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Heterogeneous nanochannel materials that endow new functionalities different to the intrinsic properties
of two original nanoporous materials have wide potential applications in nanofluidics, energy conversion,
and biosensors. Herein, we report novel interesting hydrogel-composited nanochannel devices with
regulatable ion rectification characteristics. The heterogeneous nanochannel devices were constructed by
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selectively coating the tip side, base side, and both sides of a single conical nanochannel membrane with
thin agar hydrogel layers. Tunable ion current rectifications of the nanochannel under the three different
coating states were systematically demonstrated by current—voltage (/~F) curves. The asymmetric ionic
transport property of the conical nanochannel was further strengthened in the tip-coating state and
weakened in the base-coating state, respectively, whereas the conical nanochannel showed nearly
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symmetric ionic transport in the dual-coating state. Repeated experiments presented a better insight into
the good stability and reversibility of the three coating states of the hydrogel-nanochannel-integrated
systems. This work, as an example, may provide a new strategy to further design and develop
multifunctional gel-nanochannel heterogeneous smart porous nanomaterials.

heterogeneous nanochannel materials is the ionic diode, which
allows unidirectional ion transport by a couple of the negatively
charged mesoporous-carbon membrane and positively charged
so macroporous-alumina film.** Therefore, it is of great significance
to create easily available heterogeneous nanochannel materials
based on two nanochannel membranes with different wettabilities
and surface charges.
In this work, we further demonstrate novel heterogeneous
ss nanofluidic devices with both non-homogeneous wettability and
asymmetric surface charge distribution exhibiting tunable ionic
transport properties. The heterogeneous nanodevice comprises of

a super-hydrophilic agar hydrogel layer and a hydrophilic single

conical nanochannel membrane, and demonstrates its privilege in
e tuning the ion rectification characteristics by its non-uniform

interfacial wettability and charge density. In addition, the

nanochannel can still be restored to its original characteristics

after removing the coated agar hydrogel. Such a composited

nanochannel system could potentially spark further efforts with
os various functional hydrogels and different shaped single
nanochannels to exploit more intelligent gel-nanochannel
composited materials.

Here we select agar hydrogel as one original material to
develop functional composited nanochannel materials because it
is widespread in nature, and it could form supporting structure in
cell walls.>” Agar hydrogel has also been widely used for its

1. Introduction

20 Ion channels that intelligently control over transport of diverse
ions through cell membranes are essential for life activities.' Ton
rectification which ions flow in a preferential direction is one
vital characteristic of biological ion channels." Inspired by
biological ion channels, creation of artificial nanochannels with

»s smart functionalities in terms of controllable ionic transport has

attracted extensive research interests.*!? Generally, artificial

single nanochannels can be endowed with ion rectification
characteristics by rationally designing an asymmetric charge
distribution inside the nanochannel.* '8 There has been rapid
progress in developing asymmetrically charged artificial single
nanochannels that could strongly rectify ion current via
asymmetric design of the channel shapes'®** and asymmetric
modification of the inner surfaces of the channels with different
responsive molecules.”?’ In addition to the asymmetric surface
charge distribution, wettability on the channel surface is another
important factor to regulate ion transport of the nanochannel.® **-

32 And theoretical modelling has confirmed that a nanochannel

with asymmetric wettability on the surface is beneficial to

unidirectional water and ion transport.33 However, little attention

40 has been paid to fabrication of the synthetic nanofluidic device
with non-homogeneous wettability.
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Recently, heterogeneous nanochannel materials have attracted
increasing interests because they may endow new functions
different to the intrinsic properties of two original nanochannel
4s materials, which play important roles in nanofluidic diodes and
energy conversions.’**® The most representative case among

advantages of non-toxic and highly compatibility in organisms,**

3 compared with other inorganic nanoporous membrane.

Furthermore, negatively charged and super-hydrophilic natural

7s agar gel*® *! has superior water retention and three-dimensional
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Scheme 1 Schematic demonstration of the single conical
nanochannel composited with thin agar hydrogel layers. Tunable
ion transport properties of the channel in stable external condition
were observed after selective coating of the tip side, base side,
and both sides of the nanochannel.

porous network structure.*? In this case, we conduct our research
to combine nanochannel with agar hydrogel to form a composite
nanofluidic system. Thus, electrolyte solution can pass through
the hydrogel under an electric field without significantly
undertaking any extra resistance. In addition, considering the
unique feature of agar gel that can be melt at high temperature,
the agar gel layer could be easily removed from the
nanochannel.*> ¥ And the original structure of nanochannel is
well preserved after removing the agar gel. Besides, the stability
of the agar hydrogel also guarantees its real application in vitro.

Scheme 1 illustrates the selective and reversible coating
processes of a single conical nanochannel with thin agar hydrogel
layers. The single nanochannel could be asymmetrically and
symmetrically coated by the hydrogel film to form tip-, base- and
dual-coating states of the gel-composed nanochannel. Tunable
and reversible ion transport control of the gel-nanochannel device
can be realized by alternating the nanochannel among the original
and gel-composited states.

2. Experimental
Materials

Polyethylene terephthalate (PET) membranes (diameter of 3 cm,
thickness of 12 pum, Hostaphan RN12 Hoechst) that had been
irradiated with a heavy ion of 2.2 GeV kinetic energy to create a
single damage track through the membrane were obtained from
GSI, Darmstadt, Germany. Potassium chloride (KCI), sodium
hydroxide (NaOH), performic acid (HCOOH), and agar powder
used in the experiment were purchased from Beijing Chemical
Reagent Company (Beijing, China). All of the chemicals were at
least analytical grade. The water used throughout all experiments

was purified by a Milli-Q system (Millipore, Bedford, MA, USA).

Nanochannel fabrication

The single conical nanochannels were produced in PET

4 membranes by using the well-developed ion track etching
technique.'” To produce the conical nanochannels, the tracked
membrane was etched by one side with etching solution (9 M
NaOH) and the other side with the stopping solution (1 M KC1 +1
M HCOOH) at 35°C. For observation of the etching process, the

45 voltage (1 V) used to monitor the etching process was applied in
such a way that the transmembrane ionic current can be observed
as soon as the nanochannel opened. After about 35 min of etching,
both sides of the membrane were changed to the stopping
solution which is able to neutralize the etchant, thus slowing

so down and finally stopping the etching process. Obtained single
conical nanochannels had a small tip side and a large base side.
The geometric parameters and profiles of the conical
nanochannels were observed by using scanning electron
microscope (SEM, Hitachi S-4800, Japan) to characterize the

ss multi-channel membranes (density of 10%cm?) etched under the
same condition as the single conical nanochannels. The large base
diameter (D) of the nanochannels could be directly measured by

SEM, while the small tip diameter () was calculated by equation

(1),'"* where L is the length of the nanochannel, (c) is the

specific conductivity of 1 M KCl solution, / is the ionic current of

the cmulti-channel membrane, U is the applied voltage.

wk(c)DU
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Gel-nanochannel composited nanodevice construction

The agar hydrogel composited nanochannel devices were
fabricated by coating one side or both sides of the single-
nanochannel membrane with one or two thin agar hydrogel layers.
Dissolved the agar powder into a transparent liquid at 100°C then
cooled to 50°C at last. Pipetted 50 pL of the solution and dropped
it onto the center of the single-nanochannel membrane. Then we
pressed the agar droplet inside a 100 um thick template, the
droplet was spreaded on the membrane surface. After cooling
about 15 min at room temperature, the spreaded solution became
a 100 pm thick hydrogel layer on the surface of the nanochannel
membrane. The thickness of the gel layer could be tuned by
controlling of the volume of the agar solution and the thickness of
the template. Moreover, because agar can be melt at high
temperature (above 95 C), the coated gel layer could be removed
from the nanochannel surface by using boiled water (100 C) to
wash out the agar gel layer.*>* After removing the gel layer, the
single conical nanochannel could restore its original property. As
a result, by reversibly coating and de-coating gel layers on the tip,
base, and both sides of the conical nanochannel, three different
gel-nanochannel composited nanofluidic device were constructed
(Scheme 1). In contrast with previous works of heterogeneous
nanochannel materials that the coated or deposited layers can't be
removed once they have been coated or deposited on the
nanoporous membrane surfaces, the reversible coating/de-coating
feature of the agar hydrogel is essential for realizing the three
different gel-nanochannel composited nanodevices based on one
single conical nanochannel.
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Current measurements

The ion transport properties of the nanofluidic devices were
studied by measuring ionic currents through the conical
nanochannels before and after coating of the agar hydrogel layers.

2 | Phys. Chem. Chem. Phys., [year], [vol], 00—00
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Ionic current was measured by a Keithley 6487 picoammeter
(Keithley Instruments, Cleveland, OH). Each sample of the
single-nanochannel PET membranes with or without the gel
layers were mounted between two chambers of an
electrochemical cell. Taking the tip-coated nanochannel for
example, the experimental set up was shown in Fig. S1 (TESI).
Ag/AgCl electrodes were used to apply a transmembrane
potential across the film. Forward voltage was the potential
applied on the tip side of the nanochannel. The main
transmembrane potential used in this work was a scanning
voltage varied from -2 to +2 V with a 40 s period. The electrolyte
in this work is 0.1 M KCI solution. In this work, each test was
repeated 3 times to obtain the average current value at different
applied voltages. The testing temperature was 25 °C.

w

s

15 3. Results and discussion

Fig. la shows the cross section of the wet gel-composited

nanochannel membrane characterized by polarizing microscope

(POM, Olympus-BX53, light source TH4-200). The gel-

nanochannel composited membrane was further dried and studied

by SEM (Fig. 1b). The thickness of the agar hydrogel layer was
about 100 um, and the gel film was porous in dry state (Fig. 1c).

The base side of the nanochannel could be directly characterized

by SEM at high magnification (Fig. 1d), and radii of the base

sides of the conical nanochannels after etching 35 min ranged
from ~465 nm to ~580 nm (Fig. S2, +ESI). The mean radius of
the base side was 515 + 24 nm. Average radius of the small tip
side calculated from equation (1) was 42 + 8 nm. In addition,

SEM image of the cross sections of the conical nanochannel is

well confirmed its conical shape (Fig. S3, TESI).

30  To explore the un-uniform surface wettability of the gel-
nanochannel heterogeneous film, the channel films before and
after coating with the gel layers have been studied by contact
angle (CA) measurements (Contact Angle Meter, OCA 20,
Dataphysics company, Germany). The CA of the PET film

35 surfaces before coating hydrogel layer (Fig. 2a) was larger than
the one after coating (Fig. 2b). The results of the CA
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Fig. 1 (a) POM image of the agar hydrogel composited
nanochannel in wet state. (b) SEM image of the hydrogel

40 composited membrane in dry state. (c) Dried agar hydrogel
network. (d) Base side of a conical nanochannel.

93
3

w
b

60

65

measurements showed that the coated gel layer could lead to a
visible change of the surface wettability of the nanodevice from
54.1 £ 2.8° to 10.5 £ 0.7°. As a result, the gel composited
nanochannel membrane has non-homogeneous surface wettability.

Ionic transport properties of the conical nanochannel (sample 1)
before and after coating/de-coating the hydrogel layers were
obtained by sequentially measuring the transmembrane ionic
current of the channel at room temperature (25°C) in 0.1 M KCl
solution. In the measuring procedure, the anode faced the tip side
while the cathode faced the base side of the nanochannel. As
shown in Fig. 3a, before coating, the initial conical nanochannel
demonstrated the asymmetric /-V curve, indicating that the
nanochannel has a preference in transporting ions from tip to base
direction (Fig. 3a, black curve).'> *** After coating the tip side
of the nanochannel with a thin hydrogel layer, the nanochannel
showed more asymmetric ion transport property (Fig. 3a, red
curve). When de-coating the hydrogel on the tip side of the
channel, the channel restored its original ionic transport property

(a) (b) I
CA=541+28° CA=105+0.7°

Fig. 2 The CA of the single-nanochannel PET film surfaces
before and after coating an agar hydrogel layer. (a) Before
coating. (b) After coating.
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Fig. 3 I-V curves of a single nanochannel (sample 1) before and
after composited with 100 pm agar hydrogel layers. (a) Original
(m) and tip coating (e). (b) De-coating (m) and base coating (A).
(c) De-coating (m) and dual coating (V). (d) lon current
rectification ratio of the original (black column), tip coating (red
column), base coating (blue column) and dual coating (olive
column) nanochannel.
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(Fig. 3b, black curve). Whereas shifting the coating side to the
base of the nanochannel, a considerable decrease of asymmetric
IV curve was observed (Fig. 3b, blue curve). The ionic current
increased under negative voltage while dropped at positive
voltage, where the variation was just the opposite of it in the tip
side-coating sate. We further explored the ionic transport in the
case of both-side coating after checking the original nanochannel
property that was well preserved by de-coating the gel layer on
the base side. As illustrated in Fig. 3c (olive curve), the I~V curve
was almost symmetric, and it was quite different from the
asymmetric ionic transports under tip and base coating states. As
a result, without altering the external conditions, three different
ionic transport properties were achieved in a conical nanochannel
by selectively coating super-hydrophilic gel layers on the tip,
base and both sides of the channel.

In order to quantify the influence of the hydrogel layer on ion
current rectification (ICR) in this gel-composited nanochannel
system, we define the ICR degree as the ratio of the current
recorded at +2 V versus the absolute value of current recorded at
—2 V. As shown in Fig. 3d, ICR ratio of the original nanochannel
is 14.8 £ 0.4. When coating on the tip side of the channel, the
ICR ratio increased to 21.8 + 0.9 suggesting that the asymmetric
ionic transport was enhanced by the gel layer. On the other hand,
the ratio dropped substantially to 4.7 + 0.2 but was still above 1
when coating on the base side, where the asymmetric ionic
transport property was only weakened rather than just entirely
disappeared. However, when both sides were coated with
hydrogel, the ratio dropped to 1.67 £ 0.01 indicating that the
nearly symmetric ionic transport property was achieved under
this state. Hence, by controlling the asymmetric and symmetric
coating, three diverse reversible ionic transport properties of the
nanochannel were obtained in a stable external condition, which
extends the limit of usually tuning the ionic transport of
nanochannel with particular stimuli.

To obtain a better insight into the tunable ionic transport control
in each coating case, we specifically considered the ionic current
variation under the constant voltage —2 V and +2 V. Fig. 4 clearly

showed the current gap of +2 V and -2 V in the original conical
+2V +2V

40
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shaped nanochannel, where the asymmetric ionic transport was
observed. When the tip side was first coated with agar hydrogel
layer, ion current increased at +2 V while reduced at —2 V and the
sign of the enlarged current gap was detected indicating that the
asymmetric ionic transport was further strengthened. On the
contrary, for coating on the base side, the current gap presented in
the opposite trend, ion current reduced under +2 V while
increased under —2 V. And in the both sides coating state, this
tendency was further enhanced by observing the absolute value of
ion currents were reaching almost the same.

Fig. 5 illustrates the proposed explanation of current
rectification in the conical nanochannel before and after coating
gel layer. Before coating, due to the presence of negatively
charged carboxy groups on the channel wall, the asymmetrical
geometry of the conical channel induces a preferential direction
for cation transport from the tip to the base,' '® *7 thus ion
current of the conical nanochannel at positive voltage is much
higher than that at negative voltage (Fig. 5a). After coating,
because of the presence of negatively charged residues, such as
sulfate, pyruvate and carboxy groups in natural agar,*' the
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Fig. 4 The ion current variation of the nanochannel with the
coating 100 pum agar hydrogel layer, and recovery after de-
coating the gel layer at —2 V (black, m) and +2 V (red, o).
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Fig. 5 Schematic illustration of the ion transport properties of the nanochannel before and after coating agar gel layer on the tip, base, and
os both sides at +2 V and -2 V. (a) The asymmetrical geometry of the conical channel induces a preferential direction for cation transport
from the tip to the base. (b) For tip coating state, a forward electrochemical gradient induced by the negatively charged and super-
hydrophilic gel layer (from tip to base) enhanced the degree of ICR. (c) For base coating state, a reversed electrochemical gradient (from
base to tip) weaken the degree of ICR. (d) For dual coating state, two opposite electrochemical gradients nearly neutralized the ICR

effect.
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charged agar gel can also attract cations from the bulk solution
into the gel layer, creating an electrochemical gradient from the
coating side to non-coating side of the channel to impact ion
transport through the channel (Fig. Sb-d). Under tip-coating state,
the negatively charged and super-hydrophilic gel layer functions
as an large electrical double layer at the tip side of the
nanochannel can accelerate cations move into the nanochannel,

while obstruct cations move out the nanochannel from the tip side.

At positive applied voltage, ions rapidly accumulate into the gel
layer and the nanochannel. The local concentrations become
much higher than those in bulk solution, and a higher ion current
is observed, compared with the current of the original
nanochannel (Fig. Sb, up). When the polarity is switched to
negative value, cations migrate outward from the gel layer and
anions move out the channel from the base side, heading to the
corresponding electrode, giving rise to a depleted zone in
transition region between the channel and the gel layer, and
consequently an increase of electric resistance caused by the lack
of ions (Fig. 5b, down).*>® And obtained ion current is lower
than the current of the original channel. However, under base-
coating state, ion current reduces at positive voltage because the
existing gel layer induces a depleted zone in transition region
between the channel and the gel layer (Fig. 5c, up), while ion
current increases at negative voltage because the negatiely
charged gel layer makes cations easy to move into the
nanochannel from the base side of the nanochannel compared
with the un-coated channel (Fig. Sc, down). Under dual-coating
state, ion currents at the positive and negative voltages become
nearly equal because both positive and negative voltage can
induce a depleted zone in transition region between the channel
and the gel layer (Fig. 5d). Meanwhile, the two gel layers on the
both sides of the nanochannel enhance the symmetry of the ion
transport properties on the two directions of the dual-coating

nanodevice by their same electric charge and super-hydrophilicity.

As well as its peculiar tunable ionic transport property, the
composited nanochannel membrane also demonstrates good
stability and reversibility. In order to eliminate the disturbance of
cross experiments, we set out a series of repeated experiments by
using three single conical nanochannels (samples 2—4) which
have similar original ICR ratio, to conduct the tip coating, base
coating and dual coating respectively. We repeated revisable
“coating and de-coating” cycle in each single conical
nanochannel for three times. As shown in Fig. 6, the tendency of
I-V curves and ICR ratios variation in each coating case are
consistent with the previous discussion. Besides, the ratios
basically maintained stable in each “coating and de-coating”
cycle. Therefore, the conical nanochannel can perfectly restore
the original ratio after removing the coating layers and would
again alter regularly according to the diverse coating states.

Furthermore, we have systematically investigated influences
of the thickness of the gel layer, electrolyte concentration, and
size of the nanochannel on the ion current rectification of the
nanochannel before and after coating gel layer. First of all, a
reproduced conical nanochannel sample 5 was used in this
experiment. As shown in Fig. 7, although the ion current
decreased with the increase of thickness of the gel layer, the ICR
ratios of the channel after coating remained unchanged. This
result indicated that increasing the thickness of gel layer is only

%
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equivalent to increase the resistance of the composited
¢ nanodevice, and the thickness of the gel layer didn't impact on the
ion rectification characteristics of the nanodevices. Moreover, we
systematically investigated ion transport properties of the gel-
nanochannel devices based on different single conical
nanochannels. As shown in Fig. S4 (ESI), four original conical
6s nanochannels performed similar /-J curves, and the four samples
also had similar ion transport properties after coating agar
hydrogel, which confirmed the reproducibility of the original
conical nanochannels. Finally, ion current rectifications of a
single conical nanochannel before and after tip, base, and dual
70 coating under 0.01 M, 0.05 M, 0.1 M, 0.5 M and 1 M KCI
solution have been measured. As shown in Fig. S5 (fESI),
although the rectification degrees are varied with changing ion
concentrations, variations of the rectification degrees of the
channel before and after coating under each test ion concentration
75 are consistent. All experimental results proved that the functional
ion transport could be easily available in a wide range of ion
concentrations, nanochannels with different sizes, and differently
thick gel layers.
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Fig. 6 Stability and reversibility of the 100 um agar hydrogel
layers composited nanochannel system were confirmed by
repeating the “coating” and “de-coating” cycle for three times.
(a,b) I-V curves and rectification ratios of the tip coating and de-
coating cycles. (c,d) I~V curves and rectification ratios of the base
coating and de-coating cycles. (e,f) -V curves and rectification
ratios of the dual coating and de-coating cycles. Experimental
data were obtained from three conical nanochannels (samples 2 to
4) which have similar rectification ratios of the sample 1.
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Fig. 7 I-V curves and rectification ratios of a single nanochannel
(sample 5) before and after coating with different thick agar
hydrogel layers (Original, m, black; 20 um, e, olive; 100 um, A,
blue; 200 um, red, V). (a,b) Tip coating; (c,d) Base coating; (e,f)
Dual coating.

4. Conclusions

We have experimentally reported an agar hydrogel composited
single conical nanochannel system with the enhanced
functionality of tuning the ion rectification characteristic in a
stable external condition by the surface charge and wettability
differences between gel layer and nanochannel membrane.
Through the selective coating of the tip, base, and both sides of
the nanochannel, its asymmetric ionic transport was further
strengthened, weakened, and even shift to symmetric ionic
transport, respectively. Moreover, the ion transport property of
the heterogeneous gel-nanochannel system was reversibly
alternated among the three different coating sates. And the
reversible gel coating method is suitable for different sized
nanochannels to build functional composited nanofluidic devices.
This work may potentially spark further experimental and
theoretical efforts to fabricate more functional hydrogel-
nanochannel heterogeneous materials in vitro and boost the
development of applicable intelligent and flexible nanochannel
apparatus for unidirectional water and ion transport, seawater
desalination, and energy conversion.
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