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ABSTRACT

A central challenge in engineering artificial ion channels is the simultaneous achievement of high ion transport efficiency and
high selectivity. In this study, we report a unimolecular Li* channel based on a rigid, C,-symmetric pyromellitic diimide molecular
triangle. The structure features a defined wall height of 2.2 nm and a narrow 4.1 A pore lined with electron-rich carbonyl oxygens.
Single-channel measurements reveal ultrafast Li* transport with a conductance of 57.4 pS—2.5 times that of gramicidin A-
mediated K* conductance—alongside the record-high selectivity ratios of 50.1 for Li*/Na* and 171.4 for Li*/K*. These performance
metrics place this system among the most efficient and selective artificial Li* channels reported to date, while establishing a
versatile molecular platform for Li*-selective membranes and targeted therapeutics.

1 | Introduction

Ion channel proteins act as nature’s exquisite gatekeepers,
regulating ion flux across cell membranes with remarkable
efficiency and selectivity. Their activity is dynamically modulated
by diverse physiological stimuli—including voltage changes,
ligand binding, and mechanical stress—making them essential to
fundamental biological processes such as neural communication
and muscle contraction [1-5]. Inspired by these sophisticated
biological paradigms, the creation of artificial transmembrane ion
transporters has evolved into an active frontier in supramolecular
chemistry, leading to substantial progress [6-37].

Constructing a transmembrane channel from a single cova-
lently linked molecule offers distinct advantages, including

intrinsic structural integrity, a well-defined and deterministic
architecture, and consequently more direct structure—property
relationships [14, 24, 29-35]. Representative examples include
pillar[n]arenes [38-40], aromatic foldamers [41-45], molecular
cages [46, 47], hourglass-shaped systems [48], bottlebrush poly-
mers [49], butterfly-shaped dendrimer [50], and polymers of
intrinsic microporosity [51-54].

Significant progress has been achieved in the transmembrane
transport of alkali metal ions. Advanced artificial K* channels
now exhibit K*/Na* selectivity ratios of up to 153.2 [53], represent-
ing a substantial improvement over earlier systems (9.8 [55], 16.3
[41], and 41.3 [50]). Similarly, artificial Na* channels have shown
marked advances, with Na*/K* selectivity increasing from 13 in
2024 [56] to 37.8 in 2026 [54]. In addition, the first artificial Cs*
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channel has recently been reported, displaying selectivity ratios
of 32.1 for Cs*/Na* and 2.7 for Cs*/K* [57].

Despite the absence of natural Li* channels [58] and the intrinsic
challenges associated with Li* (high charge density and large
dehydration energy), notable progress has also been made in
artificial Li* channels [45, 51, 52, 59], with the highest Li*/Na*
and Li*/K* selectivity ratios reaching approximately 43.8 and
51.6, respectively [47].

As a frontline treatment for bipolar disorder, Li* suffers from
intrinsically poor membrane permeability, arising from the
absence of dedicated natural channels [60]—which necessitates
relatively high therapeutic concentrations (0.6-1.2 mM) and often
leads to significant side effects [61]. Artificial Li* channels could
provide a promising solution by enabling efficient transmem-
brane transport, thereby enhancing cellular uptake, reducing
required dosages, and mitigating toxicity. Beyond biomedical
relevance, the rapidly increasing demand for lithium in sus-
tainable energy technologies further highlights the need for
highly selective separation membranes, particularly for lithium
extraction from brines and seawater, where Li* is vastly outnum-
bered by Na* and K* [62]. In this context, we aim to develop
next-generation Li*-transporting channels that combine high
conductance with exceptional selectivity, a persistent challenge
in this field.

As an intriguing class of cavity-containing aromatic scaffolds
[63, 64], pyromellitic diimide (PMDI)-based triangular macro-
cycles merit investigation. Their rigid, 7-electron-rich aromatic
frameworks can span lipid membranes, making them promising
candidates for transmembrane channel construction with precise
structural control and well-defined cation-binding environments.

In this study, we present two novel C;-symmetric triangular
molecules 1 and 2 based on a PMDI core peripherally function-
alized with phenyl rings (Figure la). These molecules adopt a
unimolecular tubular architecture featuring a rigid, preorganized
wall of 2.2 nm and a constricted pore of only 4.1 A, structurally
mimicking the narrow selectivity filter of biological aquaporin
water channels [65] or potassium channels [66]. Lining the
pore, the inwardly oriented carbonyl oxygen atoms create a
polar and interactive interior that provides suitable binding sites
for selective cation-dipole interactions. Single channel current
measurements reveal that 1 enables ultrafast and highly selective
Li* transport, with a conductance of 57.4 pS that is the second-
highest value reported to date among artificial Li* channels
[45, 47, 51, 52, 59] and 2.5 times that of gramicidin A-mediated
K* conductance [55]. It also exhibits the record-high selectivity
ratios of 50.1 for Li*/Na* and 171.4 for Li*/K*. These functional
properties establish a promising platform for future applications,
ranging from therapeutic strategies that target Li* channels [60,
61] to the development of Li*-selective membranes [62].

2 | Results and Discussion

2.1 | Molecular Design and Synthesis

The PMDI-based molecular triangle we designed combines
exceptional structural stability with a pre-organized aromatic

pore and the potential for vertical extension to better match
the hydrophobic thickness of biological membranes. This archi-
tecture can be realized through a [3+43] cyclization of PMDI
with (R,R)- or (S,S)-1,2-cyclohexanediamine, affording the chiral
molecular triangles (R,R)- and (S,S)-PMDI-Br. In these struc-
tures, three PMDI units are bridged by acetylene spacers to
peripheral phenyl rings, yielding two discrete configurations—
1 (RR) and 2 (S,S)—each forming a stable tubular architecture
(Figure 1a; Figures S1 and S3). The synthesis of 1 or 2 requires
a synthetically demanding sixfold Sonogashira coupling of the
brominated PMDI triangular precursor, during which partially
substituted intermediates can form and contribute to the complex
product distribution and relatively low isolated yields (Figure S2).
Molecular electrostatic potential analysis [67] reveals a highly
negative electrostatic potential localized on the carbonyl oxygen
atoms of the PMDI framework (Figure 1b). This characteristic
provides potent binding sites for ions, while the possibly distinct
binding energy differences between various cations and the
oxygen atoms form the basis for highly selective ion transport.
The resulting channel exhibits a constricted pore diameter of ~4
A and a total molecular height of 2.2 nm (Figure 1c), which is
shorter than the hydrophobic core of approximately 3 nm thick for
a DOPC bilayer [68, 69]. Nevertheless, efficient ion transport does
not necessarily require a continuous channel lumen spanning
the entire membrane thickness. As demonstrated by Voyer and
co-workers, a Na* ion can traverse approximately 11 A (11 nm)
between two binding sites within the hydrophobic interior of a
lipid bilayer through a hopping mechanism [70]. Accordingly,
numerous artificial ion channel systems with continuous channel
lumens spanning only 2-3 nm have been reported and never-
theless exhibit excellent ion transport activity [41, 43, 45, 71,
72].

Moreover, molecular dynamics (MD) simulations [73] show that
the 2.2 nm-long molecule remains stably embedded in the bilayer
throughout the 200 ns MD simulation, maintaining a well-
defined orientation within the membrane (Figure S12). This
persistent membrane positioning generates a structurally defined
cavity located in the hydrophobic core of the bilayer, possibly
facilitating selective ion binding and translocation across the
membrane (Figure 1d).

Although the arylacetylene-modified molecular triangle exists in
two chiral configurations as seen in 1 and 2, their performance in
transporting achiral alkali metal ions across membranes should,
in principle, show no difference. However, given the overall R-
chirality of DOPC lipids [74], it is reasonable to assume that 1
and 2 might exhibit differential functional behaviors in DOPC
membranes, not only in their membrane incorporation efficiency
but also in their membrane interactions and intra-membrane
orientation/distribution.

To test this hypothesis, we first measured the fluorescence
intensities of 1 and 2 in buffer solution (100 mM LiCl, 10 mM
HEPES, pH = 8.0) and after premixing with DOPC lipids (Figure
S10). The results show that although 1 and 2 exhibit nearly
identical fluorescence intensities under the same condition—
whether measured in buffer solution or after premixing with
DOPC—the premixing procedure leads to significant fluores-
cence quenching compared to their fluorescence in buffer
solution. To further probe the distinct membrane behaviors of
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FIGURE 1 | (a)Molecular design and synthetic construction of molecular triangles 1 and 2. (b) Electrostatic potential map of 1 shows the electron-
rich nature of the central cavity, suggesting its affinity for cations. (c) Crystal structure of 1 (CCDC no. 2549844), illustrating a height of 2.2 nm and an

internal cavity diameter of 4.1 A. (d) Schematic illustration of 1-mediated transmembrane Li* transport.

1 and 2, their THF solutions were added to suspensions of
DOPC-containing LUVs, and the fluorescence changes were
monitored immediately. At concentrations above 0.5 pM, 1
exhibits significantly lower fluorescence intensity than 2, suggest-
ing differential membrane insertion and/or chirality-dependent
organization-induced quenching (Figure S10b). This interpreta-
tion is further supported by CD titration experiments (Figure
S11): upon binding to DOPC liposomes, 1 shows a progres-
sive increase in CD signal, whereas 2 exhibits a progressive
decrease (Figure Sllc), indicating distinct chiral supramolecular
arrangements within the membrane. The binding free energies
were determined to be —7.68 kcal/mol for 1 and —7.26 kcal/mol
for 2 (Figure Slid,e), with DOPC exhibiting an approximately
twofold stronger chiral preference for the R-enantiomer 1 than
for the S-enantiomer 2. These observations demonstrate that the
functional difference between the two enantiomers arises not
merely from differences in insertion efficiency, but also from fun-
damentally different membrane association and supramolecular
organization.

2.2 | Ion Transport Activity of Molecular
Triangles 1 and 2

The ion transport activity and selectivity of 1 and 2 were
investigated using a fluorescence-based vesicle assay. The DOPC

vesicles encapsulate the pH-sensitive HPTS dye, establishing a
transmembrane proton gradient of 7.0 to 8.0 in pH. With an
external buffer containing 100 mM MCl (M = Li, Na, K, Rb,
and Cs), 1 and 2 display preferential transport of Li* (Figures 2a
and S4b). Notably, 1 demonstrates remarkably high Li* transport
efficiency, reaching 80% (Figure 2a) after subtracting background
signals (Figure S4a), which is in sharp contrast to the considerably
lower values observed for other cations: Na* (19%), K* (23%), Rb*
(14%), and Cs* (34%). Under identical conditions, 2 also transports
Lit* preferentially, though with significantly lower activity (38%),
alongside efficiencies of 28% for Na*, 17% for K*, 19% for Rb*, and
30% for Cs* (Figures 2a and S4b). These marked differences in
activity arise from distinct membrane interactions—association,
orientation, and partitioning—that collectively govern the trans-
port behavior of 1 and 2. Furthermore, Hill analysis of the Li*
transport activity mediated by 1 affords an ECs, value of 0.43
uM, corresponding to a channel-to-lipid molar ratio of 0.6% (e.g.,
0.43/(96 x 0.77)) after correction for the 23% loss of DOPC lipids
during the extrusion process (Figures S4c and Slla,b).

The anion transport properties of 1 and 2 were verified using
the Cl-sensitive SPQ assay, because the fluorescence intensity
of SPQ decreases with increasing concentrations of C1~ anions.
The minimal changes in SPQ fluorescence intensity induced by
both 1 and 2 are comparable to the background, confirming their
inability to transport C1~ (Figure 2b).
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FIGURE 2 | (a)ThepH-sensitive HPTS assay for assessing Li* transport selectivity of 1in DOPC-based LUVs, with the extravesicular region varied to
have 100 mM MC1 (M = Li, Na, K, Rb, and Cs). (b) The chloride-sensitive SPQ assay to confirm negligible chloride transport activity by 1 and 2. (c) The CF
dye leakage assay to confirm the membrane integrity in the presence of 1 and 2. (d) The HPTS assay using a proton carrier FCCP to compare the transport
rate between Ht and Li* mediated by 1 at 0.3 uM. DOPC = dioleoyl phosphatidylcholine; HPTS = 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt;
SPQ = 6-methoxy-N-(3-sulfopropyl) quinolinium; CF = 5(6)-carboxyfluorescein; FCCP = carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone.

To further exclude nonspecific membrane disruption by 1 and 2,
a CF leakage assay was performed using 5(6)-carboxyfluorescein
(CF), a membrane-impermeable fluorescent dye (Figure 2c). The
dye, which exists as two isomers (~9.2 x 11.4 A and ~10 x
10 A; Figure S5), was encapsulated within the intravesicular
region at 50 mM, at which it undergoes self-quenching through
dimerization. Because the external solution contains no CF,
an outward transmembrane concentration gradient of CF is
established. If membrane disruption occurs, CF leaks out of
the vesicles, resulting in dilution of the dye, dissociation of
self-quenched dimers into highly fluorescent monomers, and
a corresponding increase in fluorescence intensity. This assay
therefore provides a sensitive measure of membrane integrity.
As shown in Figures 2c and S5, both 1 and 2 at 1 uM induce
statistically insignificant changes in CF fluorescence intensity.
In contrast, the pore-forming peptide melittin, employed as
a positive control, causes significant fluorescence increases of
54% and 81% at concentrations of 5 and 20 nM, respectively.
These results conclusively establish that 1 and 2 preserve the
integrity of LUVs membranes and mediate ion transport through
specific transporter-mediated activity rather than via nonspecific
membrane disruption.

To compare the relative transport rate between Li* and HY,
HPTS assays were conducted in the presence of a protonophore
FCCP (Figure 2d). FCCP accelerates proton delayed H* counter-
transport during Li* influx, producing fluorescence enhance-
ment. The transport efficiencies are 7.7% ((16%-9%)/0.91) for

FCCP alone, and 31% for 1 alone. In the presence of FCCP, 1
exhibits markedly enhanced efficiency of 40% ((80%-37%—(16%—
9%))/0.91). This significant enhancement confirms that Li* flux
is the dominant process.

Although pre-incorporation of 1 or 2 with DOPC lipids yields
nearly identical initial channel-to-lipid ratios and comparable
fluorescence intensities (Figure S6a), this protocol did not provide
a reliable basis for quantitative transport comparison. Non-
extruded vesicles show heterogeneous morphology and poorly
reproducible HPTS responses across independent measurements
(Figure Séb,c), whereas pre-incorporation followed by extrusion
caused loss of channel-containing lipid material, as evidenced
by yellowish residue retained on the polycarbonate membrane
(Figure S6d). Thus, the final functional channel-to-lipid ratios
after extrusion cannot be assumed to remain identical to the
initial premixed ratios. Importantly, even under these conditions,
1 still shows higher ion transport activity than 2 (Figure Sé6e,f),
consistent with the activity trend observed in Figure 2a.

2.3 | Molecular Triangle 1 Functions as a Highly
Selective Li* Channel

As revealed by the crystal structure (Figure 1c), 1 encloses a
membrane-spanning hollow cavity rich in cation-binding sites,
leading to selective Li* transport as shown by the HPTS assay
(Figure 2a). To quantify the transport selectivity ratios, we
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FIGURE 3 | (a) Single channel current traces and I-V curve (cis chamber = trans chamber = 1.0 M LiCl) from which the yLi* value for 1 was
determined to be 57.4 + 1.8 pS. (b) I-V curve (cis chamber = 1.0 M NaCl, trans chamber = 1.0 M LiCl) from which Li*/Na* (PLit/PNat) selectivity value
for 1 was determined to be 50.1 + 1.1. (¢) I-V curve (cis chamber = 1.0 M KCl, trans chamber = 1.0 M LiCl) from which Li*/K* (PLi*/PK") selectivity
value for 1 was determined to be 171.4 + 1.3. Here, yLi* values were obtained by fitting the I-V curve using a linear equation of y = a + b*x where slope b is
yLit in the unit of pS. In (b) and (c), the permeability ratio (PLit/PM™) was calculated using a simplified Goldman—Hodgkin—Katz equation erev= RT/F
x In(PLi*/PM™), where R = universal gas constant (8.314 K~ mol™!), T = 298 K, F = Faraday’s constant (96485 C mol~!), and P is the permeability of the
ions. (d) Lit/Na* and Li*/K* selectivity values for reported artificial Li* channels (B3,51 P15,45 P1,52 and Cage 547) versus this work. (e-i) Coordination
models of Lit, Nat, K*, Rb*, and Cs* with 1. Color code: Li, pink; Na, yellow; K, purple; Rb, cyan; Cs, orange; N, blue; C, green; O, red; H, white. Most
H-atoms have been removed for clarity of view.
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performed single-channel recordings on planar lipid bilayers
composed of DOPC. Under symmetric salt conditions (1 M LiCl in
both cis and trans chambers, Figure S7), 1 exhibits well-defined,
rectangular current transitions characteristic of single-channel
behavior at voltages ranging from +100 mV to —100 mV. Analysis
of the current-voltage (I-V) relationship yields a unitary Li*
conductance (y;;*) of 57.4 + 1.8 pS (Figure 3a)—2.5 times that
of gramicidin A-mediated K* conductance [55] and the second-
highest value, following 104.4 pS reported by our group [52].
This conductance corresponds to a flux of 3.6 x 107 Li* s7! at
100 mV.

The Li*/Na* and Li*/K* selectivity ratios (P;;*/Py,") and
(P;*/Px*) were determined under bi-ionic conditions, where
the trans chamber contained 1.0 M LiCl and the cis chamber
contained either 1.0 M NaCl or 1.0 M KCI (Figures S8 and
S9). From the resulting I-V curves (Figure 3b,c), the reversal
potentials (e.,) were determined to be +100.5 mV (vs. NaCl
gradient) and +132.1 mV (vs. KCl gradient). Application of the
Goldman-Hodgkin-Katz equation yields Li*/Na* and Li*/K*
selectivity ratios of 50.1 + 1.1 and 171.4 + 1.3, respectively.
These values confirm the highest Li*/Na* selectivity and Li*/K*
selectivity reported to date for artificial Li* channels, surpassing
the previously reported ranges of 14.3-43.8 for Li*/Na* and
10.5-51.6 for Li*/K*, respectively (Figure 3d) [45, 47, 51, 52, 59].

This performance highlights its ability to combine high con-
ductance with exceptional selectivity, bringing artificial ion
channels one step closer to overcoming the persistent challenge
of simultaneously achieving high ionic flux and high selectivity.

2.4 | Mechanistic Insights into Selective Li*
Transport by Molecular Triangle 1

DFT calculations were performed to elucidate the ion-binding
interactions involved in the selective Lit transport mediated by
molecular triangle 1. The reliability of the enthalpy calcula-
tions was first evaluated by comparing the computed hydration
enthalpies of M*+(H,0), complexes with reported experimental
values for M = Li, Na, K, Rb, and Cs, which showed good agree-
ment (Table S2). Among the 1*M™*+(H,0),, (n = 0-3) complexes,
the trihydrated complexes are not sterically compatible with the
narrow triangular cavity of 1 (Figure S14).

With the enthalpy change of AAH defined as the enthalpy
difference between the partially hydrated 1*M™*+(H,0), complex
and the corresponding fully hydrated M*+(H,0), complex, the
calculated AAH values for the fully dehydrated 1*M* complexes
are positive for all ions (Table S3), indicating that complete
dehydration is energetically unfavorable. The monohydrated
1°M*+(H,0) complexes also give positive AAH values for Li*,
Na*, K*, and Rb*, except for Cs* giving a slightly negative value
of —4.1 kcal/mol. In contrast, the dihydrated 1*M*+(H,0), com-
plexes give negative AAH values for all five alkali-metal ions, with
the energetic gains of —8.6, —15.9, —10.4, —12.8, and —17.7 kcal/mol
for Li*, Na*, K*, and Rb*, and Cs*, respectively (Figure 3e-i and
Table S3). These results suggest that the dihydrated state provides
a reasonable common model that balances steric compatibility
within the confined pore with energetic compensation for partial
dehydration. Nevertheless, it should be noted that, these gas-

phase optimized structures are meant to offer useful structural
insights into ion coordination and translocation through the
channel, they cannot be directly used to compare the transport
preferences of different ions.

To better recapitulate the ion-transporting membrane environ-
ment, we have determined the binding constants of 1 toward
alkali metal ions in DOPC LUVs (Figure S15-S17). The obtained
binding constants increase in the order: Cs* (4.0 x 10> M~!) < Rb*
(4.4 x10° M) < K* (5.7%10° M™!) < Na*t (6.4 x 10° M!) < Li+
(1.6 X 10* M™).

Notably, neither the AAH values (Cs* > Na* > Rb* > K* >
Li*) nor the binding constants (Li* > Na* > K* > Rb* >
Cs*) alone show a simple correlation with the experimentally
observed transport efficiencies (Li* > Cs* > K* > Na* > Rb*).
Therefore, the observed transport efficiency order should be
understood as the result of multiple factors, including partial
dehydration, membrane-based ion affinity, steric compatibility
within the pore, and ion-release dynamics. Lit* benefits from
the highest membrane-based affinity toward 1, which favors
selective capture and helps offset its high dehydration cost. In
addition, its small ionic radius and high charge density may allow
Li* to adopt a compact coordination environment within the
confined PMDI-lined pore, while local coordination flexibility
and hydration-water exchange may contribute to translocation
after partial dehydration [75-78]. In contrast, weakly bound Cs*
has a lower dehydration penalty and may be released more
readily after entering the channel, accounting for its relatively
high transport efficiency. By comparison, Na*, K*, and Rb*
do not appear to achieve the same balance among dehydra-
tion, binding, and release, appear to lower overall transport
efficiencies.

3 | Summary

In this study, we report the rational design of rigid, C;-symmetric
molecular triangles (1 and 2) constructed from pyromellitic
diimide units. This unimolecular channel features a precisely
defined membrane-spanning scaffold of 2.2 nm and a constricted
4.1 A pore lined with electron-rich oxygen atoms. Single-channel
measurements show that 1 mediates ultrafast Li* transport with
a conductance of 57.4 pS and exhibits the highest selectivity ratios
of 50.1 for Li* over Na* and 171.4 for Li* over K*, placing it
among the most efficient artificial Li* channels reported to date.
These results highlight the critical role of preorganized aromatic
microcavities in enabling highly selective and efficient ion trans-
port, and establish a new design paradigm for applications in
biomedicine and ion-selective separation membranes.
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