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Dibenzo-12-crown-4 group as a pore-forming
enhancer for anion transport†

Jisen Fan, Yingxue Xu, Jie Shen, Wenju Chang* and Huaqiang Zeng *

Dysregulation of anion transport is implicated in a range of diseases, including congenital myotonia, cystic

fibrosis, and hereditary renal lithiasis. While natural anion channels exhibit highly complex and intricate

structures, the development of structurally simpler artificial channels holds promise for advancing the

understanding of anion transport mechanisms and offering novel therapeutic approaches. Among emer-

ging strategies, the use of side chain–side chain interactions to construct artificial anion channels has

shown significant potential, particularly through the application of flexible hydrocarbon side chains to

facilitate pore formation. Building on this concept, we introduce a novel scaffold—the dibenzo-12-

crown-4 group—which unexpectedly acts as a pore-forming enhancer, rather than a cation transporter.

By strengthening side chain–side chain interactions, this group promotes the formation of sizable pores

within lipid bilayers, selectively and efficiently transporting anions, rather than cations. Notably, channel

A10 exhibits a remarkable high Cl−/K+ selectivity ratio of 17 while showcasing a distinct hierarchy in anion

conductivity: ClO4
− > I− > NO3

− > Br− > Cl−.

Introduction

Chloride ions, being the most abundant anions in the human
body, play crucial roles in various physiological processes.1–3

Chloride ion channels are widely distributed across different
cellular membranes, including those of lysosomes, mitochon-
dria, and the endoplasmic reticulum.4–6 Dysfunction in these
chloride ion channels can lead to numerous diseases, such as
congenital myotonia, recessive generalized myotonia, cystic
fibrosis, and hereditary renal lithiasis.7–9 Due to the complex
structure of natural chloride ion channels, it is imperative to
develop structurally simpler artificial chloride ion channels.
This will not only facilitate the study of anion transport mecha-
nisms but also provide potential therapeutic approaches for
diseases caused by chloride ion channel dysfunction.10–17

Forming pores in lipid bilayers has emerged as a promising
strategy for constructing artificial ion channels.17–26

Biomimetic chemists have developed many innovative
approaches to pore formation, each leveraging unique mole-
cular interactions and conformations. These strategies include
Wolynes’ helical stacking driven by solvophobic interactions,18

β-barrel pores composed of rigid-rod molecules by
Matile,23,27,28 tail-to-tail assembly of two cholic-containing
molecules and steroid-modified biscarbamate by Kobuke,29,30

barrel stave configurations formed by two dendrimers invol-
ving vertical steroids by Regen,31 face-to-face stacking of aro-
matic oligoamide macrocycles by Gong,24,32,33 and a folded
multiblock amphiphilic oligomer consisting of alternating
hydrophilic and hydrophobic units by Kinbara.20–22 Other
notable approaches include the benzohydrazide-based core by
Talukdar,17 cholesterol-stabilized toroidal nanopores by Zeng25

and adaptive cholesterol-containing nanopores driven by con-
centration by Ren.34 The rosette-conformation derived from
dendritic folate by Matile,35 a glycol-based core by Talukdar,36

G-quartets by Dash and Davis,26,37,38 and fused G-C bases by
Wanunu39 are also effective in creating pores in lipid bilayers.
Additionally, H-bond-rigidified helical foldamers, constructed
from pyridine, pyridone, and their derivatives by Zeng,40–46

quinoline by Liu,47 and pyridine-urea oligomers by Wu,48 are
capable of forming pores that selectively transport protons,
alkali metal ions, anions and water. Lastly, pore formation
through repulsive-induced aromatic foldamers composed of
oxadiazole and pyridine or its derivatives by Dong and Liu
offers efficient and selective ion transport.49–52

In addition to these inspiring approaches to pore construc-
tion, an emerging strategy focuses on leveraging flexible hydro-
carbon side chain–side chain interactions to create pores for
anion transport across membranes.53–59 Expanding on this
strategy, we demonstrate here that a rigid dibenzo-12-crown-
4 group does not function as a cation-binding and -transport-
ing unit. Instead, it unexpectedly serves as a pore-forming
enhancer, reinforcing side chain–side chain interactions to
create membrane-active pores for anion transport.
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Results and discussion

Recently, we demonstrated that monopeptides appended with
three distinct types of side chains can self-assemble into one-
dimensionally aligned, doubly H-bonded stacks. These stacks
undergo a secondary self-assembly process driven by side
chain–side chain interactions, resulting in the formation of
innovative oil-gelling scaffolds (Fig. 1a).60–63 By incorporating
ion-binding units into this monopeptide scaffold (e.g., 6V10
and 5F8, Fig. 1b), the resulting one-dimensional ensembles
span the hydrophobic region of the membrane, forming trans-
membrane pathways that facilitate the transport of ions or
even amino acids.64–69

1H NMR dilution studies from 80 mM to 1 mM reveal
changes in the chemical shift of two amide protons involved
in forming intermolecular H-bonds ranging from 0.30 to
0.50 ppm for both A10 and B10 (Fig. S1†). These concen-
tration-dependent changes indicate that A10 and B10 can self-
assemble through H-bonds in non-polar solvents. Additionally,
SEM results confirm that A10 and B10 are capable of forming
organogels in non-polar solutions (Fig. S2†).

As illustrated in Fig. 1c, we hypothesized that molecules
An–Cn (n = 6, 8, 10, 12), featuring a Li+-binding 12-crown-4
unit, might be capable of transporting Li+ ions across the

membrane after assembling into one-dimensional H-bonded
stacks.

The ion-transport activity of An–Cn was evaluated using a
pH-sensitive HPTS assay. In this assay, pH-sensitive HPTS dye
(100 μM) and NaCl (100 mM) at pH 7 were encapsulated inside
large unilamellar vesicles (LUVs), which were then diluted into
a 100 mM KCl buffer (pH 8) to establish a pH gradient of 7–8
across the LUVs. Monitoring pH-dependent changes in the
fluorescence intensity of HPTS allows us to compare the ion-
transport abilities of the channels.

Although A10 demonstrates excellent ion transport activity
of 81% at 10 µM (Fig. 2a), varying the extravesicular salt from
LiCl to CsCl surprisingly yields no significant differences
(ranging from 76% to 83%) in transport activity. This finding
suggests that A10 likely facilitates the transmembrane trans-
port of either anions or protons, rather than cations. Even
more surprisingly, molecules B10 and C10 exhibit no detect-
able activity at the same concentration when the extravesicular
salt was also varied from LiCl to CsCl. At present, we are
unable to provide an explanation for this observation. These
findings suggest that the dibenzo-12-crown-4 group may
simply act as a pore-forming enhancer by strengthening side
chain–side chain interactions and facilitating pore formation
in lipid bilayers through oligomerization, akin to the pore-

Fig. 1 (a) Monopeptide scaffold for aligning side chains of the same type (e.g. R1–R3) at the same side. (b) Crystal structure of 6V10 (top view) and
molecular structures of 6V10 and 5F8, demonstrating that the ability of the scaffold to form a H-bonded 1D columnar stack that aligns the crown
ether to the same side. (c) The combinatorial construction of L-phenylalanine-derived molecules for the intended discovery of artificial Li+ channels.
(d) The dibenzo-12-crown-4 group unexpectedly serves as a pore-forming enhancer to strengthen the side chain–side chain interactions between
1D H-bonded stacks to form pores in a way like pore-forming 6L10 shown in (e) that assembles through side chain–side chain interactions to create
pores in the membrane for Cl− transport.
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forming behaviour of molecule 6L10 and its other analogues,
which we recently reported (Fig. 1e).54,55

A systematic scan of 12 molecules of An–Cn (n = 6, 8, 10, 12)
identifies A10 as the top performer (Fig. 2b). Hill analysis
determines the EC50 value of A10 for achieving 50% transmem-
brane activity to be 5.2 μM or 5.3 mol% relative to lipids
(Fig. S3d†). For comparison, the well-established pore former
6L1054 exhibits an EC50 value of 4.3 μM (Fig. S3e†).

To examine the hypothesis that A10 predominantly med-
iates chloride ion or proton transport, we conducted a Cl−-sen-
sitive SPQ assay, which measures fluorescence quenching in
the presence of Cl− ions. By diluting NaNO3-encapsulated
LUVs into a NaCl buffer to establish a chloride gradient
between the intravesicular and extravesicular medium, we
observe high fluorescence quenching of SPQ by 92% (Fig. 2c).
This result highlights the remarkable ability of A10 to trans-

Fig. 2 (a) The ion-transport activities of A10, B10 and C10 in the presence of varied extravesicular metal salts determined using pH-sensitive HPTS
assay. (b) Ion-transport activities of 12 An–Cn molecules (n = 6–12) determined using the HPTS assay, with the external region filled with 100 mM
KCl. (c) The SPQ assay using the chloride-sensitive SPQ dye. (d) The HPTS assay in the presence of proton carrier FCCP to assess the relative trans-
port rates between Cl− and OH−. (e) The CF dye assay to evaluate the membrane integrity in the presence of A10. (f ) Determinatoin of EC50 value for
A10-mediated transport of ClO4

−. (g) EC50 values vs. hydration energies for A10-mediated transport of ClO4
−, Cl−, Br−, I−, and NO3

−, determined in
the presence of 2.5 mM NaX (X− = Cl−, Br−, I−, NO3

−, and ClO4
−) with proton gradient from pH = 7 (inside) to pH = 6 (outside). HPTS = (8-hydroxy-

pyrene-1,3,6-trisulfonic acid); SPQ = 6-methoxy-N-(3-sulfopropyl); FCCP = carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; CF = 5/6-car-
boxyfluorescein. [Total lipid] = 97.5 μM.
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port Cl− ions across the membrane. In line with the HPTS
assay, the SPQ assay reveals no ion transport activity for B10
and C10 (Fig. 2c).

Given the observed ion transport behavior, the possibility of
A10 mediating alkali metal transport across the membrane is
less likely. Thus, we can confidently assert that the predomi-
nant mechanism of A10-mediated ion transport is either Cl−/
OH− antiport or Cl−/H+ symport, rather than M+/H+ antiport or
M+/OH− symport. Furthermore, A10, composed of decyl chains
with many slightly positively charged H-atoms (Fig. 1d), inter-
acts more favorably, though weakly, with anions or the
O-atoms from water molecules in the anion’s hydration shell,
rather than with cations/protons or their hydrated forms. As a
result, the pore formed by A10 is expected to facilitate prefer-
ential anion transport across the membrane. Therefore, it is
reasonable to deduce that hydrated OH− ions are transported
more readily than hydrated H+ ions through the pore. This
suggests that Cl−/OH− antiport is more likely than H+/Cl−

symport.
FCCP, a highly active H+ carrier, was used to compare ion

transport rates between Cl− and OH−. When FCCP was applied
at 0.5 μM, the transport rate is nearly identical to the blank
value, indicating that FCCP alone does not influence the
system’s ion transport activity. For A10, the transport efficiency
increases from 48% without FCCP to 71% with FCCP,
suggesting a significant synergistic effect between A10 and
FCCP. This implies that the transport rate of Cl− is faster than
that of OH− (Fig. 2d), with the accumulated OH− more quickly
dispatched by FCCP through proton transport.

To determine whether the ion transmembrane activity is
caused by membrane lysis induced by A10, an assay utilizing
5/6-CF molecules—measuring 9.2 Å × 11.4 Å and 10 Å × 10 Å—
was conducted. This dye undergoes fluorescence quenching
due to self-dimerization at high concentrations but exhibits
stronger fluorescence intensity upon partial dissociation of
self-dimers when the dye leaks into the extravesicular region.
The addition of A10 at 10 μM causes only a 5% increase in
fluorescence intensity, whereas the same concentration of A10
results in an 83% increase in the HPTS assay. In contrast,
melittin, which forms pores larger than 1 nm, causes a 48%
increase in fluorescence intensity at 25 nM and a 97% increase
at 75 nM (Fig. 2e). These results indicate that the membrane
integrity was not compromised in the presence of A10, and the
pores formed by A10 in the lipid bilayer are less than 1 nm in
diameter.

The anion transport selectivity of A10 for Cl−, Br−, I−, NO3
−,

and ClO4
− was evaluated using a HPTS-based assay. In brief,

the LUVs encapsulated 67 mM Na2SO4, with its extravesicular
region containing 65 mM Na2SO4 and 2.5 mM NaX (where X−

= Cl−, Br−, I−, NO3
−, ClO4

−) with a proton gradient from pH 7
(inside) to pH 6 (outside). Comparison of EC50 values deter-
mined for the five anions using Hill plots indicates that the
anion transport selectivity of A10 follows the order: ClO4

− > I−

> NO3
− > Br− > Cl− (Fig. 2f, g and S4†). This selectivity corres-

ponds with the decreasing hydration energy of the anions.
This result suggests that the mechanism for anion transmem-

brane transport likely involves the removal of water molecules
surrounding anions.

To investigate the transport mechanism of A10, single-
channel current traces were recorded at various voltages using
a planar lipid bilayer containing 1 M KCl solutions in sym-
metric baths (Fig. 3a). The recorded single-channel current
traces clearly demonstrate that A10-mediated transmembrane
chloride transport occurs through a channel mechanism
rather than a carrier mechanism. A linear Ohmic curve was
obtained from fitting the current–voltage (I–V) plot, yielding
the Cl− conductance (γCl

−) value of 2.29 ± 0.06 pS for A10
(Fig. 3a). Additionally, asymmetric baths (cis chamber = 1.0 M
KCl and trans chamber = 0.5 M KCl) were used to evaluate the
Cl−/K+ transport selectivity. Substituting the reverse potential
of 20.3 mV from the I–V curve (Fig. 3d and S5†) into the
Goldman–Hodgkin–Katz equation gave the Cl−/K+ transport
selectivity of 17, confirming A10’s strong preference for anions
over cations.

The above findings provide definitive experimental evi-
dence through the HPTS assay and single-channel current
measurements that clearly demonstrate the formation of struc-
tured channels for A10, enabling anion transport across lipid
membranes. Nevertheless, the precise determination of the
pore structures and the exact process of pore formation
remains elusive, posing considerable challenges both experi-
mentally and computationally. To at least offer some speculat-
ive insights into the potential structural characteristics of the
one-dimensional alignment of A10 within the lipid membrane,
we carried out molecular dynamics (MD) simulation of (A10)6
in DOPC membrane to help illuminate aspects of pore for-
mation in synthetic ion channels. H-bonded (A10)6 was first
optimized using the M06-2X/6-31G(d) level of theory (Fig. 3c),
which was then subjected to MD simulation for 200 ns. A
closer examination of 2000 structural snapshots in the last 10
ns of trajectories reveals a key observation: all six A10 mole-
cules consistently maintained H-bonding with each other
across all 2000 structures, confirming the stability of the inter-
molecular H-bonds that enable the formation of a stable,
H-bonded one-dimensional structure capable of spanning the
hydrophobic membrane region (Fig. 3d).

Lastly, to explore why crown ether groups do not facilitate
ion transport, we conducted picrate extraction experiments to
determine the binding constants of Ans toward Li+, Na+ and K+

ions. As summarized in Table 1, all Ans exhibit binding con-
stants of less than 153 M−1 toward Li+, Na+ or K+ ions.
Considering that the dynamic transmembrane ion transport
process requires channel molecules to effectively capture and
release ions, the binding affinity between channel molecules
and ions plays a crucial role in this process. If the binding is
too strong, ion release might get hindered; if too weak, ion
capture becomes inefficient. According to our previous report
on 15-crown-5-containing channel molecules structurally
similar to Ans,54 (1) efficient ion transport occurs when the
binding constants between channel molecules and alkali
metal ions range from 4.2 × 102 and 8.2 × 102 M−1, effectively
facilitating both ion capture and lease, (2) transport activity
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roughly increases with increasing binding constants within
this range, and (3) when the binding constant exceeds 1.5 ×
103 M−1, ion release becomes significantly restricted, impeding
transmembrane ion transport. From these findings, weak
binding constants of less than 153 M−1 exhibited by all Ans
may indicate inefficient ion capturing from the aqueous solu-
tion, which consequently results in the absence of experi-
mentally observable ion transport.

Conclusions

To summarize, we have established here a relatively novel
approach to pore formation in lipid bilayers through the assist-
ance of a rigid dibenzo-12-crown-4 moiety. Although these
rigid 12-crown-4 units are vertically arrayed on top of each
other induced by the H-bonded one-dimensional stack, they
do not transport cations as expected. Rather, they appear to
merely serve as a pore-forming enhancer, strengthening the
side chain–side chain interactions between the 1D stacks and
subsequently resulting in pores less than 1 nm. The formed
pores, characterized by a slight positive charge on their
luminal surfaces due to the alignment of H-atoms along the
inner pore surface, efficiently facilitate anion transport across
the membrane through a channel mechanism. This configur-
ation results in a high Cl−/K+ transport selectivity of 17, high-
lighting the exceptional anion selectivity of the pore and its
promising potential for further exploration in biomimetic
chemistry for targeted ion transport applications. This study
exemplifies how simple synthetic molecules can yield unex-

Fig. 3 (a) Single-channel current traces recorded in symmetric baths (cis chamber = trans chamber = 1 M KCl) for A10 and determination of Cl−

conductance (γCl
−) using a linear ohmic current–voltage (I–V). (b) The Cl−/K+ selectivity of A10 determined from the reverse potential (20.3 mV),

which is obtained from fitting the plots recorded in asymmetric bath (cis chamber = 1.0 M KCl and trans chamber = 0.5 M KCl). (c) The structure of
(A10)6 was optimized at the M06-2X/6-31G(d) level of DFT theory under periodic boundary conditions in the gas phase. (d) The DFT-derived struc-
ture was subjected to MD simulation in a DOPC membrane, revealing an intact H-bonded network that confirms the stability of H-bonds in the
membrane. DOPC = 1,2-dioleoyl-sn-glycero-3-phosphocholine.

Table 1 Binding constants (Ka) between An (n = 6–12) and Li+, Na+ or
K+ ions at 25 °C obtained using Cram’s methoda

Ka (Li
+, M−1) Ka (Na

+, M−1) Ka (K
+, M−1)

A6 1.08 × 102 1.11 × 102 0.72 × 102

A8 0.89 × 102 0.98 × 102 0.48 × 102

A10 1.53 × 102 0.80 × 102 0.60 × 102

A12 0.91 × 102 0.84 × 102 0.58 × 102

aDetermined based on the partition of 10 mM alkali picrate salts in
1 mL H2O into 1 mL of CHCl3 containing 10 mM An and the assump-
tion of 1 : 1 complex formation.
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pected functions, providing valuable insights into the struc-
ture–function relationship of ion channels, deepening our
understanding of the principles governing ion channel
behaviour.
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