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ABSTRACT Biological protein channels have many remarkable properties such as
gating, high permeability, and selectivity, which have motivated researchers to mimic their
functions for practical applications. Herein, using molecular dynamics simulations, we
design bioinspired nanopores in graphene sheets that can discriminate between Na™
and K™, two ions with very similar properties. The simulation results show that, under
transmembrane voltage bias, a nanopore containing four carbonyl groups to mimic the
selectivity filter of the KcsA K™ channel preferentially conducts K over Na™. A nanopore
functionalized by four negatively charged carboxylate groups to mimic the selectivity filter
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of the NavAb Na™ channel selectively binds Na™ but transports K over Na™. Surprisingly,
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the ion selectivity of the smaller diameter pore containing three carboxylate groups can be tuned by changing the magnitude of the applied voltage bias.

Under lower voltage bias, it transports ions in a single-file manner and exhibits Na™ selectivity, dictated by the knock-on ion conduction and selective

blockage by Na™. Under higher voltage bias, the nanopore is K*-selective, as the blockage by Na™ is destabilized and the stronger affinity for carboxylate

groups slows the passage of Na* compared with K*. The computational design of biomimetic ion-selective nanopores helps to understand the mechanisms

of selectivity in biological ion channels and may also lead to a wide range of potential applications such as sensitive ion sensors, nanofiltration membranes

for Na™/K" separation, and voltage-tunable nanofluidic devices.
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hrough millions of years of evolution,

biological protein channels have de-

veloped many remarkable properties
and can provide a great source of inspira-
tion for the development of biomimetic
nanopores. These channel proteins trans-
port substances across membranes in cells
and are able to achieve extremely high
permeability simultaneously with exquisite
selectivity in order to realize a variety of
functions essential to life." For example,
protein water channels are able to achieve
rapid water fluxes while rejecting ions,? and
some ion channel proteins are able to dis-
criminate between very similar ion types by
a factor of over 1000 and can display current
rectification.® Moreover, these channels are
able to open and close their ion conduction
pathways in response to external stimulation
and so can respond to their environment.' The
remarkable features of biological channel pro-
teins have sparked tremendous experimental
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and theoretical efforts to utilize these prop-
erties in technological applications.*” '3
However, the mechanical properties of
these proteins are quite poor, and they
often lose bioactivity when leaving the bio-
logical setting, which has limited their use in
technological applications. Therefore, it is
very interesting to explore whether the key
structures and mechanisms of biological
channel proteins could be mimicked by
synthetic nanopores, which have much sim-
pler structures and stronger mechanical
properties, to transplant their functions to
practical applications. Biomimetic nano-
pores displaying rapid transport and/or
selectivity properties have a wide range of
potential applications, such as in the desa-
lination of seawater, in nanofluidic devices,
in ultrasensitive biosensors, and in biome-
dical diagnostics.

Graphene is a two-dimensional sheet of
sp>-bonded carbon atoms in a hexagonal
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honeycomb lattice with atomic thickness and high
mechanical strength.' Holes or defects in graphene
as small as 0.3 nm in radius, known as graphene nano-
pores, can appear naturally during synthesis' or can
be produced by means of etching, ion, or electron
bombardment'®'” and have a variety of potential
applications. First principle calculations'®'® and ex-
perimental work®® demonstrated that angstrom-sized
pores in graphene are capable of selective molecular
sieving for gas separation. Molecular dynamics (MD)
simulation results of Cohen-Tanugi et al.?' indicated
that functionalized nanopores with proper diameters
could separate NaCl salt from water, which may be an
effective means of water desalination. Wastewater
purification may be achieved by graphene oxide mem-
branes, which are able to remove heavy-metal salts
and organic contaminants from water.?? The theore-
tical work of Sint et al.?® suggested that the graphene
nanopores could be tuned to selectively transport
cations or anions by chemical modification. In addition,
graphene nanopores have been investigated as a
novel approach to DNA sequencing.*~2® Therefore,
graphene is an attractive material for the biomimetic
design of nanopores.

Having an understanding of the structures and
mechanisms of biological channel proteins is essential
if we are to transplant their properties to nanopores. In
this work, we focus on the selective passage of either
Na™ or K, which underlies electrical signaling in the
nervous system." It is generally considered quite diffi-
cult to distinguish between Na™ and K* ions, as they
are both alkali cations with the same charge, similar
hydration properties, and ionic radii. However, bio-
logical K™ channels have the ability to discriminate
K* from Na™ by up to 1000-fold,"*® whereas the Na™
channels can select Na* over K with an efficiency of
up to 100:1.3%3" The recently determined crystal struc-
tures of a voltage-gated prokaryotic sodium channel
from Arcobacter butzleri®' (NavAb) and a potassium
channel from Streptomyces lividans>? (KcsA) along with
a number of additional structures®>~3¢ provide a basis
for rationalizing the physical foundation of ion selec-
tivity. Both are formed from a tetrameric arrangement
of protein chains and include a narrow pore region
(selectivity filter) known to dictate ion selectivity. The
selectivity filter of the KcsA K* channel is lined by four
rings of backbone carbonyl groups (Figure S1 in the
Supporting Information). When K™ and Na™ enter into
the narrow filter, they are almost completely dehy-
drated and the carbonyl groups partially compensate
for this effect, albeit to a greater extent for K than
Na* The exact reason why this compensation is
better for K™ than Na* is still a hot topic of research.
It may include “topological” factors, such as the size
and flexibility of the pore, the chemical nature of the
pore lining, the coordination numbers accessible to
ions in the pore, as well as the kinetic consequences of
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multi-ion conduction.®’™** The selectivity filter of
the NavAb Na™ channel is shorter and wider than that
of KcsA and is composed of a ring of four negatively
charged carboxylate groups from the Glu177 side
chains and two rings of backbone carbonyl groups
from Thr175 and Leu1763' The four carboxylate
groups of the Glu177 side chains form a relatively rigid
square-like structure stabilized by hydrogen bonds
with other residues (Figure S1 in the Supporting
Information). In the plane of four carboxylate groups,
Na™ binds to one carboxylate, and two water mol-
ecules form water bridges between Na® and two
neighboring carboxylates; K™ and Ca®" cannot form
such favorable coordination structures and are disfa-
vored in the pore.3"*~*7 |n addition, the determinants
governing Na™ or K™ selectivity have been systematically
explored in simplified model systems 37/394048=54

Inspired by the selectivity filters of NavAb Na®
channel and KcsA K channel, in this work, we design
biomimetic Na*- or K™-selective graphene nanopores
using MD simulations by altering the pore size and the
chemical nature of the pore rim. The unambiguous
goal is to achieve larger flow of the selected ion
(selective conduction) through the nanopores as is
required for practical applications, not just to show
differences in the free energy landscape of the ions® or
differences in ion—nanopore interactions (selective
binding).'® The successful design of biomimetic Na*-
or K*-selective graphene nanopores here may help
elucidate the essential ingredients required to gener-
ate selectivity for each ion type and provide the basis
for fabricating materials for potential applications.

RESULTS AND DISCUSSION

Bioinspired Graphene Nanopores. A certain number of
carbon atoms in the center of a 3.20 x 3.27 nm?
graphene sheet were removed to form biomimetic
nanopores. Three nanopores were designed, as shown
in Figure 1A. Four carbonyl groups were attached to
the 4CO nanopore, ~0.65 nm in diameter, to mimic
one out of the four layers of carbonyl groups in the
KcsA selectivity filter (Figure 1B). The 4COO nanopore
was functionalized with four negatively charged car-
boxylate groups with a diameter of ~0.79 nm, inspired
by side chains of the four glutamate residues in the
NavAb selectivity filter (Figure 1B). Three carboxylate
groups were attached to the 3COO nanopore, and its
diameter was 0.43 nm. To make the 4CO, 4COO, and
3COO0 nanopores, 16, 32, and 22 carbon atoms were
removed from the graphene sheet, respectively. Nano-
pores in graphene sheets can be punched by electron
beam'® or ion etching,'” and local oxidation could
be used to functionalize the pore rims.>> While these
methods can typically only produce pores of diameter
greater than 2—5 nm, here we show that a smaller pore
size is critical to generating ion selectivity. However, a
recent report suggests that the size of the graphene
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Figure 1. Graphene nanopores, biological inspiration, and
simulation system. (A) The 4CO, 4COO, and 3COO nano-
pores are modified with four carbonyl, four carboxylate, and
three carboxylate groups, respectively. Each carboxylate
group carries a net charge of —1 e. (B) Selectivity filter of the
KcsA K* channel consists of 16 backbone carbonyl groups.
The selectivity filter of the NavAb Na* channel contains four
carboxylate groups from glutamate residues side chains.
For clarity, only two out of four subunits are depicted for
each. (C) Simulation system. The graphene sheet is in cyan.
Water molecules are depicted as red and white rods. The
blue, green, and cyan balls represent Na®, K*, and CI-,
respectively. For some simulations, a transmembrane vol-
tage bias V is applied to generate a uniform electric field E
along the positive direction of the z-axis.

nanopore can be tailored through a combination of
electron beam irradiation and controlled heat.>® There-
fore, there is hope that very small pores such as those
described in this work will be fabricated in the near
future.

Energetics of Na™ and K™ Permeation through the Nano-
pores. The ion selectivity of the nanopores was first
explored by calculation of potential of mean force
(PMF), that is, the free energy profiles of an ion passing
through the nanopores. The two-dimensional and
one-dimensional PMF profiles for Na* and K* passing
through the 4CO and 4COO nanopores are shown in
Figure S2 in the Supporting Information and Figure 2,
respectively. All the PMF profiles should be considered
as single-ion PMFs as other ions were not present in the
nanopore during the umbrella sampling simulations.
The 4CO nanopore provides a larger and lower free
energy region for K™ than Na™ (Figure S2AB in the
Supporting Information). The energy barrier of Na™
transiting through the 4CO graphene nanopore is
2.9 kJ/mol higher than that of K* (Figure 2A). Therefore,
we expect it to be easier for K™ to pass through the
nanopore than Na™. Recent studies’*” 5% showed that
the hydration state of ions under nanoscale confine-
ment is quite different from that in the bulk.®* lon
coordination numbers and the type of ligands can
have a large influence on ion selectivity, 3’ —4193354
Thus, the hydration states of the ions were analyzed to
assess the origin of the small energy differences for
K* and Na™. During permeation through the 4CO
nanopore, some water molecules in the first hydration
shells of Na™ and K" are gradually stripped away and
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Figure 2. One-dimensional PMF for Na* and K" traversing
through (A) 4CO and (B) 4COO nanopores. The graphene
sheetisatz=0.

replaced by carbonyl groups from the nanopore
(Figure S3A,CC in the Supporting Information). In
the nanopore, Na* is coordinated by about 4.5 water
molecules and 1 carbonyl group and K* by 4.5 water
molecules and 2 carbonyl groups, with 2 or 3 water
molecules surrounding them on each side of the
graphene sheet (the inset of Figure S3A in the Support-
ing Information). Compared with that in bulk, Na*™ and
K™ are slightly dehydrated; however, K™ is coordinated
by one more carbonyl oxygen than Na™, resulting in
the K* selectivity of the nanopore, which is in line with
the prediction of Thomas et al. made in model sys-
tems.>® A similar situation is found in the selectivity
filter of KcsA, where K' is hydrated by two more
carbonyl groups than Na*, though their total coordi-
nation numbers are both bulk-like.®®

Asymmetric energy wells are presented on each
side of the 4CO0 nanopore for both Na* and K*, and
the energy wells of Na™ are deeper than those of K*
(Figure S2C,D in the Supporting Information). The
energy wells on the left are 6.6 kJ/mol (for Na*) and
4.3 kJ/mol (for K*) deeper than those on the right, as
shown in Figure 2B. The asymmetry originates from the
orientations of four carboxylates. The strong repulsive
interactions among them make them splay away from
the graphene plane, with more carboxylate groups
pointing to the left than to the right (the inset of Figure
S3B and Figure S4A in the Supporting Information),
which creates a more favorable electrostatic environ-
ment for cations at the left side of the graphene sheet.
Although the carboxylates sample both sides of the
graphene sheet in much longer simulations, and much
longer simulations would average over all slowly vary-
ing carboxylate orientations (Figure S4B in the Sup-
porting Information) and create a symmetrical PMF,
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the asymmetric profiles seen here represent the most
likely situation found with an electric field as described
in the simulations below. The energy wells of Na*
passing through the 4COO nanopore are —13.5 (left)
and —9.2 (right) kJ/mol, about 4.3 and 2.0 kJ/mol
deeper than those of K*. Therefore, Na* is expected
to bind to the 4CO0 nanopore more strongly than K*.
This observation agrees well with the classical field
strength theory;®® for example, low-field ligands tend to
favor larger cations, whereas high-field ligands tend to
favor small ones. In addition, several studies*®>0>367~69
also found the preferential binding of Na™ over K* to
carboxylate groups. When Na™* approaches the carbox-
ylate groups, about two water molecules are abruptly
removed from the first shell and substituted by two
carboxylate oxygen atoms (Figure S3B in the Support-
ing Information). However, this process occurs more
gradually for K*, and only when K* is in line with the
carboxylate groups on either side of the graphene is it
coordinated by two carboxylate oxygen atoms (Figure
S3D in the Supporting Information). Although the
dimensions of this channel were designed to match
that of the NavAb selectivity filter, the water bridges
suggested to be important for creating selectivity in
the biological counterpart*®*” are not seen here. This is
largely due to the fact that the carboxylate groups
move more freely as no hydrogen bonds are formed to
restrain them in one plane. Given the strong interac-
tions between both cations and the carboxylate
groups, the 4COO nanopore is anticipated to attract
multiple cations during ion conduction.

lon Conduction through the Nanopores under Different
Transmembrane Voltage. Calculations of PMFs and rela-
tive binding free energy of ions are extensively used to
study the ion selectivity of biological channels, but few
MD simulation studies**”%”" have directly observed
ion conduction due to the extremely high demands for
computational resources even though this is the clo-
sest way to compare the results with experiment. To
directly determine whether the nanopores can selec-
tively conduct Nat or K*, MD simulations of mixed
NaCl and KCl solution under different transmembrane
voltages (V) were performed. The ionic currents of
Na™ and K' flowing through these nanopores are
calculated’?”® and shown in Figure 3, while Figure 4
schematically illustrates the mechanism of ion selec-
tivity in each case. The K*/Na* selectivity ratio was
defined as the ratio of the bidirectional flows (sum of
the number of ions moving in each direction) of K™ and
Na™, as it can better describe the selectivity of the
nanopores under equilibrium condition and low vol-
tages than the ratio of ionic currents.

Under equilibrium conditions (V= 0), the number of
spontaneous permeations of K* (55) through the 4CO
pore is about 4 times of that of Na* (14). The ionic
currents of Na* and K' increase with V, while the
K*/Na* selectivity ratio is maintained to about 2—3,
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as shown in Figure 3A,F. Therefore, the 4CO nanopore
can selectively transport K* over Na™. The conduction
of Na™ and K through this nanopore is in single-ion
form (movie S1 in the Supporting Information). During
permeation, Na* and K™ usually interact with one and
two carbonyl groups in the nanopore (Figure 4A),
respectively, consistent with the observation in um-
brella sampling.

Despite being designed to mimic the selectivity
filter of NavAb and displaying a greater binding affinity
for Na™ than K*, the 4COO nanopore does not selec-
tively transport Na*t. As shown in Figure 3B,F, this pore
selectively conducts K™ over Na™ ataratio of about 2:1,
a little lower than that of the 4CO nanopore. However,
the mechanism of K™ selectivity of the 4CO0O nanopore
is quite different. The size of the 4COO nanopore is
large enough that it cannot be blocked by any cation,
and multiple cations bind to the nanopore simulta-
neously. Therefore, cations can pass each other in the
nanopore, and their passages do not take place via a
knock-on mechanism. The stronger binding of Na™ to
the carboxylate groups of the 4COO nanopore, evi-
denced by a peak in Na* number density at these
positions (Figure S5 in the Supporting Information) and
the reorientation of the carboxylates around Na*
(Figure 4B and movie S2 in the Supporting Information),
slows down the passage of Na™ compared with that of
K*. Even though Na™ binds more strongly than K in
this pore, it does not achieve Na™ selectivity as K* can
bypass bound Na™ ions. Can we create a Na*-selective
pore by utilizing the preferential binding on Na™ but
preventing ions from passing each other? We designed
the 3COO nanopore with smaller diameter to address
this question.

As shown in Figure 3C—F, the 3COO nanopore
exhibits different ion selectivity under low voltages
and high voltages. Under low V, Na* is selectively
conducted by this nanopore (Figure 3C and Figure
S6A in the Supporting Information for V = 0.3052 V
(E=0.07 V/nm)). For V =0, 0.0436, 0.1308, and 0.218 V
(E=0,0.01, 0.03, and 0.05 V/nm), a longer simulation
(1000 ns) was performed to ensure enough sampling
of ion passage events through the 3COO nanopore.
The passage rate of Na™ to K is 4.55:1 for V=0.218 V
(E=0.05V/nm).For V=0.1308,0.0436,and 0 V (E=0.03,
0.01, and 0 V/nm), the number of passage events for
Na®™ and K* are 48, 13, 8 and 2, 0, 0, respectively,
indicating that the Na™/K* selectivity of this nanopore
increases with the decreasing V.

lon conduction through the 3COO nanopore under
low V shows unusual features. Conduction takes place
via a knock-on mechanism (movie S3 in the Supporting
Information), as occurs in a number of biological ion
channels. Unlike in NavAb, the 3COO nanopore is
blocked by the cation in its center and ions cannot
pass each other, as the strong attraction from the
cation in the nanopore makes the three carboxylate
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Figure 3. lonic currents of Na™ and K* through (A) 4CO, (B) 4C00, and (E) 3COO nanopores, the cumulative charge of Na* and
K" through the 3COO nanopore under (C) V= 0.218 V and (D) V = 0.654 V and (F) K¥/Na™ selectivity ratio of each nanopore
under different transmembrane voltages. The currents of CI~ were always zero for these nanopores.

Figure 4. Schematic illustration of the mechanisms of
ion selectivity of (A) 4CO, (B) 4COO, and (C,D) 3COO nano-
pores under low and high transmembrane voltages. The
time needed for a Na* and a K™ to pass through the nano-
pores is Ty,+ and i, respectively. The blue and green balls
represent Na* and K™, respectively.

groups stay in the plane of the graphene sheet
(Figure 4C). As a result, cations conduct in a single-file
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manner. The strong binding of Na™ to the carboxylate
groups and the smaller size of Na™ which just fits in the
plane of nanopore create a more stable ion—nanopore
complex than with K. As a consequence, the pore is
preferentially blocked by Na™, and it is much easier for
the resident ion to be displaced by another Na* than
by K*, as shown schematically in Figure 4C, which
ultimately yields the observed ion selectivity. Never-
theless, the stronger binding of Na®™ means that the
time taken for a single conduction event is longer for
Na™ than for K*. The effect of ion concentration on ion
conduction through the 3COO nanopore under low V
should be noted. When the ion concentration is very
low, the ion conduction event will not take place, as the
repulsion force of another cation during the knocking-
on process is required to overcome the strong affinity
force of carboxylate groups on the cation to achieve
the ion conduction.

Remarkably, under high V(0.436, 0.654, and 0.872 V)
(E = 0.1, 0.15, and 0.2 V/nm), the 3COO nanopore is
switched to selectively conduct K™ over Na* (with a
selectivity ratio of about 2:1), as shown in Figure 3D—F
and Figure S6B,C in the Supporting Information. The
reason for this change in selectivity is that both the
position of the carboxylate groups and the most
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favored binding positions of the ions change in re-
sponse to the electric field. The carboxylate groups
tend to swing out of the graphene plane (Figure 4D
and Figure S7C in the Supporting Information), which
destabilizes the binding of Na™. In this situation, Na™
cannot block the pore as tightly as under low V. As a
consequence, K can displace a resident Na* ion and
pass across the nanopore easily, while Na™ sticks to the
carboxylate group on the right side of the graphene
and takes much longer to leave, as shown in Figure 4D
and movie S4 in the Supporting Information. The
stronger binding of Na* to carboxylate groups slows
down its passage, similar to the situation in the 4COO
nanopore. A change in selectivity ratio has been seen
in simulations of the biological channel NavMs which
showed approximately a 15-fold preference for Na™
over K* under low voltages but only a 2.5-fold pre-
ference under high voltages.”’

Another way to explore the selectivity change of
the 3COO0 pore with voltages is to calculate the number
density of Na™ and K™ along the nanopore axis (z),
shown in Figure 5. The passage of ions through the
graphene nanopores includes two processes: entry
into the nanopore from the left side of graphene and

HE ET AL.

exit from the nanopore from the right side of gra-
phene. Increasing V makes it easier for K* to enter into
the nanopore (evidenced by the increase of the K"
peak height at z = 0). It becomes more difficult for Na™
to get into and block the nanopore (evidenced by the
decrease of the Na™ peak height at z = 0) and more
difficult to leave the nanopore (evidenced by the
increase of the Na® peak height at z = 0.3) when
increasing the voltage. As a consequence, the selec-
tivity of the nanopore is gradually switched from
favoring Na™ to preferring K*. In addition, the selec-
tivity change of the 3COO nanopore is closely corre-
lated to the deformation of the carboxylate groups at
the pore rim induced by the high voltages, as shown in
Figure 5E,F. Under low voltages (0, 0.0436, 0.1308 V),
the carboxylate groups stay in the plane of the gra-
phene sheet and show the largest Na® selectivity.
Under high voltages (0.654 and 0.872 V), the strong
driving force of the electric fields makes the carbox-
ylate groups swing out of the graphene plane, and the
maximum K™ selectivity is obtained when this defor-
mation is greatest.

Comparing the results in the three nanopores
allows us to identify some of the critical factors for
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creating ion selectivity. In general, it appears easier to
make the graphene nanopores selective for Kt than
Na™, which is probably due to K* leaving bulk water
more easily due to its lower hydration energy®®¢"5*
and Na™ tending to be slowed by stronger interactions
to charged or polar groups in the pore. To make a Na™-
selective pore, we found it essential that (i) the pore is
small enough that ions cannot pass each other, (ii) Na™
binds more strongly than K' in the pore, and (iii)
conduction takes place in a knock-on rather than
single-ion fashion. Surprisingly, the filter of NavAb does
not meet all these criteria as ions are able to pass each
other,*®7174776 byt there are also a number of other
factors at play in this pore such as structural constraints
on key chemical groups and the longer length and
more complex environment of the filter.

CONCLUSIONS

We have designed three biomimetic Na*- or K*-
selective graphene nanopores based on MD simula-
tions. Under a transmembrane voltage bias, the 4CO
nanopore, which mimics the KcsA selectivity filter,
selectively conducts K* over Na*, as Na* encounters
an ~2.9 kJ/mol higher energy barrier than K*, while the
4COO0 nanopore, mimicking the NavAb selectivity filter,
selectively binds Na™ but selectively transports K™ over
Na™, due to its stronger affinity (by 4.3 kJ/mol) for Na™.

COMPUTATIONAL METHODS

Simulation Models and Details. The graphene nanopore was
located at the center of a simulation box, dividing it into two
compartments (Figure 1C). The simulation box was filled with
0.5 M NaCl and 0.5 M KCI mixture solution, comprising about
1670 water molecules, 15 Na™, 15 K", and 30 CI™. For the 4CO0O
and 3COO0O nanopores, one or two more Na™ and K™ ions were
added to make the system electro-neutral.

In the simulations, the partial charges and parameters for
the carbonyl groups and carboxylate groups were taken from
the backbone carbonyl group and the side chain of glutamic
acid in the CHARMM 27 force field,”” respectively. Each carbox-
ylate group —COO™ carries a net charge of —1 e. All carbon
atoms not in the functional groups were modeled as sp*like
aromatic carbons in the CHARMM?27 force field, and the TIP3P
model”® was used for water. The parameters for Na™, K*, and
ClI~ were also taken from the CHARMM27 force field. After
energy minimization, the system was equilibrated for 2 ns under
NPT ensemble at 300 Kand 1 atm to obtain proper water density
in the system. The NVT ensemble was implemented in the
subsequent simulations. The short-range van der Waals inter-
actions were cut off at 1 nm. The long-range electrostatic inter-
actions were computed with particle mesh Ewald method.”
Periodic boundary conditions were imposed in all directions.
Trajectories were integrated using the leapfrog scheme with a
time step of 2 fs. Coordinates were stored every 1 ps. During the
simulations, only the carbon atoms at the edges of the gra-
phene sheet were fixed to keep the graphene at the center of
the simulation box; the functional groups and other graphene
carbon atoms were mobile.

Simulating lon Conduction under Transmembrane Voltage Bias. Dur-
ing each ion conduction experiment, a uniform electric field
E was applied along the positive direction of the z-axis to gen-
erate an effective transmembrane voltage bias V (Figure 1C)
to drive ions through the nanopores.”>”* The corresponding
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The 3COO nanopore shows a voltage-dependent
selectivity: the passage of Na* is favored with a low
voltage as a consequence of the selective blockage of
the pore by Na*, while the passage of K* is favored
under high voltages as Na™ no longer blocks the pore,
but its stronger affinity for carboxylate groups slows its
passage. In addition, under low voltages, the 3COO
nanopore exhibits unusual conduction properties (i.e.,
single-ion conduction with knock-on mechanism),
which makes this nanopore act as a novel ion trans-
porter or quanta arithmometer. This study demon-
strates that the structures of biological channel pro-
teins and the mechanisms for their functions indeed
could provide inspirations and directions for the de-
sign of biomimetic devices to transplant their functions
to practical applications, though sometimes it is diffi-
cult to reproduce the elaborate structures critical to
their functions, such as the water bridge formed in
NavAb selectivity filter cannot be replicated by the
4C0OO0 nanopore to achieve Na™ selectivity. The design
of biomimetic ion-selective nanopores, in turn, gives
deeper insights into the ion selectivity mechanisms of
biological ion channels. These biomimetic Na*- or K*-
selective graphene nanopores have potential applica-
tions as sensitive ion sensors, novel nanofiltration
devices for Na™/K™ separation, and as a voltage-switch
machine to transport selected ions.

voltage bias was calculated via V = —E x L, where L, is the
extent of the simulation box along the z-axis (4.36 nm). The first
5 ns is used as equilibration, and the data from the remainder
(300 ns unless otherwise stated) were collected to analyze ion
conduction. The simulation was divided into equal 100 ns
blocks to calculate the error bars of ionic currents and K*/Na™
selectivity ratio of the nanopore. For these nanopores, E = 0,
0.01, 0.03, 0.05, 0.07, and 0.1 V/nm were used to generate
voltages of V = 0, 0.0436, 0.1368, 0.218, 0.3052, and 0.436 V.
Additional larger V= 0.654 and 0.872 V (corresponding £ = 0.15
and 0.2 V/nm) were also applied in the 3COO nanopore system
as it displayed lower currents. We note that the applied trans-
membrane voltage bias induces the formation of CI~ concen-
tration polarization layers on the right side of the graphene
sheet (Figure S8 in the Supporting Information).

Potential of Mean Force (PMF) Calculation. The single-ion two-
dimensional PMF in the axial and radial directions for Na* and
K™ passing through the nanopores was determined with um-
brella sampling® in the absence of an electric field. In this
method, a harmonic biasing potential was used to restrain the
position of the ion along the reaction pathway defined by the
axial distance (2) to the nanopore center and radial distance (r)
to the nanopore axis. For the 4CO and 4COO nanopores, the
target position of the ion was moved fromz=—15toz=15nm
in 0.05 nm increments for both r = 0 and r = 0.5 nm using force
constant 400 and 40 kJ/mol/nm?in the axial and radial directions,
respectively. In addition, a larger constant of 400 kJ/mol/nm? in
the radial direction was also used for r = 0 nm to better sample
positions close to the nanopore axis; the radial position at
r = 0.8 nm was also sampled for the 4COO nanopore due
to its larger diameter. Each window was run for 1.5 ns, and
the first 0.5 ns was excluded as equilibration. To test conver-
gence, we ran a number of the PMF profiles for an additional 1.0
ns and found all points changed by less than 1.0 kJ/mol. Using
the implementation by Grossfield,®! the weighted histogram
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analysis method® (WHAM) was used to calculate two-dimen-
sional PMF with a tolerance of 107> 150 and 40 bins were
adopted in the axial and radial directions, respectively. The two-
dimensional PMF was renormalized in the radial direction to
account for the size of the volume element 2szr. A one-dimen-
sional PMF was obtained by integrating the normalized prob-
abilities in x—y plane up to r = 0.8 nm. All the simulations were
performed with GROMACS4.5.5 software.®> The PLUMED1.3.0
plug-in® was used for the two-dimensional PMF calculation.
Coordination number calculations were based on the cutoffs of
0.32 and 0.36 nm for Na™ and K™, respectively.
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