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Biomimetic Nanofluidic Diode Composed of Dual Amphoteric
Channels Maintains Rectification Direction over a Wide pH Range

Xin Sui*, Zhen Zhang', Zhenyu Zhang', Zhiwei Wang", Chao Li, Hao Yuan, Longcheng Gao,*
Liping Wen,* Xia Fan,* Lijun Yang, Xinru Zhang, and Lei Jiang

Abstract: pH-gated ion channels in cell membranes play
important roles in the cell’s physiological activities. Many
artificial nanochannels have been fabricated to mimic the
natural phenomenon of pH-gated ion transport. However,
these nanochannels show p H sensitivity only within certain pH
ranges. Wide-range pH sensitivity has not yet been achieved.
Herein, for the first time, we provide a versatile strategy to
increase the pH-sensitive range by using dual amphoteric
nanochannels. In particular, amphoteric polymeric nanochan-
nels with carboxyl groups derived from a block copolymer
(BCP) precursor and nanochannels with hydroxyl groups
made from anodic alumina oxide (AAO) were used. Due to
a synergistic effect, the hybrid nanochannels exhibit nano-
fluidic diode properties with single rectification direction over
awide pH range. The novel strategy presented here is a scalable,
low-cost, and robust alternative for the construction of large-
area membranes for nanofluidic applications, such as the
separation of biomolecules.

I on transport through the biological nanochannels of cell
membranes is important for maintaining an organism’s
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physiological activities."! For example, the influenza M,
protein, a well-known pH-gated ion channel, plays a critical
role in virus uncoating.”) The pH-sensitive ion transport
depends mainly on the amphoteric residues along the
channel. By tuning the ionization states of the functional
groups at different pH values, the microenvironment of the
channels is changed. As a result, the charge distribution
affects ion transport, and consequently, also affects the
processes that cells perform to maintain essential life
activities, such as diffusion, osmosis, and phagocytosis®
Many artificial nanochannels have been designed to mimic
the phenomena in the living systems. For example, an
asymmetric chemical modification of an hourglass-shaped
nanochannel has pH-gating ion transport properties.*! Con-
ical single nanochannels grafted with zwitterionic polymers or
proteins exhibit pH-tunable rectifying characteristics.”
Amphoteric conical nanopores functionalized with lysine
and histidine groups give remarkable rectification character-
istics at different pH values."! Artificial ion-transport nano-
channels that display ionic selectivity, ionic rectification, and
ionic gating in response to pH are of general interest because
of the potential applications in biosensing,>”! molecular
filtration,®! and energy harvesting!”. However, these pH
sensitive systems show narrow pH windows, that is, they are
only activated at certain pH values, or reverse their rectifi-
cation directions when the local pH values change from acidic
to basic, which limits their practical applications. It is
desirable to construct a biomimetic nanofluidic diode with
a single rectification direction over a wide pH range,
preferably by using a simple, versatile, engineered method-
ology.

Nanochannels have been produced using various fabrica-
tion techniques, including ion track etching,'” electrochem-
ical etching," laser technology,'” and high energy beam
etching.'¥ These methods, typically followed by complicated
structural/chemical modification, only realize monotonic
functionality. In this work, we present an optimized, indirect,
and scalable strategy. With the combination of dual ampho-
teric nanochannels, a nanofluidic diode with a single rectifi-
cation direction over a wide pH range is achieved. Two kinds
of nanochannels with differential diameters and amphoteric
characteristics were prepared independently. Nanochannels
with carboxyl groups were derived from block copolymer
(BCP) precursors. BCPs are one of the most important
materials for the creation of nanostructures. BCPs self-
assemble into well-defined nanostructures with suitable
volume fractions and Flory—Huggins interaction parame-
ters." Nanoporous structures are formed by removing one
block from the BCP, and functional terminal groups are
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retained on the inner surface of the nanopores." In
particular, carboxyl groups are generated by default upon
UV exposure when a UV sensitive o-nitrobenzyl ester (ONB)
is used as the junction of the BCPs."*!%I The pore size can be
tuned from 5 to 100 nm. The other nanochannels were
obtained from anodic alumina oxide (AAO) membranes.
AAO membranes possess uniform and nearly parallel pores
with diameters that can be varied from <10 to 200 nm by
changing the anodization parameters.'”) Additionally, the
surfaces of AAO nanochannels have pH-dependent surface
charges as a result of the amphoteric OH groups. By
transferring the polymeric membranes onto the AAO mem-
branes, asymmetric organic-inorganic hybrid nanochannels
can be formed. The hybrid nanochannels are composed of
polymeric and AAO pores containing carboxyl and hydroxyl
groups, respectively (Figure 1 A). Because of the protonation
state of the nanochannels under different pH conditions, ion
transport through the nanochannels can be tuned and exhibits
unique nanofluidic diode properties.
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Figure 1. A) The fabrication of bioinspired nanofluidic diode with dual
amphoteric nanochannels. The polymeric nanochannel is derived from
a BCP precursor, while the other is an AAO membrane. B) The
molecular design of the BCP PEO-hv-PChal containing a UV-degradable
linker between the blocks and UV-crosslinkable chalcone groups in
one of the blocks. After self-assembly and UV irradiation, nanochan-
nels bearing carboxyl groups are prepared. C) The resultant membrane
is free-standing. D) AFM height image of membrane surface shows
that well-defined nanopores have formed. E) AAO membranes are
made and nanochannels across the membrane can be seen in F) the
top-view SEM image.

First, the UV sensitive BCP precursor was designed and
prepared (see Figure 1B and the Supporting Information,
Figure S1). The BCP contains the ONB group as the junction
for the building blocks. Additionally, the blocks contain
poly(ethylene oxide) (PEO), which is soluble in most
solvents, and poly(methacrylate) with chalcone (PChal) as
the UV-crosslinkable unit.""¥ This BCP, which is referred to as
PEO-hv-PChal, contains cleavable junctions and crosslink-

Angew. Chem. 2016, 128, 13250 -13254

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

able units in a single chain. During UV exposure, chain
cleavage and crosslinking occur simultaneously.

The PEO macroinitiator was synthesized by click chemis-
try, which was confirmed by '"H NMR spectroscopy (Support-
ing Information, Figure S2). After that, BCP was synthesized
by atom-transfer radical polymerization (ATRP) from the
PEO macroinitiator. Compared with the PEO macroinitiator,
a remarkable unimodal shift to higher molecular weight was
observed by gel-permeation chromatography (GPC) (Sup-
porting Information, Figure S3). The BCP has a molecular
weight of 27300 gmol™' and a polydispersity index of 1.25.
The 'H NMR spectrum of the BCP shows that the character-
istic peaks of the chalcone groups are located in the range of
6.8 to 7.9. From the integrated peaks, the weight fraction of
PEO in the BCP is calculated to be 17.6%.

The BCP then underwent UV-cleavage and crosslinking.
As shown in the Supporting Information, Figure S4 A, the
intensity of the absorption band near 300 nm, which is
associated with the nitro-aromatic linker, clearly decreases
during UV irradiation (365 nm), demonstrating the successful
cleavage of the ONB group.™ Under the same UV
irradiation conditions, photodimerization of the chalcone
mesogens occurs simultaneously with the linker cleavage, as
confirmed by the decrease in intensity of the peak near
340 nm."

The successful removal of PEO and crosslinking of PChal
through UV treatment are further demonstrated by IR
spectroscopy (Supporting Information, Figure S4B). In the
original BCP thin film, the peaks at 1146 and 982 cm™' are
assigned to the C—O—C stretching and CH, rocking modes in
PEOQ, respectively.?") Both of these peaks disappear after
removal of the PEO. The photo-crosslinking of the chalcone
mesogens is also verified by the disappearance of the peaks at
1660 and 1587 cm™', which correspond to C=O and C=C
groups, respectively, after UV irradiation.”!! Carboxyl groups
are generated after cleavage of the ONB group, as evidenced
by the appearance of a broad peak at 3300 cm .

The BCP precursor used self-assembles into hexagonally
packed cylindrical nanostructures. In the Supporting Infor-
mation, Figure S5, we see separated nanodots dispersed into
hexagonal patterns. The dots are the PEO cylinders, which are
selectively stained by RuO,. The PEO cylinders are oriented
perpendicularly over the entire surface. The perpendicularly
oriented cylindrical structure is important for the applica-
tions. The center-to-center distance between the PEO cylin-
ders is approximately 20 nm, and the diameter of the PEO
cylinders is approximately 5 nm.

Self-standing nanoporous membranes are desirable for
the fabrication of bilayer organic—inorganic hybrid nano-
channels. After UV treatment of the BCP self-assembled
precursor, extraction of the PEO homopolymer, and dissolu-
tion of the sacrificial layer (Supporting Information, Fig-
ure S6), a free-standing nanoporous membrane was success-
fully removed from the substrate and attached to a ring for
support (Figure 1C). The membrane is stable in the labora-
tory environment and remains unchanged for several weeks.
AFM was used to observe the structure of the nanopores.
Figure 1D shows the AFM topography image of the mem-
brane after UV treatment. From the image, hexagonally-

www.angewandte.de

An dte

Chemie

13251


http://www.angewandte.de

GDCh
~—

13252

packed nanopores were observed, indicating that the nano-
porous film retains long-range order throughout the UV
treatment process.

As mentioned above, in situ carboxyl groups remain on
the inner surface of the nanochannels after UV treatment.
The presence of carboxyl groups on the nanostructures is
reflected by the zeta potential measurements of the mem-
brane as a function of pH (Supporting Information, Fig-
ure S4C). The zeta potentials are negative at high pH values.
As the pH decreases, the zeta potential increases to nearly
zero and even becomes slightly positive. The dependence of
the zeta potential on pH is characteristic of a weakly acidic
surface.”

When the organic nanochannels were prepared, the
inorganic nanochannels were fabricated by using an anodiza-
tion process. SEM measurements of the AAO membrane
reveal nanochannels with diameters of circa 80 nm (Fig-
ure 1 E,F). The rigid AAO membrane has good mechanical
properties and works as a support for the PChal membrane.
As shown in Figure 1A, by transferring the polymeric
membrane onto the AAO membrane, asymmetric hybrid
nanochannels are formed (Supporting Information, Fig-
ure S8). Both membranes are of different thickness. The
PChal membrane’s thickness is two orders of magnitude
smaller than that of the AAO membrane, to ensure that the
ordered cylindrical structures are perpendicular to the
membrane surface. Aside from the differences in the nano-
channels’ diameters, the functional groups on the surface of
the nanochannels are also different between the two mem-
branes, which will be discussed later. The nanochannel surface
groups can be used as the modification sites to extend the
application scope. For example, diamine molecules can easily
react with the carboxyl groups to generate a positively
charged surface. pH-responsive hybrid nanotubes have been
fabricated by an AAO-template-assisted assembly method,
and have intriguing applications in sensing and microfluidic
systems.” Our hybrid membrane has additional advantages,
such as the stability that results from the crosslinked structure.

The transport of ions through the membrane was mea-
sured using a transmembrane electrical potential that was
scanned from —2 V to +2 V (see the Supporting Information,
Figure S9). For an AAO nanoporous membrane, the current—
potential (/-V) curves are all linear and thus follow Ohm’s
law in the pH range from 3 to 11. The nanochannels do not
demonstrate ion-gating characteristics (see Figure 2 A). After
loading the PChal membrane onto the AAO membrane, the
rectification ratio reached 9.7 at a pH of 3 as shown in
Figure 2B,C. In an alkaline solution (pH 11), the ionic current
rectification ratio of the hybrid membrane is 11.0. At a pH of
7, the rectification ratio of the hybrid membrane is 4.9.
Notably, the magnitudes of the currents at positive potentials
(ON state) are higher than those at negative potentials (OFF
state) for all the pH conditions. For the first time, we obtained
artificial nanochannels with the same ion rectification direc-
tion over a wide pH range from acidic to basic conditions.

The unique ion transport properties of the hybrid nano-
channels are attributed to the synergistic effect of the
nanoporous AAO and polymeric membrane with different
pore sizes and functional groups. AAO has amphoteric
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Figure 2. Composite membrane |-V curves for A) AAO nanochannels
and B) hybrid nanochannels measured in KCl solution at various pH
values. C) The rectification ratio of hybrid nanochannels.

properties. The isoelectric point (IEP) of AAO is approx-
imately 8.7 (Supporting Information, Figure S7). On the
surface, AAO reacts with H" or OH™ in acidic or basic
solutions to form AI-OH," or Al-O"~ groups, respectively.
Carboxyl groups are present on the PChal nanochannel’s
surface. Thus, the surface charges on both the AAO and
PChal nanochannels can be modulated by adjusting the pH of
the electrolyte.

In particular, at a pH of 11, both the AAO and PChal
nanochannels have negatively charged surfaces (Figure 3 A-
I). The experimentally observed diode-like behavior could be
attributed to the broken symmetry of the electrochemical
potential inside the nanochannel, similar to the case of
a negatively charged conical nanochannel (Figure 3 A-ILIIT).
The cations will flow preferentially from the PChal mem-
brane to the AAO nanochannel, resulting in a much higher
positive ionic current. When the heterogeneous nanochannel
is placed in the electrolyte solution with a pH of 3, the AAO
nanochannels are positively charged and the PChal nano-
channels are uncharged (Figure 3 C-I). Therefore, the surface
charge distribution is asymmetric along the length of the
hybrid nanochannel. The corresponding /-V curve has diode-
like characteristics similar to that measured at the pH of 11. In
this condition, the system functions as a unipolar nanofluidic
diode that is composed of a junction between a neutral PChal
channel and a positively charged AAO channel, in which the
AAO side performs a dominant role (Figure 3 C-ILIII). The
positive bias will drive the anions attracted in the AAO side
towards the interfacial junction, forming an ion-enrichment
region. On the contrary, a reversed bias will contribute to the
formation of an ion-depletion region and a rectified ionic
current can be observed.

At a pH of 7, which is between the IEP of AAO and the
pKa of PChal, the AAO and PChal nanochannels are slightly
positively and negatively charged, respectively. The surface
charge distribution of the heterogeneous nanochannel is
Janus-like (Figure 3 B-I), functioning as a bipolar nanofluidic
diode (Figure 3B-ILIII). Under a forward bias, cations (K*)
are preferentially attracted to the PChal side and migrate to
the interfacial region. Meanwhile, anions (Cl") are preferen-
tially attracted from the AAO side and migrate to the same
interfacial region. The convection of cations and anions will
form an ion-enrichment region. Under a reverse bias, ion
transport proceeds in the opposite direction, causing an ion-
depletion region. The rectification ratio is approximately 4.9,
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Figure 3. lon migration in the hybrid nanochannels at different pH
values. A) At a pH of 11, both the PChal and AAO nanochannels
surfaces are negatively charged (I). Under a forward bias (+2 V), K
ions are preferentially transported from the PChal side to the AAO side
of the membrane, so that the nanofluidic diode is open under forward
bias (I1) and closed under reverse bias (l11). B) At a pH of 7, the PChal
and AAO nanochannels are weakly negatively and positively charged,
respectively (I). The current displays weak ion rectifying properties
under these conditions (I1, Il1). C) At a pH of 3, the PChal and AAO
nanochannels are uncharged and positively charged, respectively (1).
Under a forward bias, CI™ ions are preferentially transported from the
AAO side to the PChal side, so that the nanofluidic diode is open
under forward bias (Il) and closed under reverse bias (lll).

which shows weak ion rectifying properties. In principle,
a biased bipolar nanochannel can accumulate or deplete ions
more efficiently than the unipolar diode. In our case, the
largely decreased ionic rectification could be ascribed to the
relatively low surface charge density of the heterogeneous
nanochannel at pH 7.

The ionic rectification properties depend strongly on the
asymmetric properties of the system such as geometry, charge
distribution, and chemical composition, which can be qual-
itatively supported by a numerical simulation based on
Poisson—-Nernst-Planck (PNP) equations. The Nernst—
Planck equation that describes the transport properties of
charged nanochannels is shown below, where j;, D, ¢;, z;, and ¢
are the ionic flux, diffusion coefficient, ion concentration, and
valence number for each species i and the electrical potential,
respectively:

~—

Fe.
j =D, <Vc,- + 2 w) (1

The electrical potential inside the nanochannel can be
related with the ionic concentration by the Poisson equation:

F
Vi = *zzzici 2)

Simplified by assuming steady-state conditions, the flux
should satisfy the time-independent continuity equation:
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As previously described, the ionic rectification at different
pH values derives from the ionic accumulation and depletion
under different voltage bias. By applying suitable boundary
conditions, the coupled equations can be solved to generate
the ionic concentration distribution inside the hybrid nano-
channel, from which we can qualitatively simulate the ionic
rectification. For simplicity, the model was assumed to be
a 2000 nm long channel (Figure S10) composed of 800 nm
long BCP nanochannels and a 1200 nm long AAO nano-
channel.

Both the AAO and PChal nanochannels are negatively
charged at the pH value of 11 (Figure 4 A-I). The ionic

Model Numerical simulation
1 o m
e e oo - +2V 2V
A — 35
pH11 — N |

man &b & &t S

ommm——
B pH7 = 15
=
== 10
* 44444444 5
[ =4 H3 e o
P =] 1 C,+C, (M)
[EEX T LX)
Figure 4. Numerical simulations of the ion concentration profiles at

+2 and -2V bias at different pH values.

concentration profiles of the nanochannel show great differ-
ences upon switching the external bias (Figure 4 A-ILIIT). The
ionic concentration obtained at +2 V is much larger than that
obtained at —2 V, which is ascribed to the preferential flow of
cations induced by the broken symmetry of the electrical
field. When we transfer the nanochannel into an acidic
solution (pH 3.0), the heterogeneous nanochannel exhibits
a unipolar charge distribution (Figure 4 C-I). The difference
in the concentration profile becomes weakened, implying
a decreased ionic rectification, which is consistent with the
experimental results (Figure 4 C-ILIII). If the hybrid nano-
channel was placed in a solution with pH7, the ionic
rectification decreases largely, which can be seen from the
concentration profile (Figure 4 B-ILIII). At the pH of 7, the
surface charge distribution of the system is Janus-like (Fig-
ure 4 B-I). Because of the weak charge density, the ability to
accumulate or deplete ions under an external bias largely
weakens, resulting in a very low rectification effect. Notably,
the diameter of the nanochannels influences the rectification
effect, according to the simulation shown in the Supporting
Information, Figure S11. These results help us design high-
performance nanofluidic diode devices.

In conclusion, a facile strategy has been developed to
fabricate organic-inorganic hybrid nanochannels, which
exhibit the characteristics of a biomimetic nanofluidic diode.
In a wide pH range from acidic to basic, the nanodevices
exhibit the same rectification direction. The different pH
sensitivity of surface groups (COOH or Al-OH) corresponds
to the unique phenomena. The method developed in this
work is a scalable, low-cost, and robust alternative for the
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construction of large area membranes for nanofluidic appli-
cations. This strategy enables new nanofluidic devices, offer-
ing potential applications in ion-exchange membranes for the
separation of biomolecules.
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