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H-responsive biomimetic ion
channels with bidirectional gating control

Wen Zhao,†a Linlin Shi,†a Juan Chen,a Jingjing Ma,a Qingqing Lv,a Yonghui Sun, *a

Nan Lv, *a Xiaoyu Chang*b and Pengyang Xin *a

Acid-sensing ion channels (ASICs) achieve millisecond-gated control over ion permeation through global

conformational shifts induced by their acidic pockets. Inspired by this mechanism, we developed a pH-

responsive artificial transmembrane transport system by biomimetically reconstructing an acidic pocket

domain through the incorporation of a carboxyl-rich cluster into a pillararene–cyclodextrin hybrid

scaffold. Transmembrane transport experiments confirmed that this artificial system forms stable, cation-

selective ion channels, with its carboxyl groups acting as pH sensors to mediate reversible switching

between ON and OFF transport states. Crucially, the gating mechanism is driven by pH-triggered in situ

conformational changes, mirroring that of natural ASICs. Stopped-flow experiments further

demonstrated that this biomimetic system exhibits millisecond-timescale gating kinetics under pH

modulation, achieving response rates comparable to those of natural ion channels.
Introduction

Most channel proteins undergo conformational changes trig-
gered by specic stimuli, which is known as gating. In the
gating process, the sub-structural units of channel proteins
rearrange to either open or close their ion-permeation path-
ways, enabling precise control over the ow of ions and mole-
cules.1 For example, acid-sensing ion channels (ASICs) are
cation-selective, proton-gated ion channels implicated in pain
perception, mechanosensation, and learning and memory
processes.2 The gating process of ASICs initiates with the
protonation of multiple acidic amino acid residues (Glu 220 and
239 and Asp 238, 346, 350, and 408) situated within the extra-
cellular acidic pockets upon exposure to low pH (Fig. 1). This
protonation triggers a collapse of the acidic pockets, which are
typically expanded at physiological pH levels.3 Subsequently,
the conformational changes resulting from this collapse are
relayed through the palm domain to the transmembrane
domain, inducing a clockwise rotation of the tilted trans-
membrane helices and leading to the expansion of the channel
gate dened by Glu 426 and Asp 433. This results in an iris-like
opening of the ion permeation pathway, enabling ions to pass
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through the channel. Upon return to physiological pH values,
the electrostatic repulsion arising from the deprotonation of
acidic residues drives the expansion of the acidic pockets,
thereby allowing the transmembrane domain to revert to a non-
channel conformation.4 When a variation in extracellular pH
occurs, ASICs swily transition their ion permeation pathway
between the open and closed states within milliseconds,
thereby ensuring a timely response to external stimuli.5

Stimuli-responsive channel proteins such as ASICs exhibit
a seamless synchronization among their sub-structural units,
enabling rapid global conformational shis in response to
external stimuli.4,5 Chemists are fascinated by the molecular
Fig. 1 Structural features of acid-sensing ion channel 1 (ASIC1) (PDB
ID: 2QTS). The transmembrane domain is highlighted in the orange
box, showing both top and side views. Aspartic acid and glutamic acid
residues involved in the gating process are visually represented by
yellow and red spherical models, respectively.

Chem. Sci., 2026, 17, 2273–2280 | 2273

http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc07123b&domain=pdf&date_stamp=2026-01-24
http://orcid.org/0009-0008-6105-4455
http://orcid.org/0000-0002-6985-2581
http://orcid.org/0000-0003-4947-7953
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc07123b
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC017004


Fig. 2 (a) Synthesis and structural features of channels 1 and 2: (i) CuI,
DIPEA, dry THF; (ii) NaOH(aq.), and THF. (b) Schematic representation
of carboxyl groups as a pH-sensing switch that regulates the ON and
OFF transport states.
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mechanisms behind this precise synergy and have conducted
signicant research endeavors to replicate this process in arti-
cial systems,6,7 aiming to achieve spatiotemporal control over
transmembrane transport. A variety of articial systems that
respond to a range of stimuli including pH,8 light,9 voltage,8g,10

ligands,11 mechanical signals and redox stimuli have been
explored.12,13 These studies not only offer pioneering approaches
for the development of stimulus-responsive articial trans-
membrane transport systems, but also offer inspiring insights
into their applications in medicine and nanotechnology.14

However, stimulus-responsive articial systems that can replicate
the precise and reversible switching between active and inactive
states observed in natural channel proteins remain rare.11c,14h,15

The limited progress in this area poses a signicant challenge to
achieving spatiotemporal control over transmembrane transport
using articial systems. Herein, we designed a pH-responsive
articial transmembrane transport channel through biomi-
metic reconstruction of the acidic pocket domain from ASICs.
This articial channel achieves pH-controlled global conforma-
tional rearrangements via protonation/deprotonation cycles in
the engineered acidic pocket, enabling reversible formation and
disintegration of the ion-permeation pathway. Moreover, such
a bioinspired system demonstrates millisecond-scale reversible
switching between “ON” and “OFF” states under external pH
modulation, which achieves a response rate comparable to that
of natural channel proteins.
Results and discussion
Design and synthesis

As noted, the acidic pocket in ASICs is the key structural domain
responsible for pH-gating during transmembrane ion transport.
We hypothesized that if the acidic pocket of ASICs could be
reconstructed in articial systems and utilized to regulate the
formation and disintegration of ion-permeation pathways
through their protonation/deprotonation cycles, a new class of
pH-responsive ion channels could be developed. Thus, we
designed a novel class of pillararene–cyclodextrin hybrid
molecules by incorporating multiple carboxyl groups at the
modiable sites of the pillararene scaffold (Fig. 2a). Specically,
the carboxyl-rich clusters in these molecules enable us to
reconstruct the acidic pocket present in ASICs within articial
systems. These carboxyl groups not only bridge the structural
gap between pillararene and cyclodextrin moieties, enhancing
the integrity of ion-permeation pathways, but also have the
potential to serve as pH-tunable switches, regulating the
formation and disintegration of these pathways (Fig. 2b). The
hybrid molecules 1 and 2 were prepared by the click reaction of
the corresponding bialkynyl-pillar[5]arene and mono-6-azide-6-
deoxy-a-cyclodextrin (a-CD-N3), and the structures were char-
acterized using nuclear magnetic resonance (NMR) spectros-
copy and mass spectrometry (see Section 2 in the SI).
Fig. 3 (a) Schematic representation of the 8-hydroxypyrene-1,3,6-
trisulfonate (HPTS) assay. Changes in normalized fluorescence inten-
sity of HPTS (lex = 460 nm and lem = 510 nm) in vesicles with the
concentrations of 1 (b) and 2 (c).
Ion transport studies

Following the synthesis and characterization of hybrid mole-
cules 1 and 2, we initially evaluated their lipid bilayer
2274 | Chem. Sci., 2026, 17, 2273–2280
incorporation efficiency and transmembrane ion transport
capabilities through 8-hydroxy-pyrene-1,3,6-trisulfonic acid tri-
sodium salt (HPTS) assays.16 Briey, a suspension of large uni-
lamellar vesicles (LUVs) composed of egg yolk L-a-
phosphatidylcholine (EYPC) entrapping the pH-sensitive dye 8-
hydroxypyrene-1,3,6-trisulfonate (HPTS) was prepared in 10mM
HEPES buffer containing 100 mM NaCl (pH 7.0). Then a pH
gradient across the membranes was introduced by the addition
of the LUV suspension to a buffer (10 mM HEPES, 100 mM
NaCl, and pH 6.0) (Fig. 3a). The ionophoric activities of hybrid
molecules 1 and 2were evaluated by measuring time-dependent
changes in HPTS uorescence intensity following their incor-
poration into the vesicle suspension. A signicant change in
HPTS uorescence intensity was observed for both compounds
1 and 2, indicating that these hybrid molecules could be
inserted into the lipid bilayer and mediate transmembrane ion
transport (Fig. S19). Through the Hill analysis of the dose–
© 2026 The Author(s). Published by the Royal Society of Chemistry
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response curves, the EC50 values (representing the effective
concentrations required to achieve 50% activity) were deter-
mined to be 0.084 ± 0.011 mM and 0.010 ± 0.007 mM for
compounds 1 and 2, respectively (Fig. 3b and c). Compound 2
demonstrated a lower EC50 compared to 1, indicating better
efficacy in transmembrane ion transport. This result may be
attributed to the distinct functional group modications on the
pillararene scaffold, which is the only structural difference
between compounds 1 and 2. The carboxylic ester functional
groups in compound 2 may provide a suitable hydrophobicity,
thereby enhancing its membrane-incorporation capability and
facilitating ion transport across lipid bilayers. To investigate the
contribution of membrane uptake to the ionophoric activities of
molecules 1 and 2, we performed HPTS assays using LUVs in
which the molecules were pre-incorporated during preparation.
As demonstrated in Fig. S20, the EC50 values for both molecules
under preloading conditions were signicantly lower (0.006 ±

0.002 mM for 1 and 0.005 ± 0.002 mM for 2), conrming that
membrane uptake substantially impacts their transport activity.
The Hill coefficients (n z 1) for both molecules indicate that
these tubular molecules mediated ion transport in a single-
molecular manner.9c,17

To further determine whether the transport activity of the
hybridmolecules observed in the above experiments resulted from
their disruption of the membrane integrity of LUVs, we performed
a carboxyuorescein (CF) dye leakage assay.13c Briey, LUVs
encapsulating 50mM carboxyuorescein (CF), 10mMHEPES, and
100 mM NaCl (pH 7.5) were prepared, with the external buffer
matching the ionic composition and pH while excluding CF. Due
to the high intravesicular concentration, CF exists predominantly
in a self-quenched dimeric state. Membrane disruption would
trigger dye leakage and a consequent uorescence recovery due to
dimer dissociation (Fig. 4a). Notably, no signicant uorescence
increase was detected for hybrid molecules 1 and 2 even at
0.063 mM (Fig. 4b). In stark contrast, the positive control melittin
(0.015–0.15 mM) induced rapid uorescence recovery (40.3–87.2%).
These data exclude membrane lysis as the origin of the observed
ion transport activity for these hybrid molecules.

Then, bilayer lipid membrane (BLM) electrophysiology
measurements were performed to elucidate the transport
mechanism and membrane activity of compounds 1 and 2 (see
Section 6 in the SI). For these experiments, a planar lipid bilayer
Fig. 4 (a) Schematic representation of the carboxyfluorescein (CF) dye
leakage assay. (b) Changes in the relative fluorescence intensity of CF
(lex = 492 nm and lem = 517 nm) in vesicles with time in the presence
of 1 and 2 as well as melittin at different concentrations.

© 2026 The Author(s). Published by the Royal Society of Chemistry
composed of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (di-
PhyPC) separated two chambers containing 1.0 M KCl solution.
Compounds 1 and 2 in DMSO were added to the cis compart-
ment to reach a nal concentration of 5 × 10−8 M. Upon
applying a voltage of +100 mV across the membrane, regular
square-top conductance events were observed for both
compounds (Fig. 5a and b). The above observations provide
compelling evidence that these hybrid molecules can be incor-
porated into lipid bilayers to form ion-conducting channels.18

Furthermore, current–voltage (I–V) plots of 1 and 2 were ob-
tained from conductance measurements over a voltage range of
−100 to +100 mV. Both compounds exhibited a linear I–V
relationship within this voltage range (Fig. 5c and d), with
single-channel conductance (g) values for K+ transport calcu-
lated to be 20.6 ± 0.3 pS (1) and 28.5 ± 0.4 pS (2), respectively.
The g value of channel 2 is higher than that of 1, which indi-
cates that channel 2 is more effective in transporting ions.

Having established that 1 and 2 mediate the efficient trans-
port of ions through a channel mechanism, BLM electrophysi-
ology measurements in asymmetric bath solutions were further
used to probe their ion selectivity. The reversal potentials (Vr)
for channels 1 and 2 were determined to be 31.1 mV and
22.3 mV, respectively, by linear tting of the corresponding I–V
plots measured under the condition of cis/trans = 1.0 M/0.5 M
KCl bath solutions. The cation/anion permeability ratios PK+/
PCl− were determined to be 104.9 (1) and 2.4 (2) using the
equation derived from the Goldman–Hodgkin–Katz equation,19

which clearly indicate that these channels possess high cation
selectivities (see Section 6 in the SI). Interestingly, channel 1
shows the highest PK+/PCl− value reported for articial trans-
membrane channels, far surpassing 2. To elucidate the
discrimination mechanism between K+ and Cl− in these ion
channels, we performed molecular dynamics simulations
(MDS) and determined the energy barriers along the ion
permeation pathways using the potential of mean force (PMF).
Fig. 5 Current traces through a 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (diPhyPC) lipid bilayer in 1.0 M KCl at a potential of
+100 mV in the presence of (a) 1 and (b) 2. I–V plots of (c) 1 and (d) 2 in
the planar lipid bilayer in a symmetrical 1.0 M KCl.

Chem. Sci., 2026, 17, 2273–2280 | 2275
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Fig. 6 (a) Schematic representation of the 6-methoxy-N-(3-sulfo-
propyl)quinolinium (SPQ) assay. (b) Changes in the relative fluores-
cence intensity of SPQ (lex = 380 nm and lem = 440 nm) after the
addition of 1.
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As shown in Fig. S27, for channel 1, the energy barrier for K+

(3.31 kcal mol−1) is signicantly lower than that for Cl− (15.64
kcal mol−1). This pronounced difference explains the high K+

selectivity observed in channel 1. Interestingly, Cl− ions exhibit
local energy maxima when passing through the carboxyl-rich
region, likely resulting from electrostatic repulsion. In
contrast, the energy barrier for K+ in channel 2 is only slightly
lower than that for Cl− (5.26 vs. 5.71 kcal mol−1), and this
narrow margin accounts for its relatively low K+ selectivity.

To further conrm whether channel 1 lacks anion transport
capability, uorescence assays were conducted using a chloride-
sensitive 6-methoxy-N-(3-sulfopropyl)quinolinium (SPQ)
probe.20 As shown in Fig. 6, when a Cl− concentration gradient
was established across LUV membranes, the addition of
channel 1 only triggered an 8% rise in SPQ uorescence
intensity compared to the background signal observed in the
blank control. This marginal change further demonstrates the
low Cl− transport efficiency of channel 1.
Fig. 7 (a) Schematic representation of the 8-hydroxypyrene-1,3,6-
trisulfonic acid trisodium salt (HPTS) assay at different external pH
values. Changes in the relative fluorescence intensity of HPTS upon
addition of (b) 1 and (c) 2 at different external pH values (* baseline
corrected). (d) pH dependence of the transport ability of channels 1
and 2.

2276 | Chem. Sci., 2026, 17, 2273–2280
Stimuli-responsive ion transport activity

Having elucidated the ion transport mechanisms and behav-
iours of these hybrid molecules, we next investigated their
potential pH-dependent transport activity. As previously
mentioned, the ion-permeation pathway of channel 1 contains
a carboxyl-rich cluster structurally analogous to the ASIC1 acidic
pocket, where pH-sensitive groups may serve as tunable
elements to regulate transmembrane transport processes. To
test and verify this possibility, the pH-dependent transport
activities of channel 1 were evaluated by using HPTS assays at
different pH values.8c,d Specically, LUVs preloaded with an
internal buffer containing 10 mM HEPES, 100 mM NaCl (pH
7.0), and 0.1 mM HPTS uorescent probe were prepared. The
LUV suspension was subsequently injected into external buffer
solutions (10 mM HEPES and 100 mM NaCl) with varied pH
values (4.0, 5.0, 6.0, 8.0, and 9.0) to establish pH gradients
across lipid bilayers (Fig. 7a). Following the addition of 1, the
uorescence intensity of HPTS was recorded continuously over
a 300-second period. As demonstrated in Fig. 7b, channel 1
exhibited negligible ion transport activity (<1.5%) under alka-
line conditions (pH 8.0–9.0). Progressive acidication of the
extracellular pH triggered gradual activation of the transport
function, with the uorescence intensity of HPTS increasing
from 32% at pH 6.0 to 58% at pH 5.0 and ultimately reaching
64% at pH 4.0. These observations indicate that the trans-
membrane transport activity of channel 1 demonstrates
substantial pH-dependent characteristics. In striking contrast,
channel 2, in which the carboxyl groups were substituted with
carboxylate ester groups, exhibited pH-independent transport
behavior under identical experimental conditions, maintaining
stable activity levels between 51% and 61% across the full tested
pH range (Fig. 7c). The divergent transport behaviors of these
articial channels within the same pH range imply that the
carboxyl-rich cluster in channel 1, which shares the identical
scaffold with the pH-insensitive channel 2, may serve as
a tunable element to regulate transmembrane transport
processes (Fig. 7d).

The high-frequency switching of transmembrane transport
processes between ON and OFF states in response to physio-
logical pH variations serves as a hallmark feature of ASICs. The
pH-dependent transport behavior exhibited by hybrid molecule
1 under xed pH gradients has encouraged us to explore
whether this molecule could enable ASIC-like rapid switching of
transmembrane transport between ON and OFF states in
response to extracellular pH changes. To explore this possi-
bility, we developed a real-time, in situ, and pH-tunable HPTS
assay that permits direct observation of transport state transi-
tions in articial channels during pH changes (Fig. 8a). Briey,
LUVs encapsulating 0.1 mM HPTS in 10 mM HEPES buffer
(100 mM NaCl, pH 7.0) were prepared and exposed to a trans-
membrane pH gradient by resuspension in an external buffer
(10 mM HEPES, 100 mM NaCl, and pH 8.0). Following the
addition of hybrid molecules 1, 2, or gramicidin A (gA) to the
LUV suspensions, cyclic pH modulation between 6.0 and 8.0
was achieved through sequential 300-second interval additions
of an acid pulse (1 M HCl, 16 mL) or an alkaline pulse (1 M
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Schematic representation of the (a) insertion–leaving mecha-
nism and (b) in situ conformational changemechanism. Confocal laser
scanningmicroscopy (CLSM) images of Chinese Hamster Ovary (CHO)
cells after incubation with fluorescently OPD-labeled channel 1 at (c)
pH 5.8 and (d) pH 7.8.

Fig. 8 (a) Schematic representation of the 8-hydroxypyrene-1,3,6-
trisulfonic acid trisodium salt (HPTS) assay enabling cyclic modulation
of external buffer pH. (b) Time-dependent changes in the relative
fluorescence intensity of HPTS upon additions of 1, 2, and gA during
cyclic pH modulation (6.0 4 8.0) of the external buffer of LUVs.
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NaOH, 15 mL), with three consecutive cycles monitored via real-
time uorescence spectroscopy. As shown in Fig. 8b, channel 1
demonstrated rapid switching between ON and OFF states in
response to extracellular pH changes. When initially exposed to
alkaline conditions (pH 8.0) for 300 s, the system exhibited
stable uorescence intensity corresponding to the observed
baseline activity (OFF state). Upon acidication of the external
buffer to pH 6.0 via an acid pulse, a rapid 96% uorescence
surge indicated that channel 1 switched to an ON state with
high ion transport efficiency. Subsequent realkalinization of the
external buffer to pH 8.0 triggered a rapid decrease in HPTS
relative uorescence intensity, which likely originates from
transient H+/OH− permeation through partially closed channel
1. Aer 15 s, the uorescence decay rate stabilized at the base-
line level, suggesting that channel 1 had reached a fully OFF
state. Notably, channel 1 demonstrated consistent ON/OFF
switching efficiency across all three successive pH cycles (6.0
4 8.0), displaying ASIC-like rapid transmembrane gating in
response to extracellular pH changes.

In contrast, channel 2 (lacking the carboxyl-rich cluster) and
the natural cation channel gA exhibited no pH-dependent
gating behavior, persistently remaining in an “ON” state
throughout three successive pH cycles (6.04 8.0) (Fig. 8b). This
observation not only provides solid evidence for the key role of
the carboxyl-rich cluster in channel 1 during pH-dependent
gating, but also validates the designed real-time, in situ HPTS
assay as a robust methodology for evaluating pH-dependent
gating functionality in articial transmembrane channels.
Gating mechanism and kinetic characterization

The pH-dependent gating of channel 1 may be governed by two
distinct mechanisms: (1) pH-induced protonation/deprotonation
of the carboxyl-rich cluster alters its membrane insertion
capacity, enabling reversible gating via an insertion–leaving
© 2026 The Author(s). Published by the Royal Society of Chemistry
mechanism (Fig. 9a); (2) pH-triggered in situ conformational
changes within the lipid bilayer directly alter the ion-permeation
pathway, thereby regulating transmembrane ion transport
(Fig. 9b). To elucidate the gating mechanism of channel 1, we
rst employed confocal laser scanning microscopy (CLSM) assay
under varying pH conditions to assess the impact of external pH
changes on its membrane insertion capacity. For this assay,
channel 1 was labeled with 1-oxo-1H-phenalene-2,3-
dicarbonitrile (OPD). Then, OPD-labeled channel 1 was incu-
bated with Chinese Hamster Ovary (CHO) cells under pH 5.8 and
pH 7.8 for 1 h, respectively. As shown in Fig. 9c and d, CHO cells
incubated with OPD-labeled channel 1 exhibited red uorescence
rings at the cell periphery, conrming the successful incorpora-
tion of channel 1 into the plasma membrane. However, no
signicant differences in uorescence intensity were observed
between pH 5.8 and 7.8, suggesting that pH variation within this
range does not substantially alter the membrane insertion
capacity of channel 1. This nding implies that the insertion–
leaving mechanism is unlikely to mediate the reversible switch-
ing of this articial channel between ON and OFF states.

The natural pH-gated channel proteins ASICs regulate the
transmembrane transport process through protonation/
deprotonation of acidic residues within their acidic pockets,
which triggers a global conformational rearrangement that
opens or closes the ion-permeation pathway. Similar to ASICs,
channel 1 also contains an acidic pocket formed by a carboxyl-
rich cluster. To investigate whether the pH-responsive gating of
channel 1 is mediated by conformational changes triggered by
protonation/deprotonation of this carboxyl-rich cluster, we
performed additional MDS (see Section 10 in the SI). As shown
in Fig. 10a, when the carboxyl-rich cluster in channel 1 is in the
protonated state, it remains stable within the membrane aer
100 ns of simulation, maintaining an intact ion-permeation
pathway. Conversely, when the carboxyl-rich cluster is in the
deprotonated state, the originally continuous ion-permeation
pathway is disrupted due to signicant conformational distor-
tion observed aer 100 ns of simulation (Fig. 10b). Based on the
Chem. Sci., 2026, 17, 2273–2280 | 2277
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Fig. 10 (a) Protonated and (b) deprotonated structural models of
channel 1 embedded in a 1,2-dioleoyl-sn-glycero-phosphocholine
(DOPC) bilayer.
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observations from CLSM and MDS, we can reasonably conclude
that the gating mechanism of this molecule is primarily driven
by pH-triggered in situ conformational changes, rather than an
insertion–leaving process.

MDS studies revealing ultrafast conformational changes in
channel molecule 1, along with its rapid gating in pH-tunable
HPTS assays (Fig. 8), prompted us to utilize stopped-ow tech-
nology to explore the kinetic details of its gating process.
Stopped-ow experiments were conducted in two assays: (a)
following co-incubation of channel 1 with LUVs (pHin 8.0, pHout

8.0), the suspension was rapidly mixed with an equal volume of
acidic buffer (pH 2.74) to achieve a nal external pH of 6.0; (b)
aer co-incubation of channel 1 with LUVs (pHin 6.0, pHout 6.0),
the suspension was mixed with alkaline buffer (pH 11.31) to
reach the nal external pH of 8.0. Stopped-ow technology
enabled millisecond-resolution monitoring, revealing a striking
divergence in the kinetics of relative uorescence intensity
between the two assays within the initial 150 ms (Fig. 11a). In
the rst assay (pH 8.0 / 6.0, red line), the relative uorescence
intensity remained stable for the initial 17 ms and then
Fig. 11 HPTS relative fluorescence intensity after pH shift: (a) 0–150
ms; (b) 0–5 s. Vesicles loaded with HPTS (0.1 mM) were pre-incubated
with DMSO (control) or 1 (0.1 mM) for 20 min. At t = 0 s, the vesicle
solutions were quickly mixed (dead time = 1.2 ms) with the corre-
sponding acidic or alkaline buffer.

2278 | Chem. Sci., 2026, 17, 2273–2280
increased rapidly. This rapid rise likely reects the transition of
channel molecules from an OFF to an ON state. In the second
assay (pH 6.0/ 8.0, blue line), intensity rose rapidly within the
rst 38 ms, but its rate of increase slowed signicantly there-
aer. This may be caused by the channel molecules gradually
switching OFF. These distinct millisecond-scale dynamics were
reected in and support the longer-term uorescence trends
observed (Fig. 11b). The rst assay exhibited a continuous
increase in relative uorescence intensity aer the external pH
transition from 8.0 to 6.0, indicating persistent channel
opening (ON state), consistent with the rapid activation seen
shortly aer mixing. In contrast, the second assay showed
a rapid increase in uorescence intensity followed by stabili-
zation aer the acidic-to-alkaline shi (pH 6.0 / 8.0),
demonstrating an ON-to-OFF transition and stabilization in the
OFF state. These results suggest that such molecules may
undergo gating state transitions on millisecond timescales,
providing experimental evidence for a rapid regulation mecha-
nism in this articial pH-responsive ion channel.

Conclusions

Inspired by natural pH-gated ion channels like ASICs, which
utilize acidic pockets to regulate ion permeation via
protonation-induced conformational transitions, we developed
a pH-responsive articial transmembrane transport system by
biomimetically reconstructing an acidic pocket domain
through the incorporation of a carboxyl-rich cluster into the
pillararene–cyclodextrin hybrid scaffold. Electrophysiological
studies conrmed that this articial system formed a stable,
cation-selective ion channel, with their carboxyl groups acting
as pH sensors to mediate reversible switching between ON and
OFF transport states. More importantly, CLSM andMDS studies
revealed that the gating mechanism of this molecule is
primarily driven by pH-triggered in situ conformational
changes, which is consistent with the gating mechanism of
natural channel proteins such as ASICs. Furthermore, stopped-
ow experiments demonstrated that this biomimetic system
exhibited millisecond-timescale gating kinetics under external
pHmodulation, achieving a response rate comparable to that of
natural ion channels. The ndings presented herein demon-
strate the successful replication of natural channel proteins'
gating mechanisms and kinetics in articial systems – an
important step toward systematic biomimicry of natural chan-
nels that also holds potential for applications in molecular
devices and pharmaceutical technologies.
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