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Abstract: In sharp contrast to numerous artificial potassium
channels developed over the past decade, the study of artificial
lithium-transporting channels has remained limited. We
demonstrate here the use of an interesting class of polymers with
intrinsic microporosity (PIM) for constructing artificial lithium
channels. These PIM-derived lithium channels show
exceptionally efficient (yLi* > 40 pS) and highly selective transport
of Li* ions, with selectivity factors of > 10 against both Na* and K*.
By simply adjusting the initial reaction temperature, we can tune
the transport property in a way that PIMs synthesized at initial
reaction temperatures of 60 °C and 80°C exhibit improved
transport efficiency and selectivity, respectively, in the dioleoyl
phosphatidylcholine membrane.

Cation-transporting channels, essential transmembrane proteins
in nature, play critical role in processes such as nerve conduction,
muscle contraction, and cell division.*-? Malfunctions or structural
alterations in these proteins can disrupt cellular ion balances,
resulting in disorders like familial febrile seizures, long QT
syndrome, and hyperkalemia.®! While advancements in structural
biotechnology have led to significant insights into these channel
proteins, € their complex structures and dependence on specific
bilayer membrane have limited their practical applications. In
contrast, biomimetic artificial cation channels feature simpler and
more accessible structures. These artificial versions not only
enhance our understanding of ion transport mechanisms but also
expand the potential applications of membrane transport in fields
such as biology, medicines and sensing. "%l
Nevertheless, current artificial systems are far less selective in
ion transport with respect to their natural counterparts. For
instance, natural potassium channels can selectively transport K*
1000 times as fast as Na*.*4 Yet, the best artificial K* channels
achieve only a K*/Na* selectivity factor of 20.1.125-251 Consequently,
developing highly selective artificial cation transmembrane
channels remains a constant challenge, particularly for those that
can seamlessly integrate high transport selectivity with high
transport efficiency.
In recent years, the constructions of artificial transmembrane
channels using polymeric molecules has clearly become one of
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promising research directions in the field.21 These polymeric
backbones can be classified into two types, one featuring a
random coil structure,?7-2% and the other derived from highly rigid
foldamer molecules with long-range order.B41 As a result,
opportunities and challenges lie ahead in developing diverse
types of polymeric backbones for the design of innovative channel
systems.

Polymers with Intrinsic Microporosity (PIMs) are a class of
amorphous organic polymers built from monomers that often have
a rigid and non-linear structure. The rigidity and contortion within
these building blocks prevent the polymeric chains from packing
closely, leading to a high free volume and micropores generally
less than 2 nm in diameter.[>*4 In a sense, the backbone rigidity
of PIMs is intermediate between the randomized coil
conformation?2®l and the highly ordered rigid folding
backbones.?-41 Since the first report of PIMs by Mckeown in
2004, a range of PIM-based applications have been
demonstrated including catalysis, sensors and chiral separations
due to their simple synthesis, good solubility, excellent film-
forming abilities.“581 Especially in the making of membrane
materials for gas separation, it has shown unparalleled
application potential and value.**5% As a class of intrinsically
porous materials with excellent properties, PIMs have numerous
other potential applications that are yet to be fully explored. To the
best of our knowledge, there have been no report of their use in
developing artificial transporters functioning within lipid bilayer
membranes.

Here, we designed and synthesized a unique type of
polyimide-based PIMs (PIM-PI) readily prepared by the facile
“one-pot” polymerization via condensing dianhydride and diamine
building blocks (Figure la and Scheme S1). And we have
investigated their ion transport properties within lipid bilayer
membranes. Notably, the optimized PIM-PIs exhibit exceptionally
high Li* transmembrane transport activity, with a conduction rate
exceeding 40 pS, along with high transport selectivity factors of >
14.3 toward Na* and > 10.5 toward K*. As far as we know, these
PIM-PI channels represent the fastest artificial Li* channel,
forming a third class of artificial Li* channel, following two
previously established foldamer-based channel systems based
on a H-bonded folding nanotubel and self-assembled short
helices.

Among the diverse types of PIMs, we chose to work with
polyimides because the presence of imide groups, as we
hypothesized, may aid in efficient capture and transport of cations
through the micropores (Figure 1a). Additionally, to improve
biocompatibility and film-forming capabilities, we incorporated a
flexible alkyl chain into the rigid PIM framework, generating
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Figure 1 (a) One-pot preparation of AB-type PIM-Pls and two
tetrameric oligomers geometrically optimized at the level of M06-2X/6-
31+G(d), suggesting the existence of both curved and linear
backbones in PIM-PI. (b) Schematic representation of PIM-PIs within
a bilayer membrane, illustrating their role in facilitating ion transport
across the membrane. (c) Purification protocols for PIM-Pls
synthesized at two different initial reaction temperatures, 60 °C and
80 °C. Sequential purification steps yield six solid-phase products (A,
and B,) and four liquid-phase products (a, and b,). For detailed
conditions, see Table S1.

curved and linear backbone curvatures as depicted in models 1
and 2 computationally optimized at the level of M06-2X/631+G(d).
Although numerous combinations involving these two sub-
structural components could produce a variety of backbone
designs, the rigidity and twisted nature of these substructures
should hinder the polymer chains from packing tightly, potentially
creating substantial free volume and intrinsic micropores to
support efficient ion transport (Figure 1b).

These PIM-PI polymers were readily prepared using a
previously established two-step procedure with  slight
modifications.®%! In the typical conditions, diamine (1.00 mmol)
and dianhydride (1.00 mmol) were added to m-cresol (4 mL)
under N protection, which was heated to 60 °C (or 80 °C) for 1 h
and then to 180 °C for 4 h. This was followed by adding methanol
(60 mL) to precipitate out crude polymer products designated as
A for 60 °C and B for 80 °C (Figure 1c and Table S1), respectively.
These crude products were further purified twice by dissolving

them in chloroform (40 mL) and precipitating from 40 mL methanol.
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This sequential purification process yielded An and Bn(n=1-3) as
well as an and bn (n = 1-2) (Figure 1b and Table S2).

We first recorded gel permeation chromatography (GPC)
spectra, revealing one single sharp peak for both An and Bn
(Figure 2a). The determined molecular weights show that the
sequential purification process consistently gives rise to
increasing enrichment of higher molecular weight polymers from
20.8 kD to 119.3 kD for An, from 15.5 kD to 76.8 kD for Bn, from
7.4 kD to 10.6 kD for an and from 8.4 kD to 11.4 kD for bn series
(Figure 2b and Table S3). This is reasonable since the low
molecular weight organic polymers of this type may dissolve
better in CHCls/MeOH solvent. Consistent with their polymeric
nature, the corresponding NMR spectra of these polymers display
several broad peaks (Figures S1-S4).

The ion recognition abilities of the PIMs Az and Bs toward Li*
metal ions via its imide oxygen atoms were measured by
fluorescence titration experiments. We found that Li* ions elicit
much larger fluorescence changes of Az and Bz than both Na*
and K* ions (Figure S5), suggesting that the PIM backbone
interact with Li* more specifically.

We have also carried out computational molecular modelling
at the level of B3LYP-D3/6-31G(d) to calculate the binding energy
upon removing two or four water molecules from the hydrated Li*,
Na* and K* ions by one or two molecules of structural unit 1 (Eq.
1 and 2, Table S4 and Figures S6 and S7), which corresponds to
the repeating unit of the PIM backbone.

Energetically, the binding of 1 to Na* is the most preferred,
followed by Li* and K*. Given the largest fluorescence change
observed for Li* ion (Figure S5) and the subsequent experimental
data that demonstrate Li* to be the most efficiently transported
species (Figure 2), we speculate that the PIM backbone, which is
relatively rigid, most likely binds the hydrated Na* ions in a
manner that only two of its hydrated water molecules are released
with a binding energy of -24.8 kcal/mol. Since Na* is not the
favoured ion for transmembrane transport, the binding energy for
Li* ion should be larger than -24.8 kcal/mol. That is, the PIM
backbone shall be capable of simultaneously stripping four water
molecules from Li* ion, releasing energies of -35.6 kcal/mol, -36.8
kcal/mol and -31.3 for 4-, 5-and 6-coordinated Li* ions,
respectively. As the most stable hydrated Li* ions are 4-
coordinate in aqueous solution,® we believe that the majority of
Li* ions traverse through the membrane in a fully dehydrated form,
with some ions retaining up to two water molecules.

The ion transport activities of the PIM polymers (An, Bn, an
and bn) were evaluated by a vesicle-based kinetic HPTS assay,
which utilizes a pH-sensitive HPTS dye within a DOPC-based
bilayer membrane (Figure 2c). Using this assay, we observed
increasingly active Li* transport activities from 26% for A1, 76%
for A2 to 91% for Az at 10 ug/ml and from 7.8% for B1, 46% for B2
to 82% for Bzat 25 pg/ml (Figure 2d,e), with activities ranging from
8% to 33% for an and bn (Figure S8). These trends in transport
activity correlate well with the enrichment trends in molecular
weight determined by GPC analyses, suggesting that lower
molecular weight polymers are less favourable for efficient Li*
transmembrane transport. In addition, A, series synthesized at an
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Figure 2. (a) and (b) present the GPC traces and molecular weights for the solid-phase products of A, and B,, obtained through the sequential
purification process described in Figure 1c. (c) Schematic representation of the DOPC-based pH-sensitive HPTS assay for ion transport study,
employing different extravesicular salts (MCI, where M = Li, Na, K, Rb and Cs) to compare ion transport activities. (d) and (e) show Li* ion
transport activities of A, and B, (n = 1-3). (f) and (g) present the ion transport selectivity of A; and Bs. (h) and (i) illustrate the determination of
ECso values using Hill analysis, yielding 0.65 pg/ml for Az and 6.4 pg/ml for B;. DOPC = dioleoyl phosphatidylcholine, HPTS = 8-hydroxypyrene-

1,3,6-trisulfonic acid trisodium salt.

initial temperature of 60 °C all turn out to be more active in Li*
transport than the Bn series.

By varying extravesicular alkali metal chlorides, we obtained
ion transport activities of 91% (Li*), 34% (Na*), 31% (K*), 31%
(Rb*) and 22% (Cs*) for As at 10 pg/ml (Figures 2f) after
normalization based on their respective background values of
8.0%, 6.4%, 6.6%, 3.2%, and 10.1% (Figure S9). These
comparative activity data indicate that channel As preferentially
transports Li* ions and exhibits similar capacities in transporting
Na*, K*, Rb* and Cs* ions. Based on these activity values, Li*/M*
selectivity factors were determined to be 2.7 — 4.1. Like As, B3
also efficiently transports Li* (82%) but with much higher Li*/M*
selectivity factors of > 9.2 over the other four metal ions at 25
pg/ml (Figure 2g).

For comparison, we have also examined the ion transport
activities of benzene-containing C and naphthalene-containing D
(Figure S8), two types of PIM variants that differ from A and B in

the relative positions of their amine groups and the structural motif
to which the two amine groups are attached. First, unlike A and B
that exhibit good selectivity toward Li* ions, C and D display no
selectivity in ion transport (Figure S10). Second, C shows minimal
ion transport activity (Figure S10a), suggesting its inability to form
pores of sufficiently large diameter or create multiple ion-binding
and releasing sites for effective transmembrane ion transport.
Third, D demonstrates good ion transport activity but lacks
selectivity (Figure S10b), highlighting significant role played by
the additional naphthalene unitin A and B.

Hill analyses of the vesicle-based kinetic data gave the ECso
values of 0.65 pg/ml for Az (Figure 2h) and 6.4 pug/ml for B3 (Figure
2i), respectively, confirming their high Li* transport activities. We
further conducted a carboxyfluorescein (CF) dye leakage assay
to assess the LUV membrane integrity or potential pore formation
in the presence of As, B3, C and D. As shown in Figure S9, these
PIM channels do not induce any fluorescence increase, indicating
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Figure 3. (a) and (b) describe single channel current traces and current—voltage (I-V) curves (cis chamber = trans chamber = 1 M LiCl) from
which lithium conduction rate (y.;*) values for A; and B3 were determined to be 42.9 + 0.7 pS and 44.7 + 1.8 pS, respectively. Here, y,;* values
were obtained by fitting the |-V curves using a linear equation of y = a + b*x where slope b is y,i* in the unit of nS. (c) and (d) show I-V curves
(cis chamber = 1 M LiCl, trans chamber = 1 M NaCl or 1M KClI) from which the permeability ratios of P.*/Pn," and P*/Px* for A; and B3 were
determined. Here, P\i*/Py* values were calculated using a simplified Goldman-Hodgkin-Katz equation €., = RT/FxIn(Py'/P.*), where R =
universal gas constant (8.314 JK* mol?), T = 300 K, F = Faraday’s constant (96485 Cmol '), and P is the ion permeability. All single channel
current traces were measured in a diPhyPC-based bilayer membrane. diPhyPC = 1,2-diphytanoyl-sn-glycero-3-phosphocholine.

no CF dye leakage. Conversely, the positive control melittin, a
pore-forming peptide, causes significant fluorescence increases
of 55% and 100% at lower concentrations of 5 and 25 nM,
respectively. These results unambiguously confirm that LUV
membrane integrity is preserved in the presence of PIM-PI
channels and that the observed ion transport activities are not due
to PIM-Pl-induced membrane-lysing effects.

To verify the ion transport mechanism of Az and Bs, single-
channel electrophysiological experiments were performed in
diPhyPC-based planar lipid bilayer membrane using a planar lipid
bilayer workstation (Figures 3a,b and S12).

As can be seen from Figure 3a,b, As and Bs both exhibit
typical square signals, which clearly indicate that these PIM-Pls
transport Li* via a channel mechanism. Based on the plotted
current vs voltage (I-V) curves, the conductance rate (y.i*) of As
and B3 for transporting Li* were calculated to be 42.9 + 0.7 pS and
447 + 1.8 pS, respectively. For comparison, the two recent
artificial Li* ion channels reported by Dong® and us®*® have much
smaller y.i* values of 27.1 pS and 18.4 pS. These data confirm
that these PIM-PI channels efficiently transport Li* ions at
exceptionally fast rates.

To determine the ion transport selectivity of As and Bs, single-
channel conductance measurements were conducted in
asymmetrical baths (cis chamber = 1.0 M LiCl and trans chamber
=1.0 M NaCl or KClI, Figures 3c,d and S13-S16). From the plotted
I-V curves for Az (Figure 3c), the reverse potential values were
measured as -47.8 and -66.1 mV, corresponding Li*/Na* and
Li*/K* selectivity factors of 6.3 and 14.9, respectively. For Bs, the

Li*/Na* and Li*/K* selectivity factors were determined to be 14.3
and 10.5, respectively (Figure 3d).

It is necessary to note that the ion transport selectivity factors
determined using either DOPC-based LUVs or diPhyPC-based
planar lipid bilayer membrane are of significant differences. Such
differences might be attributed to the structural differences of the
lipid molecules used, creating differential lipid bilayer membrane
environments in which the sensitive PIM-PI channels may
response in a unique way in terms of channel structure and
consequently ion-transport property.

In conclusion, we have developed an interesting class of
polymer-based transmembrane cation transport system using
inherently porous polyimide-based PIM-PI channels. These
channels exhibit exceptionally high Li* transmembrane transport
activity, with Li* conduction rates exceeding 40 pS that is up to
1.4 times faster than the previously reported artificial Li* ion
channels in similar lipid bilayer membrane. Moreover, we found
that Li* transport properties can be modulated by adjusting the
initial reaction temperature, resulting in higher transport activity at
60 °C and greater selectivity at 80 °C in the dioleoyl
phosphatidylcholine membrane. We also observed that the
channels’ ion transport properties are highly dependent on the
structure of membrane-forming lipid molecules used. The
demonstrated channel behaviours, such as high Li* transport
activity and selectivity, significantly broaden the functional scope
of PIM materials, pioneering their application within the context of
lipid bilayer membrane. Given the wide range of structural
components available for building PIMs, we believe our work
opens a whole new dimension of scientific research for advancing
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the design and synthesis of varying types of PIM-based
transmembrane ion channels. We further believe that these PIM-
PI channels hold promise for potential applications in managing
Li*-related bipolar disorder® or enriching Li* ions from seawater
or Li*-rich salt lakes.
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Artificial Lithium Channels Built

from Polymers with Intrinsic

Microporosity Polymers with intrinsic microporosity have been used to construct artificial lithium channels.
Record-high transmembrane Li* transport rates (yLi* > 40 pS) and high Li* transport
selectivity relative to both Na* and K* ions (selectivity > 10) have been determined using
these ion channels. The transport properties can be tuned by adjusting the temperature at
which the microporous polymers are synthesized.
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