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Flexible Crown-Ether Polyimides Break the K*/Na* Selectivity

Barrier in Artificial KT Channels

Fei Gou, Yilin Yao, Qiuting Wang, Qingyan Liu, Fuzhen Zheng, Wenju Chang, Jie Shen,*

and Huaqiang Zeng*

Abstract: Natural potassium channels such as KcsA
exhibit extraordinary K'/Na® selectivity (>1000),
whereas the best biomimetic counterparts have reached
only 41.3. To close this performance gap, we developed a
modular design comprising three tunable components: a
flexible aliphatic polyimide (PI) backbone, variable alkyl
linkers (C,Hzy41, n = 4-16), and ion-binding 18-crown-6
units. This architecture promotes robust membrane
integration via the PI scaffold and precise control of
crown ether conformation and spatial arrangement
through linker optimization, enabling exceptionally
selective and efficient K* transport. Of four synthesized
polymer channels, three display high K* conductance
(36.8-47.0 pS) —up to twice that of gramicidin A
(23.2 pS) —together with K*/Na™ selectivity exceeding
100. Notably, channel 4, incorporating the longest
Ci6Hs; linker, achieves an unprecedented selectivity of
153.2 £ 5.3. This synergistic combination of ultrahigh
selectivity and superior conductance establishes a
new benchmark for artificial potassium channels
and provides a versatile platform for biomimetic
membrane technologies, channel-targeted therapeutics,

and biosensing applications.
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| on channel proteins are essential molecular machines
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transmembrane ion transport. They maintain electrochemical
gradients, mediate signal transduction, and govern processes
such as cardiac rhythm and muscle contraction.['3] Mal-
function can cause severe disorders, including arrhythmias,
epilepsy, neonatal diabetes, and cystic fibrosis.[**! Natural
ion channels display remarkable selectivity and throughput:
aquaporin 1 transports 1.1 x 10 water molecules per
second while excluding salts and protons,[®7] KcsA potassium
channels achieve K*/Na™ selectivity of 10%,81 ENaC sodium
channels exhibit Na*/K* selectivity > 500,11 and M2
proton channels show 10°-fold preference for protons over
other monovalent cations.''] Yet translating this extraordi-
nary performance into practical technologies—including drug
discovery, membrane separations, and biosensing—remains
challenging, hindered by complex self-assembly requirements
and acute sensitivity to factors such as temperature, pH, and
ionic strength.['213]

Inspired by nature’s design principles, researchers are
advancing artificial ion channels with transport properties
approaching those of biological systems, marking a new
frontier in supramolecular chemistry.'*?’l In recent years,
progress has accelerated markedly. While artificial water
channels now surpass natural aquaporins by 150% in water
permeability with complete rejection of salt and proton,?]
synthetic proton channels exhibit exceptional selectivity—
167.6-fold over Cl-, 122.7-fold over Na*, and 81.5-fold
over K*—with proton transport rates 1.22 times higher
than those of gramicidin A.[**! Moreover, with Li*/Na*
and Lit/K* selectivity ratios reaching 10-20 fold, artificial
lithium channels>27] attain a level of discrimination with no
counterpart in biology.

Yet, even with these advances, instances where artifi-
cial channels rival or exceed natural protein performance
remain rare. In particular, for biologically relevant K+,28-38]
Na*,[3%1 and CI- ions,["*#-#] synthetic systems still fall well
short of biological benchmarks. Over the past decade, single-
molecule and supramolecular strategies have yielded artificial
potassium channels with ultrafast K* conduction and steadily
improving K*/Na* selectivity—from 9.8 in 2017% to 20.1 in
2023,13371 and most recently 41.3 in 2025.1%] Yet these values
remain far below the ~1000:1 selectivity of KcsA channels,
highlighting the formidable challenges that persist.

Polymers offer distinct advantages for constructing trans-
membrane channels across the ~3 nm hydrophobic core
of cell membranes, owing to their facile synthesis and
structural versatility.[?262731.341 Polyimides are particularly
attractive because of their exceptional chemical, thermal, and
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Figure 1. Molecular design and schematic of a polyimide-based 18-crown-6-modified modular system as K*-selective channels. a) Synthesis of
Pl-based polymer channels 1-—4, bearing benzo-18-crown-6 structural units connected via alkyl chains of varying lengths. b) DFT-optimized structures
and binding energies computed at the M06-2X/6-311 + G(d,p)//M06-2X/6-31G(d) level of theory for extended binding mode A and cyclic binding
mode B, involving (3)1, made of one repeating unit from 3, with a KT ion. c) Schematic representation of a channel molecule embedded in a bilayer
membrane, illustrating three possible ion transport mechanisms: molecular swing, molecular relay, and self-assembled channel. Notably, the crown
ether units participating in ion transport via the relay and channel mechanisms may derive from either a single polymer molecule or multiple polymer

molecules.

mechanical stability, as well as their ease of functionalization
and film formation.’®°!] However, conventional aromatic
PIs show poor compatibility with phospholipid bilayers,
largely due to the mismatch between their rigid backbones
and the flexible lipid tails. Likewise, although 18-crown-
6 ethers are widely used in artificial channels for their
strong Kt binding, this affinity often does not translate
into high selectivity or efficient transmembrane transport,
reflecting incomplete understanding of the “capture-release”
equilibrium at membrane interfaces and within bilayers.

To overcome these challenges and address the long-
standing selectivity bottleneck in artificial K* channels, we
developed a hybrid system integrating a polyimide scaffold
with 18-crown-6 units (Figure 1a). This design strategy
features three key elements: (1) engineering a flexible PI
backbone from morpholine-2,6-dione and diaminopropane to
enhance membrane integration and stability; (2) covalently
tethering 18- crown-6, serving as ion capture and transport
units, to carboxyl-functionalized PI through tunable alkyl
linkers, thereby endowing the otherwise inactive polymer with
K* transport capability; and (3) systematically varying the
linker length (C,Ha,41, n = 4-16) to control the conformation
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and spatial orientation of 18-crown-6, thereby modulating
both ion binding (Figure 1b) and transport (Figure 1c)
property.

This PI-supported modular strategy has produced the first
polyimide-based artificial potassium channels that combine
high K* transport efficiency with exceptional K*/Na* selec-
tivity. Single channel current recordings reveal robust K*
conductance (36.8-47.0 pS) and selectivity exceeding 100.
Most notably, the C;cHss-modified channel 4 achieves an
unprecedented K*/Nat selectivity factor of 153.2 & 5.3, estab-
lishing a new benchmark for artificial potassium channels and
representing a major step toward fully biomimetic membrane
systems.

Building upon the demonstrated potential of polymer
scaffolds in transmembrane transport, 232027313541 this study
introduces novel aliphatic polyimide-based architectures
aimed at overcoming critical performance limitations of arti-
ficial ion channels. While aromatic polyimides provide excep-
tional structural robustness, their pronounced hydrophobicity
reduces compatibility with phospholipid membranes, lead-
ing to precipitation. To improve the ability of polymer
molecules to insert into membranes, we synthesized a
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Figure 2. a) and c) The DOPC-based pH-sensitive HPTS assay for comparing ion transport activities and selectivities of 1-5, with extravesicular salts
being MCl (M = Li, Na, K, Rb, and Cs). b) The chloride-sensitive SPQ assay for assessing the chloride transport activities of 1-4. d) CF dye leakage
assay to confirm the membrane integrity in the presence of 1-4. e) The HPTS assay in the presence of proton carrier FCCP to compare the relative ion
transport rate between H™ and K. DOPC = dioleoyl phosphatidylcholine, HPTS = 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt,

SPQ = (6-methoxy-N-(3-sulfopropyl))quinolinium, CF = 5(6)-carboxy fluorescein and FCCP = carbonyl cyanide 4-(trifluoromethoxy)

phenylhydrazone.

flexible, heteroatom-rich, carboxyl-containing PI backbone
(Figure 1a) via a one-pot reaction between diethylenetri-
aminepentaacetic dianhydride and diaminopropane at 180 °C
(Scheme S1). Gel permeation chromatography (GPC) analy-
sis gives an average molecular weight of ~14,000 Da with ~35
carboxylic acid groups for PI (Table S2), providing versatile
sites for subsequent functionalization.

We next covalently grafted crown ether moieties onto the
PI backbone using ester linkages with systematically tuned
alkyl spacers (C,Hy,,1, n = 4, 8, 12, and 16; Figure 1la
and Scheme S1). Successful grafting is evident from marked
differences in solubility: whereas the PI polymer dissolves
readily (>50 mg/mL) in CHCl;, DMF, and DMSO, polymers
1-4 are nearly insoluble in CHCl; and DMF and exhibit
moderate solubility (>20 mg/mL) in DMSO (Table S1).
Polymer NMR characterization also confirms that crown
ether groups have been modified onto the PI polymer
(Figures S22-S26). Such covalent attachment harnesses alkyl-
chain flexibility to precisely control crown ether orientation
in lipid bilayers, swing amplitude during ion transfer, and
spatial distribution along the polymer backbone. Based on
the GPC-derived molecular weights of 18018, 21639, 22541,
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and 21,437 Da, respectively, these functionalizations afford
polymers 1-4, in which approximately 22%, 29%, 38%, and
34% of the carboxylate sites were modified with crown
ethers (Table S2). Furthermore, given the strong correlation
between the polymer’s C/O mass ratio (Mc/Mp) and the
degree of crown ether functionalization (Table S3) and that
some difficult-to-remove Cs* ions present in all polymer
samples (Figure S1) compromised the accuracy of elemental
analysis, EDS analysis was employed to determine the extent
of functionalization in polymers 1-4 (Figure S2). Compared
to the unmodified PI polymer (Mc/Mo = 2.12), the Mc/Mo
values of polymers 1-4 gradually increased (Table S4). The
functionalization ratio, calculated from the EDS data, was
approximately 30%, 30%, and 40% for polymers 2—4. The
result for polymer 1 was less reliable due to its much
smaller change in Mc/Mq before and after functionalization
Overall, the functionalization ratios derived from EDS for
polymers 2-4 show great consistency with the GPC data.
For comparison, a crown ether—free polymer (5) was also
synthesized (Figure 1a and Scheme S2).

We hypothesize that the flexible polymer backbone facil-
itates adaptive intercalation into phospholipid membranes,
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Figure 3. Single channel current traces and current—voltage (I-V) curves recorded for 2-4. a), ), and e) With cis chamber = trans chamber =1 M KCl,
the potassium conduction rate (y ™) values were determined to be 37.0 & 0.9 pS for 2 a), 47.0 & 2.7 pS for 3 c), and 36.8 + 1.0 pS for 4 e),
respectively. b), d), and f) With cis chamber = 1 M KCl and trans chamber = 1 M NaCl, the Py /Py, selectivity factors were determined to be

104.2 + 3.7 for 2 (b), 107 £ 2.3 for 3 (d), and 153.2 = 5.3 for 4 (f), respectively. Here, y " values were obtained by fitting the I-V curves using a linear
equation of y = a + b*x where slope b is y in the unit of nS. Pc* /Py, T values were calculated using a simplified Goldman-Hodgkin-Katz equation
erev = RT/F x In(PnaT/P¢t), where R = universal gas constant (8.314 ]-K~" mol™"), T = 298 K, F = Faraday’s constant (96485 C-mol "), and P is the
ion permeability. All single channel current traces were recorded in a diPhyPC-based bilayer membrane.

diPhyPC = 1,2-diphytanoyl-sn-glycero-3-phosphocholine.

with crown ether termini spontaneously embedding within the
hydrophobic core. Based on relevant research reports,!¥>-02!
we further propose three non-exclusive mechanisms for pro-
moting efficient and selective transmembrane K* transport
(Figure 1c): (1) Swing mechanism — K* binding at the mem-
brane interface triggers an alkyl chain-mediated pendulum-
like motion, facilitating ion translocation; ¢! (2) Relay
mechanism — following K* binding, crown ether moieties
swing toward the hydrophobic core, where proximity-driven
relay conduction between adjacent sites on the polymer
backbone enables transmembrane ion transfer;>”-1 and (3)
Channel mechanism — crown ether units from one single or
multiple polymer chains converge to self-assemble into K*-
conductive channels within the hydrophobic layer.[30-33-38.61-62]
Given the complexity of ion transport by these polymer-
based transporters, we believe that the polymer does not
operate via a single mechanism but leverages a dynamic
integration of different processes, forming a cooperative
network to achieve high-efficiency ion transmembrane
transport.
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The UV-Vis spectroscopy measurements in acetonitrile
reveal that polymers 1-4 exhibit significantly enhanced UV
absorption accompanied by observable precipitation upon the
addition of KCl, whereas they show negligible responses to
other alkali metal salts (Figure S3). These results confirm their
selective recognition capability toward K* ions. Meanwhile,
in the LUV test system, we used UV-Vis spectroscopy to
monitor the interaction between blank liposomes (without
loaded HPTS) and polymer in the presence of alkali metal
ions. The results showed that after the addition of K*, the
UV absorption spectrum of polymer 3 underwent significant
changes compared to when Lit or Nat was added, but no pre-
cipitate formation was induced (Figure S4). This phenomenon
further confirms the selective recognition ability of this series
of polymers for K* and suggests their potential transport
function. Binding energy calculations were performed on two
possible binding modes A and B for 2—4, each containing one
repeating unit, one K ion and up to two H,O molecules
(Figures 1b and S5). Calculations show that the extended
binding mode A is less stable than the cyclic binding mode
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B by 9.9 kcal/mol for 2 (Figure S5a), 9.6 kcal/mol for 3
(Figure 1b) and 5.3 kcal/mol for 4 (Figure S5b). These
comparative data suggest that the polymers preferentially
adopt the thermodynamically favored mode B conformation
for K* binding and transport. Furthermore, the energy gap
between mode A and mode B decreases from approximately
10 kcal/mol for both 2 and 3 to 5.3 kcal/mol for 4, underscoring
the critical role of alkyl spacer length in modulating K*
capture and transport property.

Prompted by the spectroscopic titration and computa-
tional findings, we quantified ion transport activities of crown
ether-functionalized 1-4 and the phenyl-modified control §
using a vesicle-based HPTS assay. This method employs pH-
sensitive HPTS dye encapsulated within DOPC-based large
unilamellar vesicles (LUVs), an imposed proton gradient
(from pH 7.0 to 8.0) and extravesicular 100 mM KCI
(Figure 2a). Using this method, 1 and 5 show minimal K+
transport (28% and 22% at 5 ug/mL, Figure S7), whereas
2 and 4 reach 66% and 84%, and 3 exhibits outstand-
ing activity—achieving 92% efficiency at only 1 pg/mL
(Figure 2a). Furthermore, the high potassium ion transport
activity of Polymer 3 is underscored by the reproducible
K*/Nat transport activity and selectivity observed in LUV
assays across three independent batches (Figure S8).

The anion transport activity of 1-4 was assessed using
the SPQ fluorescence quenching assay, which utilizes a Cl~-
sensitive fluorophore whose emission is selectively quenched
by Cl™ ions. As illustrated in Figure 2b, 1-4 induce no sig-
nificant change in SPQ fluorescence intensity upon addition,
confirming their inability to transport Cl~ ions.

Using the same HPTS assay with extravesicular salts
MCl (M = Li, Na, K, Rb, and Cs; Figure 2c), 2-4 exhibit
remarkable potassium selectivity, with ECso(K") values of
3.3, 0.22, and 1.9 pg/mL, respectively (Figure S9). Polymer
3 demonstrated the best K* transport performance—nearly
tenfold greater than that of 2 and 4.

Membrane integrity was evaluated using CF dye leakage
assays (Figures 2d and S10). At 5 pg/mL, 1-4 induce only
1.1%-5.1% leakage, values that are far below the pore-
forming control melittin, causing 55%and 100% leakage at 5
and 25 nM, respectively. These findings confirm the structural
integrity of LUV membranes in the presence of 1-4 and
therefore rule out membrane disruption or formation of large
pores as mechanisms of ion transport by 1-4.

To compare the relative rate between K* and H*, HPTS
assays were conducted in the presence of a protonophore
FCCP (Figure 2¢). FCCP accelerates delayed H* counter-
transport during K* influx, producing fluorescence enhance-
ment. The transport efficiencies are 9% for FCCP alone,
and 18%, 23%, and 26% for compounds 2, 3, and 4 alone,
respectively. In the presence of FCCP, compounds 2, 3, and 4
exhibit markedly enhanced efficiencies of 48% (69% — 18%
- (9.0%-6.4%)), 69% (95% —23% - (9.0%-6.4%)), and 29%
(58% —26% - (9.0%-6.4%)), respectively. These significant
enhancements confirm that K* flux is the dominant process.

Single-channel electrophysiological studies using a planar
lipid bilayer workstation were performed to quantify ion
transport selectivity and elucidate mechanistic behavior of
channels 2-4.
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Under symmetric ionic conditions (1 M KCI in both
cis and trans chambers; Figure S11), 2-4 exhibit charac-
teristic square-wave currents, unambiguously confirming a
well-defined channel-type transport mechanism (Figure 3a,c,
and e). Unitary Kt conductance values (y k™) were measured
as 37.1 &£ 0.9 pS (2), 47.0 + 2.7 pS (3), and 36.8 &+ 1.0 pS (4),
transporting K* ions at ultrafast rates 160-200% faster than
gramicidin A (yx* =232 + 0.4 pS).1¥!

K*/Na*t transport selectivity was probed under asym-
metric conditions (cis chamber = 1 M KCl and trans
chamber = 1 M NaCl). Analysis of current-voltage (I-V)
curves (Figure 3b,d, and f) yield reversal potentials (g,.,) of
119.3 mV (2), 120.0 mV (3), and 129.2 mV (4), corresponding
to K*/Na* permeability ratios of 104.2 + 3.7, 107.0 £ 2.3, and
153.2 £ 5.3, respectively. Although precisely deconvoluting
the origin of such high selectivity remains challenging, two
structural factors appear decisive: the linker length and the
degree of crown ether functionalization. Both contribute
to modulating the dynamic process of ion capture and
release. Nevertheless, the system’s unprecedented selectivity
(K*/Nat > 150 for 4), coupled with its ultrafast K* conduc-
tion, successfully overcomes the classical trade-off between
conduction speed and ion discrimination in artificial ion
channels.

In conclusion, this study overcomes the critical limitation
of low K*/Na‘' selectivity (~40) in artificial potassium
channels—compared with natural KcsA channels (~1000) —
through an innovative modular strategy comprising a flexible
polyimide backbone, tunable alkyl spacers, and 18-crown-6
ether ionophores. The approach delivers advances in three
areas: a) a flexible PI backbone mitigates the membrane
incompatibility of rigid scaffolds; b) covalent anchoring of
18-crown-6 via systematically varied alkyl spacers allows
precise control over crown-ether conformation, orientation,
and ion-binding/release kinetics; and c) bilayer lipid mem-
brane measurements reveal exceptional K* conductance
(36.8-47.0 pS) across channels 2-4, with 4 achieving a
record-high K/Na* selectivity of 153.2 + 5.3. This modular
“flexible backbone-tunable spacer—functional unit” design
establishes a versatile platform for high-performance artificial
ion channels, with transformative potential in biomimetic
membrane separations, channelopathy-targeted therapeutics,
and precision biosensing.
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