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Over millions of years, complex processes of intelligent control have
evolved in nature. Learning from nature is a continuing theme in the
development of smart materials and intelligent systems. For example,
biological nanochannels, which are typically ion channels, play a very
important role in basic biochemical processes in cells. Inspired by ion
channels, in which the components are asymmetrically distributed
between the membrane surfaces, the generation of biomimetic smart
nanochannels is a broad and varied scientific research field. The
design and development of new biomimetic channels includes the use
of different shapes of channels, different stimuli-responsive molecules,
and different symmetric/asymmetric modification methods. In this
Minireview, we summarize recent developments in building functional
nanochannels by applying various symmetric and asymmetric modi-

fications.

1. Introduction

The transport of ions across cell membranes is a prereq-
uisite for many biological processes. Life depends on the
continued flow of ions into and out of cells. Biological
nanochannels, which include ion pumps and ion channels, are
used by cells to transport ions across membranes.!! Various
components of biological nanochannels are not uniform in
distribution, and their structures are also asymmetric (Fig-
ure 1a).”) The bio-inspired study of the design and develop-
ment of artificial biomimetic channels has been receiving
a great deal of attention.”) Artificial functional nanochannels
have emerged as possible candidates for mimicking physio-
logical processes in biological nanochannels. Moreover,
research in this field boosts the development of bio-inspired
intelligent nanomachines for real-world applications, such as
biosensors, molecular filtration, and nanofluidic devices.[*
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Artificial micro/nanochannels in organic or inorganic
membranes have been well studied for the purposes of
building smart materials for various applications,”) such as
track-etched polymer membranes, carbon nanotubes, the
integration of biological nanopores or ion channels into
artificial membrane materials for filtration, nanomedicine,
and biosensing.”! However, we still need a single-channel
system to provide an optimal system for studying the trans-
port properties of different ions or molecules. This system can
also provide many potential smart platforms, for applications
such as detecting single molecules, because one can directly
observe the behavior of a single functional channel without
having to average the effects of multiple channels.*” The
present research towards bio-inspired artificial functional
nanochannels is still in its early stages. It will be enhanced
greatly by the development of chemistry, nanotechnology, and
biotechnology methods that are capable of producing more
smart functional molecules and variations in the chemical,
physical, and biological properties of the confined channel
space.

This Minireview is focused on symmetric and asymmetric
modifications of single track-etched polymer nanochannels
for building bio-inspired artificial nanochannels. This review
is organized into four sections. The first section gives a brief
introduction of the strategy for the design of symmetric/
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Figure 1. a) Architectures of different ion channels and ion pumps.” b) Different shapes of polymer nanochannels.

asymmetric modifications of bio-inspired artificial nanochan-
nels. The second section summarizes symmetric modification
methods that have been used in channels in recent years and
the third section examines asymmetric modification methods.
The last section is an outlook towards future challenges in the
development of artificial functional nanochannels. This re-
view uses the well-developed examples of ion-track-etched
polymer nanochannels with different shapes (Figure 1b) to
demonstrate the feasibility of the design strategies for
building functional nanochannels by various symmetric and
asymmetric modifications, which may also be extended to
other materials.

Herein, we suggest three routes for the design and
preparation of various artificial functional nanochannels:
symmetric/asymmetric design for the shapes of the nano-
channels, the physicochemical modification of the inner
surface of nanochannels, and the above two methods com-
bined in a co-design strategy (Figure 2). In these three routes,
the asymmetric design idea provides more flexible ap-
proaches for building various functional nanochannels. In
this Minireview, the asymmetric design reflected mainly in the
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asymmetric physicochemical modification. The approaches
for the preparation of nanochannel materials have been
described in detail by Apel et al.,” Gyurcsanyi,’'Matile and
co-workers,'” Dekker,! and Martin and co-workers,''! and
will not be considered in this review.

2. Symmetric Modification of Nanochannels

Symmetric modification of nanochannels is the most
commonly used method due to the advantage of simple and
direct implementation of modification of the entire inner
surface of the nanochannels. It is universally suitable for
making a variety of modifications to materials. It is also
noteworthy that this modification method can take advantage
of the symmetric/asymmetric shape of the nanochannel itself
to achieve symmetric/asymmetric regulation of ion transport
inside the nanochannel. The major symmetric modification
methods are illustrated by the following examples: electroless
deposition,m] chemical modification by functional molecules
in solution™ and self-assembly."¥
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Figure 2. The symmetric/asymmetric design and preparation of bio-
inspired artificial functional nanochannels.

2.1. Electroless Deposition

Electroless deposition is a nongalvanic type of plating
method that involves several simultaneous reactions in an
aqueous solution. It occurs without the use of external
electrical power."™ According to the principle of redox
reactions, the use of strong reducing agents in a solution that
contains metal ions results in reduction of the metal ions to
metal atoms and deposition of the metal atoms onto a surface
to form a dense coating. Various metals can be used for
modification of nanochannels by electroless deposition, such
as gold, nickel, silver, copper, palladium, and platinum.
Typical chemical reaction equations for this process are
shown in Table 1.

Table 1: Typical metals used for modification by electroless deposition
and the related reaction equations.

Reductant Metals  Reaction equations Ref.

Formaldehyde Au,Cu  2Au"+HCHO+30H — [12,16-17]
HCOO™ +2H,0 +2Au

Hypophosphite  Ni, P[d  Ni** +2H,PO,” +2H,0—  [18]
Ni+2H,PO,” +2H" +H,

Borohydride Pt, Au  2PP'4+BH, +40H — [15,19]
2Pt+BO, +2H,+2H,0

Hydrazine Ag, Ni 4[Ag(NH,),]" +N,H,— [15,20]

4Ag+ANH; +4NH, " +N,
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Figure 3. a) Diagram of electroless gold plating of nanochannels.'”

b) Chemical processes of gold electroless deposition."

Based on this approach, Martin and co-workers reported
a metal-polymer composite nanochannel (Figure 3a), which
provides a good basic platform for the further functional
modification of the inner surface of the channel.™ As shown
in Figure 3b, the processes of modification by electroless
deposition of the polymer nanochannel are divided into two
steps: The first step is pretreatment of the track-etched
polymer template by coating the inner surface of the nano-
channels with a catalyst. Secondly, the pretreated template is
immersed in the plating solution. Metal ions react with
a reducing agent at the surface of the template. After
electroless plating with the metal, the diameter of channels
decreases. However, the second plating step can take a long
time to achieve small enough diameters in the channels, and
several toxic solvents are also used.'*

2.2. Chemical Modification by Functional Molecules in Solution

In this Minireview, chemical modification mainly refers to
the chemical reactions between the inner surface of the
nanochannel and functional molecules in a solution to create
new covalent bonds. At present, there are two main methods
for chemical modification of nanochannels. The first one is
based on functional groups (for example, —COOH) in the
nanochannels reacting with decorating molecules to form
covalent bonds (for example, —C(O)—NH—-). Based on this
method, Jiang and co-workers developed a pH-gating,
asymmetric, single polyethylene terephthalate (PET) nano-
channel by using a DNA molecular motor that was attached
to the channel by a two-step chemical reaction (Fig-
ure 4a)."! During the preparation of the PET nanochannel,
negatively charged carboxyl groups were created on the inner
surface of the nanochannel, which is a process that can also be
performed with other similar materials, such as polyimide
(PI). After modification, the diameter of the nanochannel
also decreases, and different sizes of decorating molecules can
be used to regulate the sizes of the channels. Table 2 shows
several decorating molecules that have been used for
chemical modification of polymer nanochannels, and some
typical examples are shown in Figure 4b. Recently, Azzaroni
and co-workers reported the design and preparation of
several pH-responsive nanochannel systems by chemical
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Figure 4. a) Immobilization of a DNA motor onto the inner wall of

a nanochannel by chemical modification.*® 1-ethyl-3-[3-(dimethyl-
amino) propyl]carbodiimide hydrochloride (EDC) and N-hydroxysuccin-
imide (NHS) are used for activating the carboxylic acid groups.

b) Several typical decorating molecules used in chemical modification
of nanochannels.

Table 2: Decorating molecules used in chemical modification of polymer
nanochannels by functional molecules in solution.

Nanochannels ~ Decorating molecules Ref.
PET H,;N-DNA [13b,22]
PET L-lysine and L-histidine [21a]
PET Poly(2-methacryloyloxy)ethyl phosphate)  [21b]
PET 3-aminopropylphosphonic acid [23]
PET B-cyclodextrin [24]

PI Poly(N-isopropylacrylamide) [25]

Pl Amine-PEO;-biotin®! [26]

Pl Poly(methacryloyl L-lysine) [21¢]

PI Peptide nucleic acid (PNA) [27]

[a] PEO = poly(ethylene oxide).

modification to obtain functional nanochannels for achieving
control of ionic transport.!

The second method for chemically modifying nanochan-
nels is based on self assembly of functional thiol molecules to
form Au—S covalent bonds after the electroless deposition of
gold onto the inner surface of the nanochannel (Figure 5a—d).
This method has been widely used in developing many
functional surfaces,” and in the past few years has also been
utilized for functionalizing nanochannels. For instance, Mar-
tin and co-workers as well as Jiang and co-workers have
developed single nanochannels that are responsive to elec-
trical potential and temperature.?! Table 3 shows several self-
assembling thiol molecules, and some typical examples are
shown in Figure Se.

Relative to the second method, the first method is direct
covalent chemical modification. It has no metallization
process, thus, the surface of the channels remains organic in
nature, which is more closely analogous to biological chan-
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Figure 5. a—c) Electron micrographs of a single conical nanochannel
after electroless modification with gold. Scale bar 5 um.”? d) Immobi-
lization of functional molecules onto the inner wall of a nanochannel
by electroless modification and surface chemisorbing thiols. ) Several
typical thiol self-assembled functional molecules for modifying the
inner surface of a polymer/gold nanochannel.

Table 3: Several functional self-assembled thiol molecules for decorating
Au-polymer composite nanochannels.

Nanochannels®! Decorating molecules Ref.
PC HS-CyHy; and HS-C,H,-OH 30]
PC HS-(CH,),,COOH 137]
PC Cysteine [32]
PC Thiol-DNA [294]
PC Thiol-PNA 33]
PC Thiol-antibody fragments [34]
PC 11-mercaptoundecanoic acid and biotin [35]
PC Thiol- and disulfide-bearing ionophores [36]
PET HS-PNIPA [29b]
PET HS-R-biotin,”’ HS-antibody, HS-protein G [13a]

[a] PC= polycarbonate. [b] R=—(CH,),C(O)NH (CH,)¢NH—.

nels. However, the second method is advantageous for
making nanodevices, as these channels are stable with
a metalized surface, and the density of the chemical modifi-
cation can be better controlled as a result of the formation of
a thiol/gold self-assembled monolayer. Furthermore, the
second method is also slow, with functionalization times as
long as one day.
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2.3. Self-Assembly

From a physicochemical point of view, modification by
self-assembly is different from covalent modification with
self-assembled thiol compounds. It is based on specific
molecular interactions between specific groups of the inner
surface of the nanochannels and functional molecules, such as
electrostatic interactions"**! or intermolecular forces (hy-
drogen bonding®” and van der Waals forces®), separately or
together, to achieve functionalization of the inner surface of
the nanochannels.”’ However, the range of physicochemical
modification that can be obtained is limited.

Azzaroni et al. reported layer-by-layer assembly of poly-
electrolytes into an artificial single nanochannel that rectifies
ionic current and was prepared by the electrostatic self-
assembly of multiple layers of functional molecules inside the
channel™ (Figure 6a). They also reported a biosensor that
contains functionalized, single, asymmetric PI nanochannels,
which functions by self-recognition of ligands between
a protein recognition ligand (biotin) and a specific protein
molecule receptor (streptavidin, Figure 6b).!

3. Asymmetric Modification of Nanochannels

Asymmetric functional modification of nanochannels is
still in its early stages. In general, asymmetric modification
methods are also adequate for symmetric modification.
However, asymmetric modification could potentially provide
new ideas for developing smart nanochannel systems as
a result of complex modification approaches to precisely
functionalize diverse but specific local areas of the channels
with different functional molecules. It provides more design
ideas for building multiple functional nanochannel systems.
The typical asymmetric modification methods are illustrated
by the following examples: ion sputtering,*” physical/chem-
ical evaporation,“ modification with plasma,*!! and asym-
metric modification by functional molecules in solution.*!

3.1. lon Sputtering

Ton sputtering is a process whereby atoms are ejected
from the cathode (target) as a result of bombardment of the
target surface by accelerating positive ions, the energy from
which passes to the surface atoms of the cathode. After atoms
leave the cathode, they are deposited on the substrate, which
is a momentum transfer process. Magnetron ion sputtering as
a high-speed and low-temperature sputtering technology has
many advantages, such as strong combination between the
coating layer and the substrate, the uniform and dense coating
layer, and easy control of the process.

Recently, Jiang and co-workers reported the fabrication
of stable, single asymmetric nanochannels with controllable
ionic rectification by asymmetric modification with ion
sputtering.®* As shown in Figure 7a, each side of the
nanochannel was independently sputtered to control the pore
size for studying ion transport properties. The properties of
nanochannels that have been functionalized by double-sided

www.angewandte.org
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sputtering have also been studied. Asymmetric modification
approaches impart a significant increase in the ionic rectifi-
cation properties of the nanochannel, which is difficult to
achieve by symmetric modification. On the basis of the above
study, Jiang and co-workers further utilized a symmetric,
hour-glass-shaped single nanochannel with asymmetric sput-
tering of different metal ions to develop ionic rectifier systems
(Figure 7b), which moves one step further toward the
development of functional nanochannel systems for real-
world applications.*® Moreover, gold and platinum are easily
modified by thiol chemisorption, thus, these nanochannels
open up new avenues to further investigate more sophisti-
cated biochemical asymmetric systems by combining them
with DNA, peptides, and proteins.

3.2. Physical /Chemical Evaporation

Modification by electron-beam evaporation is a typical
physical vapor-deposition technology. It is widely used for
advanced surface modification. The working principle is
based on bombarding a target anode with an electron beam
that is given off by a charged tungsten filament under high
vacuum. The electron beam causes atoms from the target to
transform into the gaseous phase. These atoms then precip-
itate into the solid state, which coat the surface of the
substrate with a thin layer of the anode material. Character-
istics of this method are fast deposition and a clean surface
after modification. In particular, the coating layer is strongly
adhered to the substrate, and the choice of substrate material
is unlimited.

Based on this technology, Siwy and co-workers success-
fully prepared an ionic transistor by asymmetric electron-
beam evaporation.**” As shown in Figure 8, titanium as the
adhesive layers, gold as the gate electrode, and SiO, as the
insulating layer were all deposited on the side of a conical
nanochannel with a small opening. The gold layer serves as
the gate electrode, which is used to supply the chosen
potential at the surface of the nanochannel. By changing the
electric potential that is applied to the gate, the current
through the channel can be changed from the rectifying
behavior of a typical asymmetric conical nanochannel to the
almost linear behavior of a symmetric nanochannel.

Initiated chemical vapor deposition is a chemical vapor-
deposition method that directly translates free radical poly-
merization into a chemical vapor deposition process.[*¥ The
process does not involve any solvents, hazardous byproducts,
or other contaminants, and so it is environmentally benign.
Because the reactants are delivered in the vapor phase, the
modification process is not subject to surface tension limi-
tations, and uniform, pinhole-free coatings can be formed on
essentially any substrate. Based on the above method,
Asatekin and Gleason successfully developed functional
polymeric nanochannels for hydrophobicity-based separa-
tions. !
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3-3. Modification with Plasma

Modification with plasma offers an effective method for
nanoscale surface engineering of materials, which can func-
tionalize a specific local area precisely, whether by symmetric
or asymmetric chemical modification. This can provide
a variety of nanoscale features and properties for developing
advanced nanomaterials. The principle is based on plasma
modification of polymer materials and can effectively pro-
duce large amounts of free radicals in the surface layer. The
newly generated free radicals continue to react to form
functional groups. However, the structures that are obtained
by plasma modification within the nanochannels are not well

www.angewandte.org
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characterized, and the density of functional groups is not well
understood.

Jiang and co-workers reported building a pH-gating single
nanochannel for ionic transport by using asymmetric chemical
modification with plasma to achieve the asymmetric modifi-
cation of a symmetric channel.['¥ Most recently, Jiang and co-
workers further utilized this method to develop a biomimetic,
asymmetric, dual-responsive single nanochannel by using
asymmetric plasma modification approaches to functionalize
two sides of the channel with different functional molecules.
This method provides simultaneous control over the pH- and
temperature-dependent asymmetric ion-transport properties
inside the channel (Figure 9)./!"!

3.4. Asymmetric Chemical Modification by Functional Molecules
in Solution

Asymmetric chemical modification by functional mole-
cules in solution is based on the minimum concentration
requirements of the chemical modification reaction, and the
different reagent concentration distribution inside the sym-
metric/asymmetric confined space of the nanochannels.
Therefore, the different shapes of the nanochannels can be
used to achieve a different concentration distribution and,
consequently, symmetric and asymmetric chemical modifica-
tions of the nanochannels.

Vlassiouk and Siwy developed the above method for
asymmetric modification of nanochannels to build a nano-

Angew. Chem. Int. Ed. 2012, 51, 5296 — 5307
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Figure 9. a) A biomimetic asymmetric pH/Temperature responsive single nanochannel produced by asymmetric plasma modification. One side of
the nanochannel was treated by plasma-induced grafting of N-isopropylacrylamide in the vapor phase, which became a temperature-responsive
polymer, PNIPA, after plasma-induced graft polymerization. The other side of the nanochannel was treated by plasma-induced grafting of distilled
acrylic acid in the vapor phase, which became a pH-responsive polymer, polyacrylic acid (PAA), after plasma-induced graft polymerization.!*'”

b) Plasma polymerization modification processes of the inner surface of the nanochannel.

fluidic diode that relies on a concentration gradient. The
concentration gradient is constant in time and is created when
a reagent is placed only on one side of the channel."?
Figure 10 shows a single conical nanochannel in which the
inner surface was patterned so that a sharp boundary between
positively and negatively charged regions was created. Later,
Siwy and co-workers further utilized this strategy to develop
a bipolar ionic transistor by using a single hour-glass shaped
nanochannel with asymmetric modification.*!! Recently, Siwy
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and co-workers also reported a biosensor that is based on the
above nanofluidic diodes with highly nonlinear current/
voltage characteristics, and the nanodevices allow the iso-
electric point of minute amounts of proteins immobilized on
the surface of the nanochannel to be determined.™!

A solution assembly method is also a possible way to
achieve asymmetric modification inside nanochannels. Most
recently, Xue and co-workers reported that the degree of
ionic current rectification of a nanochannel could be finely
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Figure 10. a) Asymmetric chemical modification by functional molecules in solution as applied to transform carboxylic acid groups into amino
groups with different concentration gradients onto the inner wall of the conical nanochannels.?¥ b) Chemical modification of the inner surface
of the nanochannel by functional molecules in solution. Carboxylic acid groups can be transformed into amide groups with EDC and ethylene-
diamine, and the resulting surface amines can be transformed to carboxylic acid groups by succinic anhydride.

tuned over with a wide range by controlling the modified
region of the channel and the concentration of cationic
surfactant hexadecyl trimethylammonium bromide inside the
channel.[**”)

4. Summary and Outlook

Building bio-inspired artificial functional nanochannels
imparts the ability to actively manipulate and control the
transport of ions and molecules that are confined in a nano-
scale space. It paves the way for mimicking the process of
ionic/molecular transport in biological channels, as well as for
boosting the development of bio-inspired intelligent nano-
machines for real-world applications. At present, there has
been rapid progress in developing artificial nanochannels, and
these nanochannels are transforming technology in a variety
of different fields, from life science*! to energy."! However,
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how to endow these artificial nanochannels with greater
functionalization and intelligence is still a challenging task.
Inspired by biological channels, this Minireview outlines the
design and preparation of various artificial functional nano-
channels from symmetric to asymmetric physicochemical
modification approaches, and gives many examples to dem-
onstrate the feasibility of the design strategy. Table 4 summa-
rizes the above typical modification methods of the nano-
channels and gives a comment on each of these methods.
The ion transport properties of these artificial nano-
channels are substantially different from those of macroscopic
channels, and understanding these properties requires the
application of fundamental physicochemical concepts. The
design strategy from symmetric to asymmetric modification
could provide platforms for the further development of
nanochannel systems. For instance, the transmembrane
asymmetric states of the environment are omnipresent in cell
membranes. However, at present, most artificial nanochan-
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Modification method

Nanochannels Functional substan-

ces

Comments

Ref.

Electroless deposition

Chemical modification by
functinal molecules in solu-
tion

Self-assembly

lon sputtering

Electron-beam evaporation

Initiated chemical vapor
deposition

Plasma

Asymmetric chemical modi-

fication by functional mole-
cules in solution

Asymmetric assembly in so-

lution

PC, PET

PET, PI, PC,
PC(PET)/Au

PET, PI

PET

PET

PC

PET

PET

PET

Au

DNA, biotin, amino
acids, polymeric
brushes, thiols
Polyelectrolytes

Au, Pt

Au, SiO,

Polymers

Polymer brushes

Antibodies, succinic
anhydride, ethylene-
diamine

Surfactants, particles

Increases the stability of nanochannels by plating a metal
layer on the inner surface of the nanochannels and provides
a good platform for further binding of all kinds of functional
molecules by the self-assembly of thiols and chemical
modification. However, this method is time consuming and
involves toxic chemicals and heavy-metal salts.

The most commonly used method for functionalizing the
inner surface of nanochannels though stable covalent
bonds, such as C(O)—NH bonds and Au—S interactions.
Changes the inner surface of nanochannels by specific
molecular interactions, such as electrostatic interactions
and intermolecular forces. These functional nanochannels
are greatly influenced by environmental factors because of
noncovalent interactions. The range of functionalities that
can be obtained is limited.

Coats the inner surface of nanochannels by depositing
metal layers, increases the stability of the nanochannels,
and provides a platform for further binding of all kinds of
functional molecules by the self-assembly of thiols. It can be
easily and widely used to achieve asymmetric modification
of nanochannels. However, the thickness and uniformity of
deposited metal layer within the channels is not well
understood.

Coats the surface of nanochannels by depositing metal/
inorganic layers and can easily get continuous, multiple,
nanometer-thick layers of metals.

Coats the inner surface of nanochannels by depositing
nanometers thick polymer layers, which can easily and
quickly be used to symmetrically/asymmetrically modify any
substrate without surface-tension limitations. It is also
environmentally benign. However, the stability of the
deposited polymer layer is not good.

Controls specific modification of areas of nanochannels by
symmetric and asymmetric plasma grafting of various
polymers. It is easy and fast to obtain functional nano-
channels; however, the modification density is hard to
control.

Commonly used method for functionalizing diverse but
specific local areas of the nanochannels though stable
covalent bonds. The shape and the surface charge of the
original nanochannels have a great impact on the asym-
metric modification of the channels.

It is a possible solution method for functionalizing diverse
but specific local areas of the nanochannels by physical
adsorption of surfactants or particles. This method is cheap,
versatile and the materials are reusable.

[12,47]

[13,21,27,32, 48]

[42b]

39]

[40a]

[40b]

(41

[42a,44-45]

[42b]

nels have been studied under symmetric stimuli, and how to
achieve various smart transport controls under asymmetric
stimuli is still in its early stages. Asymmetric modification will
provide a useful method for developing functional nanofluidic
devices that can operate in complex, asymmetric solution
environments.

We hope this Minireview will inspire the active interest of
many scientists in the area of building artificial functional
nanochannels. We expect that designed asymmetric modifi-
cation will find broad application as a useful strategy to
establish approaches in the development of artificial func-
tional nanochannel systems and facilitate the asymmetric
design of other materials.
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