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ABSTRACT: Artificial nanochannels, inheriting smart gating functions of
biological ion channels, promote the development of artificial functional
nanofluidic devices for high-performance biosensing and electricity
generation. However, gating states of the artificial nanochannels have been
mainly realized through chemical modification of the channels with
responsive molecules, and their gating states cannot be further regulated
once the nanochannel is modified. In this work, we employed a new
supramolecular layer-by-layer (LbL) self-assembly method to achieve
reversible and adjustable multiple gating features in nanofluidic diodes.
Initially, a self-assembly precursor was modified into a single conical nanochannel, then host molecule-cucurbit[8]uril (CB[8])
and guest molecule, a naphthalene derivative, were self-assembled onto the precursor through an LbL method driven by host-
enhanced π−π interaction, forming supramolecular monolayer or multilayers on the inner surface of the channel. These self-
assemblies with different layer numbers possessed remarkable charge effects and steric effects, exhibiting a capability to regulate
the surface charge density and polarity, the effective diameter, and the geometric asymmetry of the single nanochannel, realizing
reversible gating of the single nanochannel among multiple rectification and ion-conduction states. As an example of self-
assembly of supramolecular networks in nanoconfinements, this work provides a new approach for enhancing functionalities of
artificial nanochannels by LbL supramolecular self-assemblies. Meanwhile, since the host molecule, CB[8], used in this work can
interact with different kinds of biomolecules and stimuli-responsive chemical species, this work can be further extended to build a
novel stable multiple-state research platform for a variety of uses such as sensing and controllable release.

■ INTRODUCTION

Abiotic inorganic and polymeric nanochannels have attracted
increasing research attention owing to their outstanding ability
to control and manipulate the transport of ions and molecules
flowing through them, thus enabling the construction of
nanofluidic devices capable of sensing or separating diverse
chemical species in aqueous solutions.1−6 In the past decade,
through covalently grafting a monolayer of stimuli-responsive
molecules on the channel walls via various chemical
modification methods, artificial nanochannels have been
shown to display a series of smart gating functions that
resemble biological protein channels, such as pH,7−10 ion,11−13

voltage,14−18 temperature19,20 and light responsiveness,21,22

molecular sensing,23−28 and so on.29−33 However, because
the gating processes of these covalently modified nanochannels
are strictly dependent on the monolayer of responsive
molecules, their application ranges of gating states cannot be
further regulated once the nanochannels are modified. To adapt

to various application conditions, it is important to realize
reversible and adjustable multiple gating states of nano-
channels; different gating states can correspond to different
uses, such as sensing of proteins with different sizes, which can
realize multifunctions in one nanochannel and promote the
application of artificial nanofluidic devices.
Supramolecular self-assembly on surface has promoted the

application of supramolecular architectures from solution to
solid phases.34−41 In a process of supramolecular self-assembly
on surfaces, driving force and self-assembly method determine
the properties and functions of the supramolecular architec-
tures. Host-enhanced π−π interaction combines host−guest
interaction and π−π interaction; a cucurbit[8]uril (CB[8])-
based host-enhanced π−π interaction can work in an aqueous
environment with a two-step binding constant as high as 1012
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M−2, such a strong interaction has been used to drive
supramolecular self-assemblies at very low concentrations.42,43

Furthermore, layer-by-layer (LbL) self-assembly has been
proved to be a convenient and powerful method to construct
multilayer films on surfaces.44−47 Recently, our group
demonstrated that host-enhanced π−π interaction could be
utilized to construct supramolecular networks on substrates by
an LbL method, through rational molecular design, and the
formed films were endowed with various functions.48,49

Herein, reversible and adjustable multiple gating states of a
single nanochannel have been realized through a nanoconfined
supramolecular self-assembly method. To achieve supra-
molecular self-assembly inside the nanochannel, the surface of
the nanochannel was first modified by a self-assembly
precursor. Then, through an LbL method, host and guest
molecules were self-assembled onto the nanochannel surface
driven by host−guest interaction, forming monolayer or
multilayers. Through well controlling the number of the self-
assembled layers in the nanochannel, multiple stable gating
states were realized. By alternately adding competing guest
molecules and building blocks, the LbL gating states can be
eliminated and recovered cyclically. This work provides a new
approach for enhancing functionalities of artificial nanochannels
by LbL supramolecular self-assemblies. Based on the reversible
and adjustable multiple gating states, different surface proper-

ties and sizes of the nanochannel can be realized, thus various
functions can be integrated in a single nanochannel.

■ RESULTS AND DISCUSSION

A single asymmetrically conical nanochannel embedded within
polyethylene terephthalate (PET) membrane was fabricated
through an ion track etching method assisted with surfactant.50

In consideration of the difficulty in locating the channel on a
single-channel membrane under a scanning electron micro-
scope (SEM), a multichannel membrane with channel density
of 108 cm−2 was prepared under the same conditions as the
single-nanochannel membrane, and it was characterized by
SEM to confirm the asymmetric geometry of the channel. SEM
images showed that the diameter of the large base side was 186
± 28 nm, whereas the diameter of the smaller tip side was 31 ±
12 nm (Figure S1 in Supporting Information). This result
indicates the asymmetrical structure of the nanochannel. The
asymmetric structure and the COOH groups on the channel,
generated during chemical etching process, resulted in a
rectification effect of the conical nanochannel, characterized
as asymmetric current−voltage (I−V) curve observed in 0.1 M
NaCl solution (Figure S2 in Supporting Information). This
diode-like conical nanochannel preferentially transported
cations from the tip to the base of the channel.
To realize the gating of the conical nanochannel through

supramolecular self-assembly, we designed and synthesized N1-

Figure 1. Reversible gating of the NapDA-modified nanochannel between two different rectification states by CB[8] and K+. (A) Schematic
representation of reversible binding of CB[8] inside the NapDA-modified nanochannel. Binding of CB[8] produced the CB[8]-bound state. K+ can
bind with CB[8], as shown in the lower panel, thus removing CB[8] from the nanochannel and getting the primary NapDA-modified state back. (B)
Reversible change of the contact angle of NapDA-modified PET membrane by CB[8] and K+. The I−V curves (C) and rectification ratios (ratio = |
I−2 V|/I+2 V) (D) of NapDA-modified nanochannel gated by different concentrations of CB[8] (from 1 nM to 100 μM of CB[8]). As the
concentration of CB[8] increased, the current at −2 V and rectification ratio decreased gradually. (E) I−V curves of the NapDA-modified
nanochannel measured in 0.1 M NaCl solutions without and with 10 μM CB[8]. The ion current and rectification ratio of the channel almost
completely recovered after removing CB[8] molecules from the channel surface by K+. (F) Reversible switching of the rectification ratios of the
channel between two different rectification states, namely NapDA-modified and CB[8]-bound states.
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(2-(dimethyl(naphthalen-2-ylmethyl)ammonio)-ethyl)-N1,N1-
dimethylhexane-1,6-diaminium (NapDA) (Figure S3A in
Supporting Information) and further used it to modify the
inner surface of the nanochannel as a self-assembly precursor to
drive the supramolecular self-assembly. NapDA molecule
possessed an amino group on one end to react with the
COOH group on the channel surface (Figure S4A in
Supporting Information) and a naphthalene group on the
other end, for further binding with CB[8] by host−guest
interaction. The covalent modification was confirmed by
contact angle (CA) and X-ray photoelectron spectroscopy
(XPS) experiments (see Figure S4B−E and Tables S1 and S2 in
Supporting Information). The ion transport property of the
nanochannel before and after modification was characterized by
transmembrane ion current measurement under 0.1 M NaCl
solution (Figure S5 in Supporting Information). After
modification, due to the reduction of effective negative charges
on the nanochannel surface by the positive charges of NapDA
molecules, both ionic current and rectification ratio (ratio = |
I−2 V|/I+2 V) of the channel lowered, which also confirmed that
the NapDA was successfully grafted onto the channel surface.
Based on the NapDA molecules immobilized on the channel

surface, primary supramolecular gating of the NapDA-modified
nanochannel between two different states was achieved by
CB[8] and K+ (Figure 1A). After immersing the nanochannel
in an aqueous solution of CB[8], CB[8] was noncovalently
bound onto the channel surface by host−guest interaction,

which was confirmed by CA measurement (Figure 1B). CB[8]
exhibited a gating effect with a concentration dependence, as
indicated by the I−V curve and rectification ratio changes of the
channel under different CB[8] concentrations. As shown in
Figure 1C,D, as the concentration of CB[8] increased, the I−V
curve and rectification ratio remained the same at the scale of
1−100 nM. From 100 nM to 10 μM, both the current at −2 V
and the rectification ratio decreased as the concentration
increased. From 10 μM to 100 μM, the current at −2 V and the
rectification ratio changed slightly. These results indicate that
the ion transport property of the NapDA-modified nano-
channel is dependent on the concentration of CB[8]. The
concentration of 10 μM was chosen for other CB[8]-related
gating experiment. To demonstrate that CB[8] was bound to
NapDA rather than physically adsorbed by the original
nanochannel surface, the ion transport property of the
unmodified nanochannel under different concentrations of
CB[8] was investigated. As the concentration of CB[8]
increased, I−V curves and rectification ratios of the unmodified
nanochannel did not change (Figure S6 in Supporting
Information). This gating effect was caused by the noncovalent
modification of CB[8], which should influence the nanochannel
by reducing the effective channel diameter and shielding the
negative charged COOH groups due to CB[8]’s relatively large
size.51 The mechanism for the dependence of I−V curve and
rectification ratio of the nanochannel on CB[8] concentration
was analyzed in detail (see Figure S7 and Table S3 in

Figure 2. Reversible and adjustable three-state gating of the nanochannel by self-assembly of BTNI and CB[8]. (A) Reversible binding of CB[8] and
BTNI inside NapDA-modified nanochannel. Process ①: Binding of CB[8] inside NapDA-modified nanochannel, producing the CB[8]-bound state.
Process ②: Binding of BTNI inside CB[8]-bound nanochannel, producing the BTNI-bound state. Process ③: ADA can bind with CB[8] through
host−guest interaction, as shown in the lower panel. Thus, ADA and K+ can jointly remove CB[8] and BTNI from the nanochannel, getting the
primary NapDA-modified state back. (B, C) For process ②, the concentration dependence of BTNI-gating inside CB[8]-bound nanochannel. The
I−V curves (B) and rectification ratios (C) of CB[8]-bound nanochannel gated by different concentrations of BTNI (from 1 nM to 100 μM of
BTNI). As the concentration of BTNI increased, the current at −2 V and rectification ratio decreased gradually. (D) Reversible cycles of rectification
ratio of the nanochannel under the NapDA-modified state, CB[8]-bound state, and BTNI-bound state, through processes ①, ②, and ③.
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Supporting Information). Therefore, CB[8] can exhibit a
supramolecular gating effect with a concentration dependence,
through host−guest interaction driven self-assembly inside the
NapDA-modified nanochannel.
The CB[8]-gated nanochannel also exhibited good stability

and reversibility. In water, CB[8] can interact with K+ ions.52,53

When treating the CB[8]-bound channel with K+ solution, K+

ions can bind with CB[8] molecules, thus removing it from the
nanochannel (Figure 1A). As shown in Figure 1B, CA
measurement of NapDA-modified PET film confirmed the
reversible binding of CB[8]. Moreover, the I−V curve of the
channel almost completely recovered after washing the channel
with 1 M K+ solution (Figure 1E). The influence of K+

concentration on the nanochannel recovery was also well
characterized in Figure S8, Supporting Information. The
rectification ratio of the channel at 2 V reversibly switched
between 7.45 ± 0.17 and 3.82 ± 0.07 for at least four cycles as
the formation and removal of CB[8]-gating, and no damping
was observed (Figure 1F). Therefore, the CB[8]-gating
possesses good reversibility and cycling performance to regulate
the ion transport property of the nanofluidic diode.
The monolayer CB[8]-gating provides a chance for achieving

reversible multiple gating states through the LbL self-assembly
method. Here, primarily, we attempt to build the second layer

in the nanochannel for a three-state gating function. As shown
in Figure 2A, through three processes, a three-state gating cycle
can be realized. After CB[8]-gating (process ①), a three-armed
naphthalene derivative can bind with the CB[8] inside the
nanochannel (process ②), resulting in the change of the ion
transport property, then adamantanamine hydrochloride
(ADA) and K+ can jointly remove CB[8] and BTNI from
the nanochannel (process ③), getting the nanochannel back to
the NapDA-modified state.48 ADA can bind with CB[8] with a
binding constant much higher than K+,48,54 because the
supramolecular self-assembly of CB[8] and BTNI inside the
nanochannel was much more stable than the CB[8] monolayer
film, and ADA was added to accelerate the removement
process. Process ① has been discussed as the CB[8]-gating in
Figure 1. For process ②, the three-armed naphthalene
derivative, 1,1′,1″-(benzene-1,3,5-triyltris(methylene))tris(3-
(naphthalen-2-ylmethyl)-1H-imidazol-3-ium)bromide (BTNI),
was designed and synthesized (see Figure S3B in Supporting
Information). As confirmed by CA measurement (Figure S9 in
Supporting Information), BTNI can bind onto a CB[8]-bound
PET substrate, indicating that BTNI can also bind onto a
CB[8]-bound nanochannel surface, shown schematically as
process ② in Figure 2A. The binding of BTNI resulted in a
gating effect with a concentration dependence, as shown by the

Figure 3. Reversible and adjustable multiple gating states of the NapDA-modified single nanochannel through the LbL self-assembly of CB[8] and
BTNI into the channel. (A) CB[8] and BTNI could be self-assembled into a NapDA-modified nanochannel through the LbL self-assembly method,
finally forming a supramolecular network inside the nanochannel. As the number of layers grew, different gating states could be realized ([1] state:
CB[8]1BTNI0, [2] state: CB[8]1BTNI1, [3] state: CB[8]2BTNI1, [4] state: CB[8]2BTNI2, [5] state: CB[8]3BTNI2, [6] state: CB[8]3BTNI3, [7]
state: CB[8]4BTNI3, [8] state: CB[8]4BTNI4, [9] state: CB[8]5BTNI4, [10] state: CB[8]5BTNI5). For clarity, I−V curves (B) and rectification ratios
(C) of five selected gating states, namely, the primary NapDA-modified state, [1], [2], [4], and [10] states, are shown. The five states exhibited
different ion transport properties. As the assembled layers of CB[8] and BTNI grew, the current at −2 V gradually decreased, and the rectification
ratio decreased to <1, then increased to around 1. After self-assembly of several layers of CB[8] and BTNI onto the channel surface (such as state
[10]), the transmembrane ion current of the nanochannel decreased to a quite low value at both positive and negative voltage, and the rectification
ratio changed to around 1, which indicates an effective blocking effect. (D) Reversible cycles of currents at −2 V and +2 V of the nanochannel
between the primary NapDA-modified and [10] states.
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change of I−V curve and rectification ratio of the nanochannel
under different BTNI concentrations (Figure 2B,C). As the
concentration of BTNI increased, the current at −2 V (Figure
2B) and the rectification ratio (Figure 2C) remained the same
at the very beginning and then decreased gradually. Different
from CB[8]-gating of the channel, the rectification ratio of
BTNI gating state became <1 at high BTNI concentrations
(Figure 2C), indicating that the rectification direction of the
nanochannel was reversed at such concentrations. This is
mainly because the positively charged BTNI molecules could
reverse the net surface charge of the channel from negative to
positive, which favored an opposite ion current rectification.
Similar to CB[8]-gating, the concentration dependence of
BTNI-gating should be also due to the dynamic nature of host-
enhanced π−π interaction. Therefore, the ion transport
property, especially the rectification degree and direction, can
be regulated through BTNI-gating (process ②) with a
concentration dependence.
The reversible gating process of the diode among NapDA-

modified, CB[8]-bound, and BTNI-bound states can be
realized by the combination of CB[8], BTNI, K+, and ADA,
shown schematically as processes ①, ②, and ③ in Figure 2A. In
process ③, we used 1 M K+ and 1 mM ADA to wash the
channel twice to effectively remove CB[8] and BTNI. The
whole reversible process was characterized by the rectification
ratio of each state. As shown in Figure 2D, reversible changing
of rectification ratio of each state among ∼6.5, ∼2.5, and ∼0.2
for at least four cycles confirmed that the channel could be
cyclically and reversibly switched among three ion conduction
states.
In this context, reversible, stable, and adjustable multiple

gating states of a single nanochannel were further realized
through the LbL self-assembly method (Figure 3A). According
to the LbL self-assembly method, the NapDA-modified
nanochannel was alternately immersed into aqueous solution
of 10 μM CB[8] with 0.1 M NaCl and 10 μM BTNI with 0.1 M
NaCl, and each assembled layer could produce a new ion
conduction state ([1] state: CB[8]1BTNI0, [2] state:
CB[8]1BTNI1, [3] state: CB[8]2BTNI1, [4] state:
CB[8]2BTNI2, [5] state: CB[8]3BTNI2, [6] state:
CB[8]3BTNI3, [7] state: CB[8]4BTNI3, [8] state:
CB[8]4BTNI4, [9] state: CB[8]5BTNI4, [10] state:
CB[8]5BTNI5), then ADA and K+ jointly removed CB[8]
and BTNI from the nanochannel, getting the nanochannel back
to the NapDA-modified state. The I−V curves and rectification
ratios of all the gating states are shown in Figure S10 in
Supporting Information. For clarity, the primary NapDA-
modified state and the four other states ([1], [2], [4], and [10]
states) were chosen for multiple state demonstration. As shown
in Figure 3B,C, the I−V curves and rectification ratios of the
five states were different from each other, indicating that the
five gating states possessed different ion transport properties.
As the assembled layers of CB[8] and BTNI grew, the current
of the nanochannel at −2 V reduced from ∼−18.53 nA
(NapDA-modified state) to ∼−0.98 nA ([10] state), because
of the increase of positive charge on the nanochannel surface
and the decrease of the effective diameter. The rectification
ratio of nanochannel first decreased from ∼6.83 (NapDA-
modified state) to ∼0.04 ([4] state), due to the increase of the
positive charge on the nanochannel surface, and then increased
to around 1 ([10] state), because the self-assembled layers
blocked the nanochannel, making it more symmetrical.
Therefore, the ion transport property of nanochannel can be

regulated among multiple gating states through the LbL
method.
The reversibility between the complete blocking state-[10]

and NapDA-modified state also can be achieved by K+ and
ADA, as shown in Figure 3A. As shown in Figure 3D, the ion
currents of the nanochannel at −2 V and +2 V were cyclically
switched between high and low ion-conduction states via the
removal and formation of supramolecular multilayers ([10]
state) in the nanochannel. After switching for at least 5 cycles,
no obvious change of the ion conduction under each gating
state was observed. The above results demonstrate that the
supramolecular gating of the nanochannel by the LbL self-
assembly method has good reversibility and cycling perform-
ance.
To characterize the stability of the multiple gating states, I−t

curves of NapDA-modified state, [1], [2], [4], and [10] states
were measured at different voltages. As shown in Figure 4, at

−0.2 V, each state could remain stable for 20 min, which is long
enough for testing in a practical application. In fact, all the
states can remain stable for at least 1 h (Figure S11, Supporting
Information). The current decreased as the layers grew, this
was mainly because the growing layers reduced the effective
diameter of the nanochannel, this trend was the same in the
range from −0.4 V to −1 V. Therefore, the multiple gating
states of single nanochannel are stable, and the current of each
state changes monotonously with the number of self-assembly
layers in a wide voltage range.
Different from the multiple gating states here, in most

previously reported works about functional nanochannels, the
nanochannel can be only modified by one layer of functional
molecules or polymers,2,3,7,12,22 and the surface charge density
and polarity, the effective size, and the geometric asymmetry
are fixed once the nanochannels are modified, thus their gating
states cannot be further regulated. CB[8] can encapsulate
different kinds of species,54,55 including a great number of
stimuli-responsive molecules, thus when the multiple gating
states are combined with these molecules, stimuli responsive-
ness with different sensitivity and range of response should be
realized, corresponding to different original gating states.
Therefore, this work can be developed for novel stable
multiple-state functional nanofluidic devices.
We wondered if the LbL self-assembly had an advantage in

realizing a blocking effect over direct adsorption of preformed
hyperbranched supramolecular networks into the nanochannel.
To answer this question, the nanochannel was immersed in a

Figure 4. Currents at −0.2 V for each gating state stayed the same for
at least 20 min, indicating the high stability of the gating states.
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mixed solution of CB[8] and BTNI, which contained many
groups of preformed hyperbranched supramolecular networks
driven by host-enhanced π−π interaction (Figure 5A).56 A

solution of 10 μM CB[8], 10 μM BTNI, and 0.1 M NaCl was
prepared, and the concentrations were determined to keep up
with previous conditions for the CB[8]-gating and BTNI-
gating. As shown in Figure S12, Supporting Information,
through measuring by dynamic light scattering (DLS) in
solution, the average diameter of the networks was about 62
nm, which was smaller than the base but larger than the tip
diameter of the single nanochannel. As a result, the networks
could enter the nanochannel from the base side and bind with
the channel wall, and thus change ion transport property. After
the NapDA-modified nanochannel was immersed in this
solution, the I−V curve was measured to characterize the
change of ion transportation property. As shown in Figure
5B,C, the current at −2 V decreased, and the rectification ratio
became <1. This gating effect mainly resulted from the positive
charge of the network, which reversed the charge polarity of the
nanochannel surface. K+ and ADA can also destroy the mixture-
gating through binding with CB[8], which endows mixture-
gating with good reversibility (Figure 5B,C). But it can hardly

realize reversible cycles, because for each cycle, the entered
networks should be different in shape and size. The current of
mixture-gating is much higher than that of the [10] state at
both −2 V and +2 V, indicating that the blocking effect of this
mixture-gating is much weaker than LbL-gating. This is mainly
because in the mixture-gating method, the preformed irregular
networks cannot match up well with the single nanochannel in
shape (Figure 5A), thus the network cannot fully fill the
nanochannel.
The on−off ratio reflects the blocking effect of each gating,

which is calculated through dividing the current of the NapDA-
modified nanochannel by the current of each gating state at −2
V and +2 V, respectively. As shown in Figure 6A,B, at −2 V, the

on−off ratios of the gatings by CB[8], BTNI, mixture, and LbL
method ([10] state) are about 1.9, 5.1, 6.0, and 20.3,
respectively. At + 2 V, the on−off ratios of the gatings by
CB[8], BTNI, mixture, and LbL method are about 0.7, 0.4, 0.4,
and 2.94, respectively. At both −2 V and +2 V, the on−off
ratios of LbL-blocking state ([10] state) are much higher than
that of other gating states, indicating that LbL self-assembly is
the most effective method to achieve a blocking effect.

■ CONCLUSIONS
In summary, reversible and adjustable multiple gating states of a
single nanochannel have been realized through the nano-
confined supramolecular self-assembly method. The supra-
molecular self-assembly was driven by host-enhanced π−π
interaction, and the procedure was simply an immersion of the
single nanochannel in aqueous solutions of self-assembly
building blocks for only 10 min at room temperature. Through
LbL method, the ion transport property of nanochannel was
regulated among stable multiple states, and blocking effect was
realized after several layers of LbL self-assembly. The gating
effects are mainly determined by charge and steric effects.
These gating effects are highly reversible, and each gating can
be reproduced for many cycles. This study provides a new
method for simultaneously regulating steric structure and
charge distribution in nanochannels and thus realizing
reversible and adjustable multiple gating states. Furthermore,
this work can be extended to build a diverse stable multiple-
state research platform for various supramolecular systems,
employing other host−guest interactions, for example, cyclo-

Figure 5. Reversible gating of single nanochannel by a preformed
network of CB[8] and BTNI. (A) CB[8] (10 μM) and BTNI (10 μM)
were mixed in water to form a CB[8]-BTNI network through host-
enhanced π−π interaction. NapDA-modified nanochannel was
immersed in this mixture solution, and the supramolecular networks
could be immobilized into the channel and realized gating effect. I−V
curves (B) and rectification ratios (C) of the NapDA-modified
nanochannel without and with the binding of supramolecular
networks. After addition of the positively charged network, the
current at −2 V decreased, and the rectification direction reversed.
After removal of the network, the I−V curve and rectification ratio
almost completely recovered.

Figure 6. On−off ratios of CB[8]-gating, BTNI-gating, mixture-gating,
and LbL-blocking state ([10] state) at (A) −2 V and (B) + 2 V. The
on−off ratio is calculated through dividing the current of the NapDA-
modified nanochannel by the current of each gating state. The results
demonstrate that the best blocking effect is realized at the LbL-
blocking state.
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dextrin, crown ether, and calixarene-based host−guest inter-
actions.

■ EXPERIMENTAL SECTION
Materials. Benzyl(6-bromohexyl)carbamate (97%) and 1,3,5-

tris((1H-imidazol-1-yl)methyl)benzene were purchased from TCI.
HAc/HBr (HBr wt % = 33%), ADA, N1,N1,N2,N2-tetramethylethane-
1,2-diamine (98%) and 2-(bromomethyl)naphthalene (95%) were
purchased from J&K Scientific. 1-(3-(Dimethylamino)propyl)-3-ethyl-
carbodiimide hydrochloride (EDC) (95%) and N-hydroxysulfosucci-
nimide sodium salt (NHSS) (95%) were purchased form Alfa Aesar.
CB[8] was purchased from Sigma-Aldrich.
NMR Spectra. 1H NMR and 13C NMR spectra was recorded on a

JEOL JNM-ECA400 apparatus (400 MHz).
CA Measurement. Contact angles were measured using an

OCA20 (DataPhysics, Germany) contact-angle system at room
temperature. Before measurement, the sample was dried by N2 flow.
In each measurement, 2 μL water was dispensed onto the sample
substrate. The contact angle was the average value of 10 different
drops.
XPS Measurement. XPS data were measured by an ESCALa-

b220i-XL electron spectrometer from VG Scientific using 300W Al Kα
radiation, and the base pressure was about 3 × 10−9 mbar. The binding
energy was defined taking C 1s peak at 284.8 eV as a reference.
Nanochannel Preparation. PET membranes (Hostaphan RN12

Hoechst, 12 μm thick, with single or multiple ion tracks in the center)
were etched from one side with 6 M NaOH and from the other side
with etching solution (6 M NaOH + 0.025% sodium dodecyl
diphenyloxide disulfonate) at 60 °C to produce single or multiple
cone-shaped nanochannels. To observe the etching process, a
picoammeter was employed. The etching process was stopped by
addition of a mixture of 1 M KCl and 1 M HCOOH aqueous solution
that was able to neutralize the base solution. The profiles and
diameters of the nanochannels were observed by SEM from the
multichannel membranes produced in the same etching process as
single channel membranes.
Modification of NapDA in Nanochannel. An aqueous solution

of 3 mg/mL NHSS and 15 mg/mL EDC was prepared as an activator.
The single nanochannel membrane was immersed into it. One hour
later, the membrane was moved to 1 mM NapDA aqueous solution for
amidation reaction. After 8 h, the membrane was taken out and then
immersed in water for 5 min to remove residue reagents.
Current Measurement. The current measurements were carried

out with a Keithley 6487 picoammeter (Keithley Instruments,
Cleverland, OH), and the PET membrane with a single nanochannel
was located between two cells. Two Ag/AgCl electrodes were placed
in both cells, respectively, and employed to apply a voltage across the
membrane. The anode faced the base side of the nanochannel. A
scanning voltage from −2 V to +2 V with a period of 20 s was
determined. For the measurements of different nanochannels, a
different solution with 0.1 M NaCl was chosen. For example, a
solution of 10 μM CB[8] and 0.1 M NaCl was added to both sides of
the membrane to evaluate the ion transport property change by
CB[8]-gating.
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