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CONS P EC TU S

T he transport of molecules and ions across nanometer-scaled
pores, created by natural or artificial molecules, is a phenom-

enon of both fundamental and practical significance. Biological
channels are the most remarkable examples of mass transport
across membranes and demonstrate nearly exclusive selectivity
and high efficiency with a diverse collection of molecules. These
channels are critical for many basic biological functions, such as
membrane potential, signal transduction, and osmotic homeostasis.

If such highly specific and efficient mass transport or separa-
tion could be achieved with artificial nanostructures under con-
trolled conditions, they could create revolutionary technologies in
a variety of areas. For this reason, investigators from diverse
disciplines have vigorously studied small nondeformable nanopores. The most exciting studies have focused on carbon nanotubes
(CNTs), which have exhibited fast mass transport and high ion selectivity despite their very simple structure. However, the
limitations of CNTs and the dearth of other small (e2 nm) nanopores have severely hampered the systematic investigation of
nanopore-mediated mass transport, which will be essential for designing artificial nanopores with desired functions en masse.

Researchers can overcome the difficulties associated with CNT and other artificial pores by stacking macrocyclic building blocks
with persistent shapes to construct tunable, self-assembling organic pores. This effort started when we discovered a highly
efficient, one-pot macrocyclization process to efficiently prepare several classes of macrocycles with rigid backbones containing
nondeformable cavities. Such macrocycles, if stacked atop one another, should lead to nanotubular assemblies with defined inner
pores determined by their constituent macrocycles. One class of macrocycles with aromatic oligoamide backbones had a very high
propensity for directional assembly, forming nanotubular structures containing nanometer and sub-nanometer hydrophilic pores.
These self-assembling hydrophilic pores can form ion channels in lipid membranes with very large ion conductances.

To control the assembly, we have further introduced multiple hydrogen-bonding side chains to enforce the stacking of rigid
macrocycles into self-assembling nanotubes. This strategy has produced a self-assembling, sub-nanometer hydrophobic pore that not
only acted as a transmembrane channel with surprisingly high ion selectivity, but also mediated a significant transmembrane water flux.

The stacking of rigid macrocycles that can be chemically modified in either the lumen or the exterior surface can produce self-
assembling organic nanotubes with inner pores of defined sizes. The combination of our approach with the availability and
synthetic tunability of various rigid macrocycles should produce a variety of organic nanopores. Such structures would allow
researchers to systematically explore mass transport in the sub-nanometer regime. Further advances should lead to novel
applications such as biosensing, materials separation, and molecular purifications.

Introduction
Many unusual phenomena have been observed at nano-

scopic dimensions, perhaps none more intriguing than

what has been found within the confined spaces of nano-

pores, whether natural or man-made.1 Among these, the

unexpected mass transport properties of these tiny pores
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(with bore diameters down to sub-nanometer dimensions) is

creating tremendous excitement not only for what their

study has revealed of natural processes at these length

scales but also for their potential applications in a wide

range of areas, including medicine, chemistry, and industry.

The most sophisticated nanopores made by nature are

biological channels that possess extraordinary properties in

molecular transport. For instance, potassium ion channels,

critically important for the maintenance of cell membrane

potential,2 exhibit a selectivity of potassium over sodium

that exceeds 10000.3 Aquaporins, responsible for osmotic

homeostasis of a cell, readily permit a high flux of water

molecules even to the exclusion of protons.4

Presently the most studied artificial nanopores are those

of carbon nanotubes (CNTs) owing to their extraordinary

mass transport characteristics. In 2001, results from molec-

ular dynamics (MD) simulations on the 8.1 Å pore of a single-

walled CNT suggested that water molecules could sponta-

neously and continuously fill the sub-nanometer pore as

a one-dimensionally ordered chain, with rapid, pulse-like

transmission through the highly hydrophobic lumen.5 This

unusual property of hydrophobic nanopores was confirmed

experimentally in 2006.6 The transport of water and

methane through aligned CNTs with pores smaller than 2

nmwere found tobe several orders ofmagnitude faster than

classical theories would have predicted. These early discov-

eries had prompted intense interest in mass transport

through small hydrophobic nanopores. For example, MD

simulations demonstrated that sub-nanometer pores with

radii in the range of 1.5�6.5 Å selected Kþ over Naþ.7 Com-

paring the hydration of Kþ and Naþ in narrow single-walled

CNTs showed that constraining a hydrated Kþ inside narrow

(0.60 and 0.73 nm) CNTs was more favorable, while the

situation was reversed inside CNTs with larger diameters.8

The unique behavior of CNT pores has been attributed to

their nondeformability, precisely defined diameters, hydro-

phobicity, and smooth inner walls, which provide confine-

ment within their nanometer and sub-nanometer size

spaces. However, efforts to further characterize the factors

responsible for the observed function are impeded by a

multitude of obstacles, including the difficulty in tuning the

diameters of CNT pores or functionalizing their inner walls.

Additionally, the production and purification of CNTs with

uniform diameters from 0.4 to 3 nm are nontrivial at the

least.

Inspired by the extraordinary properties of biological

and CNT pores, a variety of other artificial channels has

been designed and explored, with the objective of realizing

controllable creation of nanosized pores.9�15 Among the

known examples, however, few could generate nanopores

with defined diameters9,13,14 or with functions suitable for

practical applications.9,13�15 Clearly, controlling the size,

surface chemistry, and physical properties of synthetic pores

of e2 nm in size remains a daunting challenge. Creating

efficient methodologies that would allow systematic mod-

ifications are essential if wewere to recapitulate some of the

extraordinary properties of biological channels with syn-

thetic nanopores.

With their synthetic modifiability, organic nanotubes

should be ideal candidates for overcoming many of

the limitations of CNTs and other materials by providing

structure�function correlation for the unusual properties

and phenomena in the nanometer and sub-nanometer

territories. Among known strategies,16�26 forming nano-

tubes by stacking cyclic building blocks has allowed the

inner and outer diameters, as well as the surface properties

of the resultant tubular assemblies, to be encoded by the

constituent rings.

One group of macrocycles that have attracted intense

interest are those with persistent shapes.27,28 Prior to our

discovery,29 themajority of rigidmacrocycles are thosewith

planar π-conjugated backbones.30�36 These macrocycles,

with rigid, flat backbones and defined diameters, would lead

to nanotubes with inner pores of defined diameters if

stacked atop one another. If a reliable ring-stacking strategy

is achieved, synthetically modifying the macrocyclic build-

ing blocks should allow the size and property of the self-

assembled pore to be tuned. Furthermore, the rigidity of

such macrocycles may allow the placement of functional

groups at defined locations, something that is very difficult

to realize with CNT and inorganic pores.

Our interest in organic nanopores originated from our

effort in developing cavity- and pore-containing organic

structures, initially based on the folding of unnatural

oligomers37 and more recently by controlling the stacking

of rigid macrocyles.38 Rigidifying the backbones of oligo-

mers consisting of rigid planar residues connected via planar

linkages such as amide or urea groups with localized in-

tramolecular hydrogen bonds led to the creation of stably

folded oligomers that adopt crescent and helical conforma-

tions containingwell-defined internal cavities.39 Subsequent

extension of the enforced folding approach resulted in the

discovery of a highly efficient, one-pot macrocyclization

process that has opened a new avenue for the efficient

preparation of several new classes of rigid cavity-containing

macrocyles.29,40,41 Our recent effort in creating higher-order
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structures based on rigid macrocycles has led to tubular

structures containing pores with uniform sub-nanometer

diameters.42,43

This Account focuses on our efforts in (1) developing

rigid macrocyclic molecular building blocks, (2) assembling

of rigid macrocycles into tubular noncollapsible sub-

nanometer organic pores, and (3) characterizing ion and

molecular transportmediated by theorganic pores. In recent

years, a number of porous synthetic structures have been

reported,17,22,44�53many of which possess interestingmass

transport properties. Due to space limit, these systems are

not discussed in this Account. Interested readersmay consult

several excellent reviews published recently.54�56

Rigid Macrocyclic Building Blocks
One-Step, Highly Efficient Synthesis of Aromatic Oli-

goamide Macrocycles. Our efforts in developing porous

foldamers37 based on the enforced folding of unnatural

oligomers have led to a series of aromatic oligoamides that

adopt stable crescent or helical conformations containing

cavities of 10�30 Å across.37 In 2004, an attempt to extend

the same folding principles to the preparation of folding

polymers led to the discovery of highly efficient (>80%

yields), one-pot formation of a series of oligoamide macro-

cycles (Scheme 1).29 Instead of forming the expected poly-

amide chains, treating diacid chlorides 2a�ewith diamine 3

led to macrocycles 1a�e in very high yields. Macrocycles

1a�e have a nearly flat persistent shape and a noncollap-

sible hydrophilic cavity of ∼8.5 Å.

A Folding-Assisted Cyclization Mechanism. This one-

pot process represents an unprecedented example of kinetic

macrocyclization. The nearly exclusive formation of macro-

cycles 1 and the dearth of byproducts contrast sharply to

what had been known about kinetic macrocyclization. Due

to irreversible bond formation, kinetic macrocyclization is

known to be invariably accompanied by “overshooting”

byproducts, resulting in poor yields of desired macrocycle-

(s).30 Our subsequent study40 revealed a uniquemechanism.

We found that, due to the folding of oligoamide precursors,

uncyclized oligomers with lengths shorter than or the same

as that of a target macrocycle are favorably formed, while

formation of longer uncyclized oligomers that would lead to

undesired products is hampered bya “remote steric effect”.40

One-Pot Formation of Rigid Oligoamide Macrocycles

with Expanded Cavities40. This folding-assistedmechanism

predicts that, other macrocycles should also form efficiently

if their oligomeric precursors adopt rigid crescent conforma-

tions. For example, when para-linked residues are intro-

duced, the backbone curvature is reduced, resulting in

enlarged cavities. Similar to 1, para-diacid chloride 7 and

meta-diamines 8a�d were reacted in one pot (Scheme 2).

Analyzing the crude products by MALDI-TOF revealed three

sets of major peaks corresponding to the molecular ions of

the 14-, 16-, and 18-residue macrocycles 4, 5, and 6. With

different side chains, the relative peak intensities corre-

sponding to the three macrocycles remain nearly the same,

being roughly 5 > 4 > 6with a combined yield of over 80%.

After being separated with flash column chromatography, the

yieldsofmacrocycles4c,5c, and6cweredetermined tobe24%,

37%, and 9.2%, respectively. The highly symmetric cyclic

structures of these macrocycles were confirmed by their 1H

NMR spectra. The cavities of 4�6, being 2.3, 2.6, and 3.0 nm

across, are greatly expanded in comparison to that of 1a�d.

The formation of three, instead of one, macrocycles from

the reactions of 7 and 8 was explained by the small varia-

bility of amide bond angles. The oligomeric precursors of

4�6, which consist of meta/para-linked residues, require

more residues and amide bonds than those of 1 to place

their two reactive termini into a “cyclizable” range.

The flexibility of amide bond angles means that multiple

SCHEME 1
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oligomers, in this case the 14-, 16-, or 18-mer, could all fall

into such a cyclizable range. Further modifying the one-pot

strategy by reacting para-diacid chloride 7 with a trimeric or

pentameric diamine led to the formation of the 16-residue 5

or the 18-residue 6 with over 80% yields while preventing

the other macrocycles from forming.

Other RigidMacrocycles Prepared inRecentYears. The

folding-assisted mechanism has also enabled the prepara-

tion of other rigid macrocycles. For example, macrocycles 9

and 10 were prepared in high (up to 97%) yields from the

one-pot reaction of monomeric diacid chlorides and dihy-

drazides (Figure 1a,b).41 Macrocycles 9 and 10 have hydro-

gen bond-rigidified planar backbones with internal cavities

ranging from 10 to 25 Å across. A unique feature of these

macrocycles is their inward-pointing (X or R2) groups in the

cavities, amenable to further modifications.

We have also discovered other rigid macrocycles with

backbones consisting of aromatic residues connected byurea

(Figure 1c),57 sulfonamide (Figure 1d),58 and sulfonate59

linkages. These discoveries, as summarized in a recent

review,38 have greatly expanded the inventory of readily

available shape-persistent macrocycles.

Self-Assembly of Rigid Macrocycles:
Nanotubes Containing Internal Pores with
Precisely Defined Diameters

Tubular Assembly of Cyclic Oligoamides42. When

macrocycles 1were discovered, one of the first observations

FIGURE 1. Shape-persistent macrocycles with aromatic oligohydrazide (a, b), oligourea (c), and sulfonamide backbones (d).

SCHEME 2
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made on them was their highly broadened 1H NMR signals

in chloroform, especially those of the aromatic protons.

Under conditions such as elevated temperature or the pre-

sence of a polar solvent, 1H NMR spectra with improved

resolution could be obtained. This phenomenon can be

attributed to the aggregation of these macrocycles. Dynamic

light scattering (DLS) indicated that macrocycle 1e (Figure 2),

bearing six highly solubilizing alkenyl side chains, formed

large aggregates with average sizes dependent on concen-

tration, temperature, and solvents. Consistent with 1H NMR

results, aggregate size decreased in polar solvents. For exam-

ple, in sharp contrast to the large aggregates (average size

1909nm) formed by1e (5mM) in chloroform, the aggregates

formed in acetone at the same concentration were 10-fold

smaller, and only molecularly dissolved (monomeric) 1e

exists in DMF. Thus, the aggregation of 1ewas proportionally

weakened as solvent polarity increased. This observation

seemed to contrast with what is known about the stacking

of aromatic molecules, that is, π�π stacking is promoted in

polar solvents and discouraged in nonpolar solvents.60

The directional aggregation of 1e in the solid state was

shown by images from scanning electron microscopy (SEM)

and transmission electron microscopy (TEM), which re-

vealed the presence of long fibers (Figure 2a) or straight,

rod-like assemblies (Figure 2b). Strong directional assembly

is not limited to 1, and the 16-residue 5d also formed

straight, rod-like assemblies.42 These results suggest that

highly directional assembly is a common phenomenon

associated with this series of oligoamide macrocycles.

Details on the packing of 1e in the solid state were

provided by X-ray diffraction (XRD), which revealed a pat-

tern that contains sharp reflections typical of columns

packed on a hexagonal lattice (Figure 2c). A lattice param-

eter of 27.6 Å, consistent the diameter of 1e, suggests that the

macrocycles stack into columns (or tubes) that undergo further

hexagonal packing (Figure 2d). A sharp peak at 3.60 Å, typical

of π�π stacking, corresponds to a correlation length of

69.6 nm based on Scherrer's equation.42 This indicates that

∼193 macrocycles continuously stacked into a nanotube. XRD

study also revealed columnar stacking and further hexagonal

packing for 5d, suggesting that oligoamide macrocycles of

different sizes have a high propensity for tubular assembly.

It was found that the rod-like fibers formed by 1e and the

columnar and hexagonal packing of 1e did not change with

FIGURE 2. (a) The SEM and (b) TEM images and (c) diffractogram of the solid samples of 1e, prepared by evaporation of solvent, reveal d spacings
consistent with the columnar packing of 1e into the hexagonal lattice (d).
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added Csþ salt, which suggests the presence of a hydrophilic

inner pore of >8 Å that is defined by the cavity of stacked

macrocycles.

Hydrogen Bond-Directed Tubular Assembly of Shape-

Persistent Macrocycles43. At the time when we noticed the

strong directional assembly of oligoamide macrocycles, we

also started to develop a strategy for controlling the colum-

nar stacking of rigid macrocycles that otherwise are reluc-

tant to self-superpose. Our approach involved equipping

hexakis(m-pheneylene ethylene) (m-PE) macrocycles with

multiple hydrogen-bonding side chains. Specifically, m-PE

macrocycles 11a and 11b (Figure 3a), each carrying six

secondary amide side chains, were designed. These two

m-PE macrocycles were chosen because analogous macro-

cycles that associate solely via π�π stacking tend to have a

poor tendency to align into tubular assemblies.19,20 It was

reasoned that to engage in maximum hydrogen-bonding

interactions, two such cyclic molecules have to stack in a

superposed fashion, leading to the alignment of their back-

bones and their internal cavities. Repeating this stacking

mode with additional cyclic molecules would lead to a

hydrogen-bonded stack.

Ab initio optimization of a tubular stack consisting of 11

(replacing R of 11a or 11bwith CONHCH3) revealed a helical

tube inwhich themacrocycles underwent relative rotation to

satisfy the optimal distances of both side chain hydrogen

bonding and backbone stacking (Figure 3b).

In contrast to the often challenging fabrication of 1D

assemblies from disc-like molecules, samples of 11a and

11b prepared under a variety of conditions, including solu-

tion dispersion, phase transfer, or vapor diffusion, all led to

long fibers, which demonstrates the high propensity of these

macrocycles to undergo anisotropic aggregation. AFM

images of the samples of 11a (Figure 4a) or 11b (Figure 4b)

showed nanofilaments having a diameter (37 ( 0.2 Å

for 11a or 32 ( 1 Å for 11b) consistent with that of the

macrocycle, suggesting that the macrocycles indeed super-

posed into tubes (Figure 4c).

In solution, the aggregation of 11a or 11bwas probed by

using DLS, UV�vis, fluorescence, and circular dichroism (CD)

spectroscopy. DLS indicated that 11a (1 mg/mL in CCl4)

formed aggregates with an average size distribution of

433 nm. The CD spectra of 11a in CCl4 revealed strong

Cotton effect near the λmax (∼270 nm) of the backbone

chromophore, revealing the presence of chiral supramole-

cular assemblies (Figure 5a), which is very similar to that

recorded in solution (Figure 5a) and as thin films (Figure 5b).

The chirality of the tubular structure as indicated by CD

spectra can only be explained by the formation of a left- or

FIGURE 4. AFM image of a sample of (a) 11a and (b) 11b. Insets show uniform nanofilaments closely packed into quasi-parallel aggregates revealed
at higher resolution. (c) XRD reveals that the tubes formed by 11b packed in a 2Dhexagonal lattice at an intertube distance of 32 Å in agreementwith
the diameter determined by AFM.

FIGURE 3. (a) Structures of m-PE macrocycles 11a and 11b that bear
multiple hydrogen-bonding (amide) side chains. (b) A helical nanotub-
ular assembly consisting of 11 (R replaced with CONHCH3) optimized
using a periodic density functional theory method and basis set
(HCTH407/DND), implemented in DMol3 software package.
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right-handed helical nanotube. The handedness is biased

due to the presence of chiral side chains. These studies have

clearly demonstrated that rigid m-PE macrocycles can be

forced to stack into well-defined helical nanotubes by multi-

ple hydrogen bonds. Such a controlled self-assembling

strategy should be of general applicability for aligning flat

molecular objects including macrocycles with planar, non-

deformable shapes.

Transmembrane Mass Transport Mediated
by Self-Assembling Nanopores

Highly Conducting Transmembrane Ion Transport

Mediated by Oligoamide Macrocycles.61. Given their

strong and directional aggregation, hydrophilic lumen, and

hydrophobic exterior, we reasoned that macrocycles 1 might

assemble into tubular structures inside thehydrophobic coreof

lipid bilayers and form transmembrane ion channels.

With large unilamellar vesicles (LUVs) encapsulating a

pH-sensitive fluorescent dye (HPTS), the addition of 1d led to

a rapid fluorescence quenching of HPTS in a lowpH solution,

suggesting that 1d significantly increased the proton perme-

ability of the LUV. Macrocycle 1d was found to produce an

exchange rate constant of 5.65 ( 1.62 s�1 using 23Na NMR

shift assay. This is roughly half the value of the well-studied

model ion channel formed by gramicidin,62 which confirms

the presence of transmembrane 1d channels.

However, the most conclusive evidence of well-defined

ion channels by 1d in lipid bilayers came from single-

channel recordings. Upon dilution into the aqueous phase,

1d could apparently partition into the lipid bilayer and

exhibited well-defined single-step conductance changes of

770 ( 30 pS in 0.5 M KCl (Figure 6a). Another macrocycle,

sharing the same oligoamide backbone as 1d but with

different side chains, also formed a single transmembrane

conductance of 890 ( 52 pS (in 0.5 M KCl). The similar

conductances observedwith these twomacrocycles, both of

which have the same internal cavity, indicated that ion

transport occurs through the cavities of these molecules,

that is, the self-assembled pores of the stackedmacrocycles.

Such a conductance is similar to that of the bacterial toxin,R-
hemolysin.63

If the pore could be considered as a uniform cylinder,

its diameter can be estimated based on Hille's equation.3

Taking the length as 40 Å, the thickness of a lipid bilayer,

FIGURE6. (a) A 108-s continuous Kþ single channel conductance recording at 50mVwith 1d (0.32 μM). (b) Based on the conductance of 1d, a tubular
structure consisting of stacked macrocyclic molecules was proposed to act as a transmembrane channel.

FIGURE5. TheCD spectra of (a)11a in CCl4measuredat room temperature and (b) thin filmsof11a formedbydepositing three, five, and seven layers
of a 0.5 mM solution in CCl4 on quartz.
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yields a 1d pore diameter of 8.5 Å, supporting a model of

cofacially stacked macrocycles into nanotubes (Figure 6b).

This conclusion is also consistent with the measurements

with the analogous 1e (see Figure 2 above).42

Unusual Mass Transport of a Sub-nanometer Hydro-

phobic Pore43. Based on the above success, we expected

that, with their hydrophobic side chains, macrocycle 11a or

11b could also partition into the hydrophobic core of lipid

bilayers and self-assemble into transmembrane nanopores

that are hydrophobic. As expected, LUV-based assays clearly

demonstrated that 11b can facilitate rapid proton transport

across the lipid bilayer. Single-channel recordings confirmed

well-defined conductance steps of ∼5 pS in 1 mM HCl

(Figure 7a). These channels exhibited a striking proton

selectivity over chloride (PHþ/PCl� > 3000), even higher than

that of a protein proton channel, influenza virus M2 protein

(PHþ/PCl� = 19.7).64 The channel formed by 11b also showed

well-defined currents in 4 M KCl with a mean conductance of

∼5.8 pS (Figure 7b). Based on the differences in ion concentra-

tion required to obtain these similar conductances, we could

infer aprotonoverpotassiumpermeability ratioof∼2000.The

ion selectivity of the structurally simple 11b nanopore is

extraordinary in comparison to other synthetic channels.65

The ion conductance of the 11b channel implies that this

hydrophobic pore may be filled with water. To measure

water transport, the volume change of liposomes (LUVs)

loaded with carboxyfluorescein (CF) must be monitored, by

using stopped-flow kinetic measurements (Figure 8a).66 Be-

cause the lipid bilayer is also water-permeable,67 upon

external osmolarity increase, meaningful conclusions about

the water transport of the nanopores can only be made by

comparing the rate (kinetics) of fluorescence changewithin a

short time period before the system reaches equilibrium,with

and without the added compound. As shown in Figure 8b,

LUVs with 11b exhibit a faster decay of fluorescence (blue)

than thosewithout (red). The estimatedwater permeability of

a single 11b channel was calculated to be (2.6( 0.4)� 10�14

cm3/s when open, about 22% that of AQP1/CHIP-28 (11.7�
10�14 cm3/s).66 Given that the sub-nanometer hydrophobic

pore formed by macrocycles 11 has an inner surface that is

very different from those of CNTs, unusual mass transporting

efficiency and selectivity seem to be a general property

associated with sub-nanometer dimensions.

Conclusions and Future Perspective
An initial effort to create cavity-containing molecular struc-

tures based on an enforced folding strategy took an unex-

pected turn upon the discovery of a one-pot macro-

cyclization process that subsequently resulted in the successful

synthesis of many cavity-containingmacrocycles with defined

shapes. The ready availability of rigid macrocycles, along with

their synthetic modification, prompted us to explore and con-

trol the assembly of these molecules into higher-level supra-

molecular structures. The high propensity of our oligoamide

macrocycles for spontaneous self-assembly into nanotubes

afforded hydrophilic pores of defined sizes, which can in turn

serve as highly conductive transmembrane channels. In con-

trast, the hydrophobic channels formed by the m-PE macro-

cycles, without any further modification, exhibited highly

selective ion transport and surprisingly efficient water flux.

We are pleasantly surprised that even without the com-

plicated folding and precisely placed functional groups as in

FIGURE 7. (a) A 10-s single channel recordingwith 11b (20 μM) at 200mV inHCl (1mM) across a planar lipid bilayer. (b) A 40-s trace of single channel
recording with 11b (10 μM) at 200 mV in KCl (4.0 M, pH 6.0).
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a typical protein channel, simply by controlling the size and

the surface properties of a nanoconfined lumen, some of

the most exciting properties of biological channels could

be recapitulated with these self-assembled nanopores.

Undoubtedly, the ability to incorporate various functional

residues inside and outside the nanopore by synthetically

modifying the constituent macrocycles should offer count-

less possibilities to create different nanopores with even

more complex and controlled functions that could even-

tually rival, and perhaps replace, those found in nature.

Achieving such a goal could lead to many practical applica-

tions such as sensing, separation, and purification of various

molecules or even complementing some of the channel

functions in clinical medicine in the future.
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