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Abstract: Membrane channels span the cellular lipid bilayers
to transport ions and molecules into cells with sophisticated
properties including high efficiency and selectivity. It is of
particular biological importance in developing biomimetic
transmembrane channels with unique functions by means of
chemically synthetic strategies. An artificial unimolecular
transmembrane channel using pore-containing helical macro-
molecules is reported. The self-folding, shape-persistent, pore-
containing helical macromolecules are able to span the lipid
bilayer, and thus result in extraordinary channel stability and
high transporting efficiency for protons and cations. The
lifetime of this artificial unimolecular channel in the lipid
bilayer membrane is impressively long, rivaling those of
natural protein channels. Natural channel mimics designed
by helically folded polymeric scaffolds will display robust and
versatile transport-related properties at single-molecule level.

Membrane channels span the cellular lipid bilayers to
transport ions and molecules into cells with sophisticated
properties, including high efficiency and selectivity.[1]

Although the functions of biological membrane channels
are routinely achieved in nature, it has proved challenging to
mimic membrane channels with synthetic systems to replicate
the specific functions in terms of affinity, efficiency, stability,
and selectivity.[2] Numerous artificial ion channels and nano-
pores have been recently created by a variety of preparation
methods, not only for scientific interest but also for techno-
logical applications, such as sensing, separation, and cataly-
sis.[3] However, it is a formidable challenge to create artificial
membrane channels possessing the desired features. Natural
channels provided the source of inspiration, which allows
their structures and functions to be mimicked and even
improved upon. As a type of highly sophisticated example,
the biological membrane-spanning protein pores provide
precious information in both structural complexity and
functional diversity. A surprisingly simple channel is the
naturally occurring peptide gramicidin A (gA), which consists
of alternating d- and l-amino acids to form a helix dimer with

2.6 nm length and approximate 0.40 nm in diameter.[4] The
fact that natural helices were selectively evolved into
biological membrane channels will inspire the design of
artificial helical macromolecules capable of achieving a pre-
dictable structure with specific transport properties. The
traditional scaffolds of polypeptides and polymers are gen-
erally too flexible to generate predictable and definite pore
structures. To overcome the inherent shortcomings, synthetic
rigid polymers that can fold into stable helical structures in
solution are promising to be designed as pore-containing
scaffolds for the construction of artificial transmembrane
channels.

In the biopolymers, the folding of polymeric chains
resulted in their well-defined structures, such as the DNA
duplex or the highly ordered structures of proteins, and hence
determined their biological functions. Recently, biomimetic
design of helical structures has been developed promptly,
which gave rise to the generation of functional diversity
including chirality separation, optoelectronic, sensors, catal-
ysis, and molecular motors.[5] With few exceptions,[6, 7] how-
ever, the function of membrane-spanning transport based on
helically single-molecular pore structures has not yet been
fully realized. Therefore, it is of particular biological impor-
tance to create a channel mimic by using helically polymeric
scaffolds with desirable pore structures, and thus to exploit
the transport-related functions via a channel model system.

We previously reported our design strategy on a type of
pore-containing helical macromolecules, and fully character-
ized their structures.[8] In a clear single-molecular imaging
from scanning tunneling microscopy, the structural parame-
ters of the helical macromolecules were clearly revealed. The
excellent pore size (ca. 0.55 nm) might make this kind of
macromolecules available to ions transport across the lipid
bilayers. Herein, we successfully achieved the synthesis of
pore-containing helical macromolecules with ideal length of
3.3 nm according to the previous method with side chain
substituent modification. The transport-related functions of
this kind of helical macromolecules will be uncovered in an
artificial channel system (Figure 1).

To design a functional ion channel with rigid helical
macromolecules, a prerequisite is to make helically molecular
backbones long enough for spanning the lipid bilayer. It is
synthetically difficult to obtain large rigid helical macro-
molecule so far,[9] owing to the fact that steric hindrance
caused by the helical matrix constrains the high-molecular-
weight polymerization. Additionally, the solubility issue will
also be an interference factor to the synthesis of rigid
nanometer-scaled helical macromolecules. To overcome
these issues, an alternative pre-polymerization method was
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adopted, and the solubilizing side chains were introduced into
the polymeric backbones. The liner hydrazide macromole-
cules (Figure 2) were readily synthesized as precursors to

achieve high polymerization degree, and then the high
molecular weight helical macromolecules were produced via
a cyclization step. By GPC, the number average molecular
weight and PDI of macromolecule 2a were determined to be
18700 and 1.21, respectively. According to the helical pitch of
0.36 nm and 3.2 units per turn in this kind of helical
macromolecules, the average length of 2a is calculated to be
3.3 nm, which is longer than the gA dimer. A shorter polymer
2b with molecular weight of 7900 (1.4 nm in length) and PDI
of 1.09 was also synthesized to be used for comparison.

To construct a transmembrane channel model, we won-
dered if the helical macromolecules were able to properly

plug into the lipid bilayer. We utilized fluorescence micro-
scope imaging to explore the interactions between helical
macromolecules and giant unilamellar vesicles (GUVs). As
shown in Figures 3a,b, no obvious difference was found

between the bright field images of formed GUV with or
without 2a. In the fluorescence mode, however, no signal was
detected in the pure phospholipid vesicles while the complex-
ation mixture of 2a and GUV (2a·GUV) exhibited significant
fluorescence around the wall of GUVs. This result demon-
strated that helical macromolecule 2a was able to insert into
the lipid bilayers while membrane structure remained intact.

Concentration-dependent fluorescence titration was car-
ried out to distinguish between a single helix and double helix
of 2a for performing transmembrane transport function, since
this type of helical macromolecules are inclined to self-
assemble into a double helix by the dimerization of the single
helix.[8] As the concentration of 2a increased, the emission
wavelength changed from 457 nm to 489 nm corresponding to
the single helix interconverting to double helix (Figures 3 c,d).
The emission wavelength at 457 nm matches the blue
fluorescence observed within 2a·GUV, indicating that 2a
acts as a single helix form inside the lipid membrane. The
result is within expectation since the starting concentration on
transformation was about 40 mm (Figure 3 d, inset), which is
far beyond the concentration (below 8 mm) used in the
channel test experiments. Moreover, the length of single
helix of 2a matched well with the thickness of hydrophobic

Figure 1. Representation of the membrane-spanning ion transport of
pore-containing helical macromolecules in a lipid bilayer system.

Figure 2. a) Macromolecular structures (1–3) used in this study and
b), c) conformational model of helical macromolecule 2a illustrated
with the COMPASS force field. The pore size is estimated to be about
0.55 nm.

Figure 3. Fluorescence imaging and titration of the helix channel. GUV
imaged in bright field and fluorescence mode (excitation: 365 nm).
a) Images of pure GUV; b) Images of 2a·GUV, scale bar = 10 mm.
c) Fluorescence titration of 2a (excitation: 365 nm). d) Quantified
analysis of the relationship between maximum emission wavelength
and the molar concentration of 2a.
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area of lipid membrane, whereas double helix is two-fold
longer than single helix. These results strongly supported that
2a exists as a single-stranded helix inside the lipid membrane.

The proton (H+) transport activity of helical macromole-
cules was evaluated by means of the HPTS assay.[10] As shown
in Figure 4a, 2a and 2b can transport H+ at very low channel

loading, while the transport activities of 1 and 3 were almost
undetected even at the high concentration. The absence of
transport ability of 1 strongly suggested that the pore
structure of the helix should be critical and indispensable
for the ion transport capability of 2. Furthermore, the poor
activity of 3 is mainly ascribed to the weak solubility and
membrane insertion compatibility. When the isobutyl side
chains of 3 were substituted by the dodecyl groups, the
resultant helical macromolecule 2 displayed effective ion
channel properties. 5(6)-carboxyfluorescein (CF) experi-

ments were also performed with 2 to rule out non-selective
leakage caused by membrane defects (Supporting Informa-
tion, Figure S2).

To investigate the transport property of the helices
quantitatively, Hill analysis was performed. The analyses
gave EC50 values of 0.08 mol%, 0.56 mol %, and 0.001 mol%
for 2a, 2b, and gA, respectively. This result proved that 2 are
able to act as highly effective transmembrane channels,
compared to the natural channel gA (Figure 4b). The
significant activity difference between both 2a and 2b also
implied that the length of helix is a critical factor that affects
the transporting efficiency. Considering the length match of
2a (3.3 nm) or 2b (1.4 nm) with the thickness of the hydro-
phobic area of lipid bilayer (ca. 3.5 nm), it was proposed that
the whole macromolecule 2a will function as a unimolecular
channel, while the short 2 b would stack into a supramolecular
channel via p–p interactions, inserting into the lipid
bilayer.[7, 8] The Hill coefficient n is related to the number of
monomers involved in the active transport system, which is
determined to be 1.7 for gA compared with 1 for 2 a and 0.6
for 2b. The small Hill coefficients of 2a and 2 b implied that
the helical macromolecule channel systems are thermody-
namically stable.[11] In particular, the Hill coefficient is 1; in
combination with the above fluorescence-related experimen-
tal evidence, it is strongly demonstrated that the conducting
form of 2 a is a unimolecular channel in the lipid bilayer
membrane.

The highly efficient H+ transport properties of 2a and 2b
inspired us to further explore their cation transport abilities. It
was found that the cation transport activities of 2a and 2b
were in the same order Rb+>K+>Cs+>Na+>Li+ (Fig-
ure 4c; Supporting Information, Figure S3), following the
Eisenman sequence III.[12] The identical ion selectivity of the
unimolecular channel 2a and the self-assembled channel 2b is
consistent with the rational design in which ions were
conducted through the interior of the helix, namely, the
lumen of the channel structure. Although the cation selectiv-
ity of channel mimic possibly needed further investigation in
future (molecular simulation data in the Supporting Informa-
tion, Figure S11), the pore transport was in action in the
helical macromolecules. In contrast, the selectivity for anions
was found to be negligible in an anion titration experiment
(Supporting Information, Figure S4), indicating in that chan-
nel 2, cations are preferred.

To illuminate the nature of ion transport of helical
macromolecule channels, the single-channel electrophysiol-
ogy of 2 was investigated with planar lipid bilayers. As seen in
Figure 5, 2a and 2b both displayed very stable square signals,
providing ultimate evidence of 2 forming ion channel in the
lipid bilayer. The steady long-lasting single-channel current is
particularly interesting because of the revealed potential in
future utilization of the system for single-molecular sensing,
like stochastic DNA sequencing or the detection of chemical
reactions. As shown, gA has a channel lifetime less than two
seconds under the identical conditions, which is much shorter
than 2 (Figure 5c; Supporting Information, Figure S8). The
channel dwell time of 2a, ranging from tens of seconds to
several minutes, is impressively long, which goes beyond most
synthetic ion channel systems reported previously.[13] The

Figure 4. Ion transport assessed with large unilamellar vesicles.
a) Normalized H+ transport activity of 2a (0.6 mol%), 2b (0.6 mol%),
3 (5.0 mol%), and 1 (5.0 mol%). b) Hill analysis of the dose-response
profile of H+ transport for 2a, 2b and gA. c) Cation selectivity of 2a
and 2b presented as normalized activity Y (normalized to Na+) on the
reciprocal cation radius.
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remarkable stability of 2a is ascribed to the robust pore
framework for steady ion transport in this well-matched
transmembrane model system.

Another notable observation is that the channel lifetime
of 2b is substantially shorter than 2a. The relatively frequent
gating behavior for 2b was caused by the dynamic feature of
self-assembled supramolecular channel (Figure 5b). The
result is also reminiscent of the longer channel lifetime of
covalently linked gA dimer than its natural form.[4] Compared
to the short helix 2b, the long helical macromolecule 2a itself
can form a unimolecular ionic channel, thus possessing better
stability and longer lifetime.

As one of the key parameters of ion channels, the
conductance was calculated using the obtained I–V plot
(Figure 6). We found that the conductance is 61 pS and 59 pS
for 2a and 2b, respectively, both are very similar but larger
than 39 pS for gA under identical conditions. This suggested
that in the conducting pathway the pore structure rather than
the helix molecule size displayed major contribution on the

channel conductance. From the Hille equation,[14] the pore
size of 2a was evaluated to be 0.48 nm, which is slightly
smaller than the value from the calculated model (0.55 nm).
The I–V plot was also measured in asymmetrical solutions to
test K+/Cl¢ permeation ratio of 2a (Figure 6b), which was
calculated to be 5.7 according to the Goldman–Hodgkins–
Katz analysis.[12]

In conclusion, we successfully realized biomimetic trans-
membrane transport by using pore-containing helical macro-
molecules as unimolecular channels. This type of helical
macromolecule was designed and synthesized by means of
pre-polymerization method, which is very effective to pro-
duce a long and stable pore-containing helical polymer. The
helical macromolecule channels displayed very interesting
transport-related properties, and in particular extraordinary
channel stability and high transport efficiency. Significantly,
the lifetime of artificial helical macromolecule channel in the
lipid bilayer membrane is quite long, rivaling those of natural
transmembrane protein channels. Helical macromolecule
channels displayed highly efficient transporting abilities,
which show great potential in the fabrications of artificial
transmembrane channels and nanopore materials with a large
amount of synthetically accessible and modifiable helical
polymers. The success of the unimolecular channel mimic by
using helically polymeric scaffolds will also be helpful to open
the structure–function relationships of naturally occurring
channels.
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