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ABSTRACT

The development of artificial Na*t channels that simultaneously achieve high permeability and high selectivity remains a
formidable challenge, as existing systems are constrained by a limited performance ceiling. To address the classical permeability—
selectivity trade-off, we present an adaptive design strategy that moves beyond conventional rigid-pore architectures. The
system is based on a flexible polyimide backbone functionalized with 15-crown-5 ionophores via tunable alkyl linkers (C,H,, .,
n = 8-16), enabling efficient Na* permeation through multiple adaptive mechanisms. The conformational plasticity of the
architecture facilitates dynamic and cooperative ion coordination during capture and transmembrane transport. The best-
performing transporter, 4, exhibits a high Na* conductance of 48.9 pS, which is twice that of gramicidin A-mediated K* transport,
together with a record Na*/K* selectivity of 37.8. This work establishes a new benchmark for synthetic ion transporters and opens

promising avenues for the development of biomimetic membranes and therapeutic applications.

Sodium ions function as essential signaling molecules and key
electrolytes in biological systems [1-3]. Specialized protein chan-
nels, such as the epithelial sodium channel, precisely regulate
transmembrane Na* flux, a process critical to numerous physi-
ological functions—including nerve impulse propagation, blood
pressure regulation, and epithelial fluid secretion [4, 5]. The
physiological significance of these channels is further highlighted
by channelopathies resulting from their dysfunction, such as
Liddle syndrome, pseudohypoaldosteronism, and certain forms
of hypertension [6, 7]. Natural sodium channels achieve a unique
combination of ultrafast ion conduction (> 107 ions/s) and
exquisite selectivity (Na*/K* > 500), a benchmark that has
inspired yet eluded synthetic chemists for decades [8-10].

The remarkable biological performance has inspired substantial
efforts toward developing artificial ion-transport systems, with
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notable successes achieved across multiple domains [11-47].
Synthetic water channels, for instance, now surpass aquaporin 1
in permeability by 150% while fully excluding salts and protons
[48, 49]. Artificial proton channels demonstrate exceptional
selectivity, with 167.6-fold preference for H" over Cl-, 122.7-fold
over Na*, and 81.5-fold over K*, while achieving proton transport
rates 1.22 times that of gramicidin A [50]. Similarly, advanced
potassium channels have attained K*/Na* selectivity ratio of
153.2 [51] through extensive design and optimization by different
groups [23, 31, 33, 35, 42, 47]. And among artificial Li* channels
[41,52-54], the highest Li*/Na* and Li*/K* selectivity ratios have
also reached 17.7 and 21.8, respectively [54].

In stark contrast, progress in the development of artificial Na*
channels has been considerably slower and more challenging.
In particular, efforts toward precise ion recognition and highly
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selective transport remain at an early stage. To date, only
a limited number of artificial sodium channels have been
successfully constructed and explicitly reported [55-59]. These
systems are not only markedly fewer than their potassium
channel counterparts, but also display substantially inferior
performance. Notably, the best-performing artificial Na* channel
reported thus far exhibits a maximum Na*/K* selectivity of
13.0 [59]. Although this value demonstrates the feasibility of
biomimetic design, its pronounced deviation from the near-
perfect discrimination achieved by natural channels represents
not merely an incremental limitation, but a fundamental barrier
that continues to impede practical application.

Polymers, distinguished by their synthetic versatility and
structural tunability, represent an attractive platform for
constructing transmembrane channels capable of spanning
the ~3 nm hydrophobic core of lipid bilayers [48-54, 60-66].
Among these, polyimides (PIs) are particularly attractive owing
to their exceptional stability and processability [67-69]. However,
conventional aromatic PIs generally exhibit poor compatibility
with phospholipid bilayers, primarily due to the mismatch
between their rigid backbones and the dynamic, flexible lipid
environment. We therefore hypothesized that transitioning from
rigid frameworks to dynamic, adaptive architectures is essential
for achieving effective membrane integration. This design
principle is inspired by biological systems, in which efficient
ion conduction often relies on soft, conformationally flexible
structures that can adapt to the evolving energy landscape of
transmembrane permeation [70-74].

Therefore, we engineer a synthetic transporter comprising a con-
formationally flexible polyimide backbone functionalized with
15-crown-5 ether ionophores through systematically tailored alkyl
linkers (C,H,,,;, n = 8-16). This design harnesses the intrinsic
adaptability of the polymeric scaffold combined with the linker-
mediated tunable dynamics to facilitate Na* permeation via a
spectrum of cooperative transport mechanisms. The resulting
conformational plasticity enables efficient ion capture and trans-
membrane transport through dynamically coordinated processes.
Among the five synthesized polymeric transporters, four demon-
strate notably high Na*™ conductances (29.7-48.9 pS) coupled
with Na*/K* selectivity up to 37.8—approximately tripling the
previous selectivity record (~13) for artificial sodium channels.
This achievement not only establishes a new benchmark in
synthetic Na* transport system, but also introduces a versatile
and dynamic design platform with substantial potential for
biomimetic membrane technologies and channelopathy-directed
therapeutic development.

Implementation of our “structural adaptability and dynamic
function” design strategy starts with the synthesis of a flexible,
heteroatom-rich polyimide (PI) backbone containing multi-
ple carboxyl groups, obtained via one-pot polycondensation of
diethylenetriaminepentaacetic dianhydride and diaminopropane
at 180°C (Scheme S1). Gel permeation chromatography (GPC)
confirms an average molecular weight of ~7000 Da with approx-
imately 17 carboxylic acid groups per chain, providing abundant
functionalization sites while preserving the backbone flexibility
essential for structural adaptability.

Subsequent covalent conjugation of 15-crown-5 ether units was
accomplished through ester linkages with alkyl spacers of defined
lengths (C,H,,,,, n = 8, 10, 12, 14, 16) (Figure la 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 1-5 are nearly insoluble in
CHCI, and DMF and exhibit moderate solubility (> 20 mg/mL)in
DMSO (Table S1). NMR characterization also confirms that crown
ether groups have been attached to the PI polymer backbone
(Figures S26-S31). Their molecular weights were determined
using GPC, giving rise to 12.0, 13.6, 13.8, 15.8, and 17.9 kDa
for polymers 1-5, respectively (Table S2). Additionally, given
the strong correlation between the C/O mass ratio (M./M) in
the polymers and the degree of crown ether functionalization
(Table S3), we further employed EDS analysis to determine the
functionalization degree of polymers 2-5 (Figure S1). Compared
to the unmodified PI polymer (M./M, = 2.12), the M/M,, values
of polymers 2-5 show a gradual increasing trend (Table S4),
revealing the crown ether functionalization percents of 30% to
40% for polymers 2-5.

Drawing on relevant literature [20, 27, 38-40, 45-47, 75-78], we
believe that the inherent flexibility of the polymer backbone
should enable adaptive intercalation into phospholipid mem-
branes, while the crown ether termini spontaneously embed
within the hydrophobic core, driven by hydrophobic interactions.
We propose that this molecular architecture supports adaptive
Na* transport through a combination of dynamic processes
(Figure 1c), including: (1) a relay mechanism involving coordi-
nated ion transfer between adjacent binding sites [39-40, 46,
75]; (2) a swing mechanism, where individual crown ether units
facilitate ion translocation via pendulum-like motions [38, 45,
76-78]; and (3) transient formation of channel-like pathways
through convergent assembly of multiple crown ethers [31, 42,
47, 63, 66]. This inherent mechanistic plasticity allows the system
to dynamically regulate its transport behavior through multi-
ple complementary pathways, rather than a single mechanism,
in response to local membrane conditions and ionic environ-
ments, thereby realizing the structural adaptability and dynamic
function envisioned in our design strategy.

UV-Vis spectroscopy was used to monitor changes in the interac-
tion between alkali metal ions and the polymers in blank vesicles
(without HPTS). Upon the addition of NaCl, the UV absorption
spectra of polymers 2-5 show pronounced changes, characterized
by a decrease in absorbance at 290 nm ranging from 12.3% to
15.0%. By contrast, the addition of K* results in a much weaker
response (6.7%-9.9% decrease), and Li* induces only a negligible
change (1.9%-4.9% decrease; Figures S2-S5 and Table S5). These
findings demonstrate that 2-5 selectively recognize Na* ions over
K* and Li*.

Binding energy calculations of complexes (n),*M*+(H,0), (n
= 1-5; M™ = Na* and K*) were performed for polymers 1-5
in binding modes A (extended) and B (cyclic) (Figures 1b and
S6-S9 and Table 1). The structures were optimized using the
MO06-2X/6-31G(d) level of theory, with energy calculated at the
MO06-2X/6-311+G(d,p) level. Our calculations indicate that, for
Na*, extended binding mode A is less stable than the cyclic
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FIGURE 1 | Molecular design and schematic of a polyimide-based 15-crown-5-modified modular system as artificial Na*-selective channels. (a)
Synthesis of PI-based polymer channels 1-5, bearing benzo-15-crown-5 structural units connected via alkyl chains of varying lengths. (b) DFT-optimized
structures and binding energies for (5);*Na* *(H,0), and (5); *K* *(H,0), computed at the M06-2X/6-31G(d)//M06-2X/6-311+G(d,p) level of theory for
extended binding mode A and cyclic binding mode B. (c) Schematic illustration of a channel molecule embedded in a lipid bilayer, depicting three

possible ion transport mechanisms: molecular relay, molecular swing, and self-assembled channel formation. In the relay and channel mechanisms, the

crown ether units involved in ion transport may originate from either a single polymer chain or from multiple polymer chains.

TABLE 1 | Calculated binding energies in kcal/mo? for polymers 1-5
in binding modes A and B (Figure 1b) for Na* and K* ions.

Ion EP 1 2 3 4 5
Na* E, -108.4 -109.7 -108.7 -109.4 —109.5
Eg -117.9 -109.3 -110.9 -110.8 -112.5
E, Eg 9.5 0.4 2.2 14 3.0
Ey."_Ey 16.2 7.6 9.2 9.1 10.8
K* E, -785 -786 —809 -789 -911
Ey -938 -85 -—91.9 -—882 -791

E, E; 153 39 110 93 120
Ex*_E; 9.6 1.7 7.7 4.0 5.1

2The energy calculations were carried out at the M06-2X/6-311+G (d,p) level.
YE, and Ejy represent the binding energies of modes A and B, respectively
and the hydration energies of Nat (Ey,*) and K* (Ex*) are —101.7 and
—84.2 kcal/mol. Bold values refer to the energy differences (E, - Eg or Ey+
- Ep).

binding mode B by 9.5 kcal/mol for 1, 2.2 kcal/mol for 3,
1.4 kcal/mol for 4, and 3.0 kcal/mol for 5, except for 2, with mode
A slightly more stable than mode B by 0.4 kcal/mol. For K*, mode
A is less stable than mode B by 15.3 kcal/mol for 1, 3.9 kcal/mol for

2, 11.0 kcal/mol for 3, 9.3 kcal/mol for 4, and 12.0 kcal/mol for 5.
These comparative data suggest that the polymers preferentially
adopt the thermodynamically favored mode B conformation for
both Na* and K*.

Interestingly, the energy difference between modes A and B for
Na* binding across polymers 1-5 (0.4-9.5 kcal/mol) are notably
smaller than that for K* binding (3.9-15.3 kcal/mol) (Table 1). This
implies that Na* can switch more freely between the two binding
modes, suggesting higher conformational flexibility during the
ion capture and transport process.

Furthermore, after accounting for the hydration energy of Na*
relative to the more stable mode B, the energies released for
Na* binding by 1-5 range from 7.6 to 16.2 kcal/mol (Table 1).
These values are consistently higher than those for K* (1.7-
9.6 kcal/mol), indicating that binding of Na* is energetically more
favorable than that of K*. This stronger binding affinity for Na*
may contribute to more efficient capture and ultimately enable
highly efficient and selective transport of Na*.

Prompted by the spectroscopic titration and computational
findings, we quantified ion transport activities of crown ether-
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FIGURE 2 | (a-c) The DOPC-based pH-sensitive HPTS assay for comparing ion transport activities and selectivities of 1-5, with extravesicular salts

being NaCl or Na,SOy. (d) The chloride-sensitive SPQ assay for assessing the chloride transport activities of 2-5. (e) CF dye leakage assay to confirm
the membrane integrity in the presence of 2-5. (f) The HPTS assay in the presence of proton carrier FCCP to compare the relative ion transport rate
between H* and Nat. 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.

functionalized 1-5 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 KCl
(Figure 2a). Using this method, 1 exhibits minimal Na* transport
(15%, Figure 2a) at 5 pg/mL, while compounds 2-5 achieves
68%-80% transport, with 3 demonstrating the highest activity
(Figure 2a). The data from the sulfate-loaded vesicular system
further confirm efficient transport of Na* ions (Figure 2b). Using
the same HPTS assay with extravesicular salts MCl or M,SO, (M
= Na and K, Figures 2c, S11, and S12), 2-5 exhibit remarkable Na*
selectivity, with EC5,(Na*t) values of 2.4, 1.2, 1.7 and 1.8 ug/mL,
respectively (Figure S13), demonstrating highly active transport
of Na* ions.

The anion transport activity of 2-5 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 2d, 2-5 induce no significant change in
SPQ fluorescence intensity at 5 ug/mL, confirming their inability
to transport Cl~ ions.

Membrane integrity was evaluated using a CF dye leakage assay
(Figures 2e and S14). At 5 pg/mL, 2-5 induce only 2.9-3.3% leak-

age, values that are far below the pore-forming control melittin,
causing 54%and 96% leakage at 25 and 100 nM, respectively. These
findings confirm the structural integrity of LUV membranes in
the presence of 2-5 and therefore rule out membrane disruption
or formation of large pores as mechanisms of ion transport by
2-5.

To compare the relative rate between Na* and H*, HPTS
assays were conducted in the presence of a protonophore FCCP
(Figure 2e). FCCP accelerates delayed H* counter-transport
during Na* influx, producing fluorescence enhancement. After
baseline correction, 2 and 3 show FCCP-dependent transport
increases of 9% and 16%, respectively, confirming Na* flux as
the dominant process. In contrast, 4 and 5 do not exhibit
any enhancement, indicating that the carbon chain length has
a significant influence on the transport of Na* ions. Single-
channel electrophysiological studies using a planar lipid bilayer
workstation were performed to quantify ion transport selectivity
and elucidate mechanistic behavior of 2-5.

Under symmetric ionic conditions (with 1 M NaCl present in both
the cis and trans chambers; see Figure S15), channels 2-5 exhibit
well-defined square-wave current traces, which unambiguously
signify a channel-type ion transport mechanism (Figure 3a,c,e,g).
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FIGURE 3 | Single channel current traces and current-voltage (I-V) curves recorded for 2-5. (a), (c), (e), and (g) with cis chamber = trans chamber

=1M NaCl; the potassium conduction rate (yn, ) values were determined to be 29.7 + 0.6 pS for 2 (a), 32.7 + 1.7 pS for 3 (c), 48.9 + 2.0 pS for 4 (e) and
48.8 + 3.4 pS for 5 (g), respectively. (b), (d), (f), and (h) with cis chamber = 1 M NaCl and trans chamber = 1 M KCl, the Py, */Px* selectivity factors
were determined to be 13.0 + 0.9 for 2 (b), 16.9 + 0.7 for 3 (d), 37.8 + 1.3 for 4 (f), and 36.4 + 0.8 for 5 (h), respectively. Here, yn, ™ 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 pS. Py, */Px ™ values were calculated using a simplified
Goldman-Hodgkin-Katz equation ¢, = RT/F X In(Py,*/Px ™), where R = universal gas constant (8.314 J-K~! mol™'), T = 298 K, F = Faraday’s constant
(96 485 C-mol ~1), 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.

The measured unitary Na* conductance values (yy, ") were 29.7 +
0.6 pS for 2,32.7 + 1.7 pS for 3, 48.9 + 2.0 pS for 4, and 48.8 + 3.4 pS
for 5. Based on the reported K* conductance of yx* =23.2 + 0.4 pS
for gramicidin A [31], 2-5 studied here demonstrate exceptional
performance in Na* transport rate.

To evaluate Na*t/K* selectivity, experiments were conducted
under asymmetric ionic conditions (1 M NaCl in the cis chamber
and 1 M KCl in the trans chamber). Analysis of the current-
voltage (I-V) relationships (Figure 3b,d,f,h) yields reversal poten-
tials (g,,,) of 65.9 mV for 2, 72.5 mV for 3, 93.2 mV for 4, and
92.3 mV for 5. These values correspond to Na*/K* permeability

ratios of 13.0 + 0.9, 169 + 0.7, 37.8 + 1.3, and 36.4 + 0.8,
respectively. Particularly noteworthy is the performance of 4,
which exhibits the highest Nat/K* selectivity of 37.8 and Na*
ion conductance (48.9 + 2.0 pS) reported to date. These results
demonstrate that this design strategy has successfully alleviated
the long-standing trade-off in artificial Na* channel, i.e., the
difficulty in simultaneously achieving both high ion transport
rates and selectivity.

Interestingly, the side-chain length appears to exert a significant
influence on both the ion transport activity and selectivity. Specif-
ically, channels 2-5 exhibit transport efficiency and selectivity
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that increase in the order 2 < 3 < 4 ~ 5 with increasing side-
chain length. In their fully extended states, the side-chain lengths
of 2-5 are 1.88, 2.12, 2.38, and 2.63 nm, respectively, match-
ing progressively well with the typical hydrophobic membrane
thickness of 3 nm. Among the three proposed ion transport
mechanisms (swinging, relay, and channel-like mechanisms;
Figure 1c) and further given that longer alkyl chains may better
span the membrane hydrophobic region, these findings possibly
may suggest that swinging and relay mechanisms are the two
dominant mechanisms, accounting for the higher transport
efficiencies observed for channels 4 and 5 compared with 2 and 3.
Nevertheless, it is difficult to establish a correlation between the
selectivity properties and the side-chain length.

In summary, by employing a modular design that integrates
a flexible polyimide backbone, tunable alkyl spacers, and 15-
crown-5 ionophores, we have designed and synthesized a series
of crown-ether-functionalized polyimide polymers. These struc-
turally well-defined systems (2-5) enable highly efficient and
selective transmembrane Na* transport, exhibiting a remarkable
Na* conductance of 48.9 pS and a record-high Na*/K* selectivity
of up to 37.8. This strategy establishes a new paradigm for
the rational design of high-performance Na*-selective artificial
channels and opens promising avenues for the development of
therapeutics targeting disorders associated with dysregulated Na*
transport.
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