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CONS P EC TU S

B oth scientists and engineers are interested in the design and
fabrication of synthetic nanofluidic architectures that mimic

the gating functions of biological ion channels. The effort to build
such structures requires interdisciplinary efforts at the intersection
of chemistry, materials science, and nanotechnology. Biological ion
channels and synthetic nanofluidic devices have some structural
and chemical similarities, and therefore, they share some common
features in regulating the traverse ionic flow. In the past decade,
researchers have identified two asymmetric ion transport phenom-
ena in synthetic nanofluidic structures, the rectified ionic current
and the net diffusion current. The rectified ionic current is a diode-
like current�voltage response that occurs when switching the
voltage bias. This phenomenon indicates a preferential direction of transport in the nanofluidic system. The net diffusion current
occurs as a direct product of charge selectivity and is generated from the asymmetric diffusion through charged nanofluidic
channels. These new ion transport phenomena and the elaborate structures that occur in biology have inspired us to build
functional nanofluidic devices for both fundamental research and practical applications.

In this Account, we review our recent progress in the design and fabrication of biomimetic solid-state nanofluidic devices with
asymmetric ion transport behavior. We demonstrate the origin of the rectified ionic current and the net diffusion current. We also
identify several influential factors and discuss how to build these asymmetric features into nanofluidic systems by controlling (1)
nanopore geometry, (2) surface charge distribution, (3) chemical composition, (4) channel wall wettability, (5) environmental pH,
(6) electrolyte concentration gradient, and (7) ion mobility. In the case of the first four features, we build these asymmetric features
directly into the nanofluidic structures. With the final three, we construct different environmental conditions in the electrolyte
solutions on either side of the nanochannel.

The novel and well-controlled nanofluidic phenomena have become the foundation for many promising applications, and we have
highlighted several representative examples. Inspired by the electrogenic cell of the electric eel, we have demonstrated a proof-of-concept
nanofluidic reverse electrodialysis system (NREDS) that converts salinity gradient energy into electricity bymeans of net diffusion current.
We have also constructed chirality analysis systems into nanofluidic architectures and monitored these sensing events as the change in
the degree of ionic current rectification. Moreover, we have developed a biohybrid nanosystem, in which we reconstituted the F0F1-
ATPase on a liposome-coated, solid-state nanoporous membrane. By applying a transmembrane proton concentration gradient, the
biohybrid nanodevice can synthesize ATP in vitro. These findings have improved our understanding of the asymmetric ion transport
phenomena in synthetic nanofluidic systems and offer innovative insights into the design of functional nanofluidic devices.

1. Introduction
Design and fabrication of synthetic nanofluidic architec-

tures that mimic the gating functions of biological ion

channels have elicited considerable interest to both the

scientific and engineering communities,1 and represent the

forefront of the interdisciplinary fields of chemistry, materi-

als science, and nanotechnology.2 Biological ion channels

and synthetic nanopores exhibit some chemical and struc-

tural resemblance, such as small size, asymmetric structure,

and surface-charged channel walls (Figure 1A). Therefore,
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they share some common features in regulating the traverse

ionic transport, particularly, in an asymmetric way. For

example, they rectify the transmembrane ionic current.3

The concept and design principles of our research toward

bioinspired smart nanofluidic systems originate from the

biological structures and new ion transport phenomena.

In the past decade, two asymmetric ion transport phe-

nomena have been identified in synthetic nanofluidic struc-

tures, the rectified ionic current and the net diffusion

current.4 The rectified ionic current is observed as a diode-

like current�voltage response when switching the voltage

bias and indicates a preferential transport direction in the

nanofluidic channel.5 The net diffusion current is gener-

ated from the asymmetric ion diffusion through charged

nanochannels,6 a direct product of charge selectivity. These

asymmetric ion transport features result form the symmetry

broken in the nanofluidic system, either in the structure or in

the fluidic environment.

In this Account, we reviewour recent progress ondesign and

fabrication of biomimetic solid-state nanofluidic devices with

asymmetric ion transport behavior (Figure1B).Wedemonstrate

the origin of the ionic current rectification (ICR) and the net

diffusion current.We also identify several influential factors and

discuss how to build these asymmetric factors into nanofluidic

systems by controlling (1) nanopore geometry, (2) surface

charge distribution, (3) chemical composition, (4) wettability on

the channel wall, (5) environmental pH, (6) electrolyte concen-

tration gradient, and (7) ion mobility. These important factors

can be divided into two categories: factors 1�4 are asymmetric

factors that can be built into the nanofluidic structures, while

factors 5�7are asymmetric factors that can be controlled in the

electrolyte solutions. These new fluidic phenomena become

the foundation for many promising applications. Herein, we

highlight several representativeexamples, includingbioinspired

energy conversion systems, nanopore-based chirality sensing

devices, and biohybrid nanodevices for in vitro biosynthesis.

FIGURE 1. Designing principles of ion-channel-mimetic solid-state nanopores. (A) Biological ion channels and synthetic nanopores share some
common features, such as small size, asymmetric structure, and bearing surface charge. Consequently, they show similar capabilities in regulating
traverse ion transportation. (B) The asymmetric ion transport properties, including ion current rectification and net diffusion current, result from the
broken symmetry, either in the nanofluidic structures or in the solution environment. The asymmetric ion transport features will eventually find
applications in constructing nanofluidic circuits, nanopore-based sensing devices, bioinspired energy conversion systems, etc.
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It isworthmentioning that, besides ionic species, synthetic or

biopolymers can translocate through the nanopores, which is

well-established as a single-molecule sensingplatform.Detailed

information is summarized in some recent reviews.7,8 Other

biomimetic ion-channel systems, including self-organizedmacro-

cyclic architectures in bilayer membranes9�11 and aligned

carbon nanotube membranes,12 have also been described in

previous literature by other groups andwill not be discussed in

this Account.

2. Asymmetric Ion Transport Resulting from
Nanopore Structures and Materials
Biological ion channels that regulate the ionic flow into and

out of the cell membranes are of great importance to many

physiological functions. The components of the protein

channels are always asymmetrically distributed across

the cell membrane.13 Inspired by these features, synthetic

nanofluidic architectures possessing structural or chemical

asymmetries show great potential in constructing biomi-

metic nanodevices.14

2.1. Nanopore Geometry and Surface Charge Distribu-

tion. Since the discovery of voltage-dependent ICR in single

conical nanopores,15 a full understanding of these phenom-

ena has attracted broad interest (Figure 2A,B). In principle, a

surface-charged nanopore is expected to display rectified

ion transport if one end of the nanopore is geometrically

larger than the other, and the diameter of the small end is

comparable to the Debye screening length.5 Through a

FIGURE 2. Ionic current rectification in geometrically asymmetric nanopores. (A) Linear I�V behavior is found in cylindrical nanopores, even if they
bear surface charge, but diode-like I�V behavior is found in charged conical nanopores. (B) SEM imageof a single conical nanopore from the base side
and the cross-sectional view. (C) Theoretical results show that in a conical nanopore, the asymmetric I�V behavior is due to the ion concentration
enrichment and depletion effects under opposite electrical bias. (D) The asymmetric geometry is important to ICR effect. The rectification ratio
increases with the length of the asymmetric part, even if it is uncharged.
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model calculation based on Poisson�Nernst�Planck (PNP)

equations, we show that the ICR is attributed to the ion-

concentration enrichment at negative bias and ion-concen-

tration depletion at positive bias (Figure 2C).16 Compared

with the cylindrical nanopores, the concentration enrich-

ment and depletion in conical nanopores are deformed due

to the specific geometry. Upon continual decrease of the

cone angleof thenanopore,17 the enrichment anddepletion

regions shift toward the base end, which is consistent with

the calculation18 and experimental19 results in cylindrical

nanopores.

Another important geometric parameter is the length of

nanopore.20 Based on the theoretical model, we propose

that a relatively long length of thenanopore is indispensable

for a notable rectification effect.16 It is the cooperative

interaction of the small dimension on the tip side and the

sufficiently long nanopore wall that contributes to the pro-

minent enrichment and depletion of ion concentration in-

side the nanopore. In addition, for a conical nanopore, the

ion transport property is governed by the tip region whose

dimension is comparable to the electric double layer (EDL).

Therefore, it is reasonable to just take a relatively short

length near the tip end in themodel calculation to reduce the

scale of computation.

The asymmetric geometry is of significant importance

to the ICR, even if the asymmetric part is uncharged

(Figure 2D).21 For a partially charged cylindrical nanopore

(R1 = R2), strong rectification effect is observed. With an

enlarged R1, the concentration enrichment and depletion

becomeweaker inside the nanopores, leading to a decreasing

FIGURE3. Ionic current rectification inmetal-coatednanopores. (A, B) Single conical nanopores in polymermembranewere coatedwith platinumon
the tip side by ion sputtering. The coated platinum layer gradually blocks the ion transport through the nanopores, but results in an enhanced
rectification ratio before the nanopores are fully closed. (C�E) Hourglass-shapednanoporesweremetalizedwith gold and platinumon separate ends.
The presence of metal heterogeneous structures greatly enhances the ionic rectification.



2838 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 2834–2846 ’ 2013 ’ Vol. 46, No. 12

Asymmetric Ion Transport through Nanopores Guo et al.

rectification ratio. Prolonging the length of the uncharged part

enhances the asymmetry in ionic conductance under the two

opposite voltage bias.

2.2. Asymmetrically Distributed Metal Coatings. Metal

nanotubule membranes show permselective ion transport

properties.22 Excess charge density is present on the inner

surface of the metal nanotubules that dominates the trans-

membrane transportation of mass and charged species.

Thus,metal-coated conical nanopores rectify ionic current,23

and the degree of rectification can be controlled through

further chemical modification.24 We fabricated a platinum-

coated single nanopore by an ion sputtering technique

(Figure 3A,B).25 Very clear ICR is observed after platinum

coating, either on the tip side or on the base side. The degree

of rectification can be greatly enhanced before the nano-

pores are completely blocked by the sputtered metal layer.

The local platinum coating brings both chemical and struc-

tural asymmetry to the nanopores that eventually results in

amplified rectification.

Another method to endow nanopores with asymmetric

ion conductivity is to decorate them with different kinds

of metal. For example, we metalized the hourglass-shaped

single nanopores with gold and platinum on separate ends

(Figure 3C).26 Before metal deposition, the nanopore shows

a linear current�voltage curve (Figure 3D,E). Once gold is

deposited on only one side of the nanopore, the current�
voltage curve shows clear rectification. As the gold layer is

deposited on both the two ends, the ion transport property

returns to linear. The deposited gold layers merely reduce

the effective cross section of the nanopore. But, if we deposit

gold and platinum on separate parts of the nanopore, it

further rectifies the ionic current, owing to the heteroge-

neous metallic composition along the pore wall.

2.3. Asymmetric Chemical Modification with Organic

Molecules.Besides inorganicmaterials,27 organicmolecules

are also highly suitable for chemical modification of nano-

fluidic devices.28�30 They offer profuse functional groups

on the polymeric chain; therefore, electrostatic interaction,

steric hindrance, and hydrophobic interaction can be intro-

duced into the nanofluidic system.4 Recently, we developed

several smart nanofluidic systemswith ionic gating and ionic

rectifying properties bymodifying polymers.31�35 However,

in these nanosystems, the modification covers the whole

interior surface of the nanochannels.

FIGURE4. Ionic current rectification in polymermodified nanopores. (A) Hourglass-shaped nanopores are chemicallymodifiedwith poly(acrylic acid)
(PAA) on only one side. (B, C) In contrast to the unmodified nanopores showing non-pH-responsive and linear current�voltage properties, the
asymmetrically modified nanopores show pH-tunable ionic current rectification.
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By employing a plasma modification approach, we

demonstrate an asymmetric modification strategy that pre-

cisely functionalizes a specific area of the nanopore with

polymer brushes.36 An hourglass-shaped single-nanopore is

treated on only one side by plasma-induced polymerization

in vapor phase of acrylic acid monomers (Figure 4A). pH-

responsive poly(acrylic acid) (pKa ≈ 4.7) is formed on the

right half of the nanopore. The conformation andwettability

of the polymer brushes transits from coiled/hydrophobic to

stretched/hydrophilic in response to the changes in pH.

Before plasma treatment, linear current�voltage curves

are observed at different pH (Figure 4B). After plasma treat-

ment, remarkable ICR is found at neutral and basic pH

(Figure 4C). Upon change of the pH from 5.8 to 2.8, a

significant decrease in the transmembrane ionic current is

observed. The open/close switching behavior is dominated

by the hydrophobic interaction inside nanopores.37 This

chemical modification strategy generates inhomogeneous

surface charge distribution and structural asymmetry. Further-

more, two typesofpolymerbrushes canbe separatelygrafted

onto the two ends of the nanopore (Figure 5D).38 The resul-

tant asymmetric nanofluidic system exhibits more function-

ality and responsiveness (see the following discussions).

2.4. Transmembrane Wettability Differences. The crys-

tal structure of the KcsA potassium channel shows that both

hydrophobic and hydrophilic segments are present along the

ion conduction pathway, responsible for the high selectivity

and rapid conduction rate.39 These structural characteristics

give us inspiration to build artificial analogues that efficiently

transport water or ionic species by asymmetric wettability.

By using molecular dynamics simulations, we predicted

a nanosized water pump and charge filter based on

FIGURE 5. Water and ion transport driven by wettability gradient. (A) By MD simulation, a single-wall carbon nanotube (SWCNT) is modified with
hydrophilic groups (�COOH) andhydrophobic groups (�CF3) on separate ends. (B) Thewater density (F(t)) forwater I and II exhibits frequent overlap in
pristine nanotubes, but in the modified nanotube, reduced water density is found on the hydrophobic side (water II). (C) The energy barrier at the
hydrophilic end is slightly higher than that at the hydrophobic end. (D) Experimentally, wemodified hourglass-shaped nanopores with PNIPAAmand
PAA on separate sides. (E, F) Asymmetric chemical composition inside the nanopore leads to rectified ionic current. Moreover, the presence of a
wettability difference between the two sides enhances the degree of rectification.
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asymmetrically modified single-wall carbon nanotubes

(SWCNTs). Hydrophilic (�COOH) and hydrophobic groups

(�CF3) were separately modified on the two ends of the

SWCNT (Figure 5A).40 In pure water, by comparison of the

water density (F(t)) at the hydrophobic end (water II) and

the hydrophilic end (water I) under equilibrium conditions, a

distinguishable reduction in water density is found at the

hydrophobic end, indicating that the water tends to transfer

from the hydrophobic side to the hydrophilic side (Figure 5B).

In a pristine SWCNT, the water density exhibits merely

frequently overlap. The unidirectional water transport is

achieved by an unbalanced chemical potential induced by

the wettability difference (Figure 5C). In electrolyte solution,

neither (6, 6) nor (8, 8) nanotubes allow the entrance of

sodium or chloride ions due to high energy barriers at both

ends. For the relatively wide (10, 10) and (12, 12) nanotubes,

ions are inclined to permeate to the side with low water

density. This study suggests great possibilities for unidirec-

tional water transport and desalination by tip-functionalized

SWCNTs with asymmetric wettability.

Wettability gradient guided asymmetric ion transport has

also been experimentally observed in chemically modified

nanopores. We improve the plasma modification ap-

proach by separately modifying the hourglass-shaped

nanopores with PNIPAAm and PAA on the two ends

(Figure 5D).38 Compared with the unmodified nanopores,

the modified nanopores show distinct ionic rectifying

properties (Figure 5E,F). Particularly, when there is wett-

ability difference on the two sides (hydrophilic/hydrophobic),

the nanopore exhibits the highest rectification ratio. A theo-

retical description is still required to clarify the underlying

mechanism.

FIGURE 6. Ionic current rectification induced by pH gradient. (A, B) Compared with symmetric pH conditions (pH = 3 or 11 on both sides), a pH
difference across the nanopore significantly enhances ionic rectification. (C�F) This hypothesis is further verified in four different conditions. “log Q”
represents the logarithm of the rectification ratio. The position of “zero” indicates a nonrectifying state.
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3. Asymmetric Ion Transport Controlled by
Electrolyte Conditions

3.1. pH Gradient across Nanopores. A nanofluidic diode

conducts ionic flow preferentially under one voltage bias

and inhibits the ionic current under the opposite bias.41

Pioneer works are theoretically predicted by Daiguji et al.42

and experimentally investigated by Siwy et al.43 and Karnik

et al.28 They adopt an asymmetric chemical modification by

placing negative and positive charges onto separate parts of

the channelwall analogous to a bipolar semiconductor diode.

The rectification ratio can be tremendously enhanced by the

heterogeneous surface charge distribution.

Taking track-etched nanopores in polymermembrane as

an example, the surface charge results from the deprotona-

tion of carboxyl groups, highly dependent on the local pH

near the pore wall. Therefore, by simply adjusting the pH of

the electrolyte solutions on the two sides of the nanopore

(Figure 6A), we realize a highly efficient rectifying nanofluidic

system without any chemical modification.44 Compared

with the two symmetric pH conditions (pH = 3 and 11 on

both sides), the pH gradient across the nanopore results in

pronounced ICR (Figure 6B). The nanopore is negatively

charged at neutral or basic pH. The adsorption of protons

at over acidic condition makes the local area positively

charged. Thus, a bipolar nanopore forms in an asymmetric

pH environment that is responsible for the enhanced recti-

fication ratio (Figure 6C�F).

3.2. Concentration-Gradient acrossNanopores. In living

cells, the transmembrane concentration difference is funda-

mental to the membrane potential that regulates the ionic

species inward and outward from the cell. Guo et al. report that

adifference in ionic concentration induces rectified ion transport

in homogeneous silica nanochannels.45 In structurally asym-

metric nanofluidic systems, the case is more interesting. Con-

sidering the inherent rectifying properties, both the direction

and amplitude of ICR can be modulated by the ion concentra-

tion gradient.46 For example, in charged conical nanopores, it is

generally believed that the ICR is controlled by the nanopore

geometry, electrolyte concentration, andpH.5 In thepresenceof

a concentrationgradient, the rectification ratio is enhancedwith

the parallel diffusion current (from tip to base, Figure 7, right).

When the concentration gradient is reversed (from base to tip,

Figure 7, left), an unusual rectification inversion is observed.

The concentration-gradient-dependent ICR enhancement and

inversion is attributed to the cooperation and competition

between geometry-induced asymmetric ion transport and the

concentration-gradient-driven ionic flow.

The origin of this effect can be understood with an analytic

model based on PNP equations. Upon a forward concentration

gradient (Figure7, right), thediffusive ion flowdominates the ion

distribution inside the nanopore that brings in a considerable

amountof counterions fromthehigh-concentrationbath.Under

a negative potential, the electromigration of counterions is

parallel to thediffusioncurrent; therefore, thegeometry-induced

FIGURE 7. Concentration-gradient-dependent ionic current rectification in negatively charged conical nanopores. In symmetric electrolyte
conditions, the cone-shapedgeometry induces apreferential direction for ion transport from tip to base (normal ICR,middle).With a forwardly applied
concentration gradient (from tip to base), the degree of ICR can be enhanced (right). With reversed concentration gradient (from base to tip), an
unusual rectification inversion is observed (left). The ICR enhancement and inversion is attributed to the cooperation and competition between
geometry-induced preferential ion transport (thin arrow) and the diffusive ion flow (thick arrow).
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ionic rectification is enhanced. Upon a reverse concentration

gradient (Figure7, left), however, thediffusioncurrent isopposite

to the geometry-induced preferential ion transport direction. In

this case, at positive potential, the diffusive flow facilitates the

counterion migration into the nanopore from the high-concen-

tration bath, and at negative potentials, the diffusive flow

prohibits the counterions from flowing into the nanopore lead-

ing to the rectification inversion.

3.3. Generation of Net Diffusion Current. The ion diffu-

sion through a charged nanochannel generates net diffusion

current (zero-volt current, i0).
6When the salt concentrations on

both sides are equal, no measurable i0 can be observed. In

charged nanofluidic channels, counterions are preferentially

transported over the co-ions, known as ion-selectivity

(Figure8A).Under theconcentrationdifference, thespontaneous

ion diffusion generates a net ionic flow contributed by the

counterions. In highly charged nanopores, the radial ion dis-

tribution proves that i0 stems from the separation of cations

from anions within the EDL (Figure 8B).47 If the surface-charge

density is low, the degree of charge separation is greatly

reduced, resulting in very limited i0 (Figure 8C). The generation

of net diffusion current is very sensitive to the structure of EDL.

Therefore, by finely tuning the surface charge properties,

electrolyte condition, and nanopore geometry, the generation

of net diffusion current can be well-controlled.

3.4. Asymmetric IonMobility.Toward adeep insight into

the net diffusion current, we investigate the diffusive ionic

flow in both cation- and anion-selective nanopores (Figure 9A)

with three representative types of monovalent inorganic elec-

trolytes: potassium chloride (KCl), sodium chloride (NaCl), and

FIGURE 8. Generation of net diffusion current through cation-selective nanopores. (A) In negatively charged nanopores, cations are preferentially transported
over anions. Driven by the concentration gradient, the ions diffuse spontaneously across the pore, generating net diffusion current. (B) In highly charged
nanopores, thezero-volt current (i0) andreversalpotential (Vrev) canbeclearlymeasured. (C) Inweaklychargednanopores, the resulting i0andVrev isvery limited.
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lithium chloride (LiCl).48 The net diffusion current is very

sensitive to the ionic composition in both types of charge-

selective nanopores (Figure 9C,H). In cation-selective nano-

pores, with the same type of anion (Cl�), the diffusion current

increases with the cation mobility, while in anion-selective

nanopores, this trend canbe theopposite. Frommodel calcula-

tions, two leading factors that dominate the charge separation

in the diffusive nanofluidic system can be identified: (1) the

charge selectivity of the nanopores and (2) the inherent asym-

metric ion mobility between cations and anions (Figure 9D�F,

I�K). The charge selectivity enhances the generation of net

diffusion current if the inherent ion mobility of counterions is

higher or approximately equal to that of the co-ions. Other-

wise, it would reduce the magnitude of net diffusion current.

4. Applications of Asymmetric Ion Transport
Properties
In recent years, intensive efforts have been made in the

application of the biomimetic nanofluidic devices with

asymmetric ion transport functions, including bioinspired

energy conversion devices,4 nanofluidic analytics,49 sea-

water desalination,50 etc. Herein, we highlight several ex-

amples in our group.

4.1. Bioinspired Energy Conversion Systems. Harnes-

sing transmembrane ionic gradients into electricity bymem-

brane-protein-regulated ion transportation is an intriguing

process in many living cells.51 Inspired by the electrogenic

cell of the electric eel, we demonstrate a proof-of-concept

nanofluidic reverse electrodialysis system (NREDS) that con-

verts salinity gradient energy into electricity with ion-selec-

tive nanopores.47 As illustrated in Figure 8, the diffusive ionic

flow (i0) and the reversal potential (Vrev) are considered as

the short-circuit current (Isc) and the open-circuit voltage (Uoc)

of thenanofluidic power source. Themaximumpoweroutput

from a single-pore device approaches 26 pW. When paralle-

lization with a pore density of 108�1010 cm�2 is exploited,

the estimated power density approaches 3�260 mW cm�2,

which is 1�3 orders of magnitude higher than that using

FIGURE 9. Diffusion current controlled by charge selectivity and asymmetric ionmobility. (A) Through a two-step chemical modification strategy, we
fabricate both cation- (in red frame) and anion-selective nanopores (in blue frame). Four types of 1:1 inorganic salts, KCl, NaCl, LiCl, andKF, are studied.
The diffusion current (i0) is very sensitive to the ionic composition of the electrolyte solution (C and H). Model calculations show that the radial ion
distributions are identical for all four types of salt in either cation- (D) or anion-selective nanochannels (I). However, the resulting local current densities
(E and J) and the total current (F and K) are quite different, due to the different ionmobility. The cooperation and competition between the asymmetric
ion mobility and the charge selectivity play a crucial role.
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ion-exchange membranes (∼0.17 mW cm�2). In addition,

with a well-matched electrolyte type and nanopore charge

selectivity, the power generation and the energy conversion

efficiency of the NREDS can be further improved.48

In a further step toward nanofluidic energy conversion

systems, we use photoacid molecules (8-hydroxypyrene-

1,3,6-trisulfonate, HA) to generate the transmembrane pro-

ton concentration gradient upon light irradiation and harvest

solar energy through proton-gated nanoporous membranes

(Figure 10A).52 The device is constructed in a three-compart-

mentelectrochemical cell. Twopiecesofmembranescontaining

DNA-modified, proton-gated nanopores are inserted between

compartments I and II and between compartments II and III. An

anion-exchange membrane separates compartments I and III.

The HA molecules function as a light-driven proton pump that

release protons in compartment I upon UV irradiation and

generate a transmembrane potential difference between com-

partments I and II. The cyclic transport of HA through the three

compartments outputs continuous photovoltage and photocur-

rent to the external circuit (Figure 10B,C).

4.2. Nanofluidic Sensing Devices. Another important

application is to build chemical analysis systems into the

ion-channel-mimetic nanopores. When molecular analytes

are present in the nanofluidic sensing system, they tempora-

rily or permanently block the pathway for ion conduction,

yielding characteristic changes in background current as

FIGURE 10. Some applications. (A�C) Scheme of the bioinspired photoelectric conversion system. It contains a three-compartment electrochemical
cell that is separated by two sets of DNA-modified, proton-gated nanoporous membranes (between I and II, and II and III) and a piece of anion-
exchange membrane (between I and III). HA is used as a light-driven proton pump to generate transmembrane proton motive force. The cyclic
transport of HA through the three compartments forms a closed loop for the generationof photovoltage and photocurrent. (D�F) An enantioselective
nanopore system is realized by covalently anchoring β-CD with the conical nanopores via carbodiimide coupling chemistry. The nanopore sensor
showshighly selective recognitionof histidine enantiomers (L-His) by detecting the rectified ionic current. (G�I) F0F1-ATPase is reconstituted in artificial
nanoporousmembranes. Under proton concentration gradient, ATP is synthesizedon the F1 side, in contrast to the two control groups (H). The activity
of the enzyme gradually declined. The survival of the biohybrid device can maintain at least one day (I).
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signatures for target identification.53 For example, the nano-

fluidic diodeswithhighly nonlinear current�voltage responses

can be further developed into biochemical sensors based on

the local changes of surface charge properties.54 The sensing

events are monitored as the change in rectification ratio.

Recently, we report a nanofluidic chiral analysis system based

on the enantioselective recognition in β-cyclodextrin-modified

single conical nanopores (Figure 10D).55 The modified nano-

pore shows chiral-specific sensing of L-histidine by monitoring

the rectified ionic current (Figure 10E,F).

4.3. Biohybrid Nanofluidic Device for ATP Synthesis.

F-type ATP synthase (F0F1-ATPase) is a biological rotary motor

that synthesizes ATP in living organisms. When proton flow

comes from the intramembrane part (F0) driven by its con-

centration gradient, ATP synthesis is catalyzed on the extra-

membrane part (F1).We develop a biohybrid nanosystem, in

which the F0F1-ATPase is reconstituted in liposome-coated

solid-state nanopores (Figure 10G).56 The activity of the

biological motor is well preserved in the artificial system

(Figure 10H,I). By application of a transmembrane proton

concentration gradient (pH = 4.7/pH = 8.3), ATP is synthe-

sized on the F1 side. The ATP synthesis rate approaches 37

per second per enzyme molecule.

5. Conclusion and Outlook
This Account reviews recent progress on the control of asym-

metric ion transport properties within biomimetic nanofluidic

structures. Two asymmetric ion transport phenomena are

discussed, the rectified ionic current and the net diffusion

current. Several dominant factors for regulating the asym-

metric ion transport properties are identified, which can be

divided into two categories. One is to build the asymmetric

factors directly into the nanofluidic structures, including nano-

pore geometry, surface charge distribution, different chemical

composition, and traverse wettability differences. The other

one is to construct different environmental conditions in the

solution on the two sides of the nanofluidic channel, including

the pH and concentration gradient across the nanochannel

and the difference in ionmobility between cations and anions.

These novel and well-controlled nanofluidic phenomena be-

come the foundation for many applications, such as bioin-

spiredenergy conversion systems, nanofluidic sensingdevices,

and biohybrid nanodevices for in vitro biosynthesis.

Besides these mentioned factors, other crucial factors

have also been reported in the literature, such as addition

of surfactant,57 electroosmotic flow,58 and pressure-driven

flow.59 We believe that the upsurge in the investigation of

asymmetric ion transport through synthetic nanochannels

has just started. More interesting phenomena and their

underlying principles will be discovered. As to the applica-

tion field, we will focus our research on the design of new

bioinspired, smart, multiscale interfacial (BSMI) materials,60

especially for the energy-oriented applications.
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