, Tereshko V, Esaki K, Fellouse FA, Sidhu SS, Koide S, Perozo E, Kossiakoff A.

Crystal Structure of Full-Length KcsA in its Closed Conformation. Proc. Natl. Acad. Sci. U. S. A.

2009; 106:6644-9. [PubMed: 19346472]

. Schoch RB, Han J, Renaud P. Transport Phenomena in Nanofluidics. Rev. Mod. Phys. 2008;
80:839.

. Vidal J, Gracheva ME, Leburton J-P. Electrically Tunable Solid-State Silicon Nanopore lon Filter.
Nanoscale Res. Lett. 2007; 2:61-68.

. Zhou K, Perry JM, Jacobson SC. Transport and Sensing in Nanofluidic Devices. Annu. Rev. Anal.
Chem. 2011; 4:321-341.

. Dekker C. Solid-State Nanopores. Nat. Nanotech. 2007; 2:209-215.

Kasianowicz JJ, Robertson JWF, Chan ER, Reiner JE, Stanford VM. Nanoscopic Porous Sensors.

Annu. Rev. Anal. Chem. 2008; 1:737-766.

Siwy Z, Fulinski A. A Nanodevice for Rectification and Pumping lons. American Journal of

Physics. 2004; 72:567.

Gamble T, Decker K, Plett TS, Pevarnik M, Pietschmann J-F, Vlassiouk |, Aksimentiev A, Siwy

ZS. Rectification of lon Current in Nanopores Depends on the Type of Monovalent Cations:

Experiments and Modeling. J. Phys. Chem. C. 2014; 118:9809-9819.

Zhang L-X, Cai S-L, Zheng Y-B, Cao X-H, Li Y-Q. Smart Homopolymer Modification to Single

Glass Conical Nanopore Channels: Dual-Stimuli-Actuated Highly Efficient lon Gating. Adv.

Funct. Mater. 2011; 21:2103-2107.

Cheng L-J, Guo LJ. Rectified lon Transport through Concentration Gradient in Homogeneous

Silica Nanochannels. Nano Lett. 2007; 7:3165-3171. [PubMed: 17894519]

Wanunu M, Meller A. Chemically Modified Solid-State Nanopores. Nano Lett. 2007; 7:1580—

1585. [PubMed: 17503868]

Vilozny B, Wollenberg AL, Actis P, Hwang D, Singaram B, Pourmand N. Carbohydrate-Actuated

Nanofluidic Diode: Switchable Current Rectification in a Nanopipette. Nanoscale. 2013; 5:9214—

21. [PubMed: 23934399]

Vlassiouk I, Siwy ZS. Nanofluidic Diode. Nano Lett. 2007; 7:552-556. [PubMed: 17311462]

Gracheva ME, Vidal J, Leburton J-P. p-n Semiconductor Membrane for Electrically Tunable lon

Current Rectification and Filtering. Nano Lett. 2007; 7:1717-1722. [PubMed: 17516680]

Ali M, Mafe S, Ramirez P, Neumann R, Ensinger W. Logic Gates Using Nanofluidic Diodes Based

on Conical Nanopores Functionalized with Polyprotic Acid Chains. Langmuir. 2009; 25:11993-

11997. [PubMed: 19780595]

24. Guan W, Fan R, Reed MA. Field-effect Reconfigurable Nanofluidic lonic Diodes. Nat. Commun.

2011; 2:506. [PubMed: 22009038]

J Phys Chem B. Author manuscript; available in PMC 2018 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shankla and Aksimentiev Page 13

25. Ramirez P, Gomez V, Cervera J, Nasir S, Ali M, Ensinger W, Siwy Z, Mafe S. Voltage-Controlled

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Current Loops with Nanofluidic Diodes Electrically Coupled to Solid-State capacitors. RSC Adv.
2016; 6:54742-54746.

Striemer CC, Gaborski TR, McGrath JL, Fauchet PM. Charge- and Size-Based Separation of
Macromolecules Using Ultrathin Silicon Membranes. Nature. 2006; 445:749-753.

Fu J, Schoch RB, Stevens AL, Tannenbaum SR, Han J. A Patterned Anisotropic Nanofluidic
Sieving Structure for Continuous-Flow Separation of DNA and Proteins. Nat. Nanotech. 2007;
2:121-128.

He Z, Zhou J, Lu X, Corry B. Bioinspired Graphene Nanopores with Voltage-Tunable lon
Selectivity for Na+ and K+ ACS Nano. 2013; 7:10148-10157. [PubMed: 24151957]

Zhao S, Xue J, Kang W. lon Selection of Charge-Modified Large Nanopores in a Graphene Sheet.
J. Chem. Phys. 2013; 139:114702. [PubMed: 24070300]

Cohen-Tanugi D, Grossman JC. Water Desalination across Nanoporous Graphene. Nano Lett.
2012; 12:3602-3608. [PubMed: 22668008]

Surwade SP, Smirnov SN, Vlassiouk IV, Unocic RR, \eith GM, Dai S, Mahurin SM. Water
Desalination Using Nanoporous Single-Layer Graphene. Nat Nano. 2015; 10:459-464.
Kasianowicz JJ, Brandin E, Branton D, Deamer DW. Characterization of Individual Polynucleotide
Molecules Using a Membrane Channel. Proc. Natl. Acad. Sci. U. S. A. 1996; 93:13770-13773.
[PubMed: 8943010]

Meller A, Nivon L, Brandin E, Golovchenko J, Branton D. Rapid Nanopore Discrimination
Between Single Polynucleotide Molecules. Proc. Natl. Acad. Sci. U. S. A. 2000; 97:1079-1084.
[PubMed: 10655487]

Li J, Verkman AS. Impaired Hearing in Mice Lacking Aquaporin-4 Water Channels. J. Biol. Chem.
2001; 276:31233-31237. [PubMed: 11406631]

Heng JB, Ho C, Kim T, Timp R, Aksimentiev A, Grinkova YV, Sligar S, Schulten K, Timp G.
Sizing DNA Using a Nanometer-Diameter Pore. Biophys. J. 2004; 87:2905-2911. [PubMed:
15326034]

Fologea D, Ledden B, McNabb DS, Li J. Electrical Characterization of Protein Molecules by a
Solid-State Nanopore. Appl. Phys. Lett. 2007; 91:053901-3.

Talaga DS, Li J. Single-Molecule Protein Unfolding in Solid-State Nanopores. J. Am. Chem. Soc.
2009; 131:9287-9297. [PubMed: 19530678]

Kong J, Bell NAW, Keyser UF. Quantifying Nanomolar Protein Concentrations Using Designed
DNA Carriers and Solid-State Nanopores. Nano Letters. 2016; 16:3557-3562. [PubMed:
27121643]

Zhao Y, Ashcroft B, Zhang P, Liu H, Sen S, Song W, Im J, Gyarfas B, Manna S, Biswas S, Borges
C, Lindsay S. Single-Molecule Spectroscopy of Amino Acids and Peptides by Recognition
Tunnelling. Nat. Nanotech. 2014; 9:466-473.

Lan W-J, Holden DA, Zhang B, White HS. Nanoparticle Transport in Conical-Shaped Nanopores.
Anal. Chem. 2011; 83:3840-3847. [PubMed: 21495727]

Goyal G, Freedman KJ, Kim MJ. Gold Nanoparticle Translocation Dynamics and Electrical
Detection of Single Particle Diffusion Using Solid-State Nanopores. Anal. Chem. 2013; 85:8180—
8187. [PubMed: 23885645]

Plett T, Shi W, Zeng Y, Mann W, Vlassiouk I, Baker LA, Siwy ZS. Rectification of Nanopores in
Aprotic Solvents — Transport Properties of Nanopores with Surface Dipoles. Nanoscale. 2015;
7:19080-19091. [PubMed: 26523891]

Cruz-Chu ER, Aksimentiev A, Schulten K. lonic Current Rectification through Silica Nanopores.
J. Phys. Chem. C. 2009; 113:1850-1862.

Cruz-Chu ER, Ritz T, Siwy ZS, Schulten K. Molecular Control of lonic Conduction in Polymer
Nanopores. Faraday Discuss. 2009; 143:47-62. [PubMed: 20334094]

Igbal SM, Akin D, Bashir R. Solid-State Nanopore Channels with DNA Selectivity. Nat. Nanotech.
2007; 2:243-248.

Venkatesan BM, Shah AB, Zuo J-M, Bashir R. DNA Sensing Using Nanocrystalline Surface-
Enhanced Al203 Nanopore Sensors. Adv. Funct. Mater. 2010; 20:1266-1275. [PubMed:
23335871]

J Phys Chem B. Author manuscript; available in PMC 2018 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shankla and Aksimentiev

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 14

Smeets RMM, Keyser UF, Dekker NH, Dekker C. Noise in solid-state nanopores. Proc. Natl. Acad.
Sci. U. S. A. 2008; 105:417-421. [PubMed: 18184817]

Sint K, Wang B, Kral P. Selective lon Passage through Functionalized Graphene Nanopores. J. Am.
Chem. Soc. 2008; 130:16448-16449. [PubMed: 19554715]

Song B, Schneider GF, Xu Q, Pandraud G, Dekker C, Zandbergen HW. Atomic-Scale Electron-
Beam Sculpting of Near-Defect-Free Graphene Nanostructures. Nano Lett. 2011; 11:2247-2250.
[PubMed: 21604710]

Banerjee S, Wilson J, Shim J, Shankla M, Corbin EA, Aksimentiev A, Bashir R. Slowing DNA
Transport Using Graphene-DNA Interactions. Adv. Funct. Mater. 2015; 25:936-946. [PubMed:
26167144]

Schneider GF, Xu Q, Hage S, Luik S, Spoor JNH, Malladi S, Zandbergen HW, Dekker C. Tailoring
the Hydrophobicity of Graphene for its use as Nanopores for DNA Translocation. Nat. Commun.
2013; 4:3619.

Siwy ZS. lon Current Rectification in Nanopores and Nanotubes with Broken Symmetry Revisited.
Adv. Funct. Mater. 2006; 16:735.

Laohakunakorn N, Keyser UF. Electroosmotic Flow Rectification in Conical Nanopores. Nanotech.
2015; 26:275202.

Rollings RC, Kuan AT, Golovchenko JA. lon Selectivity of Graphene Nanopores. Nat. Commun.
2016; 7

Shankla M, Aksimentiev A. Conformational Transitions and Stop-and-Go Nanopore Transport of
Single-Stranded DNA on Charged Graphene. Nat. Commun. 2014; 5:5171. [PubMed: 25296960]
Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E, Chipot C, Skeel RD, Kale L,
Schulten K. Scalable Molecular Dynamics with NAMD. J. Comput. Chem. 2005; 26:1781-1802.
[PubMed: 16222654]

MacKerell AD Jr. Empirical Force Fields for Biological Macromolecules: Overview and Issues. J.
Comput. Chem. 2004; 25:1584-1604. [PubMed: 15264253]

Cruz-Chu ER, Aksimentiev A, Schulten K. Water-Silica Force Field for Simulating Nanodevices.
J. Phys. Chem. B. 2006; 110:21497-21508. [PubMed: 17064100]

Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of Simple
Potential Functions for Simulating Liquid Water. J. Chem. Phys. 1983; 79:926-935.

Darden TA, York D, Pedersen L. Particle Mesh Ewald: An N log(N) Method for Ewald Sums in
Large Systems. J. Chem. Phys. 1993; 98:10089-92.

Koopman EA, Lowe CP. Advantages of a Lowe-Andersen Thermostat in Molecular Dynamics
Simulations. J. Chem. Phys. 2006; 124:204103. [PubMed: 16774315]

Martyna GJ, Tobias DJ, Klein ML. Constant Pressure Molecular Dynamics Algorithms. J. Chem.
Phys. 1994; 101:4177-4189.

Humphrey W, Dalke A, Schulten K. VMD: Visual Molecular Dynamics. J. Mol. Graphics. 1996;
14:33-38.

Aksimentiev A, Brunner R, Cruz-Chu ER, Comer J, Schulten K. Modeling Transport through
Synthetic Nanopores. IEEE Nanotechnol. Mag. 2009; 3:20-28. [PubMed: 21909347]

Wells DB, Abramkina V, Aksimentiev A. Exploring Transmembrane Transport through a-
Hemolysin with Grid-Steered Molecular Dynamics. J. Chem. Phys. 2007; 127:125101. [PubMed:
17902937]

van Beest BWH, Kramer GJ, van Santen RA. Force Fields for Silicas and Aluminophosphates
Based on Ab /nitio Calculations. Phys. Rev. Lett. 1990; 64:1955-1958. [PubMed: 10041537]
Crozier PS, Henderson D, Rowley RL, Busath DD. Model Channel lon Currents in NaCl-Extended
Simple Point Charge Water Solution with Applied-Field Molecular Dynamics. Biophys. J. 2001;
81:3077-3089. [PubMed: 11720976]

Aksimentiev A, Heng JB, Timp G, Schulten K. Microscopic Kinetics of DNA Translocation
Through Synthetic Nanopores. Biophys. J. 2004; 87:2086—2097. [PubMed: 15345583]
Aksimentiev A, Schulten K. Imaging a-Hemolysin with Molecular Dynamics: lonic Conductance,
Osmotic Permeability and the Electrostatic Potential Map. Biophys. J. 2005; 88:3745-3761.
[PubMed: 15764651]

J Phys Chem B. Author manuscript; available in PMC 2018 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shankla and Aksimentiev Page 15

70. Li C-Y, Hemmig EA, Kong J, Yoo J, Hernandez-Ainsa S, Keyser UF, Aksimentiev A. lonic

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Conductivity, Structural Deformation and Programmable Anistropy of DNA Origami in Electric
Field. ACS Nano. 2015; 9:1420-1433. [PubMed: 25623807]

Banerjee S, Shim J, Rivera J, Jin X, Estrada D, Solovyeva V, You X, Pak J, Pop E, Aluru N, Bashir
R. Electrochemistry at the Edge of a Single Graphene Layer in a Nanopore. ACS Nano. 2013;
7:834-843. [PubMed: 23249127]

Luan B, Aksimentiev A. Electro-Osmotic Screening of the DNA Charge in a Nanopore. Phys. Rev.
E. 2008; 78:021912.

Ghosal S. Effect of Salt Concentration on the Electrophoretic Speed of a Polyelectrolyte through a
Nanopore. Phys. Rev. Lett. 2007; 98:238104. [PubMed: 17677940]

van Dorp S, Keyser UF, Dekker NH, Dekker C, Lemay SG. Origin of the Electrophoretic Force on
DNA in Solid-State Nanopores. Nat. Phys. 2009; 5:347-351.

Gracheva ME, Leburton J-P. Electrolytic Charge Inversion at the Liquid-Solid Interface in a
Nanopore in a Doped Semiconductor Membrane. Nanotech. 2007; 18:145704-145710.

Comer J, Aksimentiev A. Predicting the DNA Sequence Dependence of Nanopore lon Current
Using Atomic-Resolution Brownian Dynamics. J. Phys. Chem. C. 2012; 116:3376-3393.

Karnik R, Fan R, Yue M, Li D, Yang P, Majumdar A. Electrostatic Control of lons and Molecules
in Nanofluidic Transistors. Nano Lett. 2005; 5:943-948. [PubMed: 15884899]

Karnik R, Duan C, Castelino K, Daiguji H, Majumdar A. Rectification of ionic current in a
nanofluidic diode. Nano Lett. 2007; 7:547-551. [PubMed: 17311461]

Kim SJ, Wang Y-C, Lee JH, Jang H, Han J. Concentration Polarization and Nonlinear
Electrokinetic Flow Near a Nanofluidic channel. Physical review letters. 2007; 99:044501.
[PubMed: 17678369]

Kim SJ, Song Y-A, Han J. Nanofluidic Concentration Devices for Biomolecules Utilizing lon
Concentration Polarization: Theory, Fabrication, and Applications. Chem. Soc. Rev. 2010; 39:912—
922. [PubMed: 20179814]

Bhattacharya S, Muzard J, Payet L, Mathé J, Bockelmann U, Aksimentiev A, Viasnoff V.
Rectification of the Current in a-Hemolysin Pore Depends on the Cation Type: The Alkali Series
Probed by Molecular Dynamics Simulations and Experiments. J. Phys. Chem. C. 2011; 115:4255—
4264.

J Phys Chem B. Author manuscript; available in PMC 2018 April 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Shankla and Aksimentiev Page 16

IMKCl,¢° 0 o2 o RPoc¥lop

v v o Og © o0 © O
uoOOV@o o 0° ™
o0& o €0 o WPo ¢ © V
* ©
Oo © o @2 @JOO R S
o © 4 Q.0 @@
ceged ge © 5 © Q9e© @ 1L __
a0 _ ©© UQQ;(@&OQOOO o© —
0® Qo & eom ©~e

Graphene

Moo, 8 ° o8 05 oo |
o o) o © o
frans o ¢

Figure 1.
Schematic of a graphene nanopore capacitor system considered in this work. A layer of

insulating silica membrane (light gray) is sandwiched between two layers of graphene (dark
gray), forming a parallel plate capacitor. An hourglass nanopore spans the stacked graphene-
silica-graphene membrane connecting the two (c/sand trans) electrolyte-filled
compartments. The inner surface (green) of the silica nanopore is shown in a cut-away
representation; potassium and chloride ions are shown as yellow and green van der Waals
spheres, respectively. An electric potential V4 biases the solution at the one side of the
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membrane (c¢/s) relative to the solution at the other (#rans) side, which is grounded. The
graphene membranes are electrically biased relative to the trans side with a potential
differences Viop and Wyottom- The potential differences Viop and Wigttom are modeled
implicitly by assigning partial charges to the atoms of the corresponding graphene
membranes to achieve the target charge densities oyop and Obottom->°
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Figure 2.
lonic conductivity of uncharged (baseline) graphene nanopore capacitor. (a) Representative

configuration of ions in an uncharged nanopore capacitor. The nanopore capacitor is shown
in a cut-away representation, purple and light blue spheres represent CI~ and K* ions,
respectively. The top and bottom graphene layers are electrically neutral (otop = opottom = 0
e nm~2), which is schematically indicated by the dark grey circles. The particular molecular
configuration shown corresponds to a transmembrane bias of 200 mV. (b) The average
concentration of CI~ (solid) and K* (dashed) ions along the pore axis at 0 mV (black), 500
mV (purple), and 1 V (yellow) transmembrane bias (the profiles at 200 mV are omitted for
clarity). The shaded region indicates concentrations below the bulk concentration of 1.1 M.
The concentration profiles were obtained by averaging over 0.5 nm-radius disks centered at
the pore axis and over the last 15 ns of the respective 25 ns MD trajectory. (c) The total
average concentration of K* (striped) and CI~ (solid) ions inside the nanopore at
transmembrane biases of 0 mV (blue), 200 mV (red), 500 mV (purple), and 1000 mV
(yellow). The average concentrations were obtained by averaging the concentration profiles
from panel b within the region of |2 < 2.0 nm where z=0 nm is at the center of the
nanopore. (d) The average ionic current (total height of each bar) and the currents carried by
K* (striped) and CI~ (solid) species at 200 mV (red), 500 mV (purple), and 1 V (yellow)
transmembrane bias. Error bars indicate the standard error of the mean value. (e) The
simulated conductance of the uncharged nanopore capacitor versus the transmembrane bias.
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Figure 3.
Selective ionic transport in charged nanopore capacitor systems. (a) Representative

configuration of ions in a nanopore capacitor system that has both graphene plates
negatively charged to opottom = otop = —2.0 € nm~2. The particular molecular configuration
shown corresponds to a transmembrane bias of 200 mV. Blue circles schematically indicate
the negative charge of the graphene plates. (b) The average concentration of CI~ (solid) and
K* (dashed) ions along the pore axis at 0 mV (black), 500 mV (purple), and 1 V (yellow)
transmembrane bias (the profiles at 200 mV are omitted for clarity). The shaded region
indicates a concentration below the bulk concentration of 1.1 M. (c) The total average
concentration of K* (striped) and CI~ (solid) ions inside the nanopore at transmembrane
biases of 0 mV (blue), 200 mV (red), 500 mV (purple), and 1000 mV (yellow). The average
concentrations and the concentration profiles were obtained as described in the caption to
Figure 2c,d. (d) The average ionic current (total height of each bar) and the currents carried
by K* (striped) and CI~ (solid) species at 200 mV (red), 500 mV (purple), and 1 V (yellow)
transmembrane bias. Error bars indicate the standard error of the mean. (e) The simulated
conductance of the positively charged nanopore capacitor versus the transmembrane bias.
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Data for the baseline (uncharged) capacitor are shown for comparison. (f—j). Same as panels
a—e but for the nanopore capacitor system that has both graphene plates positively charged to
Ophottom = Otop = +2.0 € nm~2. Red circles schematically indicate the positive charge of the
graphene plates.
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Figure 4.
Enhancement and reduction of ionic current by oppositely charged graphene plates. (a)

Representative configuration of ions in a nanopore capacitor system that has oppositely
charged graphene plates: oyop = +2.0 € NM™2 and opgttom = —2.0 € Nm™2; the direction of the
transmembrane bias aligns with the direction of electric field produced by the charged
graphene sheets. The particular molecular configuration shown corresponds to a
transmembrane bias of 200 mV. The vertical arrow indicated the direction of the electric
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field produced by the transmembrane bias. (b) The average concentration of CI~ (solid) and
K* (dashed) ions along the pore axis at 0 mV (black), 200 mV (red), 500 mV (purple), and 1
V (yellow) transmembrane bias. The shaded region indicates a concentration below the bulk
concentration of 1.1 M. (c) The total average concentration of K* (striped) and CI~ (solid)
ions inside the nanopore at transmembrane biases of 0 mV (blue), 200 mV (red), 500 mV
(purple), and 1000 mV (yellow). The average concentrations and the concentration profiles
were obtained as described in the caption to Figure 2¢,d. (d) The average ionic current (total
height of each bar) and the currents carried by K* (striped) and CI~ (solid) species at 200
mV (red), 500 mV (purple), and 1 V (yellow) transmembrane bias. Error bars indicate the
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standard error of the mean. (e) The simulated conductance of the nanopore capacitor system
versus the transmembrane bias. Data for the baseline (uncharged) capacitor are shown for
comparison.(f—j). Same as panels a—e but for the opposite arrangement of the charged
graphene plates: otop = -2.0€ nm=2 and opoitom = +2.0 € Nm~2. In this system, the direction
of the transmembrane bias is opposite to that of the electric field produced by the charged
graphene sheets.
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Figureb.

Rectification of ion and water flux by a charged nanopore capacitor. (a) Current—voltage
dependence of the neutral (baseline, labeled as ‘BI’, magenta), negatively charged (K*
conducting, green), and positively charged (CI~ conducting, blue) nanopore capacitor
system. The embedded images illustrate two representative configurations of ions inside the
positively charged nanopore capacitor system (oop = Ipottom = 2.0 € nm~2) for the two
polarities of the 200 mV transmembrane bias. (b) Current voltage dependence of the
electrically neutral nanopore capacitor system for the following three charge states of the
plates: both plates are neutral (baseline, magenta, same as in panel a), oyop = +2.0 € nm™2
and opottom = —2.0 € NM~2(CP1, red) and otp = =2.0 & nm™~2 and opotiom = +2.0 € NM~2,
(CP2, black). The dashed and solid red or black lines indicate the Off and Enhanced
conductance states of the nanopore capacitor, respectively. The embedded images illustrate
two representative configurations of ions inside the CP1 system for the two polarities of the
200 mV transmembrane bias. (¢) Water flux, W, through the nanopore capacitor systems for
the five charge states of the capacitor’s plate. A positive water flux represents the net
movement of water molecules from fransto cis chamber. The water flux was computed by
summing up instantaneous displacements of water molecules within the nanopore volume,
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see Methods for details. (d) The ratio of the water flux magnitudes (left) or of the excess ion
numbers (right) for the K* conducting and CI~ conducting states. The excess number of
ions, Qgyx, Was computed as the absolute magnitude of the charge of all ions confined within
the |z] < 2.0 nm volume of the nanopore averaged over the last 15 ns of the respective MD
trajectory.
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Figure 6.
Molecular mechanism of ionic current modulation by a graphene nanopore capacitor. (a)

Profiles of the electrostatic potential along the nanopore axis for the five conductance states
of the nanopore capacitor. The background image showing the outline of the nanopore
capacitor is aligned with the zcoordinate. Each electrostatic profile was obtained by
averaging instantaneous distributions of the electrostatic potentials over the frames of the
respective MD trajectory (see Methods). All potentials shown were obtained from the
simulations performed under a transmembrane bias of 500 mV. (b) Local density (red color
scale) and local velocity (streamlines) of K* (left) and CI~ (right) ions in the baseline state of
the nanopore capacitor, which is schematically indicated by the dark grey circles, at a 200
mV transmembrane bias. The maps show the x — zcross section of the corresponding three-
dimensional density and velocity fields. The maps were obtained by averaging over the
corresponding MD trajectories and radially with respect to the nanopore axis. The solid-state
membrane is not shown for clarity. (c) Same as panel b but for the K* conducting state of the
nanopore capacitor. The blue circles schematically indicate the negative charge of the
graphene sheets. (d) The relative contribution of the surface and bulk currents to the total
ionic current for the five conductance states of the graphene nanopore capacitor. The
horizontal dashed line indicates the ratio of the volume of the solution located within 0.6 nm
from the nanopore surface to the entire volume of the nanopore. (e,f) Same as panel b but for
the Enhanced and Off states of the nanopore capacitor. The red and blue circles indicate the
charge (positive or negative, respectively) of the graphene layers.
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