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ABSTRACT: Reproducing the structure and function of biological
membrane channels, synthetic nanopores have been developed for
applications in membrane filtration technologies and biomolecular
sensing. Stable stand-alone synthetic nanopores have been created from
a variety of materials, including peptides, nucleic acids, synthetic
polymers, and solid-state membranes. In contrast to biological
nanopores, however, furnishing such synthetic nanopores with an
atomically defined shape, including deliberate placement of each and
every chemical group, remains a major challenge. Here, we introduce a
chemosynthetic macromoleculeextended pillararene macrocycle
(EPM)as a chemically defined transmembrane nanopore that exhibits
selective transmembrane transport. Our ionic current measurements
reveal stable insertion of individual EPM nanopores into a lipid bilayer membrane and remarkable cation type-selective transport,
with up to a 21-fold selectivity for potassium over sodium ions. Taken together, direct chemical synthesis offers a path to de novo
design of a new class of synthetic nanopores with custom transport functionality imprinted in their atomically defined chemical
structure.

■ INTRODUCTION

Biological membrane channels facilitate transport of ions and
water through the barrier of a cell membrane with enormous
selectivity, creating and maintaining a transmembrane
potential−the fundamental property of a living cell. Guided
by several high-resolution atomic structures,1 biophysics
research derived mechanistic understanding of ion conduc-
tance and selectivity in potassium channels. The selectivity
filter in the biological potassium channel is thought to perfectly
coordinate K+ ions during the passage, compensating the
dehydration energy penalty via multiple proposed mecha-
nisms.2,3 On the other hand, de novo construction of a highly
efficient, stable, artificial potassium channel remains a grand
challenge. Creation of such synthetic systems will not only
enrich our understanding of ion transport but also enable
technological advances in nanopore applications.4−6

Artificial nanopores have mimicked the basic structure and
many functions of natural channels in activated conduction,
water transport, biomolecule translocation, and cation−anion
selectivity.7−9 In contrast to their natural counterparts, in the
constellation of heavily explored artificial nanopores such as
solid-state nanopores, nanopores in 2D materials, carbon
nanotube porins, DNA origami nanopores, and polymer
channels,6,10−14 none of these well-established nanopore
systems displays considerable potassium selectivity over other
monovalent cations at a single nanopore level. Ensemble

measurements, in turn, have identified several groups of
synthetic chemical constructs, such as crown ethers and
pillararenes, as potential candidates for the construction of
artificial potassium channels.15−19 Solid-state nanopores
functionated with potassium-selective crown ethers were
shown to exhibit potassium ion selectivity in both theory20

and experiment.21 However, demonstrating intrinsic potassium
selectivity of individual synthetic nanopores remains challeng-
ing due to the difficultly of unambiguously measuring the ionic
currents from individual, stably formed macromolecular
nanopores.

■ RESULTS AND DISCUSSION
Inspired by the biological systems, we designed a chemically
defined macrocycle nanopore with an ion-conducting cavity
that spans a lipid membrane. Our synthetic nanopore was built
using pillararene22 derivatives to feature a central cavity
decorated with eight peptide chains. Our approach to chemical
synthesis was adapted from the previous work used to obtain
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macrocycle molecules23 (Figures S1 and S2). Each inter-
mediate product of the synthesis process was identified by
spectroscopic analysis using 1H nuclear magnetic resonance
(NMR) and a matrix-assisted laser desorption/ionization-time-
of-flight mass spectrometer (MALDI-TOF). As shown in
Figure 1a, the EPM molecule is composed of four hydro-
quinone units linked with two biphenyl groups, forming a
molecular cavity with an effective diameter of 12 Å along the
long axis and 6 Å along the short axis (Figure 1b). To
incorporate this structure into lipid membranes, we further
designed the side chains24 attached to the EPM ring (Figure
S2) to contain four phenylalanine (Phe) units that mediate the
adhesion of EPM molecules to lipid bilayers and stimulate the
formation of stable transmembrane channels. MALDI-TOF
data of the obtained EPM products (Figure 1c, Figure S3)
indicate the molecular weight of individual channels of 6212.5

Da, matching the 6214.9 Da molecular weight of the designed
structure, which demonstrates the successful modification of
the side chains. The lower molecular weight (4000−6000 Da)
may be assigned to molecules with less substituents owing to
their bulky steric hindrance.
Varying the number of hydroquinone groups at the pore

constriction enables precision-tuning control over the size of
the central cavity22 (Table 1). As the molecular cavity of EPM
is made of only a monolayer of benzene derivatives, its effective
thickness is estimated to be 6 Å, comparable to the thickness of
single-layer MoS2 nanopores,

10 though the presence of the side
chains may slightly increase the effective thickness. This
bottom-up pore-forming approach is analogous to the
assembly of DNA origami nanopores.12,25,26 Notable advan-
tages of the synthetic approach are the angstrom-precision
definition of the nanopore geometry, the uniformity in the

Figure 1. Synthetic nanopores based on the EPM molecules. (a) 3D geometry of the synthetic EPM nanopores. Length of side chain: 23.0 Å.
Cavity size: 6 and 12 Å. (b) Peptide side-chain modification process of the EPM nanopores and the structure of peptide side chains. Green: carbon
atom. Red: oxygen atom. Blue: nitrogen atom. White: hydrogen atom. (c) MALDI-TOF mass spectrum of the EPM pore. EPM with eight side
chains is marked in color shadow. Other m/z peaks may be assigned to EPM with less substituents. (d) Cryo-EM of EPM nanopores on lipid
vehicles.
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molecular structure among different copies of the nanopore,
and the possibility of direct site-specific addition of functional
chemical groups.
Spontaneous insertion of nanopores into lipid bilayers is

favorable for pore-forming proteins that have hydrophobic
surfaces.27,28 Hydrophilic nanopores can, nevertheless, be
inserted with the help of hydrophobic chemical modifications
that outweigh the free-energy penalty for having a hydrophilic
molecule inserted in a lipid bilayer.12,29,30 In our system, we
designed the length of the Phe chain (23 Å) to match the
width of a lipid bilayer (∼40−50 Å) in a fully extended state, as
illustrated in Figure 1. The presence of the side chains also
prevents the self-assembly of multiple EPM molecules into
long supramolecular nanotubes.17 Although determining the
exact spatial arrangements of the pores in the lipid membrane
is challenging due to the lack of the characterization resolution,
cryo-electron microscopy (cryo-EM) of lipid vesicles mixed
with EPM molecules (Figure 1d) suggests the formation of
single transmembrane pores and no evidence of intermolecular
aggregation (Figure S4).
To demonstrate that the synthetic molecules can form

membrane-spanning nanopores, we employed single-channel
electrical recording to probe the ionic transport properties.
Potassium chloride (KCl) solution containing EPM molecules
(Supporting Information) was added to the cis chamber, and
the transmembrane current was recorded under a bias of 200
mV. In the representative current traces, Figure 2a, we
observed a stepwise increase in the ionic current resulting
from the successive incorporations of individual EPM
nanopores into lipid membranes. The rate of pore insertion
could be controlled by dilution of the EPM solution and the
voltage magnitude, enabling us to record single-step incorpo-
ration events (Figures S5−S7). The single-step conductance
histogram, Figure 2b, indicates that the EPM nanopores have
an average ionic conductance of 99.28 ± 1.95 pS in 500 mM
KCl, as confirmed by the current voltage (I−V) characteristic
measurement, Figure 2c. The current traces measured at
different ion concentrations, Figure 2d, indicate formation of a
stable transmembrane channel (Figure S7), which can last for
up to 1 h (Figure S6).
The measured dependence of the ionic conductance (Figure

S8) on the ion concentrations further shows that the measured
current results from ion permeation across the membrane. The
ionic current noise in the EPM nanopores was found to be

similar to that of protein nanopores and increase with ion
concentration, as shown by the power spectral density (PSD)
analysis (Figure S9). The conductance of single pores is also
subject to pH control (Figure S10). A fraction of the pores
(∼20% of total observations) was found to exhibit a gating
behavior that featured a stochastic switching between two
conductance states (Figure 2d), similar to gating observed in
biological ion channels, DNA origami, and nanotube
porins.12,31 Although the gating baseline stays at the same
conductance level as in the stable single channel recordings,
the gating phenomenon is hard to control and can originate
from a variety of reasons, including structural and charge
fluctuations.32

Owing to the pore walls containing π-electron-rich hydro-
quinones, the cavity of an EPM molecule can directly interact
with electron-poor species like cations via the host−guest
interactions.33 To identify the specificity of the supramolecular
interaction with different cation types, we measured the
transport of sodium ions and potassium ions through a single
EPM pore as a function of ion concentration. Strikingly, the I−
V data presented in Figure 3a and Figure S11 display a clear
potassium selectivity: the EPM pore conductance (223.5 ±
22.9 pS) in 1 M KCl is 1 order of magnitude higher than that
in 1 M NaCl (22.4 ± 0.4 pS). To quantify this difference, we
used the ratio between the potassium conductance and the
sodium conductance as the selectivity factor21 (Figure 3b).
Similar to natural potassium ion channels,34 the selectivity
improves when the ion concentration is increased from 50 mM
to 2 M and reaches a factor of 21 at 2 M.
The ion selectivity was further characterized by reversal

potential measurements under a concentration gradient
condition. As shown in Figure 3c, a reversal potential of
−18.0 mV was observed for potassium ions (500 mM KCl/100
mM KCl) in contrast to a −9.5 mV potential measured for
sodium ions (500 mM NaCl/100 mM NaCl). Based on the
reversal potential and the Goldman−Hodgkin−Katz equa-
tion,32 we estimate the ion selectivity of up to 18.9 (condition:
2 M/200 mM), as detailed in Figure S12.
The potassium-selective conductance (Figure 3d) of the

same EPM nanopore is found to be reversible, as shown by
sequential recordings in the solution replacement experiments
(Figure S13). That is, favorable potassium conduction is
restored when the solution is changed back to KCl. The
observed potassium selectivity can be explored to design new

Table 1. Structure of Synthetic Macrocyclic Molecules
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functionalities. Figure 3e reveals a diode-like ionic current
rectification of an EPM nanopore operating under asymmetric
condition of 1 M KCl/1 M NaCl. In addition, measurements
from a mixture of KCl and NaCl solutions suggest that the
selectivity can be precisely regulated by the mole fraction
control of the mixed solution (Figure 3f and Figure S14).
Thus, our single pore measurements quantitatively demon-
strate that EPM nanopores exhibit high potassium selectivity,
which is comparable to the reported selectivity of crown ether-
based artificial potassium channels35−38 and foldamer-based
channel39 but is still lower than the highest reported selectivity
of natural potassium channel KcsA.34,40

The physical principle governing the operation of our
synthetic potassium channel remains elusive at the atomic
level. One primary challenge lies in characterizing the in situ

conformation of the EPM pore in a lipid membrane, which can
differ from its known crystal structure.23 Although we have
successfully identified the chemical structures using various
analytical tools, the dynamic EPM configuration in a lipid
bilayer remains largely unknown. We thereby optimized the
spatial structures of EPM using the density functional theory
(DFT) calculations to minimize the free energy under virtual
conditions (Figure S15). Referring to the literature,1,3 ion
bindings play an important role in selective transport.
Moderate ion binding can facilitate the selective transport via
compensating the dehydration cost whereas tight bindings due
to deep potential wells can trap the ions and prohibit the
conduction.1,41,42 Our NMR and MALDI-TOF character-
izations suggest that the binding of sodium ion to our
macrocycle structures is preferable (Figures S16−S19). To

Figure 2. Single channel recordings of ion transport through individual EPM nanopores. (a) Stepwise incorporation of individual EPM nanopores
into lipid bilayers. (b) Histogram of channel conductance obtained from 127 single-step incorporation events in 500 mM KCl. Conductance of the
first fit peak (1×) and of the second fit peak (2×) is 99.28 ± 1.95 and 220.5 ± 4.40 pS, respectively. The value of the first fit peak represents the
conductance of the nanopore formed by a single EPM molecule. Error bars are derived from the Gaussian fitting. (c) Current−voltage
characteristic of a single EPM nanopore in 500 mM KCl. (d) Typical current traces and normalized current histograms (right) of individual EPM
nanopores, and the gating behavior. The normalized histogram of the current trajectories generated by the stable nanopores is unimodal. The
normalized histogram of the current trajectory with gating behavior is bimodal, indicating that the nanopore switches between two conductance
states.
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provide a connection between the ion binding results and the
molecular-level physical image, we used the candidates
obtained from the DFT calculations for molecular dynamics
(MD) simulations of ion transport.
From the standpoint of the MD method, the highly

reproducible, stable, and selective ion transport through
EPM nanopore is somewhat of an enigma. Following the
methods used previously to simulate various synthetic
nanopore systems,8,25,43 we built a computational model that
included a single EPM nanopore embedded in a lipid bilayer
membrane and surrounded by 1 M electrolyte solution, Figure
4a. In a typical simulation, the EPM nanopore remained stably
embedded in the lipid bilayer while the electrolyte solution
developed two funnel-like protrusions reaching toward the

nanopore constriction, Figure 4a. During the simulation, water
molecules were observed to form a continuous path from one
side of the membrane to the other, allowing water to pass
stochastically across the pore, Figure 4b, with the rate (∼3
molecules/ns) expected for a similar size biological nanopore.
The structural fluctuations in the pillararene molecule were
confined to less than 2.5 Å average root mean squared
deviation (Figure S20). The peptide side chains that extended
radially from the constriction in the initial model (Figure 1)
adopted a more compact conformation at the end of the
unrestrained equilibration simulation, Figure 4c. Applied
electric field simulations, however, produced mixed results:
the ionic conduction was found to depend much stronger on

Figure 3. Potassium-selective ion conduction in EPM nanopores. (a) I−V curves of a single EPM nanopore in 1 M KCl and 1 M NaCl solution.
Blue: KCl solution. Orange: NaCl solution. (b) Selectivity of the EPM nanopores as a function of ion concentrations. The selectivity factor is the
ratio between potassium conductance and sodium conductance under the same concentration. (c) Reverse potential in three experiments with
different concentration gradients. Inset: I−V curves obtained under the concentration gradient in 500 mM/100 mM KCl and NaCl solution. Blue:
KCl solution. Orange: NaCl solution. Error bars are derived from the standard deviation from multiple experimental measurements. (d) Schematic
diagram for the transport of potassium and sodium ions in a single EPM nanopore. (e) I−V curves of asymmetric solution in 1 M KCl/1 M NaCl
solution. (f) Ionic current measurements in the mixtures of KCl and NaCl solution for EPM nanopore. The total ionic strength is 500 mM.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c04910
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c04910/suppl_file/ja1c04910_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04910?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04910?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04910?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04910?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c04910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the structure of the interface between the lipid bilayer and the
EPM nanopore than on the electrolyte type.
To take away the effect of the unknown structure of the

lipid−nanopore junction, we built a simulation system
containing only the constriction of the EPM nanopore, Figure
4d, and used replica exchange umbrella sampling simulations
to evaluate the energetics of ion passage. The resulting
potential of mean force (PMF) was found to indicate
considerable ion selectivity; however, the specific effect varied
greatly upon minute changes to the constriction configuration,

Figure 4e−g. Another limiting factor is that the current
molecular force field has not been parametrized to fully
reproduce specific binding of cations to aromatic residues.33,44

Taken together, our MD simulations failed to find one stable
microscopic configuration of the EPM nanopore/lipid bilayer
system that would reproduce all the experimental observations.
Our analysis, however, showed that the nanopore constriction
itself can be potassium selective and that such selectivity
sensitively depends on the arrangement of individual atoms
within the constriction (Figure 4e). A possible reconciliation of

Figure 4. All-atom MD simulations of water and ion transport through EPM nanopores. (a) Cut-away view of the initial all-atom model of EPM
nanopore embedded in a POPC bilayer and solvated with 1 M KCl electrolyte. The constriction region of the channel is shown using green
spheres, whereas the peptide side chains are shown in purple. The oxygen atom of the water molecules is shown using red spheres. The K+ and Cl−

ions are shown using yellow and cyan spheres, whereas the lipid bilayer is shown using the thick turquoise line. The initial configuration of the EPM
channel (top and side view) is shown in the right panels. (b) Number of water molecules permeated through the EPM channel as a function of the
simulation time. The shaded regions indicate the time intervals when harmonic restraints were applied to all atoms of the EPM nanopore (with k1
and k2 of 1 and 0.1 kcal mol−1 Å−2, respectively) and only to the atoms of the nanopore constriction (k3 = 0.1 kcal mol−1 Å−2). (c) Microscopic
configuration of the simulation system at the end of the 450 ns MD simulation. (d) Schematics for the calculations of the ion permeating across the
EPM channel, showing a typical snapshot of EPM nanopore immersed in a box of water and ions. The respective ion is confined to the cylindrical
region (radius 3 Å) around the nanopore. (e−g) Free energy (PMF) of the K+, Na+, and Cl− ions as a function of the distance from the center of
the EPM channel along the z-axis computed having all heavy atoms of the EPM restrained to either DFT-optimized (e) or crystallographic (f)
structures or having only the four carbon atoms (orange) restrained (g). The two curves for each ion type in panel (g) were obtained using the
DFT-optimized and crystallographic structures as starting configurations for the free-energy calculations.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c04910
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/jacs.1c04910?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04910?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04910?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04910?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c04910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the simulation and experimental data could be a picture where
the EPM nanopore indeed undergoes rapid conformational
changes but those changes are too rapid to be registered
experimentally, producing the ionic current that, just like the
light of a fluorescent bulb, appears steady at a longer
(milliseconds) time scale but is inherently bursty when looked
with a finer temporal resolution.

■ CONCLUSION
Macrocycle nanopores are ideally designed for atomic-
precision ionic and molecular transport measurements. Here,
we demonstrated the successful construction of a stable, single
transmembrane EPM nanopore and explored its potassium-
selective ion transport properties. Compared with the recently
reported nanopore strategies using polymer folding13 and de
novo design of protein pores,45 our macrocycle nanopores
directly benefit from the precisely programmed molecular
geometry and functionalities. Considering the single unit
thickness, this class of nanopores has the potential to deliver an
ultrahigh sensitivity in nanopore experiments. Future studies
exploring larger organic macrocycles (Table 1) may also enable
novel applications in DNA and protein sensing.27
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