
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

1:
38

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal
Foldamer-based
State Key Laboratory of Supramolecular

Chemistry, Jilin University, Changchun 1300

Cite this: DOI: 10.1039/d5sc08786d

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 11th November 2025
Accepted 13th February 2026

DOI: 10.1039/d5sc08786d

rsc.li/chemical-science

© 2026 The Author(s). Published b
K+ channels with ion selectivity
surpassing the KcsA channel

Ze Lin, Zhaocheng Xu, Jun Tian, Chenyang Zhang, Chuqiao Sheng
and Zeyuan Dong *

This study presents biomimetic supramolecular K+ channels based on pore-containing foldamers with

pyridine and oxadiazole backbones, aimed at high ion selectivity and transport efficiency. Modification of

helical peripheral chains controlled their distribution in aqueous and lipid phases. LUV experiments

demonstrated that a partition coefficient (log P) of ∼5.0 optimally balanced this distribution, significantly

enhancing ion transport activity. The M1 channel with isopropyl side chains exhibited an EC50 of 1.1 nM,

the highest known activity for synthetic K+ channels, supporting the role of side chains in enhancing

transport efficiency, as seen in natural K+ carriers. Bilayer lipid membrane (BLM) experiments revealed

a potassium-to-sodium permeability ratio (PK/Na) of 55.2 for the M1 channel under 1 M asymmetric salt

conditions, setting a new record for bioinspired K+ channels. Under 2 M asymmetric salt conditions,

PK/Na increased to 138, surpassing the selectivity of the KcsA channel (80). BLM tests showed that M1 and

M2 channels, with identical scaffolds, had similar selectivity and transport rates, indicating that the

scaffold structure governs ion selectivity, while side chains primarily modulate transport activity. These

findings offer key insights for bioinspired channel design and underscore the potential of biomimetic K+

channels in treating channelopathies.
Introduction

Natural ion channels are pore-forming proteins located on cell
membranes, providing selective and rapid pathways for trans-
membrane ion conduction and regulating the concentration of
ions.1,2 They play crucial roles in electrical signal transmission,
nervous system regulation, and cell growth and apoptosis.3,4

Potassium ion channels, in particular, exhibit exceptional
selectivity and transport activity.5 For example, the KcsA
channel shows a high selectivity for K+, as reected by its
permeability ratio (PK/Na) of 80,6 owing to its selective lter that
coordinates effectively with K+ but less efficiently with Na+.7,8

Dysfunction in these channels can lead to diseases such as
cystic brosis, myotonia, and long QT syndrome.9 However, the
complex structure and instability of these natural ion channels
pose signicant limitations in practical applications, especially
in drug development and disease treatment. This has driven the
search for articial ion channels as viable alternatives.10–12

To address these challenges, researchers have developed
articial systems for transmembrane ion transport, ranging
from pore-forming ion channels to macroscopic ion-selective
membranes.13–20 Among the various designs inspired by
nature, ion channels have been the primary focus, offering
potential replacements for natural channels. Inspired by
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natural K+ channels, various articial K+ channels have been
designed using materials such as crown ethers,21 biomimetic
multiblock amphiphiles,22 polypeptides,23 macrocyclic
compounds,24 and inorganic materials.25 Despite the advances
in articial K+ channels, improvements are still needed in terms
of selectivity and transport activity before they can match the
performance of their natural counterparts.

Within the last few years, our group has developed a series of
aromatic foldamer-based molecules that self-assemble on
bilayer membranes to form supramolecular ion channels. It has
been proven that modulating the backbone structure of these
molecules can signicantly affect the properties of the chan-
nels. Adjusting the pore size, number of binding sites, and
charge distribution within the pore, for instance, can ne-tune
the ion selectivity of the channels, creating a series of articial
channels that are highly selective for potassium, sodium, and
lithium ions.26–29

Although signicant progress has been made in the internal
structural design of foldamer-based ion channels, a critical gap
remains in optimizing their external architecture, particularly
in replicating the membrane-embedding characteristics of
natural ion channels. This area remains largely unexplored. To
address this gap, we turn to natural ion transport proteins for
guidance, as their design has been optimized for stability and
function within lipid membranes. These proteins rely on
specic amino acid side chains that are precisely arranged to
interact with the hydrophobic lipid bilayer, enhancing their
Chem. Sci.
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Fig. 1 Schematic diagram of the KcsA channel structure (left), where
two monomers are omitted for clarity, showing the arrangement of K+

binding sites in the selectivity filter (SF). The right side shows a sche-
matic of a foldamer-based K+ channel and its K+ binding sites. Arrows
indicate the direction of K+ transport, with yellow spheres representing
K+.

Fig. 2 Chemical structures of foldamers M1–M5.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

1:
38

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
membrane embedding and ensuring channel stability. For
instance, membrane proteins enhance anchoring by matching
amino acids (such as Val, Leu, Ala, Ile) with hydrophobic resi-
dues with the lipid bilayer.30 Similarly, the gramicidin A (gA)
dimer, a prototypical linear peptide channel, demonstrates how
judicious incorporation of isopropyl and isobutyl side chains
enhances membrane integration while maintaining dynamic
channel assembly.

Building on these insights, we hypothesize that rational side-
chain engineering can regulate the phase distribution balance
in synthetic channels, thereby enhancing their transport
activity. Therefore, we adopted a helical biomimetic channel
based on pyridine and oxadiazole moieties, which is capable of
highly selective K+ transport. The backbone structure is
preserved, while side chains, commonly found in natural ion
channels, are introduced to modulate the channel properties.
By adjusting these side chains, we aim to investigate how their
distribution inuences channel activity and selectivity.

To validate the ion selectivity and conduction properties of
the engineered channel, we employed BLM technology. At a salt
concentration of 1 M, the selectivity of the channel M1 was
measured at 53, which increased to 138 at 2 M—signicantly
surpassing the natural KcsA channel (80) under the identical
conditions. This exceptional selectivity makes our articial
channel the highest-performing K+/Na+ selective channel in
biomimetic supramolecular K+ channels measured using the
BLM method. Furthermore, its ion conductance was remark-
able, with a rate of 3 × 107 K+ s−1 at 100 mV, demonstrating its
high transport efficiency.

Notably, by drawing inspiration from the structures of
natural channels and carriers, we selected the isopropyl side
chain as the peripheral group of the articial channel. This
optimization achieved a distribution balance between the
aqueous phase and the phospholipid membrane, signicantly
enhancing the activity of channel M1 to as high as 1.1 nM. This
represents the highest activity reported for articial K+ channels
to date. Our ndings underscore the crucial role of balancing
amphiphilicity between water and lipid phases in the design of
articial ion channels. This not only provides valuable insights
for side chain selection, but also paves the way for future
applications in drug delivery and disease treatment.

Results and discussion
Design and synthesis of foldamers M1–M5

Natural K+ channels selectively transport K+ through specic
ion recognition sites on the selectivity lter (SF). Inspired by this
mechanism, we employed aromatic foldamers as scaffolds for
articial ion channels. These foldamers can self-assemble into
pre-organized pore structures, which mimic the ion recognition
sites of natural channels, enabling selective transmembrane
transport of specic ions (Fig. 1).

Learning from natural structures is an important direction
for optimizing the properties of articial systems. In this
process, we found that short-chain side groups (such as iso-
propyl and isobutyl) are key structural features in natural K+

channels, playing a crucial role in their embedding in the
Chem. Sci.
membrane and maintaining stability. This idea led us to
construct a series of foldamer-based channels with different
side chains (Fig. 2 and S1). These foldamers (M1–M5), charac-
terized by 1H-NMR, 13C-NMR, and MS (Fig. S2–S48), were
synthesized using pyridine and oxadiazole as the skeletal
framework. The side groups included are isopropyl, isobutyl,
and dodecyl chains in varying combinations, designed as
hydrophobic exterior anchors. Isopropyl and isobutyl represent
typical short functional groups seen in natural K+ channels,
while dodecyl is a longer alkyl chain that exhibits good
lipophilicity.

Specically, M1 features the shortest isopropyl side chain,
M4 uses slightly longer isobutyl, M2 combines both isopropyl
and isobutyl, and M3 has a partial isopropyl component. To
explore the effect of highly lipophilic groups on channel activity,
M5 includes dodecyl side chains. These side groups at the
periphery of the helix confer amphiphilicity to the channel,
enabling the helical molecules to diffuse in aqueous environ-
ments and assemble into transmembrane channels within
phospholipid membranes. Meanwhile, the nitrogen and oxygen
atoms in the helical skeleton form recognition sites within the
channel pore, allowing the selective binding and recognition of
K+.

It is worth noting that the molecular frameworks of M2 and
M4 have been reported,31 but their transmembrane transport
behaviours and systematic comparison with other side-chain-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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modied channels have not been investigated. Therefore, in
this study, they are used as reference structures for in-depth
exploration, providing important insights into the regulatory
effects of different alkyl side chains on channel function.

To better understand the helical structure, we shortened the
backbone and obtained the crystal structure of molecule M0
(Fig. S49). The results revealed that the conformation of M0
aligns with expectations: the N atom on the pyridine and the N
atoms on the oxadiazole exhibit repulsion, causing the O atom
on the oxadiazole to orient toward the pore interior. The overall
structure adopts a folded conformation, with a pore size of
approximately 3.6 Å. This simplied structure provides valuable
insight into the molecular conformation, which serves as the
foundation for designing the more complex M1–M5 foldamers.

Molecular self-assembly and ion response of foldamers M1
and M2

To further investigate the self-assembly behaviour in solution,
concentration-dependent uorescence titrations were per-
formed. M1 and M2 exhibited uorescence quenching at
a concentration of 27 mM, suggesting that the foldamers
undergo self-assembly at this concentration (Fig. S50). This
observation strongly implies that the formation of supramo-
lecular assemblies is governed by the skeletal structure of the
foldamer, which is built from repeating pyridine and oxadiazole
units.
Fig. 3 The fluorescence response ofM1 andM2 at a concentration of 20
in acetonitrile/water (9 : 1, v/v) at 298 K (lex = 290 nm) is shown. (a) Fluore
spectra of M1 with varying Na+ equivalents. (c) Fluorescence spectra of M
varying Na+ equivalents.

© 2026 The Author(s). Published by the Royal Society of Chemistry
To determine the ion preference of the foldamers, uores-
cence titration experiments were conducted onM1 andM2 with
varying concentrations of K+ and Na+. The introduction of K+

caused a decrease in the uorescence intensity of the M1 and
M2 systems, accompanied by a slight red shi (Fig. 3).

The uorescence intensity decrease and red shi became
more pronounced as the K+ concentration increased. In
contrast, the addition of Na+ had no noticeable effect on the
uorescence intensity ofM1 andM2. These results suggest that
M1 and M2 have a specic recognition and binding affinity for
K+.

Liposome-based ion transmembrane transport

To investigate the transmembrane ion transport characteristics,
a liposome-based kinetic test was conducted on channelsM1 to
M5. Suspensions of large unilamellar vesicles (LUVs, pH inside
= 7.0, HEPES 10 mM) containing egg yolk L-a-phosphatidyl-
choline (EYPC) and encapsulated HPTS (1 mM) were prepared
and added to HPTS buffer solution with pH= 7.8, creating a pH
gradient inside and outside the vesicles. The translocation of
cations into LUVs was assessed by continuously monitoring the
change in uorescence intensity of the embedded HPTS dye
(Fig. 4a).

Foldamers M1–M4 can all mediate transmembrane K+

transport. To identify the transport direction, we conduct three
experiments (Fig. S51). The results indicate the H+/K+ antiport.
mM upon the addition of different equivalent amounts of K+ or Na+ ions
scence spectra ofM1with varying K+ concentrations. (b) Fluorescence
2 with varying K+ concentrations. (d) Fluorescence spectra of M2 with

Chem. Sci.
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Fig. 4 (a) Schematic diagram of a liposome-based kinetic assay using a pH-sensitive dye, 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt
(HPTS), to assess the ion transporting activity of channels formed by supramolecular aggregation. (b) Concentration-dependent normalized K+

transport activities ofM1. (c) Concentration-dependent normalized Na+ transport activities of M1. (d) Hill analysis of the dose–response profile of
K+ and Na+ transport forM1. (e) Normalized K+ and Na+ transport activities ofM1 at 12 nM. (f) Normalized K+ transport activities ofM1 at 5 nM,M2
at 0.1 mM, and M3, M4, M5 at 10 mM.
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The chloride ion indicator assay conrmed that the channels
lack Cl− permeability (Fig. S51a and b), excluding anions from
charge balance. Given that H+ efflux was observed in HPTS
assays, the protonophore FCCP did not enhance transport
efficiency (Fig. S51c and d), indicating that H+ efflux is not the
rate-limiting step. Conversely, adding the potassium ionophore
valinomycin signicantly increased efficiency (Fig. S51e and f).
These results demonstrate that the channels achieve H+/K+

antiport by mediating H+ efflux coupled with K+ inux.
M1–M5 transport K+ to varying degrees, whereas the trans-

port of Na+ is very low, suggesting that these channels all have
good K+ transport selectivity (Fig. 4b–d and S52–S55).

This selectivity difference is remarkably signicant and
surprising. Even at a concentration of 12 nM, the transport
efficiency ofM1 for K+ reaches 76%, while the transport of Na+ is
almost negligible, showing no signicant difference from the
baseline level (Fig. 4e). To quantify the K+/Na+ ion selectivity
(SK/Na) of the channel, we determined the selectivity of M1 to be
55.8 ± 5.2 by comparing the rst-order rate constants of the
potassium and sodium ion transport curves (Fig. S56–S59). This
result represents a new milestone in the eld of biomimetic
supramolecular K+ channels, demonstrating signicant selec-
tivity. Notably, the selectivity of M2 to M4 is similar to that of
M1, indicating that side-chain modications do not signi-
cantly affect the channel selectivity (Fig. S60–S63).

Aer conrming the high selectivity of the foldamers for K+/
Na+, the transport efficiency for other monovalent alkali metal
ions was investigated (Fig. S64). The results showed the selec-
tivity order: Rb+ > Cs+ > K+ > Na+ > Li+. This order is primarily
controlled by the matching of the ion size with the foldamer
cavity and the dehydration energy barrier: the larger Rb+ and
Cs+ ions match well with the foldamer cavity (∼3.6 Å) and have
Chem. Sci.
lower dehydration energies, resulting in high permeability;
while the smaller Li+ and Na+ ions are effectively ltered due to
size mismatch and higher dehydration energy barriers. This
characteristic is consistent with the behaviour of some natural
potassium channels, which are permeable to K+ and its larger
congeners.

Given the strict monovalent cation selectivity of M1, we
further investigated its ability to exclude divalent ions, a key
feature of natural K+ channels. Transmembrane transport tests
of Ca2+ and Mg2+ were also performed on these channels. These
channels have almost no transport function for Ca2+ or Mg2+,
suggesting that they are specic K+ channels and have almost
no transport function for other physiologically important
cations in the human body (Fig. S65). This behaviour aligns
with natural K+ channels, which have evolved to distinguish
between K+, Ca2+, and Mg2+.

Building on its exceptional selectivity, M1 maintained effi-
cient K+-selective transport in articial membrane systems. This
functional preservation prompted investigation of its biological
compatibility, where co-localization assays demonstrated
spontaneous aggregation on both HUVEC and leukocyte
membranes (Fig. S66). High-resolution imaging further
conrmed stable integration into native cellular membrane
architectures while retaining robust binding affinity. These
ndings provide a foundation for further exploration in the
eld of biomedicine, including future functional validation in
live cells through patch-clamp electrophysiology or K+-ux
assays, to support the development of potential therapeutic
applications. Moreover, although channels M1–M5 all exhibit
good K+ selectivity, the activity of transporting K+ varies
considerably. Channel activities decrease progressively fromM1
to M5. M1 exhibits high K+ transport efficiency, achieving 70%
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Potassium ion transport activity (EC50) and lipid-water parti-
tion coefficients (log P) of foldamers M1–M5

Foldamer EC50 (nM) Mol% relative to lipid Log Pa

M1 1.1 1.2 × 10−3 5.0
M2 3100 3.3 5.9
M3 110 000 116.7 4.3
M4 N.Db N.Db 6.2
M5 N.Db N.Db 9.1

a The lipid-water partition coefficients were obtained by computer
simulation with the ALOGPS 2.1 program. b N.D.: not detectable due
to the inability of M4 and M5 to transport K+ to 50% efficiency.
[phospholipid] = 0.09 mM.
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at 5 nM, far outperforming M2 at 0.1 mM (28%) and M3 to M5 at
10 mM (25%, 20%, and 10%, respectively) (Fig. 4f). It is worth
noting that the K+ transport efficiency of M1 is already near
saturation at a concentration of 10 nM, whereas M2 requires
a concentration of 30 mM to approach saturation, andM3 needs
nearly 100 mM. To further quantify these differences, the EC50

(the effective concentration required to reach 50% activity) for
each channel was determined using the Hill equation, Y= 1/(1 +
(EC50/[C])

n).32 Table 1 summarizes the EC50 values for K+

transport, with M4 and M5 failing to reach 50% efficiency and
thus no EC50 values are provided.

The EC50 values of M1, M2, and M3 increase gradually and
vary greatly, implying that their transmembrane K+ transporting
activities vary greatly (Table 1). The EC50 of M1, which has all
isopropyl side chains, is 1.1 nM, 4.5 times more active than that
of gA under the same conditions (5.0 nM),26 and is the most
active K+ channel in the eld of articial K+ channels so far. This
also suggests that M1 is among the most active and selective
articial K+ channels identied so far. The EC50 values for M2,
which contains just isobutyl side chains, are 3.1 mM, while M3,
which contains partial isopropyl side chains, has an EC50 of 110
mM. These values differ by 2800 and 105 times from the EC50

values forM1, respectively. The activity difference is signicant,
indicating that not only the type of channel side chain should
be considered, but also the number of side chains is important.
With an all-isobutyl side chain, M4 exhibits poor channel
activity, whereas M5, with an all-dodecyl side chain, has nearly
no K+ transfer capacity.
Amphiphilicity of channels

To understand the reasons behind these large variations in
channel activity, we examined the entire mechanism of ion
transport across the membrane. The process begins with the
foldamer dissolving and diffusing in water, followed by self-
assembly and embedding into the lipid membrane (Fig. S67).
The efficiency of these steps depends on the balance between
the channel distribution in the aqueous and phospholipid
phases, which in turn determines activity (EC50 from liposome-
based testing). The nal stage involves ion transport through
the channel aperture, which dictates ion selectivity and trans-
port rate. The side chains ofM1 toM5 are different, resulting in
© 2026 The Author(s). Published by the Royal Society of Chemistry
distinct dissolution and diffusion behaviours, which subse-
quently affect the membrane insertion process. In particular,
the isopropyl side chain exhibits the best properties, as it easily
dissolves and diffuses in water while remaining relatively stable
in lipid membranes. In contrast, the solubility of the isobutyl
and dodecyl side chains in water gradually decreases, leading to
poor ion transport activity in M4 and almost no ion transport
activity in M5.

To further understand the impact of these side chains on
channel activity, we examined the lipid-water partition coeffi-
cients (log P) of the ve foldamers to investigate their distribu-
tion in water and phospholipid membranes. Log P serves as
a key indicator of lipophilicity, which plays a crucial role in its
dissolution and permeability, which in turn determines its
ability to insert into the membrane and ion channel activity.33

Typically, this value falls within a reasonable range to ensure
effective membrane interaction. To assess this, the ALOGPS 2.1
program was used to predict the lipid-water distribution coef-
cients of M1 to M5 (Table 1).34 The log P values of these ve
molecules vary signicantly, reecting how the length and
number of side chains greatly affect the hydrophilicity of
foldamer-based channels. For instance, M3, with the shortest
and fewest side chains, has a log P of 4.3, while M5, with
a dodecyl side chain, has a log P of 9.1. However, they both
exhibit poor channel transport activity. The low activity of M3
may be due to the strong hydrophilicity of its side chain, which
restrains it from embedding into the membrane. On the other
hand, the low activity of M5 can be attributed to the lipophilic
nature of the side chain, which hinders solubilization and
diffusion in water, limiting the ability to interact with the
membrane.

The log P values ofM1 (5.0),M2 (5.9), andM4 (6.2) fall within
a favourable range, indicating moderate hydrophilicity. This
clear correlation between log P and ion transport activity reveals
the primary role of the side chains. Their dominant function is
to modulate the amphiphilicity of the foldamers, which in turn
governs the critical step of membrane insertion efficiency. An
optimal log P ensures a balance between sufficient aqueous
solubility for diffusion to the membrane and adequate lip-
ophilicity for partitioning into and stabilizing within the lipid
bilayer. This optimal balance maximizes the number of fol-
damer molecules that can successfully embed into the
membrane and assemble into functional channels, thereby
determining the macroscopic transport activity. Interestingly,
the log P of M1 aligns closely with that of the K+ carriers cer-
eulide (5.1) and valinomycin (5.0), both predicted using the
same method, and it demonstrates high transmembrane K+

transport activity. This suggests that the amphiphilicity of the
side chains is crucial in designing foldamer-based biomimetic
ion channels, underlining that a log P value around 5.0 is
particularly advantageous for efficient function. Aer screening,
the isopropyl side chain was found to be particularly effective in
enhancing K+ transport. Interestingly, the design of K+ channel
M1 aligns closely with evolutionary strategies observed in
nature. The use of isopropyl groups in M1 mirrors the side
chain composition of natural K+ ion carriers like valinomycin
and cereulide, which also feature isopropyl side chains (Fig. 5).35
Chem. Sci.
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Fig. 5 Chemical structures of (a) valinomycin and (b) cereulide.
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This similarity suggests that the design of M1 unintentionally
reects an evolutionary optimization developed over time. The
exceptional transport activity highlights the critical role of the
isopropyl group in facilitating efficient K+ transport. This
nding not only demonstrates a surprising alignment between
articial design and natural evolution but also provides valu-
able insight for the future development of synthetic ion chan-
nels. The successful incorporation of isopropyl side chains
serves as a key reference for creating more efficient ion trans-
port systems.
Electrophysiological properties of the channels

M2 is a high-speed K+ channel with an electrical conductance
(G) of 48.3 pS, which corresponds to a transport rate of 3 × 107

K+ s−1 at 100 mV.31 Its conductance is notably higher than that
of gA (G = 18 pS) under identical conditions,36 highlighting its
efficiency in K+ transport.

To investigate the effect of different side chains on the K+

conductivity of channels, the BLM experiment was carried out
on M1 in the 1 M KCl environment. M1 displayed a regular
square signal (Fig. 6), with a tted K+ conductance of 49.1 ± 0.4
pS, similar toM2. This suggests that the structural framework of
the channel, including interior binding sites, is crucial in
determining the transport properties of the channel. This
similarity in conductance aligns with the principle that natural
Fig. 6 Single-channel electrophysiological recording of M1. (a) Current–
(cis chamber = trans chamber = 1 M KCl) at varying voltages. (b) Fitting

Chem. Sci.
channel conductance is primarily inuenced by the channel
pore size and the electronegativity of the vestibular opening.7,37

Since only the side chains were altered in this system while the
aperture and electronegativity remained unchanged, it is
hypothesized that these structural elements dominate the
channel conductance.

The nearly identical single-channel conductance of M1 and
M2 suggests that they form transmembrane pores with highly
similar architectures, prompting an investigation into their
assembly stoichiometry. We propose a tetrameric model, sup-
ported by the columnar supramolecular packing observed in
the crystal structure of M0 (interplanar distance approximately
4.3 Å). In the functional molecules M1–M5, the hydrophobic
side chains likely optimize this packing within the membrane,
reducing the helical pitch to approximately 3.5–3.8 Å. A pore
composed of four such molecules, each contributing about two
helical turns, yields a total length of 2.8–3.0 nm. This dimen-
sion aligns well with the hydrophobic thickness of a lipid
bilayer (approximately 2.6–2.8 nm), thereby supporting the
observed stable, unitary currents. Alternative oligomeric states
(e.g., trimer or pentamer) are less compatible with these phys-
ical constraints.

BLM recordings of M1 and M2 reveal clear open–close
transitions, suggesting that gating behaviourmay arise from the
dynamic nature of their supramolecular assemblies. Channel
closure could result from transient sliding or partial dissocia-
tion of the p–p stacked helical foldamers under the inuence of
transmembrane voltage. Additionally, the side chains might
contribute to gating by sterically blocking the channel or
destabilizing the overall assembly structure.

Further analysis under symmetrical salt concentration
conditions in the BLM experiment revealed identical K+ trans-
port speeds for both M1 and M2, suggesting that the ion
transport rates through their pores are similar. However, during
the LUVs test, M1 exhibited a K+ transport activity 2800 times
higher than M2. This discrepancy is mainly attributed to vari-
ations in the membrane embedding process rather than
differences in pore transport properties. Specically, the
amphiphilic effects of the side chains on the external surface of
the pores likely enhance the transport activity of M1.
voltage relationship for M1 (1 mM) in symmetrical 1 M KCl electrolytes
of the conductance of M1 under this concentration condition.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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To accurately determine the K+/Na+ ion selectivity of the
channel formed by this framework, an asymmetric BLMmethod
was employed for measurement. M1 demonstrates excellent
single-channel selectivity for K+ over Na+ under asymmetric
conditions (Fig. 7a and b). The reversal potential was measured
using the current–voltage (I–V) curve tting method and was
found to be−103.0 mV, indicating a clear preference for K+ over
Na+. Based on this reversal potential and the Goldman-
Hodgkin-Katz equation, the potassium-to-sodium permeation
ratio (PK/Na) forM1 was calculated to be 55.2, the highest single-
channel selectivity for K+ over Na+ reported among biomimetic
K+ channels characterized by BLM.17,24,26 Given the high accu-
racy of this method and the fact that most recent reports on
articial K+ channels show selectivities below 50, the selectivity
of this framework represents a signicant improvement. This
suggests that well-designed helical skeleton cavities can act as
highly selective ion lters, allowing specic ions to pass
through the similar to natural channels.

Under the same testing conditions, the potassium-sodium
ion permeability selectivity of channel M2 was evaluated
(Fig. 7c and d). The tted reversal potential for M2 was
−103.8 mV, which closely matches that of M1 under the same
conditions. Additionally, the calculated PK/Na value for M2 was
57.0, which is comparable to that of M1. This result is in
agreement with the potassium-sodium ion selectivity observed
in LUV tests, and both M1 and M2 exhibited similar ion selec-
tivity in both LUV and BLM asymmetric tests. These ndings
further highlight that for foldamer-based supramolecular
channels, the scaffold structure of the channel determines its
ion selectivity, rather than the external side chains.

Because the ion selectivity of the channel can be more reli-
ably determined under elevated salt concentrations, the salt
Fig. 7 Single-channel electrophysiological recordings ofM1 andM2. Cu
(a and b) M1 and (c and d) M2 under asymmetric KCl/NaCl conditions at

© 2026 The Author(s). Published by the Royal Society of Chemistry
concentration on both sides of the channel was increased to 2M
to determine the PK/Na of the channel M1. Under the identical
experimental system previously used to characterize the KcsA
channel, at identical conditions that include the identical
testing methods, salt solutions, and concentrations, the PK/Na
value of M1 increased to 138.0, surpassing the selectivity of the
natural KcsA channel (80) (Fig. 8a and b).6 This shows that the
PK/Na of the channel can be enhanced by increasing the
concentration of ions on both sides of the membrane. The
enhanced selectivity under high salt conditions likely results
from increased electrostatic screening. At lower ionic strength,
xed negative charges near the channel entrance generate
a non-specic electric eld that attracts both K+ and Na+,
thereby obscuring the intrinsic selectivity of the pore. As ionic
strength rises, these charges become effectively screened,
weakening the external eld. Consequently, the inherent
selectivity of the pore, which is determined by its geometry and
chemical coordination, becomes the dominant factor. This
phenomenon is consistent with the higher selectivity exhibited
by natural channels at higher ion concentrations, further
proving the superiority of this channel framework in terms of
ion selectivity.

The exceptional K+/Na+ selectivity of articial channel M1—
surpassing synthetic counterparts at 1 M and even exceeding
natural KcsA channels at 2 M—prompted us to investigate its
performance under physiologically relevant conditions. Since
the fundamental physiological role of K+ channels is to generate
and stabilize the resting membrane potential through high K+/
Na+ selectivity, we assessed this key function by measuring the
reversal potential under a standard physiological gradient
(150 mM KCl inside/150 mM NaCl outside). The measured
reversal potential was −90.4 mV (Fig. 8c and d), conrming the
rrent–voltage (I–V) relationships and reversal potential (3rev) analysis for
1 M.

Chem. Sci.
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Fig. 8 Single-channel electrophysiological recordings of M1. Current–voltage (I–V) relationships and reversal potential (3rev) analysis under
asymmetric KCl/NaCl conditions at (a and b) 2 M and (c and d) 150 mM.
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high selectivity of our articial channel. This value closely
approximates the theoretical K+ equilibrium potential (Ek=−90
mV), which is more negative than the resting membrane
potential of natural cells (approximately −70 mV).2 This
suggests that channel M1 can signicantly inuence trans-
membrane electrical signalling.

The PK/Na for M1 was calculated based on the reversal
potential using the Goldman-Hodgkin-Katz equation, yielding
a value of 33.0. This high PK/Na ratio underscores the exceptional
K+ selectivity of M1 compared to Na+, further supporting that
M1 maintains high K+/Na+ selectivity under physiological
conditions. These ndings suggest that the high selectivity of
M1 could have valuable applications in biomedicine and bi-
oelectronics, particularly in elds requiring precise ion trans-
port regulation.
Conclusions

In conclusion, we have constructed biomimetic K+ channels by
utilizing pyridine and oxadiazole as the structural backbones of
foldamers. Inspired by the natural K+ transmembrane transport
systems, we introduced various side chains into the foldamers
to explore their effects on channel properties. The heteroatoms
within the channel pore specically interact with K+ ions, and
LUV experiments demonstrate a potassium-to-sodium selec-
tivity ratio of 55.8 for these channels.

Our ndings reveal that the channel activity is strongly
inuenced by the lipid-water partition coefficient (log P), which
is modulated by the side chains. When the log P is approxi-
mately 5.0, the channel achieves an optimal distribution
between the aqueous and phospholipid phases, resulting in
efficient transmembrane K+ transport. Notably, the inclusion of
Chem. Sci.
isopropyl side chains signicantly enhances channel activity,
reecting the evolutionary characteristics of natural K+ carriers.
Channels with isopropyl side chains exhibit exceptionally high
activity (EC50 = 1.1 nM), making them the most active articial
K+ channels reported to date.

Additionally, BLM testing reveals that the channel's back-
bone structure governs its ion transport rate and selectivity. The
channel with pyridine and oxadiazole sequences exhibits a K+

transport rate as high as 3 × 107 K+ s−1 at 100 mV. Under 1M
conditions, the potassium-to-sodium permeability ratio (PK/Na)
is 55.2, and when the ion concentration is increased to 2M, the
PK/Na value rises to 138, setting a record for the highest selec-
tivity biomimetic K+ channel achieved by this method. More-
over, this articial channel maintains high selectivity under
physiological concentration conditions, with a reversal poten-
tial of −90.4 mV. Thus, this study not only provides a highly
active and selective K+ channel, offering potential strategies for
the treatment of channel-related diseases, but also provides
important theoretical guidance for the design of high-
performance biomimetic channels.
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