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Solid-state nanopore systems: from materials to
applications
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Abstract
Ion transport and hydrodynamic flow through nanometer-sized channels (nanopores) have been increasingly studied
owing to not only the fundamental interest in the abundance of novel phenomena that has been observed but also
their promising application in innovative nanodevices, including next-generation sequencers, nanopower generators,
and memristive synapses. We first review various kinds of materials and the associated state-of-the-art processes
developed for fabricating nanoscale pores, including the emerging structures of DNA origami and 2-dimensional
nanopores. Then, the unique transport phenomena are examined wherein the surface properties of wall materials play
predominant roles in inducing intriguing characteristics, such as ion selectivity and reverse electrodialysis. Finally, we
highlight recent progress in the potential application of nanopores, ranging from their use in biosensors to nanopore-
based artificial synapses.

Introduction
Fluid mechanics is the study of fluid transport in a

macroscopic conduit and is relevant to many disciplines
in engineering and biology. On the other hand, the past
decades have witnessed a tremendous surge in exploring
novel transport phenomena in microscopic channels
called nanopores, whose critical dimensions are from
1 nm to 100 nm1–3. Originally, such nanoscale systems
were found in membranes of biological structures such as
organelles, cells, and organs that play vital roles in reg-
ulating the transport of ions and molecules for not only
maintaining physiological conditions but also transducing
signals to realize various physical tasks4. Recent advances
in semiconductor technologies have paved the way for
addressing and mimicking the intriguing mechanisms of
infinitesimal holes by allowing the fabrication of nano-
scopic synthetic channels. These advances have also
spurred progressive efforts toward harnessing the

ingenious functions of these nanopores for practical
applications since compared to their biological counter-
parts, these artificial nanostructures are more stable and
allow for tunable designs.
A unique property of nanopores is that mass transport

is now affected significantly by the properties of the
solid–liquid interface at the wall surface, as the space is
confined to the length scale of forces derived from cou-
lombic, van der Waals, and hydrophobic/hydrophilic
interactions. The surface charge effect is a good example
commonly found in nanofluidic channels of various
material and structural designs, where dense counterions
that are electrostatically attracted to the wall become
comparable to or even overwhelm the bulk ion con-
centration5. This imbalance between coions and coun-
terions results in an electrically charged solution within
the channels, giving rise to anomalous transport behavior
such as electrical current polarization and reverse elec-
trodialysis. These novel findings have opened new hor-
izons for attractive applications ranging from sequencing
to iontronics.
This review is organized to highlight recent progress in

the field of solid-state nanopore technology (Fig. 1). Since
it is not possible to cover the entire research frontier of
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nanofluidics, we recommend reading the recent excellent
articles on topics that are not included in the present
review6–10. We start by introducing fabrication methods
developed for creating nanofluidic systems with a variety
of materials and in an assortment of shapes. We then
describe state-of-the-art studies reporting novel mass
transport phenomena in nanoscale conduits with an
emphasis on ion transport characteristics. After that, we
outline the latest advances achieved in some innovative
applications from long-studied single-molecule sequen-
cing to the emerging concept of ionic memristors. Finally,
we discuss the perspectives and challenges for the future
development of nanofluidics devices.

Materials and fabrication
Nanofluidics deals with hydrodynamic flows restricted

within the nanoscale region in at least one dimension.
Devices fabricated with nanometer or subnanometer gaps
or channels guiding this extremely tiny fluid are called
nanochannels or nanopores. These terms are selectively
used to roughly describe length-to-diameter aspect ratio
geometries7. However, for the sake of clarity, we consider
nanoscale conduits as nanopores regardless of the channel
architecture since there is practically no clear definition for

discriminating them. Below, we introduce the fabrication
procedures of solid-state nanopores made of various kinds
of materials and resulting in an assortment of shapes.

Silica-based nanopores
The direct irradiation of focused ions or electron beams

can drill a nanopore in a thin membrane made of silicon
dioxide (SiO2) or silicon nitride (SiNx), as illustrated in
Fig. 2a11,12. The substrate is a piece of a silicon wafer. On
the wafer, thermally grown SiO2 covers both surfaces.
Alternatively, thin layers of SiNx are deposited by low-
pressure chemical vapor deposition. After forming a win-
dow by partially removing the thin film, the exposed Si
surface is deeply etched with KOH. As a result, one obtains
a nice flat membrane with a thickness <50 nm as long as the
residual stress in the thin layer is not significant. When
focusing high-intensity ions or electron beams at the
membrane, nanopores reaching subnanometer-scale dia-
meters can be formed. By simultaneously monitoring the
current on the other side of the membrane, the moment the
nanopore opens can be determined, thereby preventing
further growth of the pore due to overdosing11. TEM allows
us to confirm the actual diameter of the channel that is
formed, which usually has an hourglass-like motif. The size

Fig. 1 Fundamental properties and potential applications of solid-state nanopores. The nanoscale hole can be a sensor to detect and analyze
single-molecules and -particles. Material and structural designs also enables ion selective membranes useful for the iontronics and energy harvesting
applications.
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of the nanopore is also adjustable by postirradiation with a
low-intensity electron beam13. After first being demon-
strated for detecting single-molecule DNA by resistive pulse
measurements11, this fabrication method has been widely
employed as a reliable approach to sculpt nanopores with
single-nanometer diameters in a solid membrane for the
resistive pulse detection of single-molecule proteins and
genomes.

Anodic alumina nanopore
A well-ordered alumina nanopore array can be created

by the anodization of an aluminum surface (Fig. 2b).
Adding voltage to a mirror-polished aluminum substrate
immersed in an acidic solution, such as those made with
sulfuric, phosphoric, and oxalic acids, initiates the growth

of pores via the electric field-driven dissolution of the
liquid-touching Al2O3 and the concomitant oxidation of
the aluminum at the bottom of the hole14,15. Due to
repulsive interactions between neighboring nanopores,
they tend to be self-organized in a densely packed hex-
agonal arrangement16. Here, it is important to meet a
condition, which is generally defined by the solution pH
and the current density, to let Al3+ migrate efficiently into
the electrolyte solution through the oxide layer. Otherwise,
pore formation does not occur, as the Al3+ serves to form
an Al2O3 barrier layer without dissolving in the liquid15.
Conversely, by carefully adjusting the parameters, one can
create uniformly sized nanopores with diameters from
4 nm to 200 nm at densities ranging from 1012 to 1015

pores/m217,18. Usually, a two-step process is employed for

Fig. 2 Nanopore fabrication procedures. a Focused ion or electron milling; b anodic alumina nanopore; c track etching; d dielectric breakdown;
e tunable nanopore; f glass nanopipette; g DNA origami nanopore; h 2D nanopore. Scanning electron micrographs showing the typical nanopore
structures, reproduced with permissions from Venta et al.12 (a), Tabrizi et al.15 (b), Xie et al.22 (c), Yanagi et al.25 (d), Willmott et al.30 (e), Karhanek et al.32

(f), Bell et al.36 (g), and Feng et al.90 (h).
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producing anodic alumina nanopores, namely, predefining
a pore array pattern on a flat aluminum surface, by
nanoimprinting19 or preoxidation20, before pore formation
by anodization. By detaching the membrane or ion milling
the closed end of the oxide layer, one can acquire a
through-hole nanopore array. A unique advantage of this
fabrication procedure is that nanoscale conduits with well-
defined shapes can be produced with a simple chemical
process, which is less suitable for single-molecule sensor
applications but more suitable for producing the platforms
of energy harvesters and nanoreactors.

Track-etched nanopore
Conical-shaped nanopores can be created in a polymer

membrane by a method called track etching (Fig. 2c). It
uses an isolated polymer thin film often made of poly-
carbonate or poly(ethylene terephthalate)21,22. By irra-
diating a high-energy heavy ion beam in the range of MeV
to GeV, the polymer chains are locally degraded, thus
generating damage tracks that are selectively dissolved by
immersing the membrane in an alkaline solution, such as
NaOH. As a result, long nanopores penetrate through the
polymer. Whereas it is preferable to have only one pore to
study the ion transport characteristics, the substrate
usually contains multiple damage tracks, making it diffi-
cult to drill only a single channel. Special care should
therefore be taken to choose and use only one channel
among the sporadically formed track-etched holes under
an optical microscope21. It has also been reported that one
can open only one pore by simultaneously recording the
temporal change in the cross-membrane ionic current
during wet etching23. The tips of the holes can be made as
small as 10 nm, while having a large, µm-scale opening on
the other side. The overall shape can be controlled by
applying voltage during etching, which serves to enlarge
the opening and blunt the conical motif21. This
mechanism is of particular importance in view of resistive
pulse sensing, as a long and narrow conduit connected to
the nanopore tip will add nonnegligible ionic resistance,
thereby decreasing sensor sensitivity. Due to being a
relatively inexpensive process, this method has been
extensively used to study fundamental ion transport
characteristics in nanofluidic channels.

Dielectric breakdown
The insulating properties of thin dielectrics are known

to be impaired when a critically large electric field is
imposed. This phenomenon is called dielectric breakdown
and has been found to be a simple method to drill a
nanopore in a solid membrane (Fig. 2d)24–26. The setup
consists of a SiNx membrane suspended on a Si wafer.
The top and bottom sides are filled with electrolyte buffer,
and voltage is applied across the thin dielectric layer by
using two electrodes via a conductive ionic solution.

When measuring the current, it tends to increase gradu-
ally with an increasing voltage even before a hole opens
due to the leakage current through the thin SiNx mem-
brane. Moreover, a current jump is observed by further
enlarging the bias that signifies the creation of a nanopore.
The size of the pore can be roughly controlled by the
voltage and can reach the subnanometer scale. A pre-
requisite for this method is to use an ultrathin membrane
that is <10 nm thick to ensure a sufficiently large electric
field strength is produced to trigger breakdown. Alter-
natively, it has been observed that a thin solid film that
remains at one end of the hole cannot be ruptured by
voltage bias when using a relatively thick membrane,
although making the electrolyte solution more alkaline is
also reported to help remove this capping layer27.
Recently, this procedure has been extended to form
multiple nanopore arrays by using an atomic force
microscopy tip as a movable electrode to pinpoint the
location to apply the voltage28. Although fine control of
channel shape and size remains a challenge, the procedure
is simple, requiring only voltage stress to form single
nanometer-sized pores; thus, this is a promising process
for the mass production of nanopore sensors.

Tunable nanopore (q-Nano)
Tunable nanopores are commercialized solid-state

nanopores29,30. The apparatus comprises a sample stage
with pullers to mechanically deform an elastic membrane
made of thermoplastic polyurethane (Fig. 2e). In a 200-μm-
thick polymer, a conical-shaped hole is formed by drilling
with a sharpened tungsten tip. Stretching of the membrane
can enlarge the pore to the desired size within the max-
imum strain loadable to the polymer without causing fail-
ure. A detailed protocol has been developed to calibrate the
sensor wherein it measures standard synthetic beads to first
evaluate the actual pore shape and size. The device has
proven useful in detecting particles over a vast size range
(from 35 nm up to 1 μm) by choosing a suitable aperture.

Glass nanopipette
Glass is a hard and brittle transparent substance widely

used as pipettes in laboratories due in part to its excellent
chemical inertness. The material is generally made soft
and deformable by heating above the glass transition
temperature and then deforming the material into the
desired shape. This glass sculpture technique allows the
formation of a pipette with a nanoscale tip opening
(Fig. 2f)31,32. The starting structure is a simple glass pipe. A
laser beam is then used to irradiate the middle part of the
pipe to locally heat and soften that portion. Moreover, a
tensile force is applied to gently narrow the softened glass
down to several tens of nanometers. This ingenious pro-
cess is automated by a commercialized laser puller device
that can control the parameters, such as the pulling speed,
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to reproducibly fabricate nanopores of a certain size33.
Similar to track-etched nanopores, glass nanopipettes can
be obtained without nanofabrication technologies, which
has led to its wide application in laboratories to investigate
fluid and ion transport in nanofluidic channels.

DNA origami nanopore
While top-down approaches are useful for sculpting

micro- to nanoscale conduits in dielectric substrates, their
precision is far from competitive with that of chemistry, as
we see in the atomically precise structure of bionanopores.
Therefore, intensive efforts have also been devoted to
building nanopores by synthesis. In this context, DNA
nanotechnology has proven useful to design pores at the
nanoscale that use the selectivity of the four nucleobases to
freely design nanostructures by assembling molecular
building blocks called scaffolds and staples34. This bottom-
up technology, which is called DNA origami, provides a
way to form nanopores of well-defined size and shape at a
level of precision beyond semiconductor technologies
(Fig. 2g)35. However, since the molecular assembly
approach is not feasible for constructing large structures
such as a micrometer-scale membrane, the nanopore-
holding DNA structure is made to be relatively small (only
several tens of nanometers)36,37. Therefore, this structure
requires an additional process before being employed as a
sensor. Electrophoresis has been found to be a promising
strategy that implements the trapping of the negatively
charged DNA structure on a solid-state nanopore via
strong electrophoretic force under an applied cross-
membrane voltage. The captured of the DNA structure
on the nanopore can be confirmed by monitoring the
temporal change in ionic current. Glass nanocapillaries37

and SiNx nanopores
36 have proven useful for suspending a

DNA nanopore. It is also possible for the DNA structure to
be embedded in a lipid bilayer by attaching a hydrophobic
belt to partially cover the hydrophilic phosphate groups in
the DNA components38. The amazing precision of forming
a single nanometer-scale pore together with unique surface
properties that are useful for analyte-dependent interac-
tions make DNA origami nanopores a promising platform
for single-molecule sequencing.

Nanopores based on 2D materials
The original idea of nanopores aims to use the Coulter

principle for decoding the genome. A prerequisite for
single-molecule sequencing by an ionic current is to
achieve single- or several-nucleobase resolution in resis-
tive pulse analyses. Accordingly, the thickness of a
membrane needs to be comparable to the subnanometer
spacing of nucleotides in single-stranded DNA. In this
regard, two-dimensional materials have been increasingly
studied as promising membranes due to their monoa-
tomic thickness (Fig. 2h)39. Three research groups have

reported the fabrication and use of a graphene nanopore
for detecting polynucleotides40–42. They transferred a
piece of graphene obtained by the mechanical exfoliation
of graphite or the chemical vapor deposition of methane
on a metal foil onto a relatively large pore formed in a
SiNx membrane. A nanopore was then sculpted by
focused electron beam milling. While successful in
observing single-molecule DNA translocation, the
experiments also revealed the hydrophobic nature of
graphene, which may ease pore clogging due to the
adsorption of the biopolymer on the surface42. To over-
come this issue, other two-dimensional materials have
also been tested, such as boron nitride (BN)43, molybde-
num disulfide (MoS2)

44, and transition metal carbide45.
While the materials differ, the transfer and nanopore
fabrication processes are basically the same as the pio-
neering works on graphene. The ultimate thinness of the
2D nanopores prepared with this method makes them an
optimal choice for achieving single-nucleobase resolution
to realize solid-state nanopore sequencing.

Surface modification and functionalization
The chemical modification of a wall surface is an

effective method for regulating ion transport in a nano-
pore because of the small volume in the conduit relative
to the surrounding surface area46. Various functional
molecules have been utilized to render novel functional-
ities. A straightforward example may be pH-tunable I–V
characteristics47. By adjusting the solution pH higher or
lower than the isoelectric point of functional molecules,
the channel wall can be made negatively or positively
charged, which can give rise to pH-dependent ionic cur-
rent rectification behaviors48. A polymer brush embedded
in a nanopore is also found to demonstrate interesting
phenomena, such as temperature-responsive ionic con-
ductance, due to the corresponding changes in the
molecular conformation49. Beyond regulating ion trans-
port, it also provides a way to control the translocation
dynamics of objects inside the channel. Employing
molecular probes such as peptides and DNA, particular
biomolecules and particles can be temporarily trapped
inside the functionalized conduit via specific inter-
molecular interactions, thereby enabling the bioselective
detection of analytes50–52. Although the procedure varies
depending on the channel material, functionalization is
often implemented by the covalent binding of molecules
on the wall surface in a solvent. In this regard, metal
coatings, such as gold and platinum, are sometimes
implemented to make use of thiol groups to strongly
anchor the molecules53.

Transport phenomena and mechanisms
Unlike in macroscopic channels, ion, and fluid flow in

nanopore systems are affected by surface properties.
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This section summarizes some key phenomena relevant
to their potential use in sensor and device applications.

Fundamental ion transport characteristics
Nanopore devices basically consist of two electrolyte

solution-filled chambers separated by a thin dielectric
membrane. Applying voltage, the cations and anions
are field-driven to move toward the anode and cathode,
respectively, which produces a constant ionic current
via electrochemical reactions at the electrode-liquid
interfaces. Physically, they are diffusive systems despite
the nanoscale space allowed for transport due to the
ultrashort mean free path of ions in liquid. The ionic
conductance can thus be described by Maxwell’s model
with the constant resistivity of a bulk salt solution
ρ as a summation of the resistance inside (Rpore) and
outside (Racc) the pores (Fig. 3a, b). Here, whereas Rpore

is merely the resistance of an ohmic resistor, for
instance, Rpore = 4ρL/πd2 in the case of a cylindrical
conduit of length L and diameter d, the latter is an
intriguing factor called the access resistance, which is

estimated as54:

Racc ¼ 1
2dn0ðμK þ μClÞe

ð8Þ

while that of the cylindrical nanopore is55:

Rn ¼ 4L
πd2n0ðμK þ μClÞe

1þ 2lDu
R

� ��1

ð9Þ

In the above, μK/Cl is the electrophoretic mobility of
K+/Cl−, n0 is the imposed concentration of KCl, and lDu is
the Dukhin length defined as the ratio of nanopore
surface conductivity over the bulk surface conductivity
lDu= κs/κb. This simple analytical model is able to explain
the ionic current characteristics over a vast range of pore
sizes from micro- to nanopores. Recently, the physical
origin of ion conductance has also been rigorously
explored by all-atom simulations56 to shed light on the
nontrivial influence of surface charges and the atomistic
structure of channels in real experiments (Fig. 3c, d).

Fig. 3 Maxwell’s access resistance. a Equivalent circuit model of a nanopore with diameter d and length l consisting of the resistance Rpore inside
the channel connected in series to the access resistance Racc at the exterior regions. b Nanopore conductance as a function of the pore diameter.
Solid curves denote the theoretical values provided by the analytical model. Reproduced with permission from Kowalczyk et al.57. c, d A model
used for estimating the access resistance by all-atom simulations (c) and the obtained cross-pore resistance. Reproduced with permission from
Sahu et al.56.
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When using low aspect ratio nanopores, the voltage
drop in the chambers becomes nonnegligible owing to the
increased relative significance of the access resistance over
the nanopore resistance: ΔVacc=V � d=L. It has been
verified that only by taking the access resistance into
account can the ionic conductance be measured57, parti-
cularly for ultralow aspect ratio 2D nanopores40,58.
Moreover, the nanopore resistance has been explored

experimentally with scanning probe microscopy (SPM) by
scanning a tip near nanopore orifices. The corresponding
current blockage by the tip apex enables us to map the
relative pore resistance increase ΔR/R0 (ΔR and R0 are the
pore resistance change caused by the tip and the open
pore resistance, respectively) as a function of the tip loca-
tion, nanopore geometry, and salt concentration59. The
measured ΔR/R0 is found to depend strongly on the
imposed salt concentration when small-diameter nano-
pores are used. The relative resistance rapidly becomes
larger at higher KCl concentrations. This result is attributed
to similar mechanisms to those used for explaining the
ionic current enhancement observed during DNA translo-
cation under low salt concentration conditions. On the one
hand, the volume exclusion effect by the SPM tip near the
pore orifice causes an invariant ΔR/R0 with the imposed
KCl concentration. On the other hand, there will be
counterions within the EDL surrounding the SPM tip in the
solution, which will bring more ions into the conduit
(decreasing the resistance, ΔR < 0). Previous analysis indi-
cates that the smaller the imposed KCl concentration is, the
larger the relative significance of this resistance-reducing

effect. In other words, at a high KCl concentration, the
resistance-reducing effect due to the counterions is out-
performed by the volume exclusion effect of the charged
SPM tips. In this way, a larger ΔR/R0 occurs in the presence
of a high salt concentration.

Ion selectivity
Biological membranes hold channels with unique ion

selectivity that admit or reject specific ions, such as K+ and
Cl−, in response to action potentials. Additionally, it has
been demonstrated that ion transport in synthetic nano-
pores can also be made selective to cations or anions.
A typical phenomenon encountered during the current-
voltage measurements of nanofluidic systems is that instead
of ohmic behavior, the electrical conductance becomes
saturated when C0 decreases. Saturation is reported not
only in conventional silica nanochannels60,61 and poly-
ethylene terephthalate (PET) nanopores62, but also in those
made from novel materials, such as quasi-1-dimensional
boron nitride nanotubes, as seen in Fig. 4a–c59. This ubi-
quitous saturation behavior is well explained by considering
the electrostatic effect of the surface charges on the channel
wall that renders ion selectivity to the synthetic
nanochannels60,63.
Here, the concept of electrical double layers (EDLs) is

crucial to understand ion selectivity. For example, a silica
pore wall is charged when in contact with a water solution
owing to the hydrolysis reaction SiOH↔ SiO−+H+.
Counterions with opposite types of charges are then elec-
trostatically attracted to the wall surface, while coions of

Fig. 4 Ion selectivity in solid-state nanopores. a, b Sketch (a) and TEM image (b) of the fabricated transmembrane boron nitride nanotube (BNNT)
for nanofluidic measurement. c Measured electrical conductance versus the concentration of imposed KCl in BNNT systems with various radii and
lengths of tubes. (R, L) = (40 nm, 1250 nm) (purple), (29 nm, 900 nm) (red), (22 nm, 1500 nm) (green), and (15 nm, 800 nm) (blue) at pH 5. Reproduced
with permission from Siria et al.65. d, e Ion-enrichment and ion-depletion behavior observed with fluorescence in single-gate nanofluidic devices.
Reproduced with permission from Kim et al.67.
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the same type are repulsed to the inner side. Theoretically,
the Poisson–Boltzmann equations can be employed to
describe the distributions of the coions, counterions, and
electrical potentials in the nanopore system64. These
equations indicate that both the electrical potential and ion
concentration vary significantly in several nanometers
around the channel wall, while being kept roughly invariant
near the channel center thereby forming an EDL with a
thickness defined by the Debye length λD at the wall-water
interfaces. Generally, there are two extreme cases at the
higher and lower limits of imposed salt concentrations.
One is that C0 is so small that the EDL overlaps around
the channel center. Since charge screening is ineffective
under such conditions, the surface effect tends to dominate
transport in the nanopore. The other situation is that the
EDL is quite thin because of the large C0. Since the imbal-
ance between counterions and coions in the EDL is trivial
compared to the bulk salt concentration, the transport
behavior becomes more straightforward with little influence
of the surface charges. More specifically, we define ion
selectivity to measure the significance of the surface charge
effect in nanopores with monovalent ions:

γ ¼ nþ � n�
nþ þ n�

ð1Þ

where n± ¼ 2
R R
0n± rdr=R2 is the averaged cation/anion

concentration over the channel cross-section. The abso-
lute quantity of ion selectivity will reach the maximum
value of 1 given the strong surface effect, indicating that
the channel is occupied completely with either cations or
anions. On the other hand, γ will be 0 in the presence of a
negligible surface effect, i.e., when there are almost equal
numbers of cations and anions. By noting the electrical
neutrality condition in the channel cross-section and
using a first-order approximation ðnþ þ n�Þ � C0, the ion
selectivity is further simplified as follows:

γ ¼ �2πRσw
eπR2ðnþ þ n�Þ /

σw

RC0
ð2Þ

In the above, σw is the density of surface charge on the
nanopore wall, and C0 is the bulk concentration of the
imposed monovalent salt. The above equations predict a
more pronounced ion selectivity occurs in fluid channels
with a smaller diameter, denser surface charge, and a
lower salt concentration. In fact, it has been reported in
experiments that by using nanopores with smaller dia-
meters, the conductance per area keeps increasing with a
reduced diameter, while saturation of the electrical cur-
rent starts to be observed at higher salt concentrations
(Fig. 4c)65,66.
Further direct evidence of ion selectivity is the con-

centration polarization at the two ends of a nanopore

observed with fluorescence microscopy technology when
imposing a cross-channel voltage67. By using permselective
Nafion membrane systems, only cations are allowed to pass
through the nanopores. Negatively charged green fluores-
cence protein molecules are observed to accumulate and
deplete at the low- and high-voltage ends (Fig. 4d-e), which
is expected in cation-selective nanopores. Anions, in con-
trast, can hardly pass through the channel; thus, they tend
to accumulate at the entrance. On the other hand, those
few anions that pass through are quickly driven to the
anode by the electric field, leading to a depletion of anions
around the exit.
The ion selectivity explained above is found to yield an

abundance of ion transport properties from diode-like
characteristics68,69 to negative differential resistance70,71.
Furthermore, solid-state nanopores also serve as a useful
platform for exploring the ingenious mechanism behind
selective ion and mass transport in biological channels.
Recently, Lin et al.72 demonstrated calcium gating in
molecule-coated nanopores. They functionalized the SiNx

pore wall surface with triethoxysilylpropylmaleamic acid,
which has carboxyl groups to bind Ca2+. The open pore
conductance was observed to decrease with an increase in
the molar concentration of CaCl2 in a KCl solution, which
was ascribed to the channels shrinking via calcium bind-
ing on the membrane surface. This study offers not only
unique insights into the physical characteristics of calcium
channels in biological systems but also a clue to mimic
these functions with solid-state nanopores.

Electroosmotic flow
One of the aspects that clearly discriminates the ionic

characteristics of nanopores from solid-state electron
transport counterparts is the intimate role of fluid flow. In
this regard, electroosmosis in nanofluidic channels has
been intensively studied, which stems from the fact that
the electrical double layer moves under an external elec-
trical field due to the net charges inside generating an
electrical body force ~fe, as seen in the following Navier-
Stokes equation:

ρ ∂~u
∂t þ~u � ∇~u� � ¼ �∇pþ η∇2~uþ~fe

∇ �~u ¼ 0

(
ð3Þ

where~fe is given as:

~fe ¼ ~Eρe ¼ e~E
X

i
zini ð4Þ

In the above, ~u is the velocity field of the fluid, ρ is the
fluid density, p is the hydrodynamic pressure, η is the fluid
viscosity, ~E is the electric field, zi and ni are the valence
and concentration of the ith type of ion, respectively, and
ρe is the net charge density. As a result, a fluid tends to be
moved along the force, which is called electroosmotic flow
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(EOF). Although electroosmosis is a well-studied phe-
nomenon, the characteristics are anticipated to change
appreciably in nanopores with a sub-Debye length con-
sidering the prominent effects of surface charge. Experi-
mentally, two strategies have been developed to measure
EOF velocity. One was an image tracing method where
the EOF is evaluated by imposing fluorescent molecules,
such as rhodamine B, into a nanofluidic system and then
measuring their translocation time with a camera or
photodetector. The average electroosmotic mobility of
borosilicate glass nanopores has been found to be 35%
lower than that in micrometer-scale channels by using
this technique73. This result is attributed to the prominent
viscous force from the channel wall surface now taking a
larger part in determining the EOF profile since the EOF
overlaps within nanopores with smaller diameters.
Nevertheless, several nontrivial side effects have to be
carefully assessed when using this image tracing approach.
First, it is invasive technology since the electric field
within the channel is modulated by the charged fluor-
escent molecules that are used. Moreover, the electro-
phoretic and diffusion motion has to be excluded from the
measured fluorescence molecule speed since the mole-
cules are added into one chamber and then moved
through the nanopore both electrophoretically and

diffusively in addition to the advection caused by EOF.
Another approach is to estimate the electrical current
variation slope upon replacing the more conductive
electrolyte solution with a less conductive solution in the
channel by EOF. By using this technique, it has been
demonstrated that the EOF velocity in small-diameter
polymer nanopores is proportional to the applied electric
field but is smaller than that in microchannels under the
same applied electric field74.
The abundance of EOF behaviors is further demon-

strated through ionic current modulation ΔI as well as
changes in the velocity of particles and molecules
through a nanopore at various salt concentrations61.
Depending on the KCl concentration, DNA translocation
decreases (Fig. 5a) or increases (Fig. 5b) in an ionic cur-
rent with some variation. The average translocation
speed of DNA is also slower in a 150-mM KCl solution
than in a 500-mM KCl solution. The above experimental
observations suggest that the EOF has a strong depen-
dence on the imposed salt concentration, leading to a
varying DNA translocation speed uDNA. Theoretical
modeling and calculation can quantitatively explain the
above phenomena as being caused by the competing
effects of the volume exclusion effect and the anionic
DNA-induced EOF effect for ionic current enhancement,

Fig. 5 Salt concentration dependent ionic current changes. a, b DNA translocation through 10 nm diameter nanopores resulting in ionic current
decreases at NKCl= 500mM (a) and enhancements at NKCl= 150mM (b). Reproduced with permission from Smeets et al.61. c, d Gold nanoparticle
detection using functionalized nanopores (c) that led to observations of an ionic current increase upon translocation (d). Reproduced with
permission from Karmi et al.75.
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while the DNA velocity modulation is attributed to the
different magnitudes of the EOF at different KCl con-
centrations64. Later, this phenomenon is confirmed to be
a rather universal phenomenon observed for analytes
other than polynucleotides, such as Au nanoparticles75

(Fig. 5c, d) and proteins76.

Streaming conductance
Under mechanical or electrical driving forces, there is

both an ionic current I and fluid flow Q in nanopores,
which are defined by the following formulas77:

I ¼ dI
dΔp

Δpþ dI
dU

ΔU ¼ SstrΔpþ 1
R
ΔU ð5Þ

Q ¼ dQ
dΔp

Δpþ dQ
dU

ΔU ¼ 1
Z
Δpþ SstrΔU ð6Þ

where ΔU is the applied voltage, Δp is the pressure
gradient, and Q=

R 2π
0 dφ

R R
0uzrdr is the flow rate defined

as the area integration of the axial velocity uz of the fluid
over the cross-section of the nanopore. In the above
definition, R is the electrical resistance of the pore, Z is the
fluidic impedance, and Sstr is the so-called streaming
conductance. The Onsager relation indicates that the
following:

Sstr ¼ dI
dΔp

¼ dQ
dU

ð7Þ

Therefore, experimentally, the streaming conductance
can be obtained either by measuring the electrical current
upon imposing a hydrodynamic pressure or by measuring
the flow rate under an applied voltage. The former
denotes a process of mechanical to electrical energy
conversion, while the latter does the opposite. Here, we
focus on the former mechanism since the pressure-
induced electrical potential/current is the process for

electrical power generation, while the latter voltage-driven
EOF has already been discussed in the preceding section.
An example of an experimental setup for measuring the

streaming conductance is described in Fig. 6a, where the
air pressure is regulated to add pressure to the flow fluid
through a conduit (Fig. 6b) while recording the ionic
current through the channel. As depicted in Fig. 6b, the
streaming current originates from the pressure-driven
flow due to unbalanced counterions. At first glance, it
seems that the streaming conductance should be
approximately invariant with the imposed salt con-
centration since the electrical current is the product of
flow velocity and the amount of cross-sectional net
charge, I � uzðnþ � n�Þ. The former is determined by the
applied mechanical pressure, while the latter is provided
by the density of the channel wall surface charge. Inter-
estingly, whereas neither factor is related to the salt
concentration, the streaming conductance is reported to
decrease rapidly at higher KCl concentrations, while it
remains roughly constant when the KCl concentration is
below a critical level63. For example, the experimentally
measured Sstr in a 140-nm-high nanopore at 17 μM KCl is
three times larger than that at 0.33M63.
Here, the physical mechanism is the different distribu-

tions of counterions n± along the radial direction when
using various concentrations of KCl. Due to the nonslip
boundary condition, the cross-pore flow velocity uz is
fastest at the radial center of the nanopore but decreases
and becomes zero around the channel wall. In a cylind-
rical nanopore with a nonslip channel wall, the pressure-
driven flow is described by the Hagen–Poiseuille equation
uz(r)=−(∂p/∂z)(1−r2/R2) R4/4η, where uz(r) is the
channel axial component of the flow velocity along the
channel radial direction, ∂p/∂z is the pressure gradient
along the channel axial direction, η is the viscosity of the
solution and R is the channel radius. The profile of uz(r) is
parabola-like. Then, when more net charge is located near
the radial center of the channel, the voltage-driven

Fig. 6 Streaming current measurements. a Setup for streaming current measurements. External pressure is added to induce fluid flow in a
nanopore. The change in the ionic current through the nanopore is recorded as a function of the applied pressure. b Physical image of the
pressure-driven streaming current in the nanopore. The directional flow of the counterions (cations in the image) generates a measurable amount
of ionic current.
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electrical current will increase since that is where the flow
velocity is largest. Therefore, given roughly the same
amount of net charge in the channel cross-section, a
smaller salt concentration results in a thicker EDL and a
larger proportion of counterions near the radial center of
the channel, indicating a larger Sstr at a lower salt con-
centration. In this sense, the experimental observations of
decreasing the streaming conductance in nanopores at
larger salt concentrations by van der Heyden et al.63,77

showed compelling evidence for the EDL variation trend
in respect to the salt concentration.

Reverse electrodialysis
It is known that an electrical voltage will be generated

due to the chemical potential gap between solutions with
different ion concentrations (Fig. 7a). Thus, reverse elec-
trodialysis (RED) has been proposed to harvest thermal
energy by stacking layers of cation/anion selective mem-
branes in an alternating manner between diluted and
concentrated solutions (Fig. 7b). Since the crucial tech-
nique here is the ion selection property of the membranes,
cation- or anion-selective nanopores are also utilized to

implement RED and have been further developed as
nanoscale power generators66,78–80. It has been reported
that both the direction and magnitude of the measured
open-circuit voltage ΔV and the water flow by the RED
effect are tunable by the ion species and densities81. For
example, in a 100-nm-diameter nanopore coated with 3.5
layers of poly(allylamine hydrochloride) (PAH) and poly
(sodium 4-styrenesulfonate) (PSS) with a chloride solu-
tion in one end and pure water in the other end, water
flow toward the pure water side has been reported when
using Li+, Mg2+, Ca2+, Sr2+, and Ba2+. In contrast, water
flow in the opposite direction has been detected when
using K+, as shown in Fig. 7c. Another interesting phe-
nomenon is that the induced open-circuit electrical
potential ΔV does not keep increasing when the KCl
concentration difference Cmax/Cmin increases. Instead, ΔV
reaches a maximum value at a moderate value of Cmax/
Cmin and then decreases at a larger concentration ratio, as
seen in Fig. 7d66. Not only has it posed a challenge to
theoretical understanding of the underlying physical
mechanisms, but it also has required more complicated
design of the energy harvesting device rather than being

Fig. 7 Reverse electrodialysis in synthetic nanochannels. a System setup for reverse dialysis. Two chambers connected with an ion-selective
nanopore were each filled with electrolyte solutions with different ion concentrations. b Schematic model depicting counterion transport from high-
to low-concentration sides across the nanopore. c Measured net flux of water transport as a function of different electrolyte types. The negative
values of Li+, Mg2+, Ca2+, Sr2+, and Ba2+ indicated that the direction of the net flux of water was from the chloride salt solution toward pure water,
while the positive direction of K+ indicated the opposite. Here, 3.5 (PSS/PAH)-coated 100 nm membranes were used after standing for 12 h at 20 °C.
Reproduced with permission from Yang et al.81. d Open-channel voltage measured in rectangular nanopores with a height (H) of 4 nm (black-square
symbols), 26 nm (blue-triangle symbols), and 80 nm (red-round symbols). In the left half, the lower salt concentration CL was fixed at 0.01 mM at one
end while that in the other end CH was tuned from 1mM to 1 M; in the right half, CH was fixed at 1 M while CL was tuned from 0.01 mM to 0.1 M.
Reproduced with permission from Kim et al.66.
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able to straightforwardly use the large concentration ratio
of seawater over river water ~600mM/10mM.
Regarding the theoretical understanding of RED

mechanisms, one critical issue is to distinguish the channel
wall surface charge-induced electrical potential ΔVσ from
that caused by the mobility difference between cations and
anions ΔVD. The thickness of the EDL continues to increase
from the concentrated end to the dilute end owing to the
imposed salt bias across the nanopore. This mechanism
indicates an enhanced ion selectivity along the direction
according to Eq. 2. The axial variation of ion selectivity in
the channel, as characterized by the diffusion of counterions
along the axial direction of the channel, leads to an elec-
trical potential difference ΔVσ at the two ends of the
nanopore. On the other hand, the different mobilities
between cations and anions, such as Na+ and Cl−, also
trigger a potential bias ΔVD. Therefore, ΔVσ is a surface
effect that is uniquely present in the nanofluid system, while
ΔVD is a bulk effect that is ubiquitous in both macroscopic
and nanoscopic fluids. To quantitatively analyze ΔVσ and
ΔVD and their dependence on nanopore device parameters,
a space-charge model has been developed to provide
insights into RED in salt concentration-biased nanofluidic
systems78. This model illustrates that depending on the
material properties of the channel wall and the imposed salt
species, the exclusion effect can counteract or synergize
with the diffusion effect, thereby causing some of the
various phenomena of RED in nanochannels66,82.

Potential applications: nanopore sensors and
reactors
The original idea of nanopore sensing was to use solid-

state or biological pores as nanoscale analogs of Coulter
counters to detect and analyze single molecules in liquids.
Here, we review the developments of practical nanopore
sensors and devices in various fields.

Nanopore sequencers
More than two decades ago, nanopores were found to

be a useful tool as a molecular counter83. By measuring
the times of ionic current blockage caused by the volume
exclusion of biomolecules during their electrophoretic
transit through nanopores, it can be determined how
many molecules have passed84. Currently, more sophis-
ticated device structures and measurement metrics are
designed with the aim of not only counting move-through
events but also recognizing molecules based on features
extracted from their ionic current signals, similar to
computerized tomography scans84–86. Alluring applica-
tions such as nanopore-based genome sequencing and
protein analysis with revolutionarily enhanced speed at
low cost have stimulated a large amount of research
activity and tremendous progress in this new horizon in
recent decades1,2,87.

The ionic current blockage approach in bionanopore
sensors largely relies on the fact that different types of
biomolecules will have different interaction strengths with
the nanopore wall. Consequently, different levels of ionic
current blockage are obtained and used as fingerprints to
identify diverse types of molecules. A typical example is to
exploit the varied binding strengths of four types of
nucleotides with engineered Mycobacterium smegmatis
porin A (MspA) nanopores4. As seen in Fig. 8a, single-
stranded DNA in a hairpin conformation can be pulled
through an MspA nanopore at a driving voltage of
180mV. An ionic current blockage ΔI ~ 240 pA with a
duration of several milliseconds is measured. Moreover,
by using single-stranded 14-base oligonucleotides with
different types of homosequences (adenine, thymine,
guanine, and cytosine), different amplitudes of ionic
current blockage are observed, as seen in Fig. 8b, c. This
result is ascribed to the different strengths of the binding
interaction of the four types of nucleotides with the MspA
protein4. The basic principle of nanopore sequencing thus
suggests that nanopores should be highly stable, remain
chemically functional over a large variation in environ-
mental temperatures and have discriminable binding
strengths with different nucleotides1. The ionic current
blockage approach has now progressed from the labora-
tory to industry owing to its overwhelming advantages in
increasing sequencing speed and cost-effectiveness com-
pared to traditional approaches, such as sequencing by
synthesis. A leading company of this new-generation
sequencing technology is Oxford Nanopore®, which has
developed several U-disk-like nanopore sequencing devi-
ces called MinION that have already demonstrated a
sequencing alignment accuracy as high as 97% by third-
party tests88.
On the other hand, there has been a continuing devel-

opment to establish solid-state devices that mimic the
single-molecule sensing capability of biological channels for
more robust and low-cost sequencers1–3. The conventional
structure consists of a 50-nm-thick SiNx membrane on a Si
wafer wherein a single nanometer-sized pore is sculpted by
directly irradiating an ion or electron beam11–13. The
Coulter principle allows us to sense the electrophoretic
translocation of single polynucleotides by measuring the
cross-membrane ionic current. Since pioneering works in
the 2000s, tremendous efforts have been devoted to
enhancing the spatial resolution of solid-state nanopore
sensing by reducing the length of channels through the use
of thinner membranes. Eventually, three groups succeeded
in fabricating pores in an atomically thin sheet of carbon,
i.e., graphene nanopores40–42. Later, other 2D materials
were also tested, such as boron nitrides89, transition metal
carbides45, and MoS2

90, to improve their notoriously
hydrophobic characteristics91. Among them, MoS2 has
been found to be a promising candidate for realizing
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single-molecule sensing with single-nucleobase resolution,
despite not yet having been sequenced (Fig. 8d–f)90. In
contrast to this bottom-up approach, there are top-down
methods to create ultrathin membranes. For instance, SiNx

membranes can be locally thinned to <5 nm thickness by
dry etching, which enables excellent spatial resolution to
discriminate the shapes of microRNAs by ionic current
measurements92.
Progress in solid-state nanopore technologies has spurred

many studies on sequencing proteins via nanopores93. It has
been observed that the number of ionic current fluctuations
matched that of residues in a protein during the electric
field-driven movement of denatured protein through a
subnanometer-diameter silicon nitride nanopore (Fig. 9a)93.
Moreover, from the statistics of current fluctuation ampli-
tudes, quadromers, molecules composed of four residues,
can be discriminated by their primary structure93. These
results suggest that these solid-state nanopores with sub-
nanometer diameters are sufficiently sensitive to achieve a
molecular volume difference space resolution as small as
0.07 nm3; thus, these nanopores are able to recognize the
posttranslational modifications of single residues (Fig. 9b).

The compatibility of solid-state nanopores with NEMS
technologies has also inspired researchers to incorporate
additional probes to attain better discriminability of single
molecules. Most strategies are based on embedding
nanoelectrodes in a nanopore. For example, a pair of
electrodes can be used to monitor transverse electron
transport through single nucleotides upon DNA translo-
cation (Fig. 10a). Since charge transport occurs by quantum
tunneling through molecular orbitals, it allows us to dis-
tinguish the four types of nucleotides by their distinct
electronic structures85,86,94,95. Indeed, molecular dynamics
simulations suggest that by exploiting the difference
between the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of the
four nucleotides, the transverse currents will be statistically
discriminable for adenine, guanine, cytosine, and thymine
(Fig. 10b)94. It has been verified experimentally that the
measured tunneling currents between ultrasharp electrodes
are statistically distinguishable when different kinds of
single nucleotides pass through the tunneling gap via
Brownian motion in water (Fig. 10c)86,96. The single-
molecule discriminability is further improved by

Fig. 8 Nanopore sequencing by ionic current. a Single-molecule DNA sequencing by ionic current measurements using MspA nanopores. The
motor enzyme was attached to the pore, which enabled ratchet motions of single-stranded DNA via polymerase chain reactions. b, c Ionic
conductance trace showing staircase-like profiles representing the distinct difference in the ionic current blockade by the nucleotides (b) that
allowed one to determine the base sequence (c). Reproduced with permission from Noakes et al.87. d Single-molecule DNA detection using a MoS2
nanopore. Polynucleotides were dispersed in an ionic liquid to slow the electrophoretic translocation speed. e Resistive pulses observed for 30-base-
long oligonucleotides. f Single-nucleotide discriminations by resistive pulse height and width. Reproduced with permission from Feng et al.90.
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functionalizing electrode tips with recognition molecules so
that the system becomes selective to particular types of
nucleotides95,97. This method has also proven capable of
identifying 12 different amino acids as well as a post-
translational modification98,99. After proof-of-principle
demonstrations, various structures of electrode-embedded
nanopores have been fabricated for sequencing by tunnel-
ing current. For instance, in-plane nanopores that make
use of an electromigration break junction method to
simultaneously form a nucleotide-sized electrode gap and
nanopore (Fig. 10d)100, metal-oxide-metal multilayer
structures101, and cross-plane architectures using FIB mil-
ling/deposition102 or electron beam lithography (Fig. 10e)
have been fabricated103. More recently, a tunneling current
detector has been integrated at the tip of a nanopipette104,
whose movable nature is expected to greatly expand
the applications of the single-molecule sensor (Fig. 10f).

In addition to tunneling current methods, the field-effect
transistor approach has been rigorously studied105–107,
which can benefit from the larger current to sense small
molecules108.
Despite the significant advances made in the past dec-

ade, several prominent challenges remain for the envisaged
sensing of single-molecule sequencing by solid-state
nanopores. Among the current issues, including the lack
of affordable fabrication technologies for the mass pro-
duction of single nanometer-sized pores40,42,109, a major
concern has been that the translocation dynamics for
detecting and discriminating single nucleotides110 is too
fast, thus requiring an efficient method to regulate the
electrophoretic motions of flexible biomolecules. More
specifically, it is estimated that each pass-by nucleotide has
to dwell within the nanoscopic sensing zone for at least
1 ms to provide useable current data1, while the actual

Fig. 9 Nanopore sequencing of polypeptides. a Schematic view of an electric field-driven polypeptide moving through a subnanometer-diameter
SiNx nanopore. bMonitored time-variant ionic current during translocations of single molecules of CCL5 through a 0.5 × 0.6 nm2 pore at a 1-V cross-pore
voltage. c–f Expanded view of a single blockade associated with the translocation motion of single CCL5 (c), CXCL1 (d), BSA (e), and H3N (f) molecules.
g Accounts of fluctuations tallied using a Fourier analysis from blockades shown in c–f. Reproduced with permission from Kennedy et al.93.
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speed is >1 nucleotide per μs when no means of translo-
cation dynamics control is involved61,64. Several passive
ways have been found to be useful to lower the translo-
cation speed, such as lowering the temperature111,
increasing the viscosity111,112, and imposing salt gra-
dients113. In particular, ionic liquids have been utilized in
recent experiments as viscous media, helping to sig-
nificantly slow the threading of DNA through a nano-
pore90. Moreover, a means for active controls of rapid
single-molecule motions has also been investigated by
adding external stimuli, such as light irradiation114,115 and
electric voltage application64,116. The latter approach is
particularly promising because electrical manipulation can
potentially implement fast feedback control against the
instantaneous translocation dynamics of polynucleotides.

In fact, surround-gate electrode-embedded nanopores
have been recently observed to provide fine control over
the motions of nanoparticles in a nanopore at the 10 nm/s
level via gate voltage117. Although not yet applied to
molecules such as proteins and genomes, electrical gating
is expected to enable ultraslow translocation for solid-state
nanopore sequencing.

Plasmonic nanopore sensors
While nanopore sensing is, in general, based on elec-

trical measurements, there have also been developments to
incorporate optical analyses. This technique uses plas-
monic nanopores because they implement the high sen-
sitivity of localized surface plasmon resonance (LSPR),
which is a well-established technique exploited in various

Fig. 10 Sequencing by the quantum tunneling current. a Snapshots of molecular dynamic simulation of single-stranded DNA translocating
through an electrode-embedded nanopore. b Corresponding time-variant tunneling current. Reproduced with permission from Lagerqvist et al.85.
c Single-nucleotide discriminations via the tunneling current that was measured using a pair of metal electrodes formed by a microfabricated
mechanically controllable break junction. d, e In-plane (d) and cross-plane electrode-embedded nanopores. The transverse tunneling current
through the nucleotides was recorded upon translocation of single-molecule DNA through the nanopores. f Tunneling current detector integrated at
the tip of a nanopipette used for detecting genomes and proteins.
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fields, such as photocatalysis and nanomedicine118,119. The
sensor is composed of a pore in a solid membrane with
plasmonic nanostructures120,121. It is known that the
temporal resolution of the ionic current readout in
ordinary nanopore sensors is severely restricted by the
short dwell time of the molecules through the sensing
region122. However, by introducing plasmonic sensing, the
signal-to-noise ratio is enhanced through the confinement
of the electromagnetic field at hotspots, thus improving
the molecular detection capability. In addition, steep gra-
dients in optical fields can be used to trap molecules in the
sensing region, providing a long measurement time. One
proposed device structure of a plasmonic nanopore is to
fabricate plasmonic nanostructures next to nanopores.
The advantage of this method lies in the nanopore being
used to deliver the target molecules to the plasmonic
hotspot through electrophoretic force, while the plasmonic
nanostructure is used to provide the optical trapping force
that helps to extend the molecule dwell time in the sensing
region123. Significant improvements in the signal-to-
background ratio, temporal resolution, sensor specificity,
and scalable parallelized detection have been reported.
Various types of plasmonic nanopore configurations, such
as gold bowtie nanoantennas, bullseye-shaped plasmonic
structures, plasmonic pore-in-cavities and graphene
nanopores with self-integrated/aligned optical nanoan-
tennas, have been developed124–127.
Recently, several novel techniques, such as plasmonic

nanotrapping, fluorescence enhancement, and label-free
optical sensing, including resonance shift and surface-
enhanced Raman spectroscopy (SERS), have been
demonstrated. Protein detection and electrical biasing of
plasmonic nanopores have been shown in a sensor
consisting of an inverted-bowtie shaped opening in a
gold-covered silicon-nitride membrane128,129. The
nanoaperture serves both as an optical antenna and a
through hole, allowing the simultaneous application of
optical and electrokinetic forces, as shown in Fig. 11a.
Protein beta-amylase has been detected by this device,
where the polarity of the detected signal is predicted
from the simulated plasmon resonance peak wavelength
of the nanostructure (Fig. 11b).
Fluorescence emission can significantly enhance the

signals within a plasmonic hotspot. Recently, a plasmonic
nanowell–nanopore (PNW–NP) was developed, as shown
in Fig. 11c129. Double-stranded DNA molecules of ~5 kbp
labeled with a fluorophore were then detected by electro-
optical measurements (Fig. 11d). A nearly tenfold increase
in the peak intensities of the events was demonstrated
with the PNW– NP device compared to that with a
standard device, thereby showing the power of incorpor-
ating plasmonics and nanopores for molecular sensing.
Plasmonic nanopores can also be used for sensing

unlabeled molecules by analyzing the resonance shift and

surface-enhanced Raman spectroscopy (SERS) caused by
the target molecules (Fig. 11e–g). The label-free sensing
of individual DNA molecules at a high turnover rate has
been demonstrated by integrating a nanopore with a
plasmonic nanoantenna (Fig. 11e)130. The target biomo-
lecules are electrophoretically driven to hotspot locations
through the route guidance of the nanopore causing
molecule-dependent quantitative changes in the refractive
index (Fig. 11f) that even enables the identification of the
four nucleobases (Fig. 11g)131.

Nanoreactors
Solid-state nanopores can not only serve as electrical

sensing zones for counting and identifying individual
particles and molecules but also provide a lithographically
defined nanoscale space for chemical reactions that can-
not be expected to occur in bulk systems. This observa-
tion is envisioned by the fact that mass transport across
the membranes can be controlled by electrophoretic
voltage. For example, reactants with positive and negative
zeta potentials can be drawn into a pore, thereby enabling
enhanced reaction rates to unconventional synthetic
chemistry under highly nonequilibrium conditions. We
herein introduce several cutting-edge works reporting the
use of solid-state nanopore systems for these so-called
nanoreactors.
Chemistry is the science of atoms, molecules, and their

reactions. We know that in flasks, numerous reactants are
free to diffuse in solvents via the available thermal energy
to induce chemical reactions at a certain efficiency under
equilibrium; this mechanism is dictated by, thermo-
dynamics. On the other hand, the phenomenon in a
confined nanoscopic space becomes quite different from
that in bulk. For instance, chemical reactions in cells and
organelles are intrinsically designed to take place in a
surprisingly efficient manner, where the membranes play
important roles in regulating the inner conditions132.
Furthermore, advances in nanotechnologies offer new
opportunities to form and leverage artificially designed
nanoconfinements, which are called nanoreactors, for
synthesizing new molecules at a low energy cost133–135.
Along with various nanostructures from three to zero
dimensions that have been tested in the past, such as
metal nanoparticles136, metal-organic frameworks137,
mesoporous materials138, and even virions139, solid-state
nanopores have also proven useful to physically control
space-limited chemical reactions, as we describe below.
Lin et al.140 used a track-etched nanopore with a

double-conical shape and demonstrated a local change in
pH in the confined space via glucose oxidase, and this
change was yielded by the enzymatically activated
sequential reactions between glucose and horseradish
peroxidase; thus, they observed pH-gated ion transport
characteristics through ionic current measurements.
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The concept of nanochannel reactors has been further
applied to exploit gas–solid–liquid interfaces. Mi et al.141

utilized a porous anodic alumina membrane as a platform
to create a confined nanospace for activating enzymes. For
this, the nanopores were functionalized to immobilize
glucose oxidase on one side of the orifices. By further
tailoring the hydrophobicity of the channels, the enzyme
molecules were made to touch both the liquid and gas
media. The formed gas-solid-liquid interfaces enabled an
80-fold enhancement in the catalytic efficiency of glucose

oxidase, which was ascribed to the facilitated access of the
gas phase oxygen molecules to the reaction field.
Nanofabricated channels have also proven to be

applicable as a template for synthesizing nanomaterials.
Venta et al.142 employed electron-beam-sculpted several
nanometer-sized SiNx nanopores as a nanoreactor. They
applied an electric voltage across the membrane to move
both the cationic (hydrazine) and anionic (gold(III)
chlorides) reactants toward the nanopore. Electrically
controlled molecular transport led to enhanced frequency

Fig. 11 Plasmonic nanopore sensing. a Schematics of the plasmonic nanopore experimental setup. b Optical transmission (OT) time trace of the
trapping events at 10 mW of laser power. Reproduced with permission from Verschneren et al.124. c Upper left panel: simplified illustration of the
electro-optical nanopore setup. Upper right panel: schematic illustration of the DNA translocation process, in which the ionic current flowing through
the nanopore and the fluorescence emissions were monitored in a synchronous manner. d Comparison of a standard device (STD) and PNW–NP
approaches. The concatenated typical traces of 5 kbp DNA covalently labeled with seven CF640R dyes were plotted. The optical translocation signal
recorded with the plasmonic nanowell–nanopore configuration was enhanced by a factor of 10 compared to the STD configuration. Reproduced
with permission from Assad et al.129. e Schematic side-view illustration of a DNA molecule being electrophoretically driven through a plasmonic
nanopore and detected by optical backscattering from the plasmonic antenna. f Basic principle is that a shift in the resonance wavelength of the
antenna would be induced by the temporary presence of the DNA in the hotspot region of the plasmonic antenna; thus, the scattering intensity
detected at the excitation laser wavelength decreased. Reproduced with permission from Shi et al.130. g SERS spectra of the four nucleobases (G, A, T,
and C). Inset shows the scheme of the measurement setup. Reproduced with permission from Yang et al.131.
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for these molecules to come across with each other for
reactions that enabled an orders of magnitude faster
synthesis of Au nanoparticles. Later, Wood and Zhang143

applied the approach for synthesizing a gold nanowire
in a SiO2 nanopore template. These innovative findings
provide a way to fabricate zero- and one-dimensional
nanostructures with well-controlled sizes at predefined
positions.

Potential applications: nanoporous iontronic
devices
Decades of progress in nanopore science and technol-

ogies have led to the development of novel nanofluidic
channel structures along with the discovery of numerous
ion transport phenomena. Currently, the abundance of
ionic current characteristics of solid-state nanopores have
been increasingly studied in their own right from the
viewpoints of not only academic interest but also for
practical applications beyond sensors, such as iontronic
building blocks for nanopore diodes, energy harvesters,
and even neuromorphic devices.

Nanopore diodes and transistors
Iontronics is an emerging idea for making use of the ion

transport properties of fluidic channels as analogs of solid-
state electronic components. This field originates from our
knowledge of the fascinating functions of brains pro-
grammed to transduce electrical signals in aqueous cir-
cuits of neural networks via ion transport, thereby
implementing various biologically vital functions. Due to
their nanoscale dimensions, nanopore systems offer dis-
tinct ionic current behaviors that cannot be obtained in
their bulk counterparts. In this section, we highlight one of
the most fundamental yet practically important properties
of ionic current rectifications in solid-state nanopores.
A diode is one of the basic elements in electrical circuits

aiming at restricting the electrical current in one direction.
By utilizing the ICR effect discussed previously, nano-
fluidic versions of diodes have been realized144,145. A
schematic view of one structure is illustrated in Fig. 12a145:
the channel surface of a nanopore is chemically modified
to be asymmetric along the axial direction of the channel,
where one half is patterned with cationic molecules while
the other half is patterned with another type of electrically
neutral molecule. The left half of this channel allows only
Cl− to pass through, while the right half admits both K+

and Cl− (Fig. 12b). Therefore, a forward bias with an
electric field pointing from the neutral half to the positive
half will cause ion accumulation near the interface
between the left and right halves of the channel, while a
reverse bias will lead to a concentration depletion near the
interface (Fig. 12c, d)145. As a result, a large electrical
current occurs only in one direction, akin to the rectifi-
cation characteristics of diodes. The experimentally

measured current–voltage characteristics obtained by
using 10mM KCl in nanopores with a length of 120 μm, a
width of 4 μm, and a height of ~30 nm are plotted with
solid circles in Fig. 12e, f145. The results are well explained
by the numerical simulation (solid lines in the figure)
based on a simplified 1D electrokinetic model.
After intensive studies on the physics behind asym-

metric ion transport, more efforts have been devoted to
achieving higher rectification ratios. For example, 2D
nanopores in bilayered hexagonal boron nitride mem-
branes have been proposed to be an excellent rectifier146.
In this study, two channel motifs with triangular and
hexagonal shapes are used for molecular dynamics
simulations (Fig. 12g). Owing to the bipolar membrane
surface charge properties of the former structure, diode-
like behavior is observed with a high rectification ratio of
50 for the latter structure with a size of 0.75 nm (Fig. 12h).
The importance of the surface charge asymmetry was also
suggested in the theoretical work by Ma et al.147, wherein
the rectification ratio was revealed to change by two
orders of magnitude depending on the surface charge
profiles inside and outside the nanopores (Fig. 12i).
Further experimental investigation is needed to realize
practical nanopore diodes based on these innovative
device concepts.
In addition to diodes, solid-state nanopores can be used

as transistors. By adding a gate electrode, the electrical
potential and ion concentration inside the channel can be
adjusted (Fig. 13a), similar to the working principle of a
field-effect transistor (FET)148. Here, the crucial issue of
successful gate manipulation is the electrical tuning of the
effective surface charge density σ* on the channel wall:
σ*= σW+ εDED, where σW is the original density of the
surface charge on the wall, εD is the permittivity of the
gate dielectric, and ED is the gate voltage-induced trans-
verse electric field at the channel surface. By using
electron-beam lithography and reactive ion etching (RIE)
processes, nanopores with diameters as small as 10 nm
and surrounded by SiO2 gate dielectric films that are
~40 nm thick have been fabricated. Such a thin gate
dielectric enhances ED, thereby enabling the tuning of
surface charge through gate voltage. The transfer curves
are then measured as seen in Fig. 13b148. The experi-
mental results indicate that the smaller the imposed KCl
concentration is, the larger the amplitude of the gate
tuned ionic current. In contrast, there is no obvious
change in the current when the concentration is >0.1M.
This result is just as expected since the ion concentration
within the channel is determined by the wall surface
charge density when using a low salt concentration. Thus,
the associated channel conductance shows a dependence
on the gate voltage through the tuned surface charge
density of the wall. The demonstrated properties of ionic
FETs may find promising applications in the field of
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nanofluidic-integrated circuits and the manipulation of
ions and biomolecules.
More recently, nanopore technologies have allowed the

formation of ionic bipolar junctions for electrical gating of
cross-membrane ionic currents149. These junctions con-
sist of a pore drilled in a membrane composed of a SiNx/
Nafion/SiNx multilayer (Fig. 13c). The SiNx surfaces are
functionalized to possess a positive charge so that the
pore regions at the top and bottom are anion rich. In
contrast, the Nafion film serves as a source of cations,
thereby comprising an ionic npn junction. This novel
design enables gate control to amplify the ionic current

via the gate voltage added to the electrode embedded in
the copolymer. Biomimicking three-terminal circuits is
expected to pave the way for establishing experimental
models of neuronal signaling.

Energy harvesters
Unlike charge transport in solid matter, fluid flow has

nonnegligible impacts on charge transport in nanopores.
This in turn enables energy harvesters that convert
mechanical energy into electricity.
Generally, there are two major approaches of energy

harvesting using nanopore devices: pressure-driven and

Fig. 12 Nanopore diodes. a Schematic view of a nanofluidic diode where half the channel surface was chemically modified with avidin and the
other half with biotin moieties. b Epifluorescence image of the fabricated device, with fluorescently labeled avidin in the left half of the channel. Scale
bar denotes 20 μm. c, d Theoretical calculations of the cation and anion concentration and electric potential profiles along the nanofluidic diode
under forward bias (c) and reverse bias (d). The simulated nanopores had a rectangular shape that was 120 μm long, 40 μm wide, and 30 nm high
with a surface charge. e, f Current–voltage characteristics of devices at 10 mM KCl. Solid circles are the experimental data, while the solid lines are the
theoretical calculations for a 120-μm-long, 40-μm-wide, and 30-nm-high nanopore with surface charge densities of ~1, 0, and −1 mC/m2 in the
biotin half and 3 mC/m2 in the avidin half (e), and 0 mC/m2 in the biotin half and 2, 3, and 5 mC/m2 in the avidin half (f). Reproduced with permission
from Karnik et al.145. g Bilayered hexagonal boron nitride nanopores with triangular and hexagonal shapes. h Ionic current rectification in the
0.75-nm-sized triangular nanopore. I–Vs were symmetric in the case of the hexagonal pores (inset). Reproduced with permission from Luan et al.146.
i Strong dependence of the ionic current rectification ratio on the surface charge patterns in and out of conical nanopores. Reproduced with
permission from Ma et al.147.
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sea/river salt concentration bias-driven approaches.
Regarding the former, the basic principle of converting
mechanical energy into electrical energy through a
nanopore system is demonstrated in Fig. 6b, where the
pressure-driven transport of counterions within the EDL
gives rise to the electrical potential/current. By utilizing
the pressure-driven streaming current, electrical power
generation in nanopores with a height of 75 nm is
demonstrated to reach a conversion efficiency of ~3%150.
It is further suggested that to achieve optimal energy
conversion efficiency, nanopores with a small cross-
section and slippery channel walls should be used along
with a dilute salt concentration77,151. Other strategies
have also been proposed to further enhance the energy
conversion efficiency, such as exploiting large ions so that
high concentrations can be produced far from the walls to
utilize the large flow velocity in that area152.
On the other hand, it has long been known through

thermodynamics that Gibbs free energy will be released
when solutions with different salt concentrations are
mixed. Quantitatively, nearly 2 × 1012 of electric power
may be harvestable during this process, given the huge
amount of river water (37,000 km3) streaming into the sea
globally. Such an alluring prospect of clean and sustain-
able energy has triggered a tremendous amount of
research on developing power converting devices that are
highly efficient, have a low cost and are able to be mass
produced. As discussed previously, RED in nanopores can
be used to harness the thermal energy within the salt
gradient. Experimentally, silica, alumina, polyimide, boron
nitride nanotubes, and so on have been utilized, and
electrical output power stimulated by a saline con-
centration bias has been reported5,65,66,79,80,153,154. The
power generation per unit channel volume is ~7.7W/m2

in silica nanopores61. Recently, Feng et al.78 demonstrated
the use of 2D molybdenum disulfide (MoS2) nanopore
systems as nanoscale power generators, and an estimated

power density of up to 106W/m2 was extracted from a
KCl salt gradient. Theoretically, the relation between the
output power of nanofluidic devices and their parameters
has been analyzed based on an electrokinetic model that
offers a novel approach of the multisectional use of the
sea/river salt bias for gaining improved energy conversion
efficiency82.

Desalination
Perhaps the most straightforward applications of solid-

state nanopores are filters. In particular, nanopore sys-
tems are considered a promising structure for the desa-
lination of sea water.
The shortage of clean water is one major problem that

restricts many developing countries/regions from improv-
ing the health of their people, building modern agriculture
or developing water-consuming industries. However, the
mainstream desalination process currently used, namely,
reverse osmosis, requires a considerable amount of energy:
reverse osmosis consumes 3.5–5.0 kWh of energy and
emits 1.6 kg of CO to produce 1m3 of freshwater155. With
the advances of 2D nanopore techniques, an energy-
efficient and cost-saving method to desalinate sea water for
a sustainable fresh water supply has emerged. It was first
proposed theoretically that nanometer-sized pores in
single-layer graphene would be able to prevent salt-ion
passage while allowing water molecules to permeate
through156. More precisely, a salt rejection rate of nearly
100% and rapid water transport as large as 106 gm−2 s−1 at
40 °C has been achieved by experiments using graphene
nanopores157. Furthermore, a similar efficiency of 88% ion
rejection has been reported by simulating the desalination
process in single-layer molybdenum disulfide (MoS2)
nanopores158. Experimental and theoretical studies on this
topic have suggested that there are quite a few unique
advantages when utilizing graphene or other 2D nanopore
systems for desalination159. First, technically, it has the

Fig. 13 Nanopore transistors. a Ion concentration profile and transport were manipulated by the surrounding gate dielectric (TiO2, orange) and
electrode (TiN, yellow). b Gate modulation of ionic current at various KCl concentrations. Reproduced with permission from Vlassiouk et al.144.
c Three-terminal nanopore system forming an ionic npn junction.
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potential to massively produce nanopores with just the
right dimension of filtering water molecules on 2D
membranes, which will greatly enhance the desalination
efficiency. Second, rather than a slow diffusion process of
reverse osmosis, nanopore desalination is basically a
sieving method. By optimizing the nanopore parameters,

such as the pore size and chemical functionality of the
surface, fast water transport, and desalination can be
achieved. Last but not least, 2D materials are in general
sufficiently robust owing to the strong covalent bonds
between intralayer atoms; thus, 2D nanopores demon-
strate stable performance in harsh practical situations,

Fig. 14 Nanopore memristor. a KCl solution and room-temperature ionic liquid (BmimPF6) were separately added to the two ends of a nanopore,
and an interface formed between the two types of immiscible liquid. b Measured I(V) sweeping curve where the 100-mM KCl solution and BmimPF6
IL were separately added to the two ends of a nanopore. c The numbers in circles indicate several subsequent points during voltage sweeping, while
the slopes of the dashed red lines in the figure indicate the corresponding conductance. Right: corresponding physical pictures of the points shown
in the left figure. Measured conductance tuning of nanopore synapses d under a series of SET pulses followed by another series of RESET pulses and
e under several cycles of SET and RESET pulse trains. Reproduced with permission from refs. 167.
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such as fouling and mechanical pressure, during the
desalination process.

Nanopore memristors and neuromorphic devices
Massively parallel implementations of biological synapses

realize various vital tasks of organisms. Solid-state nano-
pores have also been demonstrated to act as memristors
and emulate synapse functionalities, which is a funda-
mental step toward neuromorphic computing. This
research is expected to open a novel horizon of nanofluidic
devices. Since it is rather foreign outside of nanofluid
society, we present a brief introduction of memristors as
well as challenges and perspectives of this new topic.
A memristor was proposed by Leon Chua in the 1970s

when he noticed that there was no electrical element
characterizing the relation between the physical quantities
of electrical charge q and magnetic flux Φ160. The original
memristor M was then mathematically defined as:

M ¼ dΦ
dq

ð10Þ

Note that the unit of the memristor M is the same as
that of the resistor R. However, the electrical resistance of
the memristor here is no longer a constant. Instead, it
depends on the history of electrical current flowing
through the device. Quantitatively, the present resistance
of the memristor is determined by the amount of net
charge that is transported through the device. Moreover,
the resistance modification is preserved even after the
electrical stimulus is turned off. In this aspect, the device
keeps memory of its electrical history and hence is named
a “memristor”.
In 2008, a long-missing memristor was claimed to be

found in a Pt/TiO2/Pt device by a team in HP Labs161

based on the observed nonvolatile and continuous tuning
of conductance. Since its first experimental demonstra-
tion, memristors have attracted considerable interest from
researchers in the past decade, and nonvolatile con-
ductance tuning mechanisms for various kinds of mate-
rials have been utilized to realize memristors162,163. The
thriving of memristor-related research is largely ascribed
to its promise as a hardware building block for next-
generation in-memory computing schemes such as neu-
romorphic computing.164,165 Neuromorphic computing
was a revolutionary concept proposed by Carver Mead in
the 1980s as computing in similar ways as biological brain
computing166. At the hardware level, it calls for individual
devices that can emulate the functions of synapses and
neurons to accelerate the neuromorphic computing speed
while optimizing the power consumption efficiency. In
this respect, memristors are regarded as one of the most
promising candidates to implement synaptic functions
since nonvolatile conductance tuning can be used directly

to mimic changes in synaptic strength. Ideally, the
synaptic conductance should increase linearly from Gmin

to Gmax given a series of SET pulse trains while decreasing
vice versa in the presence of another series of RESET
pulses. The corresponding physical mechanism for this
ideal behavior is that the interface between regions with
high (undoped) and low resistivity (doped) is shifted for-
ward/backward in a gradual manner under a SET/RESET
pulse train. However, in real memristive synapses, such
strictly linear and highly reproducible conductance tuning
behaviors are seldom reported owing to the intrinsic
randomness of the conductance tuning processes within
widely studied solid-state memristive materials.
The above discussions further indicate that it is the

search, design and fabrication of interfacial memristors that
lie at the heart of achieving ideal synaptic functions. To
address this prominent challenge, nanopore-based mem-
ristors have been proposed and experimentally demon-
strated167. One design capable of realizing gradual and
long-term conductance tuning is shown in Fig. 14. A
nanopore tens of micrometers long, hundreds of nan-
ometers wide and tens of nanometers high connecting two
microchambers is fabricated. A KCl solution and room-
temperature ionic liquid (IL) are then injected into the two
ends of the nanopore. An interface emerges between the
two kinds of immiscible liquids, as shown schematically in
the inset of Fig. 14a. Since the conductivity gap between the
KCl solution and IL can be several orders of magnitude
when using 100mM KCl, the KCl/IL nanopore system now
serves as an interfacial-type memristor with a clearly
defined high/low resistance border. Moreover, the interface
can be driven back-and-forth by imposing a sweeping vol-
tage on the nanopore owing to the effect of electroosmotic
flow. The experimentally measured cycles of current-
voltage sweeping I(V) using 100mM KCl and a 1-butyl-3-
methylimidazolium hexafluorophosphate (BmimPF6) IL in
a 10-μm long, 200-nm wide, and 63-nm high rectangular
nanopore are shown in Fig. 14b, while the physical pictures
for several points during I(V) sweeping are sketched in
Fig. 14c.
The measured analog weight modulation of nanopore-

based synapses, which is defined as the conductance
change under a series of SET voltage pulses followed by
another series of RESET pulses, is shown in Fig. 14d, e.
Excellent linearity, symmetry and C2C consistency are
observed, indicating the great promise of nanopore devi-
ces as synapses167. As analyzed previously, here, the
property of an interfacial-type memristor plays a crucial
role in presenting highly linear, symmetrical and repro-
ducible conductance tuning behaviors.
The above discussion outlines that the use of a highly

viscous IL is crucial to realize a nanopore-based inter-
facial-type memristor, not only because of its immisci-
bility with a KCl solution but also because of its large
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viscosity, which helps stabilize the displaced interface
between KCl/IL to realize long-term conductance tuning.
However, a side effect is that the operational speed of this
memristor is quite slow, since the viscous IL severely
slows the electroosmotic flow. The currently demon-
strated write speed of nanopore-based synapses is at the
level of seconds per operation167, while those of solid-
state RRAM are approximately nanoseconds168. Further
strategies to lower the operation speed into the range for
practical use are thereby in urgent demand. Several
approaches are suggested here ranging from device geo-
metry optimization to material design. One is to keep
scaling down the nanopore dimensions so that the wall
surface effect is further enhanced, thereby increasing the
strength of the driving force. Another is to explore more
kinds of ionic liquids with substantially smaller viscosities
while still being immiscible with a KCl solution.
Today, the most popular architecture of artificial

synaptic arrays that connects the presynaptic layer of
neurons to postsynaptic arrays is the crossbar, which has
been realized in several works. The top electrodes are
connected to the bottom electrodes via holes at the cross-
points, and memristive materials are filled in the holes as
synapses. Accordingly, the crossbar structure of the
synaptic matrix calls for the mass fabrication of 3D
nanopore arrays and associated diversion channels when
applied to nanofluidic-based neural networks.
Thanks to the biocompatibility of nanopore devices

with biological systems, another potential application yet
to explore is their use as brain-machine interface (BMI)
devices. Currently, BMI systems are usually composed of
arrays of microelectrodes with which the electrical sig-
nals of the cerebral cortex are measured. The recorded
signals are then transferred to the in vitro information
processing system and analyzed. However, since nano-
pore devices share quite similar work media, such as K+

and Cl+, with biological nerve cells, it may be possible to
connect nanopore-based neuromorphic devices directly
to neurons. Hence, the information may be transferred
bidirectionally in a much more efficient way between
biological nerve systems and nanopore-based neuro-
morphic chips, while also being processed more intelli-
gently by the latter.

Conclusions and future perspectives
In conclusion, we have presented a panoramic view of

nanopore-based transport, from the materials and tech-
niques employed to fabricate nanopores to the novel
transport phenomena within these channels and the
underlying mechanisms along with promising applica-
tions in various fields. From the discussion presented
above, it becomes clear that the surface properties of
nanopore walls dominate the ion and liquid flow within
the channels, and by exploiting and modulating these

properties, revolutionary application scenarios are cre-
ated. One central topic is to understand, manipulate and
then utilize a charged solution within a channel induced
by the surface charge on the nanopore wall. Through
electrical means, electroosmotic flow will be stimulated
and regulated, which may be useful in controlling bio-
molecule translocation motion through the nanopore
toward the goal of electrical identification of single
molecules. In addition, mechanical or Gibbs thermal
energy can be converted into electrical power through the
hydrodynamic pressure- or salt concentration bias-
generated ionic current in nanopores.
Novel materials, particularly 2D materials as mem-

branes for drilling nanopores, have opened new horizons
in nanofluidic research. The ultralow thickness-to-
diameter aspect ratio of graphene nanopores has cre-
ated a biomolecule sensing zone with subnanometer
spatial resolution, which outperforms biological nano-
pore sensors. Another unique advantage of 2D material-
based nanopore systems is the ultrahigh structural
strengths of the materials, even in the presence of den-
sely drilled nanometer-sized holes. Therefore, these
materials may be quite promising for application in water
desalination since 2D nanopores are able to block the
transport of ions while allowing water molecules to still
pass through.
Novel device designs have also given rise to fairly new

transport phenomena and associated applications. One
intriguing configuration of nanofluidic devices is to
separately fill the channel with two types of immiscible
liquids from each end and then impose electrical tuning.
Memristive behaviors have been demonstrated by
manipulating the electroosmotic flow inside. The unique
advantage of nanofluidic-based memristors lies in that
they are intrinsically interfacial memristors: there exists a
clear interface between the high- and low-resistance
regions formed by the two immiscible liquids with dif-
ferent resistivities, and this interface is shifted gradually
by the imposed electrical voltage. An interfacial mem-
ristor has long been desired by important applications,
such as memristor-based artificial synapses (memristive
synapses) in neuromorphic computing, because this type
of memristor cannot be realized based on conventional
solid-state resistive switching materials. The corner of the
curtain of this new and exciting application scenario has
been raised and now needs more research attention to
innovate the future.
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