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With the rapid development of nanofluidics, more and more
unexpected behaviors and bizarre properties have been discov-
ered, which brings more possibility to solve the water and
energy problem. Carbon nanotubes (CNTs) with nanoscale
diameter and ultrasmooth hydrophobic surface provide strong
confinement and unusual water-carbon couple which lead to

many exotic properties, such as flow enhancement, strong ion
exclusion, ultrafast proton transport and phase transition. This
article reviews the recent progresses of CNT-based nanofluidic
devices in fabrication, property, and applications. Moreover,
challenges and opportunities of the CNT-based nanofluidic
devices are discussed.

1. Introduction

In recent years, nanofluidics have been more widely studied for
exploring the special transport of fluids and ions in the
nanometer channels. Over the past twenty years, various
abnormal behaviors of fluids and ions in the nanoscale
channels, which depart from continuum expectations in many
aspects, have been discovered, such as the greatly increased
flow,[1] the abnormal dielectric permittivity of water,[2] the ionic
Coulomb blockade behavior[3] and so on. This benefits not only
from the development of nanofabrication technologies, which
make it possible to fabricate artificial channels at nanometer or
even sub-nanometer scale, but also from the advances in
techniques and instruments for ion transport investigation.[4]

These studies open up new avenues for diverse potential
applications of nanofluidics, such as membrane science for
seawater desalination,[5] osmotic energy conversion,[6] unique
chemical sensing devices[7] and artificial cell construction.[8]

The emergence of new nanomaterials boosts the rapid
development of nanofluidics and provides potential platforms
for the experimental characterization and theoretical simulation
of nanofluids.[4] So far, various nanomaterials, including one-
dimensional (1D) and two-dimensional (2D) materials, have
been used to fabricate nanofluidic devices. The 1D materials
mainly refer to carbon nanotubes (CNTs) and boron nitride
nanotubes (BNNTs). The device fabrication methods with 1D
materials could be divided into deposition and insertion
methods, which will be discussed in this review. 2D materials
have been developed into a big family ranging from traditional
2D materials including graphene, boron nitride (BN), and
molybdenum disulfide (MoS2) to new 2D materials such as
zeolites, metal-organic framework (MOF) nanosheets, graphene

oxide, clay and MXenes made of transition metals.[9] In the
meantime, various methods have been developed for the
construction of nanofluidic devices using 2D materials. Nano-
pores and nanochannels on 2D materials are able to provide
nanometric confinement for fluids. For nanopores, they can be
constructed by porous 2D materials with intrinsic pores or
artificial holes prepared by a focused ion beam (FIB) drilling.[10]

Nanochannels can be prepared by assembling nanosheets into
laminates due to the relatively weak interlayer van der Waals
force.[11] Esfandiar et al. has successfully applied this Lego-like
method in the fabrication of nanofluidic devices with three
kinds of materials including graphite, BN and MoS2.

[12] An array
of graphene spacers was used to separate the top flat crystal
from the bottom one, thus providing smooth walls and
channels with atomic-scale precision to study water transport.

Distinct from other nanomaterials, there is a bizarre
coupling only exists at the interface of water and carbon
materials which results in various unique phenomena such as
ultrafast water flow and phase transitions. These phenomena
not only challenge the traditional theories but also bring
potential opportunities for the application of carbon materials.
However, the preparation of 2D carbon materials still faces big
challenges such as the limitation in monolayer exfoliation and
controllable perforation. From this point of view, 1D CNTs with
smooth hydrophobic inner walls and nanometer-scale diameter,
are ideal channel platform to investigate the nanofluidic
behaviors. So far, theoretical and experimental studies have
reported many interesting phenomena using diverse CNT-based
nanofluidic devices. Some reports have reviewed the mass
transport under nanoscale confinement with various nano-
materials in experimental setups and theoretical simulations.[13]

Herein, we focus on the significant progresses of CNT-based
nanofluidic devices, and would like to provide a more
comprehensive review in terms of the device fabrication, more
abnormal fluid behaviors and their applications.

2. Fabrication of CNTs-Based Nanofluidic
Devices

Despite the benefits of CNTs in the study of nanofluids due to
its unique structure and properties, the fabrication of CNT-
based nanofluidic devices, especially devices with one single
CNT, still remains a challenge. With the improvement of
nanofabrication, more and more studies have reported the
construction of CNT-based experimental devices and platforms.
Here, two typical construction methods of CNT-based nano-
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fluidic devices are summarized including deposition and
insertion methods.

2.1. Deposition Method

The deposition method, composed of in situ deposition of CNTs
on an inert substrate followed by the creation of nanochannels
between the chambers at both ends of CNTs and then dices to
form nanochannels between the chambers, was developed by
Strano et al.[14] They synthesized ultralong aligned single-walled
carbon nanotubes (SWNTs) by chemical vapor deposition on a
silicon wafer and then removed unnecessary parts by plasma
etching to open both ends of nanotubes (Figure 1a). The ionic
current through the nanotubes is monitored by filling the
compartments with salt solution. Besides, Liu et al.[15] also
applied the deposition method by using ethanol vapor as
carbon source to grow CNTs on silicon substrate and oxygen
plasma etch to remove the exposed parts of CNTs. The parts
under the barrier were retained to connect the two fluid
reservoirs for measuring the ion transport and electrophoretic
transport of DNA. Specifically, the deposition methods com-
posed of CNT-fabrication and photolithography techniques
make it easier to control the number and length of the CNTs
involved.

2.2. Insertion Method

CNT-based nanofluidic devices can also be constructed by
physically inserting CNTs into polymer films or lipid bilayers.
Crooks et al.[16] embedded a single CNT within an epoxy block
and subsequently prepared the nanopore membranes contain-
ing CNT nanopores by efficiently cutting. A piece of CNT
membranes was fixed on the support to separate two cells, and
the mass transport was recorded by measuring the current
pulse induced by probes blocking. This approach can be used
to prepare a series of membranes with well-defined geometric
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Figure 1. Experimental devices of CNT-based nanochannel. a) Fabrication of
deposited CNTs ion channels. Reproduced with permission from Ref. [14],
Copyright 2010, AAAS. b) Insertion of a SWNT into lipid bilayer by injection
and the process of single-stranded DNA (ssDNA) translocation. Reproduced
with permission from Ref. [17], Copyright 2013, Springer Nature. c) Ultrashort
CNT preparation and its incorporation into liposomes. Reproduced with
permission from Ref. [18], Copyright 2014, Springer Nature. d) Experimental
set-up of the single-channel conduction recording. Reproduced with
permission from Ref. [18], Copyright 2014, Springer Nature.
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and chemical nanopore and enhances the measurement
reproducibility. Wu et al.[17] firstly injected ultrashort CNTs
directly into lipid bilayers (Figure 1b) and measured the ionic
current through CNTs to detect the molecules transport. The
device exhibited stable baseline and high signal-to-noise ratio,
which displayed many interesting phenomena about ion and
nucleic acid transport. Based on the similar strategy, Noy
et al.[18] prepared ultrashort CNTs coated with phospholipids by
sonication, which could automatically insert into the lipid
bilayer membranes and living cell membranes (Figure 1c, d).
The phospholipid-coated CNTs were further inserted into
membrane of liposomes and the ion transport was measured
by the response of fluorescence probe.[19] All these experimental
facilities provide promising platforms for studying the special
properties of nanofluids and the insertion method is more
beneficial for the construction of devices with single CNT.

3. Anomalous Behaviors of CNTs-Based
Nanofluidic Devices

3.1. Fluidic flow enhancement

The frictionless surface of the inner CNTs wall contributes to
high fluid velocity of water transport inside the CNTs. This high

fluid velocity can be explained by the ultralong slip lengths
which is an extrapolation of the extra pore radius required to
give zero velocity at a hypothetical pore wall.[20] Researches on
the slip flow enhancement in CNTs have received high attention
since the early 2000s and achieved explosive growth over the
past two decades. In 2001, Hummer et al.[21] reported that CNTs
with rigid nonpolar structures can be spontaneously and
continuously filled with 1D water molecules ordered chain by
using molecular dynamics (MD) simulations. Three factors
including ordered hydrogen bonds, weak attraction between
water molecules and the smooth CNT walls lead to the fast
water flow with small resistance. Based on this theory,
Majumder et al.[22] reported that the slip length of water in
7 nm-diameter CNT membrane ranges from 39,000 to
68,000 nm. And Holt et al.[1] reported that the slip length in sub-
2 nm-diameter CNT film is 140–1400 nm. Since these studies
mostly utilized CNT membranes instead of individual CNT of
which the utilization needs to overcome enormous technical
challenges, early mechanistic explanations of fast water trans-
port in CNTs are highly controversial.

The measurement of water flow in a single CNT was
successfully achieved by Secchi et al.[23] by sealing a CNT at the
tip of a glass nanocapillary. The permeability of the nanotube
was calculated using the external flow induced by the fluid jet
(Figure 2a). It was reported that the slip length is closely related
to the diameter of CNTs. The smaller the diameter is, the larger

Figure 2. Fluidic flow enhancement. a) Nanojets emerging from individual nanotubes to image the Landau–Squire flow. Reproduced with permission from
Ref. [23], Copyright 2016, Springer Nature. b) Radius dependence of the slip length of individual CNTs and BNNTs. Reproduced with permission from Ref. [23],
Copyright 2016, Springer Nature. c) Water transport in CNTs embedded in large unilamellar vesicles. Reproduced with permission from Ref. [24], Copyright
2017, AAAS. d) Light-scattering traces recorded after subjecting lipid vesicles containing narrow CNTs with the varying of osmotic gradients. Reproduced with
permission from Ref. [24], Copyright 2017, AAAS.
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the slip length would enhance. However, BNNTs which is similar
with the crystallography of CNTs, showed no slippage (Fig-
ure 2b). This difference was attributed to their radically different
electronic properties since BNNTs are insulating in contrast to
semi metallic CNTs. This result demonstrated that the atomic-
scale details of the solid-liquid interface, such as electronic
properties, could make dramatic differences in fluid behaviors.
Noy et al. also measured the water flow inside the CNTs by a
completely different approach.[24] They used ultrashort CNTs
that can spontaneously insert into the walls of large unilamellar
vesicles to form transmembrane channels. When the vesicles
were exposed to a hypertonic buffer solution, they shrank due
to the osmotic gradient driving water efflux. According to the
Rayleigh-Gans-Debye theory of light scattering, the reduction of
the vesicles volume caused the increase of the light scattering
intensity (Figure 2c, d). And the water permeabilities of
individual CNT could be extracted from the data. The results
showed that the permeability of narrow CNTs (0.8 nm in
diameter) was 11times higher than that of wider CNTs (1.5 nm
in diameter) and was even 6times higher than that of

Aquaporin-1 (water selective biological protein nanochannel).
Based on MD simulation, a microscopic description is provided
to explain the ultrafast water transport in narrow CNTs: the
water molecules arrange into a 1D linear chain forced by the
strongly confined space and hydrophobic inner wall of narrow
CNTs, whereas water in wider CNTs resembles the bulk state.

3.2. Special ion transport

The strong CNT confinement also gives rise to interesting
physical phenomena of ion transport. The confined 1D linear
chain water molecules in the 0.8 nm-diameter channel also
shows an abnormal fast proton transport efficiency.[19] Unilamel-
lar vesicles containing a pH sensitive fluorescence probe
(Pyranine) and embedded with ultrashort CNTs were used to
measure the proton permeability (Figure 3a). After rapid acid-
ification of the external solution, the osmotic balance was
broken and the proton fluxed through the CNTs, leading to the
decrease of the encapsulated dye fluorescence (Figure 3b). The

Figure 3. Special ion transport in CNTs. a, b) Proton conduction in CNTs. Reproduced with permission from Ref. [19], Copyright 2016, Springer Nature. a)
Schematic of the proton conductance measurement. b) Normalized fluorescence intensity changes as a function of time showing the proton transport rate.
Reproduced with permission from Ref. [19], Copyright 2016, Springer Nature. c) Metastable oscillations of the electroosmotic current depending on the
position of the pore blocker. Reproduced with permission from Ref. [14], Copyright 2010, AAAS. d–f) Ion exclusion of sub-2 nm wide CNT membrane.
Reproduced with permission from Ref. [26], Copyright 2008, National Academy of Sciences.
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measured proton diffusion constant for 0.8 nm CNTs, 4.20
�0.91 Å2ps� 1, is much larger than that of proton transport in
bulk water (0.4 Å2ps� 1), which could be explained by the
Grotthuss ‘hop-turn’ mechanism.[25] The results also illustrate
the potential application of CNTs as proton conductor in the
field of energy transduction.

In addition to the ultrafast proton transport, SWNTs
channels exhibit signatures of coherent resonance,[14] in which
the electroosmotic current through the interior of SWNTs shows
oscillations under a specific range of electric fields (Figure 3c).
These oscillations are thought to be caused by the coupling
between the stochastic pore blocking and the proton-diffusion
limitation at the pore mouth. The protons at the pore mouth
depleted due to the large proton fluxes which in turn increases
the relative concentration of ions. The ion concentration differ-
ence leads ions migrate into the CNTs and then cause blockage.
After the blocking, the proton concentration at the pore mouth
increases again which makes the proton current restore back at
the same time to form a cycle. This system provides an
alternative to the emerging family of devices that use ions for
information processing as an ionic resonator or waveform
generator.

The narrow CNTs also exhibit significant ion exclusion due
to steric hindrance, interaction with pore walls and electrostatic
interactions. Researchers have used CNT membranes to inves-
tigate ion transport and found a strong ion rejection of the
membranes.[26] They used vertically aligned CNTs to fabricate
sub-2 nm CNT membranes and constructed a nanofluidic plat-
form on silicon nitride (Figure 3d). After etching, hydroxyl,
carbonyl and carboxylic functional groups were introduced at
the rim of CNTs. These negatively charged carboxyl groups
make the electrostatic interactions dominate the ionic exclusion
of CNT films. A pressure-driven nanofiltration cell was used to
quantify the ion rejection (Figure 3e). The cell was divided into
two parts by a CNT membrane, feed part (top) and permeate
part (bottom). Salt solution filled the feed chamber and was
pressurized at p=0.69 bar to permeate through the membrane.
The ion concentration in permeate solutions and feed solutions
was analyzed by capillary electrophoresis. Compared the
chromatogram of the feed (red) and permeate (blue) solution, a
91% exclusion of the ferricyanide anion after filtration of a
1.0 mm potassium ferricyanide solution was calculated (Fig-
ure 3f). By observing the sensitivity of ion rejection dependency
of the pH and Debye length, they found that the mechanism of
significant ion rejection was related to the electrostatic
interactions. In 2017, Noy et al. measured the ion transport
inside single sub-nanometer CNT by using lipid bilayer platform
and further demonstrated that the negative charge at the rim
of CNT results in good ion exclusion.[5] Unlike previous studies,
they found that strong anion exclusion property of 0.8 nm-
diameter CNTs can still persist even at 1 m salinity levels, which
also offers the possibility to develop ultra-permeable mem-
branes for water purification.

Except for ion exclusion, simulations and experiments have
revealed many patterns of ion selectivity in CNTs. For example,
permeation of small ions through CNTs driven by concentration
have been researched by using SWNTs membranes.[27] It

reported that the ion diffusion rate through CNTs was far above
the permeation through the bulk that was typically assumed to
follow. Besides, strong difference up to two orders of
magnitude in permeability of monovalent anions through
narrow CNTs was found.[28] LUVs with CNTs embedded contain-
ing lucigenin dyes (halide ion-sensitive dyes) were mixed with
solutions. When the halide anions transport into the LUVs
causing the quenching of dyes, a decrease of fluorescence
would be recorded by the stopped-flow spectrometer and the
anion flux can be measured. The trend of permeability of four
anions clearly follows the Hofmeister series (SCN� > I� >Br� >
Cl� ). The physical origin of these phenomena still cannot be
interpreted systematically. As mentioned above, negatively
charged carboxyl groups at the rim are supposed to be a part
of the reason but not inadequate. Ion transport inside a single
CNT has been studied to explore the origin. Hydroxide
adsorption at the surface of the CNTs,[29] strong coupling
between water and ions in CNTs[30] and ion dehydration
energy[28] also need to be taken into account.

3.3. Phase transition

The nanoscale hollow interiors of CNTs which could be used as
a template for material encapsulation intrigues a conjecture:
substances strongly confined in CNTs might be retained at a
solid-liquid critical point, which allows liquid directly and
continuously transform into solid.[31] This unique phase tran-
sition behavior, which deviates significantly from classical
thermodynamics, also promotes the investigation of ice nano-
tubes (encapsulated water frozen into crystalline solid with
tube-like structure) in theoretical research and potential
applications in the past twenty years.[32]

MD simulation was used to understand the theoretical
mechanism of ice nanotubes. Takaiwa et al.[33] reported that the
driving force of water to fill CNTs with different diameters is
also different. With the increase of the diameter of CNTs, water
changes from vapor-like phase (in 0.8–1.0 nm diameter CNTs) to
ice-like phase (in 1.1–1.2 nm diameter CNTs) and finally to bulk
liquid phase (in CNTs with diameter lager than 1.4 nm). In 2016,
Agrawal et al.[34] explored the phase boundaries of ice nano-
tubes in SWNTs of different diameters by Raman spectroscopy.
They used deposition method to construct the CNTs platform
and probed the characters of single CNT by microRaman
spectroscopy (Figure 4a). When water was added to the
reservoirs, the open ends contacted with bulk water and the
inner tube was gradually filled. A blue shift in the frequency of
the Raman radial breathing mode (RBM) was observed, which
can be assigned to the dynamic filling of water (Figure 4b).
They also collected a complete data set (RBM frequency vs.
temperature) to analysis the phase transition temperature for
different diameter CNTs. The second RBM upshift (black line,
Figure 4c) in the contour plot was indicated as the freezing
transition of water from a liquid to a solid phase. Thus, they
found that water in 1.05 nm-diameter SWNT actually freezes at
105–151 °C, which is much larger than theoretically predicted
value. All these results indicate new opportunities for phase
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transitions of encapsuled fluid in CNTs. However, new theories
and comprehensive supporting experimental data are still
needed.

4. Applications of CNTs-Based Nanofluidic
Devices

As mentioned above, the properties of the flow enhancement
and the ion exclusion endow CNT-based devices with the most
possibility to solve the water and energy problem. Although
the performance of CNT membranes is comparable to commer-
cial desalination membranes, how to scale up the membrane
areas and maintain the mechanical stability is still an obstacle
to apply to desalinate and produce electricity.[4] In contrast,
other innovative and interesting applications of CNTs nano-
fluidic device have been implemented during the last ten years.

4.1. Sensors

Field effect transistors (FETs) which amplify small changes such
as the variation of surface potential due to the ligand binding
by high intrinsic transistor gain, have been developed as a
mature sensing platform. Nevertheless, the unavoidable fouling
problem challenges FETs sensors when working in complex
biological fluids. Using lipid bilayer embedded with CNTs as the

pH FETs coating, Chen et al.[35] balanced the antifouling
property and the sensing performance at the same time. The
lipid membrane coated on the silicon nanoribbon was used to
separate the fluids from the surface. The embedded 0.8 nm-
diameter CNTs in the membrane served as channels for high
proton permeability (Figure 5a, b). This approach provides the
FETs sensor with long-term antifouling ability even in rather
complex biological environment. Also, it illustrates that the
tunable permeability of CNTs could be applied in the fabrication
of sensing platforms.

The CNT-based devices are also used as DNA sensing
platforms due to its robustness and tunability. Wu et al.
reported a device embedded with ultrashort CNT by injection
(Figure 1b) as a novel DNA sensor.[17] The ssDNA was driven
through the CNTs under an applied voltage. A remarkably large
current blockades compared with that in α-hemolysin could be
observed. They further validated the applicability of the device
in detecting 5-hydroxymethylcytosine (5hmC) in ssDNA with
the measurement of ionic current (Figure 5c). A significant
current spike appeared in the blockade which represented the
translocation of the modified part (Figure 5d). This strategy
offers a powerful tool for 5hmC site detection which has an
important role in tissue-specific gene expression. In 2014, Geng
et al.[18] also achieved DNA analysis by CNT-based devices. A
similar set-up for single-channel conductance measurements
(Figure 1d) was constructed by recording the spontaneous
incorporation of the lipid-coated ultrashort CNTs. A current
blockade would be recorded immediately when the ssDNA

Figure 4. Phase transition of water in CNTs. a) Fabrication of the CNTs platform. b) Temporal study of the Raman radial breathing mode frequency showing
the evolution of RBM frequency and intensities for the 1.15 nm-diameter CNT. c) Representative RBM frequency versus temperature for six tubes with different
diameters showing the water-filled state transition. Reproduced with permission from Ref. [30], Copyright 2016, Springer Nature.
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passes through the nanochannel. It was also found that the
DNA translocation speed is comparable to the biological
nanopores, which also validated the possibility of this CNT-
based device in DNA analysis.

4.2. Cell fate modulation

In addition to nanopore sensing, CNTs can also be used as a
microelectrode immersed on cell membrane for redox modu-
lation. Hicks et al.[36] took advantage of CNTs as wireless bipolar
electrodes (BPEs) due to their electrical conductivity and
constructed artificial trans-plasma membrane electron transport
systems (TPMETs) by embedding ultrashort CNTs in cell
membrane (Figure 5e). Under the polarization of external
potential, redox reactions occur at both ends of the BPE.[37] The
mechanism is similar to that of TPMETs which can be described
as the reduction of the oxidants extracellularly while the
oxidization of reductants intracellularly. They inserted the

ultrashort lipid-coating CNTs into the membranes of giant
unilamellar vesicles (GUVs) as a simplified cellular model and
immersed them in 1 mm gold chloride solution with two
driving electrodes. After the application of external voltage for
1 h, the gold deposition at the GUV embedded with CNTs could
be observed which illustrates the function of CNTs as nano-
scale BPEs. Finally, they used cell-friendly voltage to treat the
live cells embedded with CNTs in 1 mm gold chloride. The
deposition of gold at the membrane surface can also been
observed. This interesting research not only offers a new
method to modulate cell redox behavior by CNTs device, but
also expands the application of CNTs devices as artificial
TPMETs in electrochemical therapeutics.

4.3. Biomimetic ion channel

Shepard et al. constructed a SWNT-based FET to mimic ion
pump.[38] They used two gold electrodes under the SWNT to

Figure 5. Applications of CNT-based nanofluidic devices. a) A silicon nanoribbon transistor-based pH sensor with a coating of antifouling lipid bilayer
embedded with CNTs. Reproduced with permission from Ref. [31], Copyright 2019, American Chemical Society. b) pH responses of the silicon nanoribbons
device with CNTs (red) after exposure to dilute milk for 60 h. Reproduced with permission from Ref. [31], Copyright 2019, American Chemical Society. c) 5hmC
modification. Reproduced with permission from Ref. [17], Copyright 2013, Springer Nature. d) A characteristic type of current signature and diagram showing
the translocation of benzoimidazole (Bzim)-modified 5hmC-containing DNA. Reproduced with permission from Ref. [17], Copyright 2013, Springer Nature. e)
The experimental setup of CNTPs as artificial TPMETs. Brightfield images show the Au deposition on single GUV and neurons. Reproduced with permission
from Ref. [32], Copyright 2021, John Wiley and Sons. f) An individual SWNT connects two electrically isolated circuits. Coulomb drag energy transfers to the
ions in the SWNT core (orange arrows). Reproduced with permission from Ref. [38], Copyright 2019, American Chemical Society.
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apply drain-source potential (Vds) and set two electrolyte
reservoirs connecting the ends of the SWNT with reference
electrodes to measure ionic currents (Figure 5f). When applying
Vds, electronic current will flow along the SWNT shell. The ions
in electrolyte are pumped into the SWNT by the solid-state
electronic input, just like an electrically actuated biomimetic ion
pump. It is Coulomb drag energy transferring to the ions in the
SWNT core that causing the ionic current without requiring
electrolyte potential or pressure gradients. This device also
affords new chance in biosensing and filtration application with
controllability and selectivity.

As the CNTs can realize water fast flow with ion exclusion,
CNT-based devices have the potential to mimic the Aquaporin-
1. A response of biological mechanosensitive ion channels is
also observed in CNT-based devices with pressure sensitivity.[39]

Using a nanomanipulator, a single CNT was inserted into a hole
drilled in a silicon membrane and sealed robustly between two
reservoirs. Pressure drop was applied by a pressure controller
connected to the reservoir and caused pressure-driven ionic
current. Quadratically pressure-modulation of the conductance
of CNTs is found in this artificial system, which is similar with
the response of mechanosensitive biological channels. The
nanometric spatial resolution to pressure signals of this system
also provide a way to develop sensing devices for touch.

5. Summary and Perspective

Nanofluidics has come to its age with the development of
nanofabrication technology and advanced instruments for the
investigation of mass transport. Among numerous materials,
CNTs provide an ideal channel platform to study unique
nanofluidic behaviors. Since the early 2000s, studies on the
properties of nanofluids in CNTs have showed many interesting
results, such as flow enhancement of water, large proton fluxes,
icelike water phases and high ion exclusion.

These exciting discoveries provide various potential applica-
tions of CNT-based nanofluidic devices: 1) seawater desalination
due to their strongly rejection of chloride ion;[5,40] 2)
sensors;[7a,35,41] 3) proton conductor materials in energy trans-
duction due to their ultrafast proton transport characteristic;[19]

4) molecular nanovalves due to their novel gas adsorption
properties;[32d] 5) artificial channel proteins with stable insertion
and tunability.[18,38–39,42] 6) DNA sequencing and DNA-damage
sensing due to their high signal-to-noise ratio;[17] 7) cell fate
modulation. CNT BPEs make it possible to artificially transport
trans-membrane electron, which offers the opportunity to
reprogram cellular metabolism.[36] 8) Use for molecular sieving
owing to their structural rigidity and the flexibility of the
absorbate.[43]

Nevertheless, grand challenges still exist and hinder the
development of CNT-based nanofluidic devices. First of all, the
reproducibility in device fabrication needs to be improved. The
difference in the inner diameter of CNTs and ubiquitous surface
defects may lead to data bias. Besides, knowledge gaps have
recently emerged in understanding these bizarre observations
of nanofluidic. As an immature field, the investigation of CNT-

based nanofluidic devices still have a long way to go and
demands the development of advanced synthesis methods and
characterization techniques for next steps.
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