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Abstract: A series of single-chain random heteropol-
ymer (RHP)-derived artificial ion channels with both
high K+ selectivity and controllable pH-gated behaviors
were fabricated by a facile “one-pot” polymerization
method. The benzo-18-crown-6 moieties appended on
lateral chains of RHPs can form ion-permeable nano-
pores and transport K+ over Na+ through the lipid
bilayers. The ion permeation selectivity was significantly
enhanced by incorporating a cholesterol group to serve
as a membrane anchor. Interestingly, similar to natural
gated protein channels, on–off switchable characteristics
were also realized by integrating an additional acid-
sensitive alkylamine group into the RHP-derived chan-
nel. The unique design strategies have endowed the
RHP-derived ion channels with facile synthetic proce-
dures, desirable membrane compatibility, high K+

selectivity, and tunable pH-gated properties. This work
provides an entry point for future design of novel
functional nanochannels.

Introduction

In biological systems, protein channel-mediated transmem-
brane ion transport is one of the most fundamental bio-
logical processes,[1] and it is closely associated with diverse
physiological functions and pathological effects.[2] It is well
known that the abnormal expression of channel proteins can
cause a broad spectrum of symptoms, ranging from
hypertension[3] to endocrine disorders[4] and dysmorphic

features.[5] Fabricating biomimetic synthetic nanopores can
not only help to investigate the detailed structure-function
relationship of natural protein channels[6] but also benefit
the exploitation of potential treatments for ion transport-
related disorders.[7] Over the past decades, many efforts
have been made to construct artificial ion channels by
employing macrocyclic molecules (e.g., crown ether,[8]

cyclodextrin,[9] calixarene,[10] cucurbituril,[11] cyclic peptide,[12]

pillararene[13] or aromatic ring[14]) as constructing motifs,[15]

which have displayed desirable conductive properties for the
transmembrane transport of ions, water or other entities.[16]

Nevertheless, traditional synthetic nanopores always require
laborious preparation procedures and lack ion selectivity or
tunable properties.[17] It is anticipated that the fabrication of
novel nanochannels concurrently equipped with simplified
molecular design, high ion selectivity, and controllable gated
characteristics would be one of the most interesting
attempts.[18]

Recently, some newly discovered polymeric nanochan-
nels have received considerable attention owing to their
facile preparation and desirable transmembrane ion trans-
port properties.[19] For instance, Zeng and co-workers
reported a polypyridine foldamer-based nanopore with a
luminal cavity of 2.8 Å via the “one-pot” polymerization
strategy. This unimolecular nanochannel only permitted the
translocation of water molecules, and the transmission of
other ions was efficiently excluded owing to the size
effect.[19b] Our group described the first example of artificial
helix-derived alkali metal ion channel, whose total length
reached 3.3 nm, by utilizing a prepolymerization strategy to
overcome intramolecular steric hindrance during
polymerization.[19a] Apart from rigid helical macromolecules,
functionalized flexible heteropolymers may serve as an
alternative for the fabrication of novel artificial ion channels.
For example, Jiang and co-workers recently reported a
heuristic design of one proton transport system by using
single-chain heteropolymers with oligo (ethylene glycol)
side chains to serve as “stepping stones” and further assist
protons selectively “hopping” across biomembranes at a rate
similar to those of natural proton channels.[19c] As is known,
crown ethers possess intrinsic binding affinity with various
alkali metal ions (i.e., 12-crown-4, 15-crown-5, 18-crown-6,
and 21-crown-7, favoring Li+, Na+, K+, and Rb+/Cs+ ions,
respectively).[20] However, a preferable ion transport system
usually needs to reach an optimal balance of the ion-
capturing and ion-releasing processes, suggesting that the
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ion transport selectivity of transmembrane ion channels
largely depends on the linked functional groups.[16b, 21]

Previously, Nolte and co-workers reported a cobalt ion
channel by using crown ether-decorated helical polymers.[22]

Voyer et al. also fabricated an alkali metal ion channel via
an α-helix peptide with seven 21-crown-7 functional
groups.[23] However, these rigid polymer-based ion channels
suffer from trivial preparation processes or lower ion
selectivity, which hinders the development of polymer-based
synthetic ion channels.

Herein, we report a single-chain random heteropolymer
(RHP)-derived artificial ion transport system by adopting
the facile “one-pot” polymerization of methyl methacrylate
and vinylbenzo-18-crown-6 monomers (Figure 1a). The re-
sults indicated that potassium ions could be selectively
recognized and transported through lateral crown ethers
owing to their intrinsic ion recognition abilities.[8] The
transport efficiency and K+ selectivity can be efficiently
improved by incorporating cholesterol groups to serve as a
molecular membrane anchor and immobilize the RHP inside
the membrane, which further promotes the intramolecular
crown ethers to form regular transmembrane nanopores
(Figure 1b, d). Interestingly, this RHP-based artificial ion
channel also exhibited on–off switchable characteristics in
response to external pH stimuli after integrating an addi-
tional acid-sensitive alkylamine group into the side chain of
RHPs (Figure 1c, e). To the best of our knowledge, such
flexible heteropolymer-derived nanochannels simultane-
ously possess a simplified preparation procedure, satisfac-
tory membrane compatibility, high ion selectivity, and

tunable pH-gated behaviors and have not been reported
thus far.

Results and Discussion

To construct the flexible single-chain RHP-based ion
channels, 4-vinylbenzo-18-crown-6 was selected to serve as a
dominant monomer and copolymerize with methyl meth-
acrylate via reversible addition-fragmentation chain transfer
(RAFT) polymerization with a molecular ratio of 1 :4. After
reacting at 60 °C for 48 h under vacuum, heteropolymer 1
(P1, Figure 1a, Scheme S1) was acquired through efficient
dialysis. The crown ether groups attached to the flexible
single-chain RHPs were supposed to form transmembrane
nanopores in lipid bilayers through intramolecular
stacking.[20] Cholesterol is a basic ingredient of the plasma
membranes in all cells, which is always utilized to improve
the liposolubility of transmembrane artificial ion channels.[24]

To further enhance the membrane compatibility of the
single-chain RHPs, cholesterol was employed as a molecular
anchor (with a molar ratio of 1 :50) to obtain heteropolymer
2 (P2, Figure 1b, Scheme S1). Single-chain heteropolymer 3
(P3) was acquired by integrating an acid-sensitive alkyl-
amine group into P2, which was supposed to exhibit pH-
gated behaviors (Figure 1c,e, Scheme S2). Additionally, the
single-chain heteropolymer 4 (P4) composed of methyl
methacrylate and methacrylic cholesteryl ester was also
fabricated as a negative control (Scheme S3).

Next, the pH-sensitive 8-hydroxypyrene-1,3,6-trisulfonic
acid trisodium salt (HPTS) assay was carried out to evaluate

Figure 1. Chemical structures and schematic representations of a) P1, b) P2, and c) acid-sensitive P3. d) Cartoon illustration of the artificial K+-
selective transmembrane nanochannel based on P2. e) Schematic representation of the K+-channel with tunable pH-gated characteristics based on
acid-sensitive P3.
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the ion transport abilities of the designed RHPs in liposome
models. A suspension of large unilamellar vesicles (LUVs,
pHinside =7.0, HEPES 10 mM) composed of egg yolk L-α-
phosphatidylcholine (EYPC) entrapping HPTS (1 mM) was
prepared and then injected into salt solutions (MCl, M=Li,
Na, K, Rb, and Cs, pHoutside = 7.6, HEPES 10 mM) to
produce a pH gradient across the lipid bilayers. The
permeation of M+ into the LUVs was assessed by continu-
ously monitoring the fluorescence intensity variation of the
entrapped HPTS dye (Figure 2a, Figure S1). As shown in
Figure 2b and 2c, both P1 and P2 (c=10 μgmL� 1, 1.6 mol%)
showed preferential transport activities toward K+ over
other alkali metal ions. Compared with P1, P2 displayed a
more retarded Na+ transport tendency with the activity
order of K+>Rb+�Cs+>Na+>Li+ following Eisenman
sequence IV.[25] The cholesterol moieties on P2 were
deemed to play a pivotal role in strengthening the
membrane-inserting stabilities of the flexible RHP-based
nanochannel. As a negative control, P4 (without lateral
crown ether groups) exhibited an almost undetectable ion
transport activity under the same conditions (Figure 2f),
which confirmed that the ion transport property of the
RHP-derived channel originated from the aligned crown
ether moieties (Figure 1d). Halide-sensitive SPQ (6-meth-
oxy-N-(3-sulfopropyl)quinolinium) dye was also adopted to
measure the Cl� transport possibility of the RHPs with an
intravesicular solution of SPQ (0.5 mM) and NaNO3

(200 mM) and an extravesicular solution of NaNO3

(200 mM) and NaCl (20 mM) (Figure 2d). As shown in
Figure 2e, the fluorescence intensity variation of the loaded
SPQ dye was negligible when P1 and P2 were added into
the system at the identical concentration of 10 μg mL� 1

compared with the blank control. In contrast, amphoter-
icin B (AmB), a natural product that can form nonselective
monovalent ion channels,[7a, 26] resulted in a contiguous
fluorescence decay of SPQ by 20.1% at 2 μg mL� 1, indicating
that the extravesicular Cl� has fluxed into LUVs and
quenched the SPQ dye. These results have ruled out the
chloride ion transport propensity of the RHP-based nano-
channels. Therefore, it can be primarily concluded that the
single-chain RHPs are capable of inserting into lipid bilayers
and selectively transport alkali metal cations across the
phospholipid membranes via the aligned crown ethers.
Importantly, the lateral cholesterol group could serve as a
molecular anchor to immobilize the heteropolymer, which
further improves the membrane compatibility and ion trans-
port selectivity of the RHP-based nanochannels.

The ion selectivity ratio (K+ over Na+, termed as SK+/
Na+) of P1 and P2 was subsequently investigated by dose-
response curves with Hill analysis via the same HPTS assay.
The maximal SK+/Na+ values were measured to be 4.3 and
11.3 for P1 and P2, respectively (Figure 3a–d, Figure S2).
Notably, the cholesterol-anchored P2 showed obviously
increased SK+/Na+ at all concentrations, which confirmed
that the cholesterol moieties played significant roles in
reducing the mobility of polymer chains and further
improving the liposolubility and ion selectivity of the RHP-
based nanochannels. The Hill coefficient is usually applied
to estimate the number of ligand molecules that are required
to bind to a receptor. Hence, the Hill equation Y=1/(1+

(EC50/[C])n)[27] was adopted to confirm the single-chain
transport mechanism of the RHPs-based ion channel,
providing the results of EC50 (the effective monomer
concentration needed to reach 50 % activity) and Hill

Figure 2. a) Cartoon illustration of the pH-sensitive HPTS (λex=460 nm, λem=510 nm) assay measured by EYPC-based LUVs (pHinside=7.0, NaCl
100 mM, HEPES 10 mM; pHoutside=7.6, MCl 100 mM, HEPES 10 mM, clipid=80 μM). Normalized alkali metal ion transport activities of b) P1 and
c) P2 at the same concentration of 10 μgmL� 1. d) Schematic representation of halide-sensitive SPQ (λex=360 nm, λem=430 nm) assay.
e) Normalized chloride ion transport activities of P1 (10 μgmL� 1), P2 (10 μgmL� 1), and AmB (2 μgmL� 1). f) The control HPTS assay experiment of
P4 at a concentration of 10 μgmL� 1.
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coefficient (n): EC50(Na+)=5.26 μgmL� 1, EC50(K+)=

1.40 μgmL� 1, nNa+ =0.89, nK + =1.10 for P1 and EC50(Na+)=

9.64 μgmL� 1, EC50(K+)=2.53 μg mL� 1, nNa+ =1.18, nK + =

1.01 for P2 (Figure S3). All Hill coefficients were measured
to be �1 when transporting Na+ or K+, indicating an
independent ion binding behavior of the RHPs. Therefore,
it can be confirmed that the ion channel was formed by
single-chain RHP rather than supramolecular oligomeric
assemblies or aggregates.

It is envisioned that selective ion permeation holds
promise for biasing the membrane potential across
phospholipid bilayers. Therefore, safranin O, a voltage-
sensitive dye for analyzing polarized membrane,[28] was
employed to examine K+-selective transport-induced mem-
brane polarization by EYPC-based LUVs (intravesicular
solution: 100 mM KCl, extravesicular solution: 100 mM
NaCl/KCl, and 200 nM safranin O) (Figure 3e). As shown in
Figure 3f and 3g, a long-lasting fluorescence intensity
increase in safranin O was clearly recorded within 10 min
when P1 or P2 was injected into the K+-loaded LUVs,
which firmly demonstrated that membrane polarization was
generated by selective K+ efflux. In contrast, the
fluorescence intensity induced by P2 was 50 % higher than
that of P1 under the same test conditions. Collectively, these
findings provide further evidence of the exceptional SK+/
Na+ of cholesterol-anchored P2.

Additionally, the membrane integrity and stability of the
EYPC-based LUVs were further investigated by 5(6)-
carboxyfluorescein (5(6)-CF, λex =492 nm, λem =517 nm)
leakage experiments. As shown in Figure S4, no discernable
5(6)-CF leakage was recorded after the addition of P1 or P2
(10 μg mL� 1) compared with the blank control according to
the liposomal model assay. In contrast, the membranes of
LUVs were easily lysed by melittin at considerably low
concentrations, which is a basic amphiphilic peptide and is
able to generate a nanopore (>1 nm) in lipid bilayers.[29]

The fluorescence intensity significantly increased up to

46.5 % when the 5(6)-CF-loaded LUVs were treated with
melittin at a concentration of 200 nM. These results verified
the stable membrane integrity of the EYPC-based LUVs
and excluded the membrane-lysing possibilities of the single-
chain RHP-derived nanochannels.

To gain a deeper understanding of the K+ conductivity
of this RHP-based ion transport system, patch clamp experi-
ments were subsequently performed on a planar lipid bilayer
composed of diphytanoylphosphatidylcholine (diPhyPC) in
symmetric baths (cis chamber= trans chamber=1 M KCl,
Figure S5). When a small amount of P2 solution
(0.2 μgmL� 1 in DMSO) was quickly injected into the trans
compartment, square-like ion channel signals were immedi-
ately detected after gentle stirring for 30 s, which undoubt-
edly elucidated that P2 worked as an ion channel rather
than a transporter in the lipid bilayers.[30] The potassium
conductance (γk+) was calculated to be 160�5.9 pS accord-
ing to the obtained current-voltage (I–V) curves recorded
under ramp potentials from � 200 mV to +200 mV in KCl
(1 M) solution (Figure 4a,b). Compared with previously
reported crown ether-derived artificial ion channels,[16b] the
RHP-based P2 exhibited a much higher conductance toward
potassium ions, which was mainly due to the formation of
multiple nanochannels rather than single channels in the
bilayer membranes (Figure 1d). In contrast, the cholesterol-
free P1 exhibited transient and ill-defined current traces
instead of ideal square-like current signals under the same
test conditions (Figure S6a), implying that no regular trans-
membrane nanopores were generated by P1 owing to its
intrinsic dynamic membrane-inserting properties.

Furthermore, the ion permeability ratio (PK+/Na+) of
P2 was measured by the modified Goldman–Hodgkin–Katz
equation[31] by recording the I–V plots in asymmetric baths
(cis chamber=1 M KCl, trans chamber=1 M NaCl), which
was calculated to be 10.3�1.5 according to the acquired
reverse potential (ɛrev) of � 59.6�3.8 mV (Figure 4c, d). In
contrast, the negative control heteropolymer of P4 failed to

Figure 3. Hill analysis of the a,b) Na+ and c,d) K+ transport of P2 by measuring the HPTS fluorescence variations at gradient concentrations.
e) Schematic representation of membrane polarization measured by safranin O (70 nM, λex=522 nm, λem=581 nm). f, g) Fluorescent intensity
variations of safranin O in Mes buffer (pH=6.4) after injecting P1 and P2 (10 μgmL� 1 in DMSO) into LUVs with intravesicular KCl (100 mM) and
extravesicular NaCl/KCl (100 mM) solution.
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trigger any observable current trace in patch clamp experi-
ments, which confirmed that the ion transport process
resulted from the lateral crown ether groups of RHPs.
(Figure S6b). In addition, we also found that RHPs with
larger molecular weights showed a negative impact on the

ion transport activities, which was probably due to the
intramolecular entanglement or agglomeration of long-chain
heteropolymers. Conclusively, all these results have pro-
vided unambiguous evidence for the transmembrane ion
transport behaviors of cholesterol-anchored heteropolymers
with both desirable membrane compatibility and high K+

permeation selectivity.
As is well known, 18-crown-6 can recognize ammonium

ions to form supramolecular host-guest complexes in both
the solution and gas phases, whose driving force primarily
results from the hydrogen bond interaction between +N� H
groups and lone pairs of the oxygen atoms on crown
ethers.[32] However, deprotonated amino groups would
disassociate with crown ethers owing to the weak intermo-
lecular interactions. Therefore, we wondered whether the
on–off states of this RHP-derived nanochannel could be
modulated by regulating the dynamic intramolecular com-
plexation and decomplexation between � NH2/� NH3

+ groups
and crown ethers (Figure 1c, e). In consideration of that, a
new monomer with a hexylamine group was integrated into
the above prepared RHPs to acquire P3 (Figure 1c,
Scheme S2). Before investigating the pH-gated ion transport
behaviors of P3, the dynamic host-guest complexation and
decomplexation processes of benzo-18-crown-6 (H) and
protonated hexylamine (G) monomers were first studied by
1H NMR spectroscopy. As shown in Figure 5a, the reso-
nance triple peak of Ha of G experienced an obvious
downfield shift from 2.44 ppm to 2.73 ppm when mixed with
H, and the proton peaks (from Hb to Hf) simultaneously
revealed an observable downfield shift tendency, implying
the occurrence of host-guest recognition between H and G.

Figure 4. a) The current traces and b) I–V plots of P2 recorded in
symmetric baths (cis chamber= trans chamber=1 M KCl) for determin-
ing the potassium ion conductance (γK+). c) The current traces and
d) I–V curves of P2 recorded in asymmetric baths (cis chamber=1 M
KCl, trans chamber=1 M NaCl) for measuring ɛrev and further
calculating the selectivity ratio of PK+/PNa+ via the simplified Gold-
man–Hodgkin–Katz equation: ɛrev= � RT/Fln(PK+/PNa+). R=universal
gas constant (8.314 JK� 1mol� 1), T=298 K, F=Faraday’s constant
(96485 Cmol� 1).

Figure 5. a) 1H NMR spectra of the mixture of benzo-18-crown-6 (H) and hexylamine or protonated hexylamine (G) in the mixed solution of
DMSO-d6 and D2O (1/1, vol/vol). b) UV-vis spectra titrations of H with different proportions of G in water. c) Double reciprocal plot of H and G
acquired from UV-vis titrations. d) The pH-sensitive HPTS assay for assessing the potassium ion transport activities of P3 (c=10 μgmL� 1), which
was previously incubated with solutions of different pH values. e) The reversible variation of the relative fluorescence acquired from the HPTS
assay. f) The patch clamp experiments of P3 in symmetric baths (cis chamber= trans chamber=1 M KCl) by switching the pH values between 4
and 12 under the applied voltage of +100 mV.
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In contrast, the deprotonated � NH2 groups on hexylamine
reversibly dissociated when treated with alkaline solution.
To determine the stoichiometry of this system, Job’s plots
from UV-vis titration were carried out to confirm the
binding ratio of host-guest complexation, which suggested a
1 : 1 inclusion ratio according to the continuous variation
method (Figure S7).[33] The binding constant (Ka) between H
and G was correspondingly calculated to be 340.6�26.9 M� 1

in aqueous solution by using the double reciprocal plot via
the modified Benesi–Hildebrand equation.[34]

1=DA ¼ 1=KaDe½H�½G� þ 1=De½H�

ΔA denotes the absorbance difference before and after
G was added. Δɛ denotes the difference in the molar
extinction coefficient between the H and H�G complexes at
the same wavelength of 273 nm (Figure 5b, c).

Liposome models were subsequently adopted to deter-
mine the on–off switchable transport characteristics of the
P3-based ion channel. The pH-sensitive HPTS assay (intra-
vesicular solution: 100 mM NaCl, pHinside =7.0, extravesicu-
lar solution: 100 mM KCl, pHoutside =7.6) was carried out
after P3 had been previously incubated with buffer solutions
with different pH values. As shown in Figure 5d, when
treated with alkaline (pH=12) solutions, P3 exhibited
significant K+ transport activities, and the relative
fluorescence of HPTS dyes reached approximately 76 %
within 300 s. The ion transport efficiency of P3 gradually
decayed as the pH value of the incubation solution
decreased from 12 to 4. In contrast, under acidic conditions
(pH=4), the ion transport activity was hugely inhibited at
considerably lower levels. According to a previous report,[35]

the pKa value of hexylamine was calculated to be �10.56,
indicating that the proportion of deprotonated amino groups
reached approximately 97.4 % at pH=12. The amino groups
of P3 were almost totally in the protonated state at pH=4.
By virtue of the alternate incubation of P3 with acidic (pH=

4) or alkaline (pH=12) solutions, the dynamic ion transport
properties of the P3-based nanochannel could be recycled
more than three times and then gradually exhibited a fatigue
effect according to the HPTS assay (Figure 5e).

The reversible pH-gated ion transport performance of
P3 was further estimated by patch clamp experiments on
planar lipid bilayers in symmetric baths (cis chamber= trans
chamber=1 M KCl). The planar phospholipid membranes
were composed of glyceryl monooleate and cholesterol,
which could tolerate superior stability in harsh (acidic or
alkaline) conditions.[19b] As shown in Figure 5f, square-like
conductance signals were clearly detected when a small
amount of P3 solution was gently injected into the cis
chamber (KCl 1 M, pH=12) after stirring for 1 min. The
regular electrophysiological currents indicated that steady
transmembrane nanopores were generated in the bilayer
membrane when the hexylamine segments of P3 were
deprotonated in alkaline conditions. Conversely, when the
pH value of the chamber solution was neutralized and
reduced to 4 by adding diluted HCl solution, the electro-
physiological signals gradually disappeared, implying that
the ion channels were blocked by the host-guest complex of

� NH3
+ and crown ethers. The ion transporting current

traces could also be reversibly detected by regulating the pH
values of the chamber solutions. In addition, the ion
conductance and ion permeability ratio of P3 were also
evaluated by patch clamp experiments by recording the I–V
curves under different conditions (Figure S8–S11). The PK+

/Na+ value of P3 was measured to be 8.0�0.9, which is
slightly lower than that of P2. The alkylamine groups were
deemed to have a slight side effect on the membrane-
inserting stability of the P3 ion channel. Taken together, all
these results are precisely consistent with our initial design
expectations, and tunable pH-gated characteristics have
been successfully achieved via the incorporation of an acid-
sensitive hexylamine into the RHP-based nanochannels.

Conclusion

In conclusion, we described a de novo design strategy for
fabricating single-chain random heteropolymer (RHP)-
based artificial ion channels via a facile “one-pot” polymer-
ization method. Potassium ions could be preferably recog-
nized and transported through lipid bilayer membranes by
the aligned crown ether moieties of RHPs. By incorporating
cholesterol groups to serve as a molecular membrane
anchor, the liposolubility and ion permeability ratio (K+

over Na+) of the nanochannels were simultaneously aug-
mented. Interestingly, the integration of an alkylamine
group also imparted the RHP-based nanochannel with
tunable pH-gated characteristics, which have been elabo-
rately demonstrated by liposomal models and patch-clamp
experiments. The most advantageous feature of the RHP-
derived ion channel originates from the facile modularity of
the appended groups, which conversely affect the structure
and functionality of the whole polymer chain. Ultimately,
complicated predesign and trivial synthetic processes were
simplified in this RHP-based ion transport system. It should
also be aware of the results may be limited due to lacking
other complementary characterization of the RHPs, be-
cause, unlike small-molecule-based nanopores, the nano-
channels were randomly polymerized. This work could still
provide beneficial inspiration for the fabrication of novel
functionalized nanochannels and may also contribute to
exploiting their potential applications in the fields of ion
separation, biomedicine, etc.
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Flexible Single-Chain-Heteropolymer-De-
rived Transmembrane Ion Channels with
High K+ Selectivity and Tunable pH-Gated
Characteristics

A series of single-chain random hetero-
polymer (RHP)-based artificial trans-
membrane ion channels were prepared
via facile “one-pot” polymerization. K+

could be preferably recognized and
transported through the nanopores

formed by the aligned crown ethers on
RHPs. Through simple modification, the
RHP-derived potassium channels man-
ifested satisfactory membrane compati-
bility, high K+ selectivity, and control-
lable pH-gated behaviors.
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