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ABSTRACT: A novel and simple design is introduced to
construct bichannel nanofluid diodes by combining two
poly(ethylene terephthalate) (PET) films with columnar nano-
channel arrays varying in size or in surface charge. This type of
bichannel device performs obvious ion current rectification, and
the pH-dependent tunability and degree of rectification can be
improved by histidine modification. The origin of the ion current
rectification and its pH-dependent tunability are attributed to the
cooperative effect of the two columnar half-channels and the
applied bias on the mobile ions. As a result of surface groups on
the bichannel being charged with different polarities or degrees at different pH values, the function of the bichannel device can be
converted from a nanofluid diode to a normal nanochannel or to a reverse diode.
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■ INTRODUCTION

In nature, biological ion channels in cell membranes play vital
roles in materials and information exchange between a cell and
its surroundings or other cells.1,2 Direct cell-to-cell communi-
cations, which exist in coordinated activities between cells in
higher animals, such as embryogenesis, also rely on a family of
specified ion channels, which are not single-channel proteins
but multiple ones, namely, gap junction channels.3−5 An entire
gap junction channel bridging the membranes of two adjacent
cells is constructed from the association of two half-channels
supplied separately by each of the two participating cells. Based
on the cooperative effect of the two half-channels in molecular
size, gap junction channels allow intercellular transmissions of
ions or smaller informational molecules but prevent the
movements of larger proteins or nucleic acids. The structure
of gap junction channels inspired us to propose a new design
for constructing artificial ion channels by associating double
synthetic nanochannels with varying size or surface charge
together and applying their cooperative effect on ions to
achieve ionic selectivity.
The asymmetric ion transport of artificial ion channels is

often characterized in rectified ion currents, which are similar to
those of semiconductor diodes. Therefore, artificial ion
channels are also called nanofluidic diodes. Nanofluidic diodes
have been well developed in the past few decades,6,7 such as
alumina,8−10 silica,11−13 and titania14,15 nanochannel arrays;
ion- and electron-beam-etched silicon and silicon nitride
films;16−18 quartz nanopipettes;19−23 and track-etching polymer
films,24−27 generally inspired by single-ion channels. Studies of
multiple nanofluidic diodes mimicking the structure of gap
junction channels started just a few years ago.28−31 The most

common are alumina-based double-/triple-nanofluid devi-
ces,32−35 which result from the association of macroporous
alumina arrays with mesoporous materials, such as carbon or
silica. They perform well for molecule separation or nanogating
for ions, but they are not easy to synthesize. In recent years,
with the development of track-etching polymer films, polymer-
based double nanofluid devices30,36,37 (so-called bichannel
devices) have been designed by combining two polymer
nanochannels or mesoporous silica and polymer nanochannels,
because of their low-cost and simple preparation. However, the
ion-transport properties of polymer-based bichannel devices
corresponding to external stimuli were not discussed in these
earlier studies.
Here, we introduce a novel and simple design for

constructing bichannel nanofluid diodes by combining two
poly(ethylene terephthalate) (PET) films with columnar
nanochannel arrays varying in size or in surface charge and
study the cooperative effect of pH-dependent ion transport in
the device (Scheme 1). Because of the regular shape of the
nanochannel and its negatively charged and modifiable surface,
track-etched PET nanoporous films have been applied in the
fabrication of various nanofluidic diodes in the field of
sensors.38−41 Unlike Zeng et al.’s bichannel devices consisting
of two single conical PET nanochannels,37 here, we introduce
PET films with columnar nanochannel arrays into the bichannel
device. The symmetric structure of the PET nanochannels
removes the effect of asymmetry in geometry or composition
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on the ion transport in each half-channel of the bichannel
device; in such a situation, the ion current rectification of the
bichannel can be attributed completely to the cooperation of
the two participating nanochannels, which simplifies the
analysis of the origin of ionic selectivity. In addition, PET
films with columnar nanochannel arrays are easy to prepare and
modify,42,43 and varying ion-transport properties of bichannels
can be achieved by different arrangements of these PET
nanochannels. Furthermore, channel arrays on PET films exert
ion transport equivalently to single channels but conduct larger
ion currents, so bichannel devices consisting of channel arrays
are more immune to the effects of current fluctuations on
measurements than their counterparts composed of single
channels.44,45

■ EXPERIMENTAL SECTION
Nanochannel Fabrication. PET films irradiated by rapid heavy

ions (It4ip, Seneffe, Belgium; thickness, 23 μm; ion track density, 4 ×
109 cm−2) were used to fabricate columnar nanochannel arrays by
chemical etching. Before etching was performed, each side of the
sample was exposed to UV light for 2 h. To produce columnar
nanochannel arrays, symmetric etching was performed by completely
immersing the PET film in the etching solution (2 M NaOH) at 75
°C. The size of the channels and the number of open channels on each
film could be controlled by varying the etching time. Then, the etching
was stopped by soaking the film in stopping solution (1 M KCl + 1 M
HCOOH) at room temperature, and finally, the film was washed in
Milli-Q water (18.2 MΩ) to remove residual salts.
Current−Voltage Measurement. The ion-transport properties of

bichannel nanofluid diodes were studied by measuring I−V curves
using a Keithley 6487 picoammeter (Keithley Instruments, Cleveland,
OH). The bichannel device was formed by stacking two PET films
with columnar nanochannel arrays together. The two films wetted by
Milli-Q water were carefully placed with their flat sides on top of each
other to prevent air bubbles from being trapped between the two films,
and they were then mounted between the two chambers of a

conductivity cell, which were filled with 0.1 M KCl aqueous solutions
of varying pH values. The applied bias in this work was a scanning
voltage that varied from −1 to +1 V, and two Ag/AgCl electrodes were
used to apply the bias. Each measurement was repeated at least five
times to obtain the average current at different voltages.

Histidine Modification. The pH-dependent ionic rectification of
the bichannel device can be improved by histidine modification. First,
the PET film was immersed in 4 mL of an aqueous solution containing
80 mg of N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydro-
chloride (EDC) and 20 mg of N-hydroxysuccinimide sodium (NHSS)
for 1 h, to convert the carboxyl groups on the PET film to PET-NHSS
esters. After being washed with Milli-Q water, the film was soaked in
0.1 M histidine aqueous solution for 24 h, and histidine was
immobilized on the inner wall of the columnar PET nanochannel.
Finally, the film was washed with Milli-Q water to remove unreacted
histidine. The chemical covalent modification in this system is
irreversible.

■ RESULTS AND DISCUSSION
Columnar porous PET films were prepared by symmetrical
chemical etching (details in Experimental Section). The size of
the channels and the number of open channels on each film are
dependent on the etching time, and both of these factors are
reflected in the magnitude of the ion current density in a certain
electrolyte solution under a certain bias. Table 1 reports the ion

current densities and rectification ratios of four films obtained
after different etching times, which were measured under 1 V in
0.1 M KCl buffer at pH 7. Ion current measurements and
rectification ratio calculations can also be found in the
Experimental Section, and 1 V in 0.1 M KCl buffer represents
relatively optimized conditions for the measurement of ion
transport within PET nanochannels, according to previous
research.46−48 As the etching time was increased from 1.5 to 3
min, the magnitude of the ion current density through the film
correspondingly rose from microamperes to milliamperes.
When the etching time was more than 3 min, the ion current
was above the measurement range (meaning beyond the
milliampere range).
We chose the films etched for 2 and 3 min, with pore

diameters of 80−90 and 190−200 nm, respectively, for further
study (Figure 1). Films with etching times shorter than 2 min
were not applied, because a short etching time means that only
sporadic channels are provided for ion transport on the film,
resulting in a tiny ion current density, which cannot properly
reflect the high ionic conductance of channel arrays. Films with
etching times longer than 3 min were also not applied, because
of the larger pore size with the relative smaller Debye length
and poor effect of the inner wall charge exerted on the ions in
the channels. The I−V curves of the two types of films selected
for study showed no ionic rectification, signifying symmetry of
these nanochannels in structure and surface charge distribution.
Moreover, the cross-sectional SEM images of these PET
channel arrays verify their columnar structures. All of these
details can be seen in Figure S1 (Supporting Information).

Scheme 1. Contrast of Natural Bichannel Systems and
Artificial Bichannel Devices, where Artificial Bichannel
Devices Composed of Two Poly(ethylene terephthalate)
(PET) Films with Columnar Nanochannel Arrays Varying in
Size or in Surface Charge Achieve Their Asymmetric Ion
Transport from the Cooperative Effect of Their Half-
Channels

Table 1. Ion Current Densities and Rectification Ratios
under 1 V in 0.1 M KCl Buffer at pH 7 of Four Films after
Different Etching Times

etching time (min) ion current density (μA/cm2) rectification ratio

1.5 0.166 0.91
2 54.8 1.01
3 1.18 × 103 1.04
>3 above the measurement range −
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Ion transport in bichannels with the same surface charge but
different sizes was studied first. The bichannel device was
constructed by stacking two unmodified films with nano-
channels with sizes of 80−90 and 190−200 nm together and
then carefully located in a custom electrolyte cell. The two half-
channels were exposed to the same 0.1 M KCl buffer, and I−V
curves were measured at pH 3 and 11 (Figure 2a). In chemical

etching, many carboxyl groups are produced on the inner
surface of the columnar channels. When the pH is above 4, they
will be negatively charged. At pH 11, the inner surfaces of the
two channels are all negatively charged, and the bichannel
shows obvious current rectification. In contrast, at pH 3, the
surfaces of the two channels are uncharged, and the bichannel
shows no rectification. From pH 11 to 3, the rectification ratio

(ratio between the forward current and the reverse current
under 1 V) of the entire bichannel decreased from 1.89 to 0.88.
(Figure 2b shows the ratio, and the series of I−V curves from
pH 11 to 3 can be seen in Figure S2a, Supporting Information.)
These results demonstrate that, by arranging two columnar
nanochannel arrays with different pore sizes in a bichannel
device, we achieved bichannels with ion current rectification. It
is worth noting that the unmodified bichannels with different
pore sizes had two pH-dependent states: a nanofluid diode
under basic conditions and a normal nanochannel under
neutral and acidic conditions, with no current rectification
reversal.
After the two channels had been modified with histidine, the

pH-dependent regularity of the bichannel in rectification was
improved. Histidine, as a basic amino acid, contains a basic
amino group, a basic imidazolyl group, and an acidic carboxyl
group: The amino group is used for attaching the carboxyl
group to the channel surface through a classical EDC-NHSS
cross-linking reaction,49 whereas the same reaction will not
occur on the imidazolyl group, and after modification, the
remaining imidazolyl and carboxyl groups on the attached
molecule will be positively and negatively charged separately in
acidic and basic solutions, respectively (Scheme 2). The other

basic amino acids, such as lysine, were not used in this work
because they contain two or more amino groups, all of which
can react with carboxyl groups on the channel surface during
the modification, and cannot supply enough basic groups after
that. The success of histidine modification was verified by the
X-ray photoelectron spectra of the modified and unmodified
films (Figure S3, Supporting Information).
At pH 11, the histidine-modified surfaces of the two half-

channels are all negatively charged, showing obvious current
rectification in the bichannel device (Figure 2c). At pH 5, both
surfaces are uncharged, performing no rectification, whereas at
pH 3, the histidine-modified surfaces are positively charged, and
the bichannel device manifests rectification opposite to that at
pH 11. From pH 11 to 5, the rectification ratio of the histidine-
modified bichannel decreases from 2.01 to 0.97. (Figure 2d
shows the ratio, and the series of I−V curves from pH 11 to 3
can be seen in Figure S2b, Supporting Information.) Then,
from pH 5 to 3, the rectification ratio increases from 0.97 to
1.62. Thus, compared with the unmodified bichannel , the
histidine-modified bichannel with different pore sizes has three
pH-dependent states: With a decrease of pH, this device can be
converted from a nanofluid diode to a normal nanochannel and
then to a reverse nanofluid diode, performing a significant
current rectification reversal.

Figure 1. (a,b) SEM images of the PET film etched for 2 min, with
pore diameters of 80−90 nm. (c,d) SEM images of the PET film
etched for 3 min, with pore diameters of 190−200 nm.

Figure 2. (a,c) I−V curves of (a) unmodified and (c) histidine-
modified bichannels of different sizes at pH 11 (triangles) and pH 3
(circles). (b,d) Changes in the rectification ratio from pH 11 to 3 of
the (b) unmodified and (d) histidine-modified bichannels.

Scheme 2. Change in Surface Charge on the Histidine-
Modifeid Bichannel from pH 11 to 3, where the
Immobilized Histidine Changes from Negatively Charged to
Electroneutral and Then to Positively Charged
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The origin of the ion current rectification in the bichannel
with different pore sizes is attributed to a cooperative effect on
the ions caused by the two columnar nanochannels and the
applied electric field.28,50,51 We take the negatively charged
bichannel as an example. For the smaller half-channel in the
device, under a forward bias, cations assemble in the junction
with the larger one as the electrostatic attraction from the
negatively charged surface. In contrast, under a reverse bias,
cations are dispelled from the junction. For the larger half-
channel in the bichannel, the channel dimensions are far
beyond the Debye length, so the surface charge has little effect
on mobile ions in the channel. Therefore, when the effects of
the two channels are combined, the forward bias causes cation
accumulation in the junction of the two channels, accompanied
by an anion excess in the same place to maintain electro-
neutrality (Figure 3a). Similarly, the reverse bias results in the

depletion of both ions in the junction (Figure 3b). The ion
accumulation and depletion lead to a difference in ionic
conductance of the bichannel, generating asymmetric ion
transport. Singh and co-workers applied the Poisson/Nernst−
Planck (PNP) model to explain ion transport in conical or
columnar bipolar nanochannels with smooth junctions.52−54

Therefore, this model was also applied to explain the current
rectification in this work quantitatively, with the calculation
details provided in the Supporting Information. The ion
distributions in the cross section of the bichannel calculated by
the PNP model demonstrate the ion accumulation and
depletion under the forward and reverse biases, respectively
(Figure 3c,d). The theoretical I−V curve of the negatively
charged bichannel is in agreement with the experimental results
(Figure 3e). The positively charged bichannel is just in the

Figure 3. (a) Ion acuumulation and (b) depletion in the forward-biased and reverse-biased bichannels with negative surface charge. (c,d) Ion
distributions in the cross section of the negatively charged bichannel calculated by the PNP model under (c) forward and (d) reverse bias. (e)
Theoretical I−V curve of the negatively charged bichannel. A single bichannel was selected for studying in the PNP model, so the calculated currents
are on the nanoampere scale.

Figure 4. (a,d) I−V curves of (a) unmodified and (d) histidine-modified bichannels of the same size but asymmetric surface charge at pH 3/11 and
11/3. (b,e) Surface charge polarities of (b) unmodified and (e) modified bichannels. At both pH 3/11 and 11/3, the unmodified bichannel was
composed of neutral and negatively charged surfaces, whereas the modified bichannel was composed of positively and negatively charged surfaces.
(c,f) Rectification ratios at pH 3/11 and 11/3 for the (c) unmodified and (f) modified bichannels.
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opposite condition, as also depicted in Figure S4 (Supporting
Information).
Next, the ion transport of bichannel devices with the same

size but different surface charges was also studied. This type of
bichannel device was constructed by stacking two unmodified
films with 80−90 nm nanochannels. By exposing the two half-
channels of the device to 0.1 M KCl buffers at different pH
values, a charged bichannel with different polarities in the two
parts was achieved. Here, we chose pH 3 and 11 for a distinct
difference in pH between the two half-channels. The current
rectification of the unmodified bichannel was a little weak, and
the rectification ratio was just 1.41 at pH 3/11 and 1.47 at pH
11/3 (Figure 4a−c). After the two channels had been modified
with histidine, the ion current rectification improved signifi-
cantly, and the rectification ratio of the bichannel increased to
2.20 at pH 3/11 and 2.42 at pH 11/3 (Figure 4d,e). For both
the unmodified and histidine-modified bichannels, the reversion
of the pH flipped the polarities of the two ends of the
bichannel, resulting in an opposite influence on the transfer of
ions under the same bias and inducing reverse rectification.
Moreover, the results calculated with the PNP model support
this explanation (Figures S5 and S6, Supporting Information).
Histidine-modified films with 190−200 nm channels were not
applied, because this pore size is beyond the Debye length and
such channels perform no rectification in the device (Figure S7,
Supporting Information).
Other than that, the rectification ratios of histidine-modified

bichannels are largely determined by asymmetric pH conditions
on the two sides (Figure 5). Such a conclusion is supported by

the following evidence: A histidine-modified bichannel with pH
3 on one side and pH changing from 11 to 3 on the other side
exhibits a dramatic decrease of the rectification ratio from 2.20
to 1.20. On the other hand, such a bichannel with pH 11 on
one side and pH changing from 3 to 11 exhibits the same
decrease, say, 2.42 to 0.87. (The series of I−V curves at
different pH values can be seen in Figure S8, Supporting
Information.) Experiments such as this illustrate that a large gap
between the pH values on the two sides will lead to optimized
ion current rectification.
The enhancement and pH-dependent tunability of ion

current rectification in the device with histidine modification
are due to the difference in the electrostatic interactions applied
by the two half-nanochannels to transferring ions, which results
from the different degrees of ion excess and deficiency caused

by the cooperative effect of the applied electric field and the
two half-channels.55−58 For the unmodified bichannel at pH 3/
11, the channel exposed to 0.1 M KCl at pH 3 is uncharged,
whereas the channel exposed to 0.1 M KCl at pH 11 is
negatively charged (we call it the “semicharged” bichannel). For
the histidine-modified bichannel at pH 3/11, the half-channel
under acidic conditions is positively charged, whereas the other
one under basic conditions is negatively charged (we call it the
“bicharged” bichannel). Under a forward bias, in the semi-
charged bichannel, cations assemble in the junction between
the two channels because of the electrostatic attraction from the
negatively charged surface (Figure 6a). Similarly, in the
bicharged bichannel, cations and anions accumulate in the
same place as a result of electrostatic attractions of both the
negatively charged surface and the positively charged surface
(Figure 6b). Thus, under a forward bias, the degree of cation
and anion accumulation in the bicharged bichannel is higher
than that in the semicharged bichannel. The ion distributions
under a forward bias in bichannels calculated by the PNP
model show that the total concentration of both ions in the
bicharged bichannel is higher than that in the semicharged
bichannel, which means higher ionic conductance (Figure
6c,d). Moreover, the theoretical I−V curves of the two types of
bichannels support our explanation (Figure 6e), as the forward
currents of the bicharged bichannel are larger than those of the
semicharged bichannel. Under a reverse bias, the calculated ion
distributions show that ions are dispelled from the junctions in
both bichannels and that ion depletion is more obvious in the
bicharged bichannel, which means lower ion conductance and
smaller reverse currents of the bicharged bichannel (Figures 7
and 6e). Therefore, based on the effect on ion transport under
forward and reverse biases, the ion current rectification of the
bicharged bichannel is more significant than that in the
semicharged bichannel, and histidine modification can improve
the current rectification of bichannels with the same size but
different pH values. Similarly, for histidine-modified bichannels
changing from pH 3/11 to 3/3 (or from pH 11/3 to 11/11),
the smaller pH gap between the two ends of the bichannel,
which creates less of a difference in the surface charge polarity
of the two half-channels, will weaken the electrostatic
interaction of the channel surface with the transferring ions
and the ionic accumulation/depletion in the channel, thus
allowing degraded ion current rectification. Finally, at the same
pH, which denotes the same surface charge on the two sides of
the channel, a bichannel will perform similarly to a single-
column channel with no rectification.
It should be noted that a thin liquid film of 2−3 μm will form

by combining two such wetted PET films with nanochannels
(Figures S9 and S10, Supporting Information). This liquid film,
which serves as a communication vessel to connect the
nanochannels on the two PET films, eliminates the blocking
to ions caused by the off-axis connection between these
nanochannels in the experiments. Because of the thinness of
this liquid film, its effect on ion transport can be neglected. As a
result, the structure of the bichannels is considered to be
matched perfectly in the axial direction and joined tightly for
simplification.

■ CONCLUSIONS
In summary, bichannel devices composed of two PET films
with columnar nanochannel arrays varying in size or surface
charge all perform obvious ion current rectification. Further-
more, the pH-dependent tunability, along with the rectification

Figure 5. (a) Rectification ratio from pH 3/11 to 3/3; the rectification
ratio is I−/I+ under 1 V. (b) Rectification ratio from pH 11/3 to 11/
11; the rectification ratio is I+/I− under 1 V. In both cases, the
rectification ratio decreases with the decrease of the pH gap between
the two ends of the bichannels.
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degree, of the rectification can be improved by histidine
modification. The origin of the ion current rectification and its
pH-dependent tunability are attributed to the cooperative effect
of the two columnar half-channels and the applied bias on
mobile ions. As a result of surface groups on the bichannel
being charged with different polarities or degrees at different
pH values, the bichannel device can be converted from a
nanofluid diode to a normal nanochannel or to a reverse diode.
Compared with alumina-based multiple-channel devices, the
PET bichannel device with columnar nanochannel arrays allows
simple and low-cost preparation. In addition, compared with
polymer-based counterparts consisting of single conical
channels or columnar nanochannels and mesoporous silica,
the PET bichannel device allows pH-dependent tunability in
ion current rectification. In consideration of these advantages,
this type of polymer-based bichannel nanofluidic diode has
extensive potential applications in the fields of sensors and
material separations.
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