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Mechanosensitive channel proteins serve important physiological functions in biological systems. Build-
ing artificial transmembrane channels to mimic the function of natural channels would provide a new
strategy for treating channel-related diseases. In this paper, we describe the design and construction of
artificial channels derived from pillar[5]arene backbones with different flexibilities, which are determined
by the alkyl chain length. Importantly, the ion transport activities of the channels can be activated by in-
creasing the membrane curvature and tension, which endows the channel with mechano-gating behavior.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Mechanosensitive and mechano-gated channel proteins are
types of membrane-integrated proteins that can convert external
mechanical forces, including stretching, pressure, gravity, osmotic
pressure changes, and pathogen invasion, into electrical and chem-
ical signals transmitted to the cytoplasm [1,2]. These channels are
in charge of many important physiological processes, such as pain
sensation, micturition, hearing, and fluid balance [3,4]. The dys-
function of these natural channels can lead to serious diseases,
such as hearing disorders and chronic pain [5].

The development of artificial transmembrane channels would
create a new strategy for treating channel-related diseases [6-10].
During the past decades, a large number of artificial channels have
been constructed by mimicking the structure and function of natu-
ral channels [11-19]. These artificial channels can not only achieve
high efficiency and selectivity for mediating the transmembrane
transport of ions [20-28], water [29-33], and polar organic solutes
[34-36] but can also show sensitivity to external stimuli, includ-
ing light [37-41], ligand molecules [42,43], changes in pH [44-46],
and voltage [47-49]. Mechanosensitive channels, which are sensi-
tive to mechanical forces, were also constructed [50-53]. However,
most of these channels were deactivated upon the application of
a mechanical force. The construction of channels that can be acti-
vated in response to mechanical forces (mechano-gated channels)
remains a challenge due to the difficulty in controlling the channel
conformation in lipid membranes. Herein, inspired by the structure
and mechanism of the mechanosensitive channel of large conduc-
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tance (MscL) in Escherichia coli, we introduce the construction of
an artificial channel displaying mechanosensitivity. The ion trans-
port activity of the channel can be activated by the membrane ten-
sion as well as the membrane curvature, and the channel exhibits
distinct mechano-gated behaviors.

Pillararenes are a class of macrocycles that have rigid pillar
backbones composed of hydroquinone units linked at the para-
positions with methylene units [54-57]. These pillar structures are
excellent frameworks for creating artificial transmembrane chan-
nels by attaching sidechains [58-61]. The transport properties of
these channels can be easily adjusted by modifying the sidechain
structure. When constructing channel molecules, the alkyl chains
that have active linking units at their terminals on the rims of
a pillararene are usually modified. After that, oligo peptides are
coupled onto a pillar[5]arene backbone through condensation or
click reactions [62,63]. The adjacent peptide chains can form in-
tramolecular hydrogen bonding to induce the whole molecule to
form a stable tubular structure, and the alkyl linkers endow the
channel with a certain degree of flexibility. Additionally, the ter-
minal electrical charge of the channel has a significant influence
on the ion transport properties [64]. Generally, artificial chan-
nels with negatively charged terminals have better selectivity for
cations [65]. Research findings have revealed that flexible glycine
hinges play a critical role in the mechanical response of the MscL
channel [66], as they orchestrate the rearrangement of sub-units
within the membrane under membrane tension. Thus, we envi-
sioned that the sidechains of the channel containing long alkyl
linkers, which may act like the glycine hinges of MscL, would have
conformations with less stability. In this case, the channel structure
would be sensitive to the membrane tension, resulting in different
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Fig. 1. Chemical structures of channels 1 and 2.
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Fig. 2. Schematic of the generation of membrane (a) tension and (b) curvature on
vesicles. Size distributions of vesicles subjected to different membrane (c) tensions
and (d) curvatures, characterized by dynamic light scattering (DLS).

transport behaviors. Thus, channels 1 and 2 with sidechains con-
taining alkyl linkers of different lengths were designed and syn-
thesized in this study (Fig. 1). Trp residues were introduced into
the sidechains to enhance the membrane-incorporation ability of
the channel molecules [67].

The curvature [68] and lateral tension [69] of a membrane are
of great significance for the responses of mechanosensitive chan-
nels. Therefore, we constructed different large unilamellar vesicle
(LUV) models to study the responses of our artificial channels to
these two mechanical properties. We modified the membrane ten-
sion by applying an osmotic pressure AII to the vesicles (Fig. 2
a) [50,70]. The relationship between the membrane tension Ao
and the osmotic pressure ATl is as followsAo = (ATlr)/2, where
r is the radius of the vesicle. The osmotic pressure is controlled
by changing the glucose concentrations inside (C;,;,) and outside
(Cendo) the vesicles:

Ao = ACRT

AC= Cintra — Lendo

where R and T are the gas constant and temperature, respectively.
Table 1 shows the osmotic pressures calculated under different
conditions. The size distributions of the vesicles under different os-
motic pressures were measured by dynamic light scattering (DLS)
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Table 1
Membrane tension under different conditions.
Cintra (mmol/L) Cendo (mmol/L) Ao (mN/m)
200 0 24.78
200 100 12.39
200 200 0
200 300 -12.39

(Fig. 2c). The results showed that the change in the osmotic pres-
sure during the experiment did not have a significant effect on the
particle sizes of the vesicles.

We adjusted the curvature of the membrane by preparing vesi-
cles with different particle sizes [71]. Given that there is a relation-
ship between the membrane curvature (K) and radius (R): K = 1/R,
the membrane curvature of vesicles with particle sizes of 100 nm
was twice that of vesicles with a particle size of 200 nm (Fig. 2b).
Through DLS, we determined that the actual particle sizes of the
vesicles with target sizes of 100 and 200 nm were 117 and 193 nm,
respectively (Fig. 2d).

The influence of the membrane curvature and tension on the
H* transport behavior was then investigated. For the experi-
ments, LUVs entrapping a buffer (10 mmol/L 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 100 mmol/L KCI, pH 7.4)
containing the pH-sensitive dye 8-hydroxypyrene-1,3,6-trisulfonate
(HPTS) (0.1 mmol/L) were prepared and then added to a buffer
(10 mmol/L HEPES, 100 mmol/L KCI, pH 6.2) to produce an inward
H* gradient. The flux of H into the vesicles mediated by chan-
nel 1 or 2 was assessed by monitoring the fluorescence intensity
of HPTS.

By changing the concentration of glucose in the extracellular
fluid of the vesicles, as shown in Table 1, we obtained the fluo-
rescence kinetics curves of channels 1 and 2 (1.97%, molar ratio
relative to lipid (mRL)) under different membrane tensions (Fig. 3).
As can be seen from Figs. 3b and c, as the membrane tension in-
creased, the proton transport activities of channels 1 and 2 were
significantly enhanced. Compared with the situation when Ao =0
mN/m, the proton transport activity of channels 1 and 2 was in-
creased by 33% and 71%, respectively, when Ao =24.78 mN/m.
Moreover, the variation rate of the proton transport ability of chan-
nel 2 with respect to the membrane tension was greater than that
of channel 1, indicating that channel 2, which was more flexible,
had greater responsiveness to the membrane tension than channel
1 (Fig. 3d).

We then investigated the influence of the membrane curvature
on the proton transport by using vesicles of different particle sizes.
We measured the variations in the fluorescence intensity of HPTS
under different mRL values (Fig. 4). The effective concentration re-
quired for a 50% activity (ECsg) was calculated by fitting the plot
of the relative fluorescence intensity at t=450s versus mRL with
the Hill equation [72,73]:

y=1/(1+ (EGo/x)")

As mentioned earlier, when the vesicle particle size changed
from 200nm to 100 nm, the curvature of the membrane doubled.
In such a situation, both channels 1 and 2 exhibited enhanced pro-
ton transport capabilities, as evidenced by the significant reduction
in their respective ECs, values from 7.17% and 4.5% to 2.3% and
1.99%. This suggested that both molecules were activated by the
membrane curvature. Notably, in contrast to the membrane ten-
sion, channel 1, characterized by a shorter flexible chain, demon-
strated a slightly higher sensitivity to the membrane curvature
than channel 2, as indicated by the more pronounced change in
its EC5,, values.

The macroscopic ion transport study revealed that both
the membrane tension and curvature could effectively activate
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Fig. 3. (a) Schematic representation of H* transport experiments under different
membrane tensions, mM = mmol/L. Changes in the fluorescence intensity of HPTS
(Aex =460 nmM; Aey =510nm) with time after the addition of (b) channel 1 and (c)
channel 2 under different membrane tensions. Minimal difference in the change of
the fluorescence intensity of HTPS within 450s was observed. Therefore, the curve
of the fluorescence intensity change of HPTS without adding channel under a mem-
brane tension of 24.78 mN/m was select as a representative blank. (d) Final varia-
tions in the fluorescence intensity of HPTS with respect to membrane tension.
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Fig. 4. Variations in the fluorescence intensity of HPTS (Aex=460nm;
Aem =510nm) after the addition of various concentrations of (a) channel 1
and (b) channel 2 to vesicles with different diameters. The solid lines represent the
predictions by the Hill equation.

channels 1 and 2, while the alkyl chain lengths of the channels
played a crucial role in determining their mechanosensitive prop-
erties. Subsequently, using channel 2 as a representative exam-
ple, the influence of the membrane curvature and tension on the
membrane-incorporation ability was evaluated using the ultrafil-
tration method by mixing the channel (1.97 % mRL) with LUV as-
say. Furthermore, the concentration of unbound channels in the fil-
trate was accurately assessed by monitoring the intrinsic fluores-
cence emission of tryptophan residues (Fig. 5). The incorporation
efficiencies of the channels to the bilayer membranes of vesicles
with different diameters or under different osmotic pressures were
all around 75%, indicating that the membrane-incorporation abil-
ity was independent of the membrane curvature and tension. This
also indirectly showed that the mechanical properties of the mem-

Chinese Chemical Letters 37 (2026) 111420

a 100
I s<fore filtration 1000 I s<fore filtration| { 100
800 After filtration After filtration

e = u
g El — 180
& g &0 g
2 600 S 2 z
z 5 5 w0 8
g S £ e00 5
£ £ E £

T o w
§ 400 ] <
] ‘g 8 400 40 2
@ Fid @
g 3 2 2
S 2 s 2
> 200 -2
= Y 200 20

0 0 0
24.78 12.39 0 -12.39 100 200

Ao (mN/m) Size of Vesicles (nm)

Fig. 5. Fluorescence intensity of channel 2 (le=280nm and Aep=340nm;
mRL=1.97%) in the filtrate before and after being cultured with vesicles for 1h
under different membrane (a) tensions and (b) curvatures. The corresponding in-
sertion efficiencies were calculated.
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Fig. 6. Statistical data of the single-channel currents at the applied voltage of
100mV after the addition of (a, b) channel 1 and (c, d) channel 2 to the solu-
tion with different liquid level heights in the upper chamber (10 mmol/L HEPES,
500 mmol/L KCl, pH 7.4) above a diphytanoylphosphatidylcholine (diPhyPC) bilayer
membrane. Gaussian fitting curves (represented by the gray lines) were applied to
calculate the average single-channel currents.

brane changed the channel ion transport activity by influencing the
structure of the single-molecule channel itself.

To explore the microscopic mechanisms underlying the respon-
siveness of these mechanosensitive channels, we further performed
single-channel conductance experiments on the planar lipid bi-
layer in the presence of channel 1 or 2. The membrane tension
and curvature could be simultaneously induced by changing the
height Ah of the solution in the upper cis chamber, which gener-
ated a pressure difference across the membrane [74]. After chan-
nel 1 or 2 was added to the solution of the upper chamber above
the bilayer, square-like conductance signals were observed (Fig. S11
in Supporting information), strongly supporting the formation of
transmembrane channels in the bilayers. Up to 1000 signals at a
100 mV voltage were recorded, and then statistical analysis on the
single-channel current (Fig. 6) and channel open time (Fig. 7) was
performed. The average single-channel current of channel 1 (2.69
pA) was greater than that of channel 2 (2.35 pA). This could be
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Fig. 7. Statistical data of the single-channel open time at an applied voltage of
100 mV after the addition of (a, b) channel 1 and (c, d) channel 2 to the solu-
tion with different liquid level heights in the upper chamber (10 mmol/L HEPES,
500 mmol/L KCl, pH 7.4) above a diPhyPC bilayer membrane. Single-exponential de-
cay fitting curves (represented by the gray lines) were applied to calculate the av-
erage channel lifetimes.

explained by the fact that channel 1 had a shorter channel struc-
ture, which led to a larger conductance according to the Hille
equation:

1/g=(I+ (r)/2)(p/(71%))

where g is the conductance of the channel, r is the radius of the
channel, [ is the length of the channel, and p is the resistivity of
the electrolyte [75]. More notably, the average lifetime of chan-
nel 2 (655ms) was much longer than that of channel 1 (299 ms).
This suggests that the more flexible channel molecule adopts a
more stable open conformation. Furthermore, it explains why, un-
der identical experimental conditions, channel 2 exhibited supe-
rior macroscopic ion transport properties compared to channel 1,
despite the latter demonstrating a higher single-channel current.
After increasing the hydrostatic pressure above the membrane, the
average single-channel current of channels 1 and 2 did not change
significantly, while their average channel lifetimes increased by ap-
proximately 70 and 100 ms, respectively. This indicates that mem-
brane tension and curvature primarily enhance the ion transport
performance of the channels by modulating the flexible regions of
the channel molecules. Such modulation further stabilizes the open
conformation, thereby prolonging the channel’s open time. As a re-
sult, they exhibit mechanosensitive properties.

In summary, we successfully constructed artificial trans-
membrane cation channels endowed with structural flexibility by
incorporating long alkyl chains into a modified pillar[5]arene back-
bone. These channels exhibit mechanosensitive properties, as their
ion transport activity has been significantly enhanced in response
to changes in the membrane tension and curvature. This enhance-
ment arise from the mechanism in which mechanical forces ap-
plied to the membrane stabilize the open-state conformations
of the channels, thereby prolonging the channel lifetimes. This
study provides novel insights into the design of mechanically re-
sponsive artificial ion channels and their potential applications in
biomimetic systems.
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