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Aromatic foldamer-derived
transmembrane transporters

Danyang Zhang, Wenju Chang,* Jie Shen * and Huaqiang Zeng *

This review is the first to focus on transmembrane transporters derived from aromatic foldamers, with

most studies reported over the past decade. These foldamers have made significant strides in mimicking

the essential functions of natural ion channel proteins. With their aromatic backbones rigidified by

intramolecular hydrogen bonds or differential repulsive forces, this innovative family of molecules stands

out for its structural diversity and functional adaptability. They achieve efficient and selective ion and

molecule transport across lipid bilayers via carefully designed helical structures and tunable large

cavities. Recent developments in this field highlight the transformative potential of foldamers in

therapeutic applications and biomaterial engineering. Key advances include innovative molecular

engineering strategies that enable highly selective ion transport by fine-tuning structural and functional

attributes. Specific modifications to macrocyclic or helical foldamer structures have allowed precise

control over ion selectivity and transport efficiency, with notable selectivity for K+, Li+, H+ and water

molecules. Although challenges remain, future directions may focus on more innovative molecular

designs, optimizing synthetic methods, improving membrane transport properties, integrating responsive

designs that adapt to environmental stimuli, and fostering interdisciplinary collaborations. By

emphasizing the pivotal role of aromatic foldamers in modern chemistry, this review aims to inspire

further development, offering new molecular toolboxes and strategies to address technological and

biological challenges in chemistry, biology, medicine, and materials science.

1. Introduction

At the core of cell biology, transmembrane ion transporters play a
crucial role. These channel proteins, located on cell membranes,
finely regulate the flow of ions inside and outside cells to maintain

internal environment stability and participate in key biological
processes such as nerve conduction, muscle contraction, and cell
signaling. A deep understanding of these transporters encompasses
research on naturally occurring ion channels as well as the devel-
opment and optimization of artificially synthesized transporters.
With the rapid advancement of biotechnology, particularly in
protein engineering and structural biology, our understanding of
channel proteins has reached unprecedented depths.
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In the early 20th century, scientists began to recognize the
ion permeability of cell membranes1,2 and observed significant
differences in ion concentrations between inside and outside
cells, laying the foundation for modern research on transmem-
brane ion transporters. Modern research techniques, including
X-ray crystallography,3 nuclear magnetic resonance (NMR)
imaging,3 and computational simulations, have equipped
scientists with powerful tools to precisely unravel the three-
dimensional structures of these complex proteins and explore
their detailed ion transport and gating mechanisms.

The discovery of potassium,4,5 sodium,6,7 calcium8,9 and
chloride10 ion channels—protein channels on cell membranes
that selectively allow specific ions to pass—marked a break-
through in understanding the ion regulation mechanism
(Fig. 1). And the discovery of various ion pumps, such as the
sodium–potassium pump11 and calcium pumps,12 further pro-
pelled the development of this field. These pumps transport
ions against concentration gradients by consuming energy and
are crucial for maintaining ion balance in cells. These pro-
gresses have not only deepened our understanding of the
functions of channel proteins but also provided innovative
avenues for the development of new drugs and the treatment
of channels associated diseases.

The inspiration for the design of artificial transporters often
originates from natural systems, aiming to mimic or even
surpass the functionalities of natural ion channels. Therefore,
delving into the natural transmembrane ion transporters,
research on artificially synthesized transporters has also been
continuously advancing. In the late 1960s, the discovery of
crown ethers13 opened up a brand new scientific research
fore-frontier involving the synthesis of such molecules
and their ion-complexing properties. Concurrently, the discov-
ery of natural ion carriers like valinomycin14 has sparked
interests in the study of amphiphilic macrocyclic compounds
to mimic membrane transport mechanisms. In 1982,
Tabushi introduced a novel artificial channel derived from

A,B,D,F-tetrasubstituted b-cyclodextrin, which achieved highly
efficient and fast Co2+ ion transport through its amphiphilic
structure and multiple metal ion binding sites across the
membrane. Notably, its transport rate for Co2+ (4.5 � 10�4 s�1

at 55 mM) significantly surpasses those of traditional carriers
(Fig. 2(a)).15 In 1990, Gokel et al. reported the design of
hydraphiles, utilizing crown ethers as ion-selective headgroups
and polar center elements to form single-molecule channels
selectively mediating the transport of sodium (Na+) and potas-
sium ions (K+), which could be blocked by silver ions (Ag+)
(Fig. 2(b)).16 In 1994, Ghadiri, Granja, and Buehler demon-
strated the ability of self-assembling cyclic peptides to serve as
artificial transmembrane ion channels (Fig. 2(c) and (d)).17,18

Early studies by Matile group focused on creating artificial
b-barrels by using rigid-rod scaffolds as privileged staves for
transporting ions and small molecules (Fig. 2(e)).19,20 In 2020,
Matile applied this type of synthetic supramolecular pores to
sense changes in enzymatic activity through the reversible
blocking by substrates or products. This approach enables
high-throughput and ‘‘naked-eye’’ detection of various enzy-
matic reactions, characterized by high sensitivity, strong adapt-
ability, and ease of operation (Fig. 2(f) and (g)).21 Entering the
21st century, the rapid development of supramolecular chem-
istry provides new avenues for designing novel ion transporters.
By utilizing non-covalent interactions such as H-bonding,
hydrophobic effects, and ion–dipole interactions, coupled with
self-assembly techniques, selective binding and transport of
specific ions on membranes can be achieved. Anion trans-
porters22–29 can effectively transport chloride ions, bicarbonate
ions, etc., showing potential therapeutic applications in cell experi-
ments. Cation transporters can efficiently transport protons,
potassium ions, ammonium ions, etc., demonstrating potential
prospects in certain disease treatments.30–34 Additionally, the rapid
development of artificial water channels endows them with high
salinity water exclusion functions, bringing enormous potential in
areas like seawater desalination and wastewater recycling.35–40
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These artificial transporters not only hold significance in basic
research but also exhibit immense potential in applications such
as drug delivery, molecular machines, and sensors.

Foldamer was coined by American chemist Samuel H. Gell-
man in the 1990s to describe any molecule, having strong
tendency to adopt specific compact conformations by virtue

of non-covalent forces.41 These molecules can spontaneously
generate regular secondary structures, stabilized by intra- and
intermolecular non-covalent interactions such as H-bonds, p–p
interactions, and hydrophobic interactions, among others.
Nevertheless, such a concept can be traced back to the 1960s
when scientists began exploring the synthesis and structure of

Fig. 1 The crystal structure of (a) and (b) potassium channel KcsA, (d) nad (e) sodium channel NavAb and (f)–(h) calcium channel. (a) Within a stick model
of the channel structure is a three-dimensional representation of the minimum radial distance from the center of the channel pore to the nearest van der
Waals protein contact. (b) Selectivity filter that dictates the highly selective transport of K+ ions. (c) Mechanism by which the K+ channel stabilizes a cation
in the middle of the membrane, involving a large aqueous cavity that stabilizes an ion (green) in the otherwise hydrophobic membrane interior and
oriented helices that point their partial negative charge (carboxyl end, red) towards the cavity where a cation is located. (d) Architecture of the NavAb pore
with its pore volume shown in grey. (e) Superposition of NavAb and the KcsA selectivity filters, which achieve ion selectivity through size matching of
hydrated ions and dehydration energy, respectively. (f) View of the pore of the calcium channel. Within a ribbon representation of four M1 helices (two in
the foreground were removed for clarity) is a representation (teal color) of the minimal radial distance from the center to the nearest van der Waals
contact. (g) An orthogonal view of the channel from the extracellular side, with a cation binding in the external site. (h) Ba2+ and Ca2+ binding as well as
Gd3+ binding sites. Reproduced with permission from ref. 4 (Copyright 1998 The American Association for the Advancement of Science), ref. 7 (Copyright
2011 Springer Nature) and ref. 9 (Copyright 2012 The American Association for the Advancement of Science).
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non-natural peptide-like compounds. For example, homopoly-
mers composed of b-amino acids, known as members of the
nylon-3 family, were investigated.42,43 Among them, poly(b-
isobutyl-L-aspartate) is one of the earlier polymers that has
been intensively studied, with various proposed structures
including 14-helix and 18-helix structures.44–48

Over the past few decades, scientists have explored various
non-natural oligomers, expanding foldamer research to multi-
ple structural types. Depending on their constituent units,
foldamers can be classified into several categories: aliphatic
peptide foldamers49,50 that exhibit secondary structures similar
to natural proteins such as a-helices and b-sheets; nucleic acid

foldamers capable of forming structures similar to DNA and
RNA such as G-quadruplexes,51 and aromatic foldamers that
are rigidified by non-covalent forces and that generally take
crescent-shaped or helical conformations.41,52,53

In particular, research in aromatic foldamers began in 1994
when Hamilton and colleagues reported the first batch of aromatic
amide-based foldamers (Fig. 3(a) and (e)).54,55 Subsequent pioneer-
ing studies by Lehn (Fig. 3(c) and (d)),56,57 and Gong (Fig. 3(b))58,59

laid the solid foundation for aromatic foldamer chemistry, demon-
strating the possibility of generating diverse stable secondary
structures from their folding codons through intramolecular H-
bonds and repulsive forces (Scheme 1).35,52,53,60–68

Fig. 2 Representative earlier efforts toward constructing artificial ion channels. (a) The first artificial Co2+-transporting ion channel. (b) Chemical
structure of tris(macrocycle) hydraphiles as unimolecular ion channel. (c) A representative macrocyclic structure composed of alternative D and L amino
acid residues, which self-assembles into tubular configuration emphasizing the antiparallel stacking via the extensive network of intermolecular
hydrogen-bonding interactions as shown in (d). (e) Rigid-rod b barrels that are active for ion transport in lipid bilayers. (f) Pore 1 as enzyme activity
detector. Changes in the obstruction of dye efflux from liposomes through host 1*Mg2+n by either substrate S or product due to substrate conversion
are reported by changes in dye fluorescence. (g) End-point substrate screening using 1*Mg2+n. Substrate candidates at c 4 KD (lanes 1–9) were
incubated for 20 hours with increasing apyrase concentrations (lanes A– G). The LUVs*CF and 1 were then added, and fluorescence was measured
within r30 min. Increasing CF emission with increasing enzyme concentration correctly identified ADP, ATP, and TPP (lanes 2, 4, 6, respectively) as
substrates. Reproduced with permission from ref. 15 (Copyright 1982 Elsevier), ref. 16 (Copyright 1990 The American Chemical Society), ref. 18 (Copyright
1994 Springer Nature) and ref. 21 (Copyright 2002 The American Association for the Advancement of Science).
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Aromatic foldamers have gained widespread attention
in recent years due to their chemical stability, structural
diversity and predictability as well as high functional tunability
(Scheme 1).35,52,53,60–68 Within the context of lipid membrane,
by designing specific structures and functional groups, the
cavity size and functions of the channels may be optimized to
achieve selective recognition and transport of specific ions69,70

and their rigidity and stability may contribute to the formation
of stable channel structures, thereby enhancing ion transport
efficiency.

Indeed, recent advances along this line have confirmed the great
advantages in using aromatic foldamers for constructing powerful
functionally diversified transmembrane transporters, which are the
focus of this review. We will review key scientific findings in this
area, followed by outlining the existing challenges, potential research
directions and functional applications in the future.

2. H-bonded macrocyclic foldamers as
ion transporters

In 2008, Gong et al. reported highly conductive transmembrane
ion channels built from aromatic oligoamide macrocycles

(Fig. 4).71 These macrocyclic molecules were synthesized
through a one-pot condensation reaction from corresponding
diamines and diacid chlorides,72,73 with backbone folding
induced by three-center intramolecular H-bonds. They possess
a relatively flat aromatic backbone and a large aromatic surface
area, facilitating their self-assembly into nanotubular struc-
tures through face-to-face stacking. This generates transmem-
brane channels that possess an internal hydrophilic cavity of
about 8.5 Å in diameter. Using 23Na NMR spectroscopy to
measure the concentration-dependent Na+ ion exchanges, the
Na+ transport rate constant for macrocycle 1d was determined
to be approximately 5.65 s�1, a transport rate that is nearly half
that of gramicidin A (gA). Additionally, 1b exhibits a conductiv-
ity similar to that of 1a, suggesting that variations in side chain
do not noticeably affect the ion conduction properties of the
channels. Rather, it is the macrocyclic backbone that defines
the channel’s diameter and conductivity.

In their subsequent study in 2015, Gong et al. found that
the 1-like macrocyclic backbone with slightly reduced con-
straint by changing two three-center H-bonds to two-center H-
bonds while introducing an amide group around the macro-
cyclic exterior exhibits extremely strong stacking among
macrocycles.74 Inspired by this, the research team removed

Fig. 3 Pioneering classes of aromatic foldamers. Reproduced with permission from ref. 54 (Copyright 1994 Wiley), ref. 55 (Copyright 1997 The American
Association for the Advancement of Science), ref. 56 (Copyright 2000 Springer Nature), ref. 57 (Copyright 1997 Wiley) and ref. 58 (Copyright 2000 The
American Chemical Society).
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two three-center H-bonds by replacing one of the dicarboxyl
building block with a amide-substituted diethynylbenzene unit,
generating macrocycles 2 (Fig. 5).75 This hybrid backbone
design not only maintains the macrocyclic nature but also
allows for various functional groups to be introduced into the
internal cavity, significantly altering ion transport behavior. In
lipid bilayer experiments, nanopores functionalized with fluor-
ine or hydrogen atoms (2a and 2b) demonstrate significant
proton transport capabilities, albeit to different extents. Con-
taining an amino group, 2c facilitates the transport of chloride

ions while rejecting protons. This is because the amide group
on the ortho position additionally reduces the electron density
of the amino H-atoms, making it more partially positively
charged. This leads to the transport of Cl� and rejection of
protons. In contrast, the methyl group in 2d, being smaller and
hydrophobic, shows weaker proton repulsion and less attrac-
tion to Cl� compared to 2c. These differences in ion transport
property arise from functional group-dependent electrostatic
potentials within the pore. A highlight of this study is the
precise design and adjustment of functional groups within the

Scheme 1 Aromatic folding codons for constructing diverse types of H-bonded aromatic foldamers.
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internal cavity of the macrocyclic compounds, offering new
possibilities for developing synthetic channels and devices with
specific selectivities and specificities.

The same group extended the above work by further remov-
ing the internal functional groups X, generating macrocycles 3
(Fig. 6). This minor alteration in structure results in a new type
of hydrophobic–hydrophilic mixed lumen and consequently
drastic changes in transport performance. Approaching the
functional characteristics of biological aquaporins, nanotubes
formed from self-assembled 3 achieve precise control over
water transport.76 By altering the concentration of alkali metal
ions inside the nanopore, the flow rate of water molecules can
be regulated. That is, Na+ ions significantly reduce the water
transport rate with Li+, K+ and Cs+ ions having a lesser impact.
The uniqueness of this nanopore apprently lies in its internal
hydrophilic part, which provides binding sites for metal ions
that significantly affect the flow of water molecules. Molecular
dynamics (MD) simulations further reveal how the strength of
the interaction between ions and the hydrophilic parts, as well
as the interaction of ions with the first shell of water molecules
within the pore, regulate the water transport rate. Therefore,
the design and synthesis method of this nanopore provides a
flexible platform that allows researchers to systematically

explore various factors affecting water transport by introducing
different metal ion binding sites.

In 2017, Xin et al. reported a novel type of functional
hydrazide macrocyclic ion channel 4 with unique pH sensitiv-
ity, demonstrating different K+/Cl� selectivities in buffer solu-
tions of varying pH values (Fig. 7).77 Supported by the
phenylalanine-derived tripeptide chains that enhance the aro-
matic framework’s membrane embedding capability, macro-
cyclic 4 incorporates three inward-facing amine groups, which
confer pH responsiveness to the channel. Experimental results
show that 4 effectively mediates transmembrane ion transport,
especially with significant changes in ion selectivity in response
to pH shifts. Under alkaline conditions at pH 10.0, macrocycle
4 predominantly transports K+, while at an acidic pH of 4.0, the
transport activity for K+ significantly decreases, and that for Cl�

increases. This pH-dependent ion selectivity change is primar-
ily due to alterations in the protonation and deprotonation
states of amines and carboxyl groups in the channel, which in
turn changes the internal and external charge distributions of
the channel. Moreover, experiments conducted on planar lipid
bilayers using the planar lipid bilayer workstation further
confirm that 4 functions through a channel mechanism. Its
conductance (g) is comparable to that of the highly efficient gA
channel, indicating high efficiency in transporting K+. Overall,
this study developed a new class of pH-sensitive ion channels
that achieve controlled ion selectivity through simple synthetic
steps and responsiveness to environmental pH.

Xin et al. continued the inner modification strategy, report-
ing on a novel pH-sensitive, cation-selective hydrazide macro-
cyclic channel 5 characterized by having multiple carboxyl

Fig. 4 (a) Shape-persistent macrocycles 1. (b) Schematic diagram of
transmembrane transport in a lipid bilayer. Reproduced with permission
from ref. 71 (Copyright 2008 The American Chemical Society).

Fig. 5 Schematic diagram of transmembrane transport of macrocycles 2.
Reproduced with permission from ref. 75 (Copyright 2016 The American
Chemical Society).

Fig. 6 (a) Structural representation of macrocycles 3. (b) Schematic
diagrams of transmembrane water transport under conditions with and
without cations. Reproduced with permission from ref. 76 (Copyright 2021
The American Chemical Society).
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groups located in its internal cavity (Fig. 8).78 Channel 5
facilitates highly efficient transmembrane transport of NH4

+,
even surpassing the known gA. This high efficiency is likely due
to NH4

+’s ability to form H-bonds and electrostatic interactions
with the carboxyl and carbonyl groups inside the channel,
thereby. The pH sensitivity of 5 is one interesting feature: as
the electrolyte pH changes, the channel’s selectivity for K+ and
Cl� also changes. Under alkaline conditions, the selectivity for
K+ increases, likely due to the deprotonation of the carboxyl
groups in the internal chamber and opening, which generates a
negative charge and thereby a strong electrostatic attraction to
K+ ions. Under acidic conditions, the selectivity for K+ decreases

because the protonation of the carboxyl groups reduces the
negative charge density inside the channel. This pH sensitivity
gives these channels potential applications in biosensing and
smart material design. The design of the channels also allows
for performance tuning by altering the number and position of
carboxyl groups, providing flexibility for further molecular
engineering. This study not only demonstrates a new type of
pH-sensitive ion channel but also provides a new strategy for
regulating and optimizing the performance of artificial ion
channels.

Madhavan’s group designed anion-transporting triamide
macrocycles, having amide H-atoms decorating the cavity inter-
ior (Fig. 9).79 These compounds are easy to synthesize and can
be manipulated through externally functionalizable pendant
groups to enhance membrane permeability.80 Particularly, cho-
lesterol group serves as an efficient lipid-anchoring group,
endowing 6 with low EC50 value of 0.44 mM for Cl� transport
through an OH�/X� counter-transport mechanism (Fig. 9(a)).
They also found that 6 shows high selectivity for SCN� and Cl�.
This characteristic is likely determined by the H-bonding cap-
ability of the anion with the amide NH bonds within the
macrocycle. Furthermore, the ion transport activity of 6 is
highly sensitive to temperature and membrane rigidity, sug-
gesting that it might function through a carrier mechanism
rather than a channel mechanism (Fig. 9(b)). Unlike 6 that may
behaves like a carrier, macrocycle 7 transport anions through a
channel mechanism (Fig. 9(c) and (d)).81 Similar to 6, the NH
groups capable of forming H-bonds with anions and electron-
deficient aromatic units for binding anions through anion–p
interactions within the macrocycle work together to allow 7 to
preferentially transport Cl� with high selectivity against other
anions but somewhat low efficiency (EC50 value = 29.2 mM).

Building upon their past research experience that
backbone of reduced constraints can also form well-folded
structures, Gong recently envisioned and demonstrated a novel
class of partially rigidified aromatic pentaamide macrocycles
(Fig. 10(a)), which exhibit a unique 5-fold-symmetric planar
aromatic backbone.82 Readily prepared through a mild one-pot
method, these macrocycles feature two sets of five H-atoms
each from amide and benzene functional groups oriented
towards the macrocyclic center. These H-atoms define a hydro-
phobic and electropositive cavity of approximately 4.6 Å after
excluding van der Waals radii of two H-atoms, which is well-
suited for anion binding. As a result, these macrocycles bind
halide anions (Fig. 10(a)), particularly oxoanions with high
affinity in a 1 : 1 stoichiometry by virtue of forming H-bonds
with ten inward-pointing H-atoms. And they not only bind but
also efficiently transport them across lipid bilayers. Among
macrocycles studied, 8 exhibits high selectivity in transporting
chloride ions with a selectivity ratio of Cl� : Br� : I� =
17.8 : 1.6 : 1, a sequence inversely proportional to its binding
affinity. Such high transport selectivity surpasses those of
synthetic Cl� carriers83 and even native channels such as the
ClC-1 Cl� channel84 (with a transport selectivity of Cl� : Br� :
I� = 5 : 2 : 1), which is quite remarkable. The compound 8 is able
to transport anions across lipid bilayers with a high chloride

Fig. 7 (a) A schematic diagram for the transmembrane channels formed
by 4 in the lipid bilayer. (b) Illustration of charge changes occurring in the
macrocyclic channels upon variation of the pH value. Reproduced with
permission from ref. 77 (Copyright 2017 The Royal Society of Chemistry).

Fig. 8 (a) One-pot synthesis of macrocycle 5 at room temperature. (b)
Single channel current traces of 5 (0.5 mM) in the planar lipid bilayer at
+100 mV. Both chambers were filled with 1.0 M NH4Cl. Reproduced with
permission from ref. 78 (Copyright 2017 The Royal Society of Chemistry).

Feature Article ChemComm

Pu
bl

is
he

d 
on

 2
1 

O
ct

ob
er

 2
02

4.
 D

ow
nl

oa
de

d 
by

 F
U

Z
H

O
U

 U
N

IV
E

R
SI

T
Y

 L
IB

R
A

R
Y

 o
n 

10
/2

8/
20

24
 2

:0
6:

52
 P

M
. 

View Article Online

https://doi.org/10.1039/d4cc04388j


This journal is © The Royal Society of Chemistry 2024 Chem. Commun.

selectivity and restore the depleted airway surface liquid of
cystic fibrosis airway cell cultures.

As early as 2012, Gong and his co-workers has shown that
the amide installed around the macrocyclic exterior can work
with aromatic p–p stacking interactions guide the macrocycles
to generate self-assembled channels having sub-nanometer
pores with unique transport properties (Fig. 10(b)).85 These
nanotubes possess modifiable surfaces and internal pores of a
uniform diameter defined by the constituent macrocycles,
enabling not only highly selective transmembrane ion trans-
port where the H+/Cl� selectivity ratio exceeds 3000, far sur-
passing natural proton channels such as the influenza virus M2
protein (PH+/PCl� = 19.7).87 Additionally, channel 9 also demon-
strates significant selectivity for potassium ions, with an H+/K+

selectivity ratio of about 2000. Furthermore, 9 displays highly
efficient transmembrane water permeability, with the esti-
mated single channel water permeability of 2.6 (� 0.4) �
10�14 cm3 s�1 that is about 22% of that of AQP1/CHIP-28
(11.7 � 10�14 cm3 s�1).88 This work confirms that hydrophobic
nanopore of suitable sizes can exhibit high water transport
efficiency.

In 2023, Lu’s group reported an innovative strategy for
constructing molecular nanotubes 10 by covalently linking
multiple hexakis (m-phenylene ethynylene)-based macrocycles
via a amide-containing flexible linker (Fig. 10(c) and (d)). This
linker provides H-bonds that results in constrained face-to-face

stacking stacking among the macrocycles, leading to molecular
nanotubes with specific length and structure.88 Having a non-
deformable internal pore, these molecular nanotubes exhibit
excellent ion transport capabilities. The ion transport proper-
ties of 10a and 10b show a trend directly related to the number
of macrocycle units in the molecule, with 10b that has four
macrocycle units exhibiting higher thermodynamic stability
and better transport ability than 10a. Notably, 10b efficiently
transports both K+ and H+, displaying a channel opening time
of greater than 60s, far surpassing m-PE macrocycle 9 that
forms channels via non-covalent H-bonds. This high channel
opening time is likely due to covalent actions that anchor
multiple stacked macrocycle units, lowering the entropic bar-
rier to forming transmembrane channels and thereby enhan-
cing the channel’s thermodynamic stability. This work may aid
in future design and construction of molecular nanotubes with
specific length and higher stability.

3. H-bond-rigidified helical foldamers
as ion transporters

Zeng et al. conducted an in-depth study of the design and
characteristics of helically folded pyridine-derived aromatic
oligoamides of 2.8 Å in diameter. Utilizing the directionality
and stability of H-bonds, they successfully designed and

Fig. 9 (a) Schematic representation of the cholesterol appended macrocycle 6, the best transporter. (b) Variable temperature HPTS assay with
macrocycle 6 (23.1 mM) to illustrate carrier mechanism. (d) Chemical structure of compound 7. (d) Assays to determine the mechanism of chloride
transport (symport/antiport). Reproduced with permission from ref. 79 (Copyright 2017 The American Chemical Society) and ref. 81 (Copyright 2020 The
American Chemical Society).
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synthesized a series of oligoamides, with specific conforma-
tions and functionalities (Fig. 11). Using computational mole-
cular modeling, they design and validate a new type of pyridine-
based folding oligoamides, characterized by having about four
repeating units per helical turn (Fig. 11(b)–(d)).89 Intended for
recognition of water molecules in their helical cavity, corres-
ponding crystal structure of 12 indeed reveals encapsulation of
both conventional and unconventional water dimers within its
cavity of 2.8 Å in radius (Fig. 11(c)).90 Within the unconven-
tional water dimer, two water molecules interact through an
unusual H–H interaction (2.25 Å) instead of a typical H-bond.
This crystal structure further shows how the molecule forms a
specific folded structure through an internal H-bond network
to accommodate water molecules (Fig. 11(c)).

Although 12 can bind water molecules with good affinities,
the packing of these water complexes is not favorable for
creating 1D hollow tubular cavities to encapsulate 1D water
chains. Zeng et al. recently hypothesized that incorporating two
electrostatically complementary functional groups at the ends
of the helices may efficiently align short helices to form one-
dimensionally aligned helical chiral stacks. If the helical mole-
cules have a cavity, this 1D packing should create a hollow
tubular cavity for guest molecule inclusion. To Test this
hypothesis, pentamer 13 with complementary ‘‘sticky’’ groups
at the two helical ends was designed and made (Fig. 11(d)).
Computational and experimental results confirm that these

folding oligoamides spontaneously undergo chiral crystal-
lization, forming homochiral helical structures via complete
overlap of the aromatic frameworks and weak H-bonding
between terminal groups (Fig. 11(e)). Such seamless integration
of short helices into long nanotubes allows for enclosing chains
of MeOH or CH2Cl2 molecules in the hollow cavity (Fig. 11(e)).91

This interesting piece of work not only opens new avenues for
designing new types of chiral materials for chiral recognition,
but also forms the basis for the design of powerful artificial
water channels.

Interestingly, soaking the MeOH-containing crystals of 13 in
water-containing solvents reveals that only 24–40% of the
MeOH molecules inside were replaced by water. This is in stark
contrast to other analogous oligomers like 12, which can
accommodate two water molecules in their cavity. This suggests
that the hollow cavity in 13 is functionally selective and has a
higher binding affinity for methanol or dichloromethane than for
water molecules. This further indicates that water binding by these
pyridine oligomers may strongly depend on the end groups,
oligomeric length, and even exterior side chains. Therefore, Zeng
and his co-workers carried out systematic structural modifications
in oligomeric length, repeating units, or end groups. These efforts
firstly led to identification of 14 (Fig. 12(a)–(c)).92 Similar to 13, the
H-bonding of the ‘‘sticky’’ end groups mediates the formation of a
one-dimensional helical structure, resulting in a hollow, tubular
water channel (Fig. 12(a) and (b)).

Fig. 10 (a) Chemical structure of pentameric macrocycle 8 and its complex with Cl� anion. (b) Structure of macrocycle 9 and the corresponding self-
assembled nanochannel via H-bonds formed around the exterior. (c) Structures of 10a and 10b. (d) The computationally optimized structure of 10b and
its single channel current traces of proton transport at 200 mV in HCl (2.0 mM at 20 1C). Reproduced with permission from ref. 82 (Copyright 2023
Springer Nature), ref. 85 (Copyright 2012 Springer Nature) and ref. 86 (Copyright 2023 Wiley).
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An unusual observation emerged when the particle sizes
of 13-containing large unilamellar vesicles (LUVs) were
examined using dynamic light scattering analysis (Fig. 12(c)).
The obtained results suggest that the water-transporting
ability of 13 likely lead to initial swelling of the LUVs, increas-
ing the internal pressure and subsequently causing rapid
vesicle fusions to produce larger LUVs of 350 nm or more.
These data highlight the crucial roles played by both the well-
aligned 1D water chains and the proton gradient, working
together to create ‘‘osmotic pressure’’ that facilitates the trans-
port of water molecules across the membranes. The idea of
‘‘proton gradient-induced water transport’’ is particularly intri-
guing, as no other synthetic systems for proton or water
transport have demonstrated this unusual behavior thus
far.92

A very surprising discovery was made in 2020 when Zeng and
his co-workers test another structurally similar pentamer
15 (Fig. 12(d)).93 With its internal hollow cavity of approxi-
mately 2.8 Å that matches the size of AqpZ’s central pore,
stacked 15 demonstrates high water transport (around 3 �
109 H2O s�1 channel�1) and effective rejection of salts like NaCl
and KCl. This high selectivity is attributed to the narrow

dimensions within the channel and the lack of binding ele-
ments that release the ionic hydration shell, collectively ensur-
ing that only water molecules can pass through while salt ions
are effectively blocked. And the exhibited high water perme-
ability is more than 70 times higher than all previously reported
artificial water channels with high salt rejection. This makes
channel 15 the first artificial water channel with aquaporin-like
features in water transport, demonstrating the significant
utility of a ‘‘sticky end’’-mediated molecular strategy. Interest-
ingly, having a slightly reduced internal pore volume (by about
20% relative to 15, Fig. 12(e)) and similar interior surface
functionality, 14 shows a 15-fold decrease in the water transport
rate compared to 15. This contrast in performance between the
two channels highlights (1) an increased degree of freedom for
water molecules and a reduced deviation from the optimal H-
bonded structure as the two influential factors for designing
artificial synthetic water channels to enhance water permeabil-
ity, and (2) the anomalous water transport behaviors in
angstrom-scale hollow pores, making them an ideal pair for
testing existing and emerging computational algorithms to
predict water transport properties of narrow pores at or below
the nanometer scale.

Fig. 11 (a) Methoxybenzene-based pentamer 11a and hexamer 11b. (b) Pyridine-based oligomers 11, having an interior water-binding cavity of 2.8 Å in
diameter. (c) Structure of 12 and crystal structure having a a water dimer in its cavity. (d) The structure of elical foldamer 13, illustrating a ‘‘sticky end’’
approach for building helical channels from short helices. (e) Crystal structures and 1D columnar packing by helically folded 13 containing either MeOH
or CH2Cl2 in their helical interiors. Reproduced with permission from ref. 89 (Copyright 2011 The Royal Society of Chemistry), ref. 90 (Copyright 2011 The
American Chemical Society) and ref. 91 (Copyright 2012 The Royal Society of Chemistry).
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To reduce synthetic complexity of pyridine oligoamides such
as 15 that ends up with o1% in overall yield, in another study,
Zeng et al. reported POCl3-mediated one-pot polymerization
protocol for efficiently generating polypyridine amide foldamer
channels 16 of 2.8 nm in helical height at yield of up to 50%
(Fig. 13(a)).94 This is the first example of fully H-bonded
aromatic amide foldamer-based long organic nanotubes
greater than 1 nm, which are rapidly synthesized from their
constituent folding codons via one-pot polymerization.

Synthetically, this method is simple and efficient, but its
identification took years in that only when the amount of POCl3

increases to fifty equivalents at high temperature of 85 1C,
sufficiently long P31 that has a molecular weight 7.7 kDa and
contains 31 repeating units can then be produced. MD simula-
tions suggest the formation of a single-file water chain
inside channel P31, providing a chemical environment for the
rapid transport of water molecules and protons. Experimental
results show that the polymeric channels P31 promote rapid
and highly selective transport of 1.6 � 109 H2O s�1 channel�1

while transporting protons as fast as gA, with extremely high
rejection of ions (Na+, K+ and Cl�) during water and proton
transport.

In 2014, Li et al. introduced a series of H-bonded hydrazide-
linker helical aromatic oligomers and polymers containing
phenylalanine tripeptide chains capable of efficiently inserting
into lipid bilayers to aid in the formation of single-molecule
channels. (Fig. 14(a)).95 These artificial transporters mimic and
even surpass the ion transport properties of gA in some aspects,
demonstrating the potential of artificial ion channels. Oligo-
mers 17b–17e display high NH4

+/K+ selectivity as NH4
+ readily

forms intermolecular H-bonds with carbonyl O-atoms within
the helical cavity in addition to electrostatic interactions. As the
helical backbone is extended further, the selectivity for NH4

+/K+

significantly improves, supporting the important role of inter-
molecular H-bonds in enhancing NH4

+ transport. Aside from
high selectivity for NH4

+/K+, longer oligomer 17d and polymer
17e even surpasses gA in terms of NH4

+ transport speed.
Notably, 17b demonstrates high efficiency in transporting Tl+

ions at a rate comparable to gA. As the helical backbone length
increases, the rate of Tl+ transport decreases, likely as a result of
electrostatic ‘‘drag’’ by the channel wall. The study further
reveales determinants of channel selectivity, including the
dehydration energy of ions and the length of the helical back-
bone. The selectivity order for alkaline cations matches the

Fig. 12 (a) Chemical and water chain-containing crystal structures of 14. (b) H-bonded 1D water chain in 14. (c) Dynamic light scattering experiments,
revealing Proton gradient-induced enlargement in diameter of LUVs containing channel 14 that is indicative of water transport by 14. (d) Chiral aquapores
of B2.8 Å across for accommodating CH2Cl2 and MeOH molecules by 15. (e) Water chain-containing crystal structures of 14 and 15, suggesting the
internal volume of 14 is about 20% smaller than that of 15. Reproduced with permission from ref. 92 (Copyright 2014 The American Chemical Society)
and ref. 93 (Copyright 2020 The American Chemical Society).

Feature Article ChemComm

Pu
bl

is
he

d 
on

 2
1 

O
ct

ob
er

 2
02

4.
 D

ow
nl

oa
de

d 
by

 F
U

Z
H

O
U

 U
N

IV
E

R
SI

T
Y

 L
IB

R
A

R
Y

 o
n 

10
/2

8/
20

24
 2

:0
6:

52
 P

M
. 

View Article Online

https://doi.org/10.1039/d4cc04388j


This journal is © The Royal Society of Chemistry 2024 Chem. Commun.

Eisenman sequence, which reflects the energy changes during
the ion dehydration process.

However, the large dimensions of the triphenylalanine side
chains (9 � 11 Å) seen in 17 are incompatible with the typical
aromatic p–p stacking distance of 3.4 Å, potentially distorting
the central helical backbone and affecting its intrinsic ion
transport properties. This consideration led Zeng to synthesize
longer polymers with only straight alkyl chains on the exterior
to better assess the true ion-transporting properties of these
channels. In this regard, by polymerizing two easily accessible
repeating units using HATU, A and B, they successfully pro-
duced longer polymeric foldamers 18, with helical heights
ranging from 2.1 to 14 nm and a cavity diameter of about
6.5 Å (Fig. 15(a)).96 This is the first time that fully H-bonded
aromatic foldamers can be made to exceed 2 nm in height.

Expectedly, the alkyl-chain-appended polymers 18 selectively
transport anions across lipid membranes, which is contrary to
Li’s earlier report of preferred cation transport over anions.
Particularly, polymer channels having octyl side chains and a
helical height of 3.6 nm transport iodide ion ten times faster
than that of chloride ions.

It is somewhat puzzling to note that the internal surfaces of
18 are covered with electron-rich O-atoms, yet they exhibit high
selectivity for anions over cations. The analysis of equilibrium
MD trajectories reveals the average electrostatic potential inside
the channel’s central lumen to be positive, originating from the
numerous methyl groups lining the lumen. This explains the
channel’s selectivity for anion transport. Further, even in
cholesterol-rich environments, these channels still maintain
high iodide ion transport activity, demonstrating an EC50 value
of 0.37 mM. This is particularly important for medical applica-
tions, as cholesterol-rich environments can affect the efficacy
of drugs.

Very recently, Zeng et al. found that lipid anchors (LA)
introduced at the helical ends convert anion channels 18 into
powerful artificial water channels 19-LA (Fig. 15(b)),40 replicat-
ing water transport function of AQPs by utilizing a set of
selectivity principles and structural motifs distinct from those
in AQPs. Specifically, they found that (1) a large, hollow tubular
cavity with a pore diameter significantly larger than that of a
water molecule (2.5 Å) but still smaller than a Na+ ion with its
first hydration shell (B9 Å) can compete well with AQPs, (2)
high water transport does not necessarily use the single-file
arrangement as seen in AQP1 and other channels, and (3) high
salt rejection with these large pores can be achieved by lining
the interior pore surface with hydrophobic functional groups
such as alkyl groups that are ineffective at replacing ion-
coordinated water molecules. As such, having its interior sur-
face decorated by many ethyl groups, 19b-LA transports water at
an extremely high rate of 2.7 � 1010 H2O s�1 channel�1—2.5
times that of the aquaporin AQP1—while rejecting salts (NaCl
and KCl) and even protons. Exploring the mechanisms of
proton rejection using MD simulations, they found that

Fig. 13 (a) One-pot synthesis of H-bonded amide-linked polypyridine
channels 16. (b) Molecular dynamics-simulated structure of 16 (n = 31,
P31) made up of 31 repeating units in POPC membrane, revealing the ability
of polypyridine channel to host 1D water chains for mediating possible
transport of protons and water molecules. (c) DOPC-based LUVs under
hypertonic conditions (300 mM sucrose) for quantifying water perme-
ability of P31 at different lipid/channel molar ratios. Reproduced with
permission from ref. 94 (Copyright 2020 Wiley).

Fig. 14 Structures of oligomers 17a–17d and polymer 17e. Reproduced
with permission from ref. 95 (Copyright 2014 The American Chemical
Society).
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fluctuation of the internal hydrophobic alkyl groups blocks the
formation of channel-spanning water chain, thus preventing
proton transport. This mechanism of proton blocking is unpre-
cedented in nature and offers a new perspective on the design
of artificial water channels.

It is worth pointing out that 19b-LA needs lipid anchors to
properly align and achieve ultrafast water conduction. Other-
wise, its water transport rate plummets by 75% to around 0.6 �
1010 H2O s�1 channel�1. To overcome this limitation, Zeng
et al. explored the possibility of using electron-withdrawing
fluorine atoms to influence channel structure and guest bind-
ing behaviors (such as water and ions) by reducing the interior
pore size from 6.5 to 5.2 Å and increasing channel wall
smoothness due to fluorine’s low lone pair donation tendency
(Fig. 15(c)).97 Electronic property of the latter leads to mini-
mized intermolecular host–guest H-bond interactions with
water molecules and coordination bonds with cations. With
an average channel length of 2.8 nm and a pore size of 5.2 Å,
20a is the top performer among the studied flurofoldamers,
achieving an impressive water conduction rate of 1.4 �
1010 H2O s�1 channel�1 while nearly completely rejecting salt
ions (Na+, K+ and Cl�) and protons. These findings highlight
the beneficial impact of incorporating C(sp2)–F moieties on the

inner surfaces of foldamer-based water channel pores, introdu-
cing new principles for channel design that may inspire further
advancements in membrane technologies for water desalina-
tion, nanofiltration, and medical dialysis.

In the same year, they also investigated the membrane-
related function of pyridine–pyridone foldamer channels 21
(Fig. 16(a)).98 Among the six amide coupling agents tested, only
PyBOP gives rise to sufficiently long polymer channel 21d,
reaching a length of 3.4 nm. A key feature of these artificial
channels is their nanoscale carbonyl-decorated tubular pore of
only 3 Å wide, which allows for highly selective and rapid
proton transport. Compared to known channels like gA and
the M2 protein channel, 21d demonstrates a proton conduction
rate of 253 pS that was 0.22 and 10 times faster, respectively.
Remarkably, 21d also exhibits extremely high selectivity in
repelling water molecules and ions including Cl�, Na+, and
K+, with selectivity factors of 167.6, 122.7, and 81.5, respectively.
To account for proton rejection, the researchers proposed a
novel proton transport mechanism where protons may facil-
itate the formation of channel-spanning water chain from two
or more short ones, creating the pathway for their subsequent
transmembrane transport (Fig. 16(b)). This mechanism still
follows the Grotthuss mechanism,99 which involves the rapid

Fig. 15 (a) Foldamer-based approach for constructing H-bonded pore-forming polymeric anion channels 18, having a hollow cavity of 6.5 Å in diameter
after excluding van der Waals volume of atoms decorating the channel’s interior. (b) Chemical structures of ultrafast artificial water channels 19-LA;
broken water chains computationally observed in 19b accounts for why 19-LA rejects protons. (c) Superfast fluorine-decorated artificial water channels
20 and its quantum mechanics-computed helically folded tubular structure at the HF/6-31G(d) level. Reproduced with permission from ref. 40
(Copyright 2021 Springer Nature), ref. 96 (Copyright 2020 Wiley) and ref. 97 (Copyright 2022 The American Chemical Society).
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diffusion of protons along a chain of water molecules con-
nected by H-bonds, but it entails proton-induced formation
and breaking of water chains, rather than relying on a pre-
existing continuous water chain.

Utilizing pivaloyl chloride as a mild one-pot polymerization
agent, Zeng et al. invented another class of sulfur-containing
foldamer-based artificial lithium channels 22,100 a nanoscale
channel with a unique structure and functionality that effi-
ciently and selectively transports Li+ ions (Fig. 16(c)). The core
feature of 22 is its unique structural design, consisting of
internally H-bonded sulfur-containing aromatic foldamers that
form a hollow cavity with a diameter of 3.6 Å (Fig. 16(d)). This
design provides an ideal channel size and right chemical
environment for Li+ transport. When embedded in lipid
bilayers, 22 transport Li+ highly efficiently, with lithium con-
duction rate of 18.4 pS. This high rate is comparable to that of
gA in transporting K+ ions. It also transports Li+ extremely
selectively, with selectivity factors of 15.3 and 19.9 for Na+ and
K+ respectively. Computational simulations reveal the
molecular-level structure of 22 and its selective permeation
mechanism of Li+. The simulations show that water molecules
and sulfur atoms within 22 synergistically work together to
facilitate the transport of Li+, while the channel size effectively
excludes Cl� ions and other larger alkali metal ions (Fig. 16(e)).

Liu’s group studied transport function of quinoline-derived
transmembrane nanochannel 23 (Fig. 17(a)),101 featuring an
extremely small cavity of only 1 Å in diameter as reported by
Huc in 2003.102

This small cavity size coupled with high ionic desolvation
energies enables the channel to effectively block the permea-
tion of cations, anions and water molecules, while allowing
only protons to pass through. Its ultra-fast proton transport
capability is clearly evidenced from its high proton flow rate,
reaching 107 H+ s�1 channel�1 that is comparable to that of gA.
Research into the proton transport mechanism uncovers that
the directionally and sequentially aligned NH-chain is crucial
for proton flux, providing a highly efficient pathway for proton
transfer without a need for 1D water chain. This discovery
offers new perspective and strategy for the design of artificial
proton channels.

Wu’s group designed a new class of anion channels
built from m-pyridine-urea groups as represented by 24
(Fig. 17(b)).103 These oligomers fold through intramolecular
H-bonding between the pyridine N-atoms and urea NH group.
The uniqueness of this folding system is that not all urea H-
atoms participate in forming intramolecular H-bond as verified
by the crystal structure of a short trimer. In 24, multiple strong
intramolecular H-bonds formed twist the otherwise linear

Fig. 16 (a) Structures of AB type polymeric channels 21. (b) A mechanism for proton transport mediated by a proton wire created by the proton itself. (c)
Molecular design and structure of foldamer-derived lithium channels 22. (d) MD-optimized backbone scaffold of 22. (e) MD simulations of selective ion
permeation through channel 22. Reproduced with permission from ref. 98 (Copyright 2022 Wiley) and ref. 100 (Copyright 2023 Wiley).
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backbone into a twisted planar structure, forming a pseudo-
macrocyclic ring; 2D NMR experiments have confirmed the
presence of such a pseudo-macrocyclic ring in solution, with
the orientation of the carbonyl and NH groups being consistent
in both solid and solution state. Having a twisted planar
structure, 24 readily self-assembles to create nanochannels
where the urea carbonyl groups are oriented outward and the
NH groups inward. This leads to optimized pathway for
electron-rich small-sized anionic species and thereby efficiently
transport chloride ions while repelling other anions such as
bromide and nitrate ions. This work provides an interesting
supramolecular system for designing new, efficient and highly
selective biomimetic anion channels.

In 2021, Dong et al. introduced a novel type of anionic
transmembrane nanochannel, constructed through dynamic
covalent reactions involving hydrazine and dialdehyde units
to create dynamic covalent helix 25 of 1 nm in cavity diameter
(Fig. 18(a)).104 25 was synthesized using a one-pot dynamic
covalent chemistry strategy and was found to self-assemble into
helical nanotubes through intramolecular H-bonding and aro-
matic p–p interactions. These nanotubes feature nanoscale
hollow cavities, providing stable and sizable channels for ion
transport. 25 significantly accelerates the transmembrane
transport of anions, with a selectivity order of I�4 Br� 4 Cl�

4 SO4
2� (Fig. 18(b)). Its high transport activity can be mani-

fested by its low half-maximal effective concentration (EC50)
value of only 0.08 mol%.

As early as 2012, Jeong’s group designed and synthesized a
series of folding molecules 26 that mimic the key H-bonding
pattern of the ClC chloride ion channel (Fig. 18(c)).105 These H-
bond-rigidified molecules are characterized by their ability to

bind Cl� ions precisely through four H-bonds (two formed with
urea NHs and two with terminal OHs), a unique binding mode
achieved by incorporating specific urea and hydroxyl groups
into the molecular backbone. These four H-bonds collectively
create a cavity capable of stabilizing Cl� ion. The crystal
structure analysis of the complex formed with tetrabutylammo-
nium chloride confirmed that the binding site of the synthetic
molecule is similar to that found in the ClC chloride ion
channel (Fig. 18(d)). Notably, 26a demonstrates superior Cl�

transport efficiency among all the tested molecules. This
enhancement in efficiency is attributed to the side chains of
26a, enhancing its lipophilicity to achieve a possibly better
balance between lipophilicity and hydrophilicity, thereby
improving its mobility in the lipid bilayer. Additionally, the
chloro group in 26a may enhance the H-bonding capability of
the urea NHs through an electron-drawing effect, increasing
the binding affinity for Cl� ion. Furthermore, the transport
mechanism of 26a was confirmed to be through Cl�/NO3

�

exchange, a counter-transport mechanism.
Two years later in 2014, Jeong’s group reported MCl-selective

symporters 27 that can selectively transport NaCl or KCl across
phospholipid membranes.106 Symporters 27 consist of two
heterogeneous binding sites: one for binding chloride ions
and another for binding alkali metal cations (Fig. 18(e)).
Through cooperative actions, this molecular design signifi-
cantly enhances the binding capacity for chloride ions in the
presence of Na+ or K+ ions (Fig. 18(f)). The uniqueness of these
symporters lies in their high structural modulability and selec-
tivity achieved by adjusting the size of the azacrown ethers in
the symporters to fit different sizes of cations. Specifically, 27a
incorporates 15-azacrown-5 as its cation binding site and

Fig. 17 (a) Structure of foldamer-derived proton channel 23 (n = 16, R = Boc, R1 = Me) and the corresponding proton transport mechanism via the
single-file NH-chain inside the luminal cavity. (b) Structure of aromatic oligoureas as represented by 24 rigidified by intramolecular H-bonds and its
crystal structure that illustrates a 1D channel for anion transport. Reproduced with permission from ref. 101 (Copyright 2021 The American Chemical
Society) and ref. 103 (Copyright 2021 Wiley).
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exhibits moderate selectivity for NaCl, promoting transport of
NaCl across phospholipid membranes by forming contact ion
pairs. On the other hand, 18-azacrown-6 as its cation binding
site endows 27b with strong selectivity for KCl, facilitating
transport of KCl. This design strategy enables the symporters
to somewhat mimic the function of natural symport proteins,
specifically those that simultaneously transports cations and
anions through an M+/Cl� cotransport mechanism (Fig. 18(g)).

In 2014, Jiang et al. described a new class of aromatic
triazole foldamers 28 (Fig. 19(a)).107 The core feature of 28 is
its fully pre-organized conformation maintained by two periph-
eral intramolecular H-bonds between the amide NH and the
N2/N3 atoms of each triazole. These H-bonds allow 28 to form a
crescent-shaped cavity even in the absence of guest molecules,
with a shape and weak H-bond donor arrangement pre-adapted
for chloride ion binding. This fully pre-organized conformation
is key to the high-efficiency transport of chloride ions by 28a. In
contrast, 28b is designed to have a group occupying the internal
cavity and additionally forcing the molecule to take a more
loosely coiled conformation. NMR titration experiments show
that the binding constant of 28a for chloride ions is much
higher than that of 28b (Fig. 19(b)).

Very recently, Talukdar et al. reported a series of novel triazole-
cyanostilbene receptors as represented by 29 (Fig. 20(a)), which

significantly enhance the recognition and the efficiency of trans-
membrane transport of anions through their unique multivalent
C–H� � �anion H-bonding interactions.108 These receptors are
designed to combine 1,2,3-triazole, cyanostilbene, and electron-
deficient aryl groups to optimize interactions with anions. Notably,

Fig. 19 Molecular design of triazole foldamers 28. (b) Cartoon illustration
of 28 binding with chloride ions and a schematic diagram of their ion
transport activity. Reproduced with permission from ref. 107 (Copyright
2014 The American Chemical Society).

Fig. 18 (a) Transmembrane channels formed by dynamic covalent helixs 25 in the lipid bilayer and its anion transport selectivity. (b) Chemical structures
of 26 and the two views of the crystal structure of 26b with tetrabutylammonium chloride. (c) Chemical structures of symporters 27 and the two views of
the crystal structure of a complex formed between 27a and sodium chloride. Reproduced with permission from ref. 104 (Copyright 2021 Wiley), ref. 105
(Copyright 2012 The Royal Society of Chemistry) and ref. 106 (Copyright 2014 The American Chemical Society).
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29, due to its helical conformation, exhibits high selectivity and
transport efficiency for chloride ions relative to other monovalent
anions. This effect is attributed to the higher charge density of
chloride ions, which allows them to form more stable H-bonds with
the receptor through strong dipole–ion interactions of the C–H
groups. This not only highlights the role of precise molecular
design in regulating ion recognition and selectivity but also
demonstrates how molecular control can optimize transmembrane
transport performance (Fig. 20(b)).

Talukdar et al. further derivatized the triazol foldamer system
by designing a structurally much simpler 30 through introducing
an electron-withdrawing CF3 group, causing a push–pull effect
(Fig. 20(c)).109 Among the group of similar molecules tested, 30
shows the highest anion transport activity in model membrane,
demonstrating excellent chloride ion transport efficiency. At the
cellular level, experiments using the chloride-sensitive dye MQAE
confirm that 30 can effectively transport chloride ions into cells,
and MTT assays indicate that 30 is non-toxic to cells.

4. Differential repulsive forces-induced
helical foldamers as ion transporters

With a proper separation distance, repulsive forces between
N-atoms are generally larger than those between N-atoms and

O-atoms. Based on this principle, in 2016, Dong et al. intro-
duced a new type of biomimetic transmembrane channel,
constructed from helically folded macromolecules by taking
advantage of differential repulsive forces among heteroatoms
(Fig. 21(a) and (b)).110 The average lengths of channels 31a and
31b are 3.3 nm and 1.4 nm respectively, with an estimated pore
size of about 0.55 nm (Fig. 21(c)). Fluorescence microscopy
imaging and fluorescence titration experiments show that 31a
exists in lipid membranes as a single helix, with its length
sufficient to span the entire hydrophobic region. Single-
channel electrophysiological experiments demonstrate the
channel formed from both 31a and 31b within phospholipid
bilayers. Notably, 31a, owing to its longer length and single-
molecule channel properties, exhibits higher stability and a
longer channel lifespan compared to the shorter 31b (Fig. 21(d)
and (e)). The experimental results indicate that channels 31a
and 31b possess efficient selective transport capabilities for
protons and cations, with their transport activity surpassing
that of the naturally occurring peptide antibiotic channel gA
and selectivity following Eisenman sequence III.111 Exhibiting
intriguing transport-related properties, these helical macromo-
lecular channels hold good potential for creating artificial
transmembrane channels and nanoporous materials, which

Fig. 20 (a) Chemical structure of 29. (b) Schematic representation of con-
formational change and transmembrane anion transport of 29. (c) Chemical
structure of 30, cell viability assay toward MCF7 cells at variable concentrations
of 30 for 24 h and anion transport diagram for 30. Reproduced with permission
from ref. 108 (Copyright 2022 The American Chemical Society) and ref. 109
(Copyright 2022 The American Chemical Society).

Fig. 21 (a) Molecular design of foldamers 31. (b) – (c) Conformational
model of helical macromolecule 31a obtained using the COMPASS force
field. The pore size is estimated to be about 0.55 nm. Planar lipid bilayer
experiments of the helix channel. Electrophysiology channel recordings of
(d) 31a and (e) 31b in symmetrical baths filled with 0.5 M KCl solution at
150 mV. Reproduced with permission from ref. 110 (Copyright 2016 Wiley).
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may show remarkable stability and efficient ion transport
capabilities.

Expanding upon their previous work, Dong et al. designed
another class of artificial ion channel based on a helical
polymer backbone, uniquely distinguished by the covalent
modification of multiple quaternary ammonium groups on
the inner surface of channel 32 for achieving efficient exclusion
of alkali metal ions (Fig. 22(a)).112 The research team success-
fully grafted multiple positively charged quaternary ammonium
groups onto the surface of the helical polymer cavity. This
modification not only preserves the intrinsic structure of the
helical polymer but also imparts new functional properties to
32. Specifically, the presence of these positively charged groups
leads to high selectivity for anions (e.g., Cl� ions) while virtually
eliminating cations (e.g., alkali metal ions) because of electro-
static repulsion between the cations and the positive charges
within the channel. In addition, the molecular design of 32
somewhat mimics the size exclusion and electrostatic repulsion
mechanisms of natural protein channels, giving rise to high
ionic selectivity. Experimental data show that 32 has a Cl�/Na+

selectivity ratio of 41, indicating exceptionally high efficiency in
transporting chloride ions than sodium ions (Fig. 22(b)). This
finding is of great importance for understanding and simulat-
ing the selective transport mechanisms of natural protein
channels.

By paring triazole groups with pyridine groups, Liu’s group
reported an artificial potassium channel 33 constructed
through helical stacking (Fig. 23(a) and (b)).113 Self-assembled
channel 33 displays an exceptionally high K+/Na+ selectivity.
Further utilizing this pair of structural motifs, Zeng et al.
prepared the polymer-based channel 34 such as P17, endowed
with an array of distinctive cation-binding electron-rich het-
eroatoms (Fig. 23(c)).114 Nanotubes P23 and P27 averaging 2.3
and 2.7 nm in length were successfully made and were found to
mediate highly efficient transport of K+ ions as a consequence
of hydrophilic electron-rich hollow cavities that are 3 Å in
diameter and that matches diameter of K+ ion (2.76 Å). And
exceptionally high K+ and Na+ selectivity values of 16.3
(Fig. 23(e)) and 12.6, respectively, were achieved, a notably significant achievement. Further studies indicate that the cor-

relation between the length of the channels and the hydro-
phobic thickness of the lipid bilayer may be pivotal in
determining the rate and selectivity of ion transport by P23

and P27, emphasizing the dynamic adaptability and capacity of
these channels to accommodate larger ions.

By harnessing the structural merits of aromatic helical
backbone 33 and employing a sequence substitution strategy
involving replacing some or all pyridine units with 1,10-
phenanthroline motifs, Dong et al. created oligomers 35b and
35c. These oligomers show a similar capacity to self-assemble
into channels, generating a lumen size varying from 3.8 to 2.3 Å
and exhibiting excellent ion selectivity and transport activity
through manipulation of cavity size (Fig. 24).115 In terms of K+

transport rate derived from vesicle-base assays, 35b is 8 times
as fast as 35c that in turn is 10 times faster than 35a. In terms of
transport selectivity, 35a and 35b show concentration-
dependent K+/Na+ selectivity factors of up to 22.7 and 32.6,

Fig. 22 (a) Chemical structure of 32. (b) Schematic illustration of the
forces behind the Cl�-transporting and cation-rejecting capacity of 32.
Reproduced with permission from ref. 112 (Copyright 2020 The American
Chemical Society).

Fig. 23 (a) Chemical structure of 33. (b) Self-assembled 33 functioning in
the lipid bilayer membrane. (c) Molecular design of polymeric channels 34
as represented by P17 that contains an average of 17 repeating units
computationally determined at the wB97X/6-31G* level. (d) Top view of
computationally optimized helical structural of P17, showing a hollow
cavity of 3 Å in diameter. (e) The linear relationship of current traces versus
voltages for P23 in the planar lipid bilayer, yielding a K+/Na+ selectivity of
16.3. Reproduced with permission from ref. 113 (Copyright 2017 Wiley) and
ref. 114 (Copyright 2020 Wiley).
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respectively, while 35c interestingly displays Na+/K+ selectivity
factors of up to 5.2. It is worth pointing out that all these
selectivity values were determined using LUVs and therefore are
not very accurate particularly when compared to the selectivity
values determined using single channel current traces.

By additionally replacing pyridine units with quinoline
motifs, Dong’s group developed a class of artificial lithium
channel 36a and 36b, transporting lithium ions through
electron-rich narrow-sized pores adjustable in both size and
cation-binding heteroatoms (Fig. 25(a)).116 Hill analyses of the
vesicle-based kinetic data give EC50 (Li+) values of 1.52 mM
(1.61 mol% relative to lipid) for 36a, 0.88 mM (0.93 mol %) for
36b and no detectable activity for 36c, respectively. These
observations may indicate that four coordination sites as found
in 36a and 36b are the basic requirement for ion transport.
Based on the single channel current traces, 36a achieves a
lithium conductance rate of 27.1 pS. Selectivitywise, while 36a
exhibits concentration-dependent high Li+/Na+ transport selec-
tivity from 15.1 to 23.0, Li+/Na+ transport selectivity of 36b was
determined to be up to 1.3. Again, do note that these values
were determined using LUVs, only providing a qualitative
estimate of the ion transport selectivity. Further study shows
that 36a displays minimal transport of Na+, K+, Mg2+ and
Ca2+ ions.

In 2024, Dong et al. carried out some minor structural
modifications of 36, generating channels 37 of 2.1 Å in dia-
meter (Fig. 26).117 In essence, 37 mimics the intricate pentahy-
drate binding motif of sodium ions to good extent (Fig. 26(a)),
achieving efficient transmembrane sodium ion permeation

with significant ion selectivity. Among the channels studied,
37a is the most Na+-selective, demonstrating a LUV-based Na+/
K+ ion selectivity factor 20.4. It is particularly noteworthy that

Fig. 24 (a) Chemical structures of 35. (b) Schematic representation of ion
channels formed by self-assembly of 35. Reproduced with permission
from ref. 115 (Copyright 2021 The American Chemical Society).

Fig. 25 (a) Chemical structure of 36. (b) Single crystal structure of 36c and
its linearly self-assembling channel structure. (c) Cartoon of transmem-
brane transport of supramolecular Li+ channels. Reproduced with permis-
sion from ref. 116 (Copyright 2023 Wiley).

Fig. 26 (a) Crystal structure of octahydrate sodium ion as well as the
rational design of helically folded nanopores finely replicating the penta-
hydrate structure of sodium ion. (b) Chemical structures of nanopore-
forming molecules 37. (c) Cartoon of sodium transmembrane permeation
through carrier mode (37a and 37b) and channel mode (37c–37e).
Reproduced with permission from ref. 117 (Copyright 2024 The American
Chemical Society).
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minor structural changes in the nanopore could lead to
changes in ion transport mechanism, e.g., from channel to
carrier mechanisms. Their data reveal that the channel mecha-
nism dominates over the carrier mechanism (Fig. 26(c)). Addi-
tionally, this work suggests the spatial position and number of
coordination sites within the nanopore to be very crucial for
sodium ion selectivity.

5. Hybrid helical foldamers as ion
transporters

Combing repulsive forces with intramolecular H-bonds to drive
the molecular chain to fold in a specific direction, Dong et al.
developed a self-assembled helically folded nanochannels
through introduction of aromatic amide and pyridine-
oxadiazole structural motifs into the same molecular backbone
(Fig. 27).118 Helical channel 38 exhibits significant activity in
transmembrane transport, especially in transporting alkali
metal ions, albeit with relatively weak selectivity in the decreas-
ing order of Cs+ 4 Rb+ 4 K+ E Na+ 4 Li+. Very significantly,
the conductance rate of 38, as measured utilizing single chan-
nel current traces, reaches an impressive value of 50.1 pS,
surpassing the 39 pS recorded for the natural channel gA under
comparable conditions.110 This underscores the potential to
design channels with specific properties through chemical
alterations of the helical structural sequence, thereby offering
new possibilities for the functional design of nanochannels.

By combining with coordination bond, Liu et al. reported a
pioneering ligand-gated ion channel, a unique switching
mechanism that was achieved through the ion coordination-
induced transformation between a hollow single helix and an
intertwined double helix (Fig. 28).119 Employing a carefully
designed aromatic helical trimer molecule 39, the research
team achieves reversible control of ion channel activity within
lipid bilayers by adding and removing Cu+ ions (Fig. 28(d)). In
the absence of Cu+ ions, 39 spontaneously assembles into one-
dimensional hollow helical tubes through p–p interactions,
enabling their embedding into lipid bilayers to form stable
ion channels. Dynamic adjustment of its internal cavity can
then take place through chemical stimuli. That is, upon adding
Cu+ ions, both triazole and phenanthroline units in 39 can
form coordination bonds with Cu+ ions. This triggers the
rotation of the triazole units, subsequently converting helically

stacked 39 into an intertwined double helix structure
(Fig. 28(d)). By using NH3�H2O as a chelating agent to compete
with 39 in binding Cu+ ions, the double helix structure can be
dissociated, reverting to the single helix structure and restoring
its channel function (Fig. 28(e)). This structural transition
between single and double helices not only showcases precise
regulatory capabilities at the molecular level but also has
significant application potential in materials science and
nanotechnology.

6. Conclusions and outlooks

In this review, we have conducted a comprehensive analysis of
artificial transmembrane transporters derived from aromatic

Fig. 27 Helical polymer nanochannel 38 inserting into the lipid bilayer membrane. Reproduced with permission from ref. 118 (Copyright 2020 Wiley).

Fig. 28 (a) Chemical structure of 39 and (b) its crystal structure. (c) Crystal
structure of 392-[Cu(CH3CN)4PF6]4. (d) Schematic representation of the
tentative formation, disassembly and reassembly of the 1D hollow helical
tubes from 39. (e) Schematic representation of the reversible ligand-gated
ion channel formed by 39 triggered by Cu+ and NH3�H2O. Reproduced
with permission from ref. 119 (Copyright 2020 Wiley).
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foldamers, outlining key scientific achievements and innova-
tions in this emerging field. The design of these transporters
sometimes mirrors those of natural ion channels and aqua-
porin proteins, presenting new strategies for precisely manip-
ulating transmembrane ion transport and intelligent material
design.

One of the greatest advantages of these aromatic foldamers
rigidified by intramolecular H-bonds or differential repulsive
forces lies in their exceptional molecular design flexibility. The
strategic utilization of helical and macrocyclic structures in the
field of aromatic foldamers is crucial for regulating transport of
ions, water and protons across lipid bilayers, emphasizing the
importance of meticulous molecular design in achieving spe-
cific functionalities. Significant progresses have been made in
creating highly selective ion channels for K+, H+ and Li+ as well
as salt- and even proton-rejecting water channels, with progress
in achieving high Na+ selectivity lagging far behind. And
these foldamer-derived transporters have shown potential
beyond academic research, extending into therapeutic realms
including anticancer treatment and managing channel-
associated diseases like cystic fibrosis, Bartter Syndromes
and Liddle’s Syndrome. They also may enable customization
for specific biomedical applications such as drug
delivery, sensor development and antimicrobial agent design.
Furthermore, their possible applications in water treatment,
seawater desalination, and as components of biomimetic mem-
branes underscore their adaptability to various technological
demands.

These exciting advances have not only deepened our com-
prehension of membrane transport mechanisms but also help
to pave the way for the development of new therapeutic
approaches and efficient biotechnological applications to great
extent. With the continuous advancement of chemical tools,
synthetic biology and materials science, we anticipate that this
field will witness further breakthroughs, which will have pro-
found implications for health, the environment, and industry.
While we keenly await the innovative solutions that aromatic
foldamers may offer to global challenges in the future, it is
important to acknowledge that they still confront several chal-
lenges in both fundamental and applied settings.

The foremost challenge concerns attaining or even surpass-
ing the exceptional transport selectivity displayed by natural
channel proteins as majority of artificial versions falls signifi-
cantly short in this regard. Secondly, the connection between
the structure and function of many artificial transporters is still
not fully understood, and their operational duration needs
further improvement. Third, most artificial ion channels exhi-
bit non-specific cytotoxicity, affecting both cancerous and
healthy cells, which limits their potential for drug develop-
ment. Therefore, there is a pressing need for the installation of
gating mechanisms that respond to external stimuli like che-
micals, electricity, light, or temperature changes. Lastly, effi-
cient synthesis and precise structure-based functional design of
these aromatic foldamers remain technical bottlenecks, calling
for innovative solutions while necessitating further in-depth
research and collaboration.

Addressing these challenges is crucial for advancing scien-
tific research and requires innovative structural designs to
expand the applicability of foldamer-derived artificial transpor-
ters. To propel this field forward, in addition to more intelligent
design of molecular structures and functions, future research
efforts could prioritize on (1) utilizing computational chemistry
and molecular dynamics simulations to guide the design of
helical or macrocyclic aromatic foldamers, enhancing ion
selectivity and transport efficiency while providing deeper
insights into transport mechanisms, (2) conducting both
in vitro and in vivo experiments to assess the biocompatibility
and potential toxicity of aromatic foldamers, along with
detailed analyses of metabolic pathways, to ensure their safety
as drug delivery systems and promote their application in
clinical and environmental settings, (3) interdisciplinary colla-
borations across chemistry, biology, materials science, and
pharmacology to expedite knowledge exchange and technolo-
gical integration, collectively advancing the design and applica-
tions of aromatic foldamers in diverse fields, (4) incorporating
green chemistry principles into synthesis strategies by explor-
ing renewable resources, using environmentally friendly sol-
vents, reducing the reliance on harmful solvents, and
enhancing synthetic efficiency and sustainability, and (5) inte-
grating these transporters into more complex systems, such as
embedding aromatic foldamers into functional biomimetic
membranes and smart materials, enabling responsiveness
and regulation in response to environmental stimuli for separa-
tion and other applications.
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