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Nanofluidics is the study and application of phenomena that 
involve fluid motion through or past structures with features 
that measure less than 100 nm in one or more directions. 

Recent developments in nanofluidics have been driven by the fol-
lowing four factors. First, efforts to replace the polymer gels used for 
DNA separations with solid-state materials that can be engineered to 
have structure on the nanoscale1. Second, advances in nanofabrica-
tion. Third, the availability of new tools to investigate and describe 
fluid behaviour on the nanoscale, which allow continuum (that is, 
macroscopic) descriptions to be combined with molecular dynamics 
(microscopic) descriptions in real devices. Fourth, the prediction of 
new phenomena at length scales below those that characterize various 
mechanical and electrochemical phenomena in classical fluids; these 
new phenomena mostly stem from interactions between the fluid and 
the walls of the nanofluidic system. Such interactions become impor-
tant in nanofluidics because of the large surface-to-volume ratios 
found in these systems.

Although nanofluidics is a reasonably young research field, in the 
past decade the number of publications in the field has doubled every 
two years, and recent review articles have discussed the state-of-the-
art and speculated about future devices and opportunities2, discussed 
the fabrication of nanofluidic devices3,4,5, and reviewed progress on 
transport phenomena in general6 and electrokinetic transport separa-
tions in particular7. In this article we present a theory that is sufficient 
for a basic understanding of fluid transport through nanoscale chan-
nels, and then review developments in the science and applications of 
nanofluidic transport.

theory
Although the discrete nature of individual molecules is evident at the 
nanoscale, it is still possible to explain the main transport phenom-
ena in nanofluidic systems with a theory based on continuum and 
mean-field approaches. This is possible because the results obtained 
with this approach are similar to those obtained from models that 
treat the molecules as discrete particles, with the differences being 
limited to the behaviour of the few layers of molecules closest to 
the wall of the nanochannel8. Transport through smaller (often non-
permanent) pores, such as occurs in reverse osmosis membranes, is 
better described by the solution–diffusion model9. (Different mod-
elling techniques are reviewed in ref. 10.)

The transport of solutes and solvent through nanochannels or 
nanopores depends on three factors. First, the presence of external 
forces, such as an electrical potential gradient or a pressure gradi-
ent: these forces are needed to drive transport along the nanochan-
nel. Second, the presence of various colloidal forces, which lead 
to a variation in the solute concentration across the nanochannel 
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(Table 1). Third, the presence of friction forces between the wall and 
the solvent, and also between the wall and the solute molecules. The 
solute and solvent transport fluxes can be deduced from knowledge 
of these three forces. The same approach has previously been used 
to describe transport in biological systems, such as the kidneys11, 
and was further developed by researchers in separation science12,13 
and membrane technology14.

Solute concentration distribution. We treat both small ions and 
larger colloidal particles with sizes 1–100 nm in a single theoreti-
cal framework. Both these solutes are attracted to or repelled from 
the nanochannel wall by colloidal forces15 that act over distances 
ranging from less than 1 nm to more than 100 nm. As almost all 
wall materials carry surface charge, there is often an electrostatic 
force that repels ions with the same charge as the wall (co-ions) and 
attracts ions with the opposite charge (counter-ions). However, all 
the counter-ions do not end up against the wall: instead, the homo-
genizing action of the thermal (Brownian) motion results in an 
electrical double layer adjacent to the wall, with an increased con-
centration of counter-ions and a decreased concentration of co-ions 
(Fig. 1). The simultaneous screening action of all the ions means 
that the electrical potential in the double layer decays as exp(−y/λ), 
where y is the distance from the wall and λ is the Debye screening 
length. (λ is inversely proportional to the square root of the ionic 
strength: λ ≈ 0.7 nm at the physiological ionic strength of 150 mM, 
and ≈ 10 nm in a 1 mM solution.)

Van der Waals forces have the longest range of all the colloidal 
forces and have a typical interaction length of 10 nm. Figure 2 shows 
the interaction potential experienced by a nanoparticle when the 
two dominant forces are the electrostatic and van der Waals forces15. 
Another force that is often important in nanofluidics, especially in 
biological systems, is the hydrophobic attraction, which is caused 
by a number of different mechanisms with ranges of a few nanome-
tres up to 100 nm (refs 16,17). The hydrophobic interaction is much 
stronger than the van der Waals forces over short distances, and 
decays exponentially with a decay length of ~2 nm. The hydropho-
bic interaction also has an important role in protein adsorption18.

We can formulate an interaction potential for all these forces, and 
Table 1 shows these for interactions between a planar surface and a 
spherical particle, and a planar surface and a small ion. Assuming 
that these interactions are additive, we can write an interaction 
potential E(y) that sums and time-averages all solute–wall interac-
tions. As a result of the combined action of the forces and the ther-
mal energy, the solute concentration c(y) can be written as

c(y) = c0 exp(–E(y)/kT)            (1)                              
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where c0 is the concentration in the bulk (where solute–wall forces 
are absent and the interaction potential is zero), K is the Boltzmann 
constant and T is the temperature.

A process called Born repulsion or steric hindrance, which is 
caused by the overlap of molecular electron clouds, also prevents the 
solutes from approaching the wall too closely. For a spherical  parti-
cle, the distance of closest approach is equal to its radius.

Depending on many different factors (including the charge on the 
solute, the charge on the wall and the nature of the solvent), the solute 
can be repelled from the wall, it can experience a superficial energy 
minimum at some distance from the wall (Fig. 2), or it can experience 
a deep energy-minimum close to the wall. Figure 1 shows c(y) (also 
known as Boltzmann distribution profiles) for two different systems: 
salt ions in a nanochannel in which the electrical double layers at each 
wall overlap (Fig. 1a); and large solute particles in a nanochannel with 
strong colloidal forces and steric hindrance (Fig. 1b).

Solute partitioning. Owing to the colloidal forces mentioned 
above, the average solute concentration inside the nanochannel 
〈c〉 is different to the concentration in bulk solution c0. The ratio 
between both, Φ ≡ 〈c〉/c0, is called the solute partition coefficient 
and can be found by integrating the Boltzmann distribution profile 
(equation (1)) between the limits allowed by the Born repulsion. 
For a spherical solute of radius r in a nanochannel with a width of 
2h, we obtain:

When E is the electrostatic interaction potential, Φ gives a meas-
ure of the ion permeability–selectivity (permselectivity) of the 
pore. If the Debye length is comparable to h, the double layers at 
both walls will overlap and the nanochannel will mainly be occu-
pied by counter-ions (Fig. 1a). When only steric exclusion occurs 
(E(y) = 0), we find that Φ = (1 − r/h).

Non-spherical solutes19 have to sacrifice rotational freedom to 
enter the channel, and if they are (semi)flexible like DNA, they must 
also sacrifice conformational freedom. This will come at an entropic 
energy cost which can greatly reduce Φ depending on the macro-
molecular size20.

Solvent transport. In nanochannels, solvent can be transported 
by an axial pressure gradient (hydrodynamic flow) and/or an axial 
electrical potential gradient (electro-osmotic flow). The average 
solvent velocity 〈vS〉 is obtained by superimposing both velocity 
profiles and averaging across the channel21:

where dP/dx is an applied pressure gradient, ζ is the electri-
cal potential at the plane of shear (this plane, which is parallel 
to the wall, is the first plane of molecules that are moving rather 
than adsorbed to the wall), ψ(y) is the electrical potential in the 
double layer, dϕ/dx is an applied axial electrical-potential gra-
dient, η is the solution viscosity and ε is the permittivity of the 
solution. We find that hydrodynamic pumping is problematic in 
nanofluidics because the average velocity is proportional to h2, so 
it becomes very small for nanochannels. Electro-osmotic pump-
ing, on the other hand, remains viable in nanofluidics because 
the electro-osmotic flow velocity only markedly decreases when 
double-layer overlap occurs and ϕ(y) approaches ζ (ref. 21). The 
hydrodynamic flow profile is parabolic (as in larger channels), 
whereas the electro-osmotic flow profile follows the profile of the 
electrical potential (ζ − ϕ(y)) across the channel. In nanochan-
nels with double-layer overlap, the electro-osmotic flow profile 
thus approaches a parabolic shape, whereas in larger channels the 
velocity increases  steeply near the channel walls and maintains 
a constant value for the remainder of the channel width to give a 
‘plug’ profile21.

Solute transport. Solutes can be transported by solvent transport 
(convection), by a solute concentration gradient (diffusion) or, 
for ions, an electrical potential gradient (migration). The solute 
fluxes resulting from these three driving forces are combined in 
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Table 1 | Free energies between a plane and a particle or ion.
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Approximate expressions for the free energy (E) of the colloidal interaction between a negatively 
charged spherical particle of radius r and a planar surface (left), and a small ion of charge +zq and 
a planar surface (top right) as a function of the distance y between the particle (or ion) and the 
surface. See ref. 102 for more details. ψ, electrical surface potential of surface and spherical particle; 
λ, Debye screening length; ε, medium dielectric constant; A, Hamaker constant (A = 6×10−21 J 
for the interaction between a protein and a synthetic polymer surface in water18,103); C and D0 are 
constants (C » 0.4 N m−1; D0 » 2 nm. See ref. 16).
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the Nernst–Planck equation. This equation can be formulated for 
nanochannel transport to give11,14:

where 〈J〉 is the area-averaged solute flux, D∞ the diffusion coeffi-
cient in free solution and zq is the ionic charge. This equation differs 
from the bulk transport equation because the colloidal interactions 
between solute and wall mean that it is necessary to include the 
effects of the concentration profile c(y). Sometimes it is also neces-
sary to add hydrodynamic friction (see below) to this equation.

Charge transport. Hydrodynamic flow through a channel with 
a charged surface (Fig. 1a) transports the electric charge in the 
double-layer region downstream. This electrical current, which is 
called the streaming current, generates an axial electrical field that 
subsequently causes a backflow of current. In the steady state, both 
currents are equal and the resulting potential difference over the 
channel is called the streaming potential. In nanochannels, this 
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streaming potential causes an appreciable electro-osmotic backflow 
in pressure-driven flow (see equation (3)), seemingly increasing the 
viscosity (the electroviscous effect)22.

Friction. Two sources of friction are important in nanofluidics: sol-
vent–wall interactions and hydrodynamic solute–wall interactions. 
The hydrophobic interaction can lead to a lower density of water mol-
ecules in the layers adjacent to a hydrophobic wall17, which means 
that the water–wall interactions decrease and water will partly slip 
past the wall, giving a non-zero wall velocity. This ‘liquid slip’ is quan-
tified by the slip length b (ref. 23), and slip lengths of 20–50 nm have 
been reported for hydrodynamic flow experiments on hydrophobic 
surfaces24. Theoretically, liquid slip increases the hydrodynamic flow 
velocity in a nanochannel by a factor of (1 + 6b/h), and the electro-
osmotic flow velocity by a factor of at least (1 + b/λ) (ref. 25).

To account for the frictional effects of solute–wall interactions, 
equation (4) is generally modified by dividing the terms for convec-
tion, diffusion and migration with ‘hindrance factors’. Expressions 
for these coefficients have been derived for a few simple solute and 
channel geometries11,14.

Entrance and exit processes. In general the solute flux (mol m−2 s−1) in 
a nanochannel will differ from the flux in bulk solution owing to dif-
ference in average concentration given by Φ in equation (2). As a result 
solute depletion and enrichment occurs at the channel openings, a 
phenomenon called concentration polarization (Fig. 3). This phenom-
enon is often a problem, but it can also be exploited in applications. 
Concentrated solutes can, for example, block the channel (causing 
fouling in membranes), and increased salt concentrations can decrease 
the channel ion-permselectivity, as the Debye length is a function of 
the ionic strength. However, concentration enhancements can be use-
ful in chemical analysis and electrodialysis, as we shall see below.

applications in solvent transport
The prediction25 that liquid slip will strongly enhance the mag-
nitude of electro-osmotic flow in nanochannels recently received 
support from experiments that found that the electro-osmotic flow 
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Figure 1 | concentration and velocity profiles in a nanochannel. a, The 
concentrations of positive (red line) and negative (blue) salt ions vary 
with position y in a nanochannel of width 2h. The walls are negatively 
charged so the concentration of positive ions (the counter‑ions in this 
system) is highest near the walls and lowest in the middle of the channel. 
The total electrostatic potential inside the nanochannel (green line) also 
varies with y. In this example the electrical double layers formed at each 
wall (see main text) overlap, which results in the nanochannel being 
occupied mostly by counter‑ions. b, The concentration profile (left) for 
large solute particles of radius r attracted to the wall by colloidal forces, 
but excluded by steric hindrance. In convection‑driven solute transport, 
the solute flux J is the product of the concentration profile c(y) and the 
velocity profile vS(y) (thin black line) of the solvent flow. The maxima in 
c(y) are close to the walls, while the maximum of vS(y) is in the centre 
of the nanochannel. Hydrodynamic friction between the large solutes 
and the wall also influences the solute flux, and liquid slip at the walls 
sometimes influences the flux.

Figure 2 | Interaction potential between a particle and a surface (both 
negatively charged). The nanoparticle (grey circle) is attracted to the 
surface by van der Waals forces (blue line), but repelled by electrostatic 
forces (red line), and is shown here at the minimum of the combined 
potential (green line). r = 5 nm; ψ = −25 mV; A = 6×10–21 J; ε = 80 x 8.9x10–12 
F m−1; λ = 10 nm. The hydrophobic interaction is not considered. In DLVO 
theory15 (named after Derjaguin, Landau, Verwey and Overbeek) the (in)
stability of colloid solutions can be explained by a combination of van der 
Waals forces and electrostatic forces.
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velocity increased by a factor of two at hydrophobic surfaces26,27. 
Other experiments reported that the current increased by a factor 
of 20–50 when a positive gate voltage was applied to 20 x 30 nm 
silica nanochannels28, which is thought to be due to liquid slip 
caused by the perpendicular field.

There have been relatively few experiments on pressure-driven 
flow in nanochannels for the reasons discussed above, and these 
have mostly focused on the use of streaming currents to gener-
ate electric power29–31 or study the behaviour of DNA molecules 
in nanopores34. Of particular note are two reports of enor-
mous enhancements (by four orders of magnitude) of pressure-
driven flow in carbon nanotube membranes, possibly caused by 
liquid slip33,34.

Several other driving forces have been proposed in literature35–39. 
In diffusio-osmosis39–42, for example, liquid transport is generated 
by a difference in solute concentration at the two ends of the chan-
nel. Its origins lie in the attraction of solute molecules to the wall, 
which causes a locally high solute concentration, which in turn 
generates an osmotic pressure gradient at the channel wall in the 
same direction as the solute concentration gradient. This osmotic 
pressure gradient finally generates liquid flow. However, the flow 
velocities are ~μm s–1, which is probably the reason that diffusio-
osmosis has received less attention than electro-osmosis, although 
this could change if experiments can confirm the prediction43 that 
the introduction of liquid slip would increase the flow velocity by a 
factor b/Lm, where Lm is the molecular length scale. It was predicted 
that this factor could be as high as 100.

Flow can also be driven by a process called pervaporation 
(which is partial evaporation through a membrane). Flow rates of 
up to 70 μm s–1 driven by pervaporation have been reported for a 
500-nm-high polyimide channel with a thin ‘roof ’35. The pervapo-
ration induces fluid flow by moving water from the high chemical 
potential in the channel below the roof to the low chemical poten-
tial in the atmosphere above the roof (as happens in trees). Ref. 35 
also reports fluid flow induced by osmosis on the same device: in 

this case water moves from a region of low salt concentration to a 
region of high salt concentration. These pumping techniques exploit 
the large surface-to-volume ratios in nanochannels. Pumping by 
evaporation at one or multiple channel exits has only been demon-
strated in microchannels so far, but it should also be possible with 
nanochannels44,45.

It is also possible to drive liquid through a nanochannel with 
flexible walls by deforming the nanochannel37,46. Nanochannels 
have been created in polydimethylsiloxane (PDMS) by applying 
mechanical stress to thickly oxidized PDMS layers. The stress pro-
duces cracks with triangular cross-sections and controllable widths 
and heights (of 688 and 58 nm respectively in ref. 46). The combina-
tion of this shape and the use of extra-stiff PDMS probably prevent 
the walls of the nanochannel sticking to each other in an irreversible 
manner. Liquids can be pumped through these channels by apply-
ing a relatively small pressure (22–42 kPa) to the PDMS; lower pres-
sures can be used to control the flow velocity and higher pressures 
can completely close the channels. The potential for massive paral-
lelization offered by these techniques, combined with the relative 
ease of fabrication, means that their impact on nanofluidics could 
match that of a similar technique in microfluidics47.

All other techniques exploit the dominance of surface tension 
and viscous forces over inertia in nanofluidic channels. Capillary 
filling38 is one technique that could potentially be scaled down in 
size from the micro- to the nanoscale. Pumping is performed by 
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Figure 4 | Diffusion-limited patterning. a, When a bulk solution can only 
enter a nanochannel (with a functionalized surface) from one end, it is 
possible to pattern the surface by subsequent introduction of multiple 
reactants with a technique known as diffusion‑limited patterning. 
b, When a reactant (red) is introduced into the bulk solution for a certain 
length of time, it diffuses into the channel and binds to the surface, 
forming a well‑defined reaction front. c, When a second reactant (blue) 
is introduced, it reacts with the region of the channel beyond the first 
reactant. d, Repeating this process with different reactants results in 
patterning of the reactants inside the channel. Adapted from ref. 51 with 
permission © 2006 ACS.
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Adapted from ref. 6 with permission © 2008 APS. 
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a repetitive cycle in which a water plug is replaced with gas (by 
inducing a slight gas over-pressure), and then again the gas plug is 
replaced with water (by capillary pressure). A structural asymmetry 
in the system thereby provides directionality to the pumping.

A more exotic way of exploiting surface tension and viscous 
forces is to induce liquid flow in a lipid nanotube between unilamel-
lar vesicles36. This is done by using a micromanipulator to continu-
ously change the shape of one of the vesicles, which also changes 
the surface tension: lipid then flows from regions of high surface 
tension to regions of low surface tension in the nanotube, and the 
liquid in the nanotube is dragged along by viscous forces.

applications in solute transport
We have seen that solute transport in nanochannels is strongly influ-
enced by colloidal interactions with the wall, and these interactions 
can significantly reduce the solute transport velocity, which is a dis-
advantage for most applications (although it is essential in liquid 
chromatography48). In this section we will discuss the influence of 
adsorption (both reversible and irreversible), electrostatic forces, 
steric exclusion and friction on solute transport, and also discuss 
the active control of transport, entrance and exit effects, and how to 
deal with low detection limits in nanofluidic systems.

The influence of adsorption. A number of recent experiments have 
explored how the transport of molecules (mostly cationic molecules) 
is modified in nanochannels49–54. When adsorbing molecules diffuse 
through a nanochannel, the reduced transport rate is accompanied 

by a sharp diffusion front. In the case of reversible adsorption the 
diffusion coefficient is reduced to D∞/(R + 1), where R is the concen-
tration ratio of immobilized and free solute55.

Irreversible adsorption of, for example, proteins can be used 
to pattern the surface of microfluidic and nanofluidic channels51,56 
(Fig. 4). The diffusion constants measured for protein and positively 
charged dyes can be between four50 and eight49 orders of magnitude 
lower than the bulk values, making it practically impossible to use 
such molecules as tracers in measurements of the flow velocity. (See 
ref. 51 for a simple expression for the effective diffusion coefficient 
in the case of irreversible adsorption).

The influence of electrostatic forces. As mentioned above, the 
electro-osmotic flow profile in a nanochannel with double-layer 
overlap is almost parabolic and, as a result, it has been found that 
the effective electrophoretic transport rate for the counter-ions that 
reside close to the wall is decreased with respect to that of the co-
ions in the middle of the channel57,58. Researchers have also observed 
electrophoretic separation of DNA oligomers (10–100 base pairs) 
in 100-nm-deep channels59. The observed dependence of the DNA 
transport rate on the ionic strength suggested an important role for 
the electrical double-layer field.

For pressure-driven flow, the transport rate of co-ions will be 
influenced by their charge number, because co-ions with higher 
charge number spend more time, on average, in the centre of the 
channel, where the flow rate is highest. Nanofluidics could there-
fore also have applications in ion separation60. Moreover, this effect 
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results in a positive wall because the applied voltage polarizes the oxide layer, which can be represented by a positive surface charge (green symbols) 
on one side and a negative surface charge on the other, with ψ decaying linearly within the oxide layer. For Vgate<0 the electrostatic potential at the wall 
becomes more negative, increasing both the number and transport rate of positive ions. Adapted from ref. 84 © 2005 ACS.
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is thought to be responsible for the pressure-driven separation of 
DNA molecules recently observed in 500-nm-high channels61.

The influence of steric exclusion. When the transport of solute 
through a nanochannel is exclusively determined by steric exclu-
sion (that is, when friction and the hydrodynamic flow profile have 
negligible influence), the solute flux will only be a function of Φ (see 
equation (2)), and this coefficient was first calculated for different 
channel and solute shapes in 1968 (ref. 19). Researchers have devel-
oped nanostructured anisotropic sieves to perform Ogston sieving 
(named after Alexander George Ogston, who did pioneering work 
on the thermodynamics of biological systems in the 1950s; ref. 62) 
in a continuous flow fashion63.

Steric exclusion confines larger solutes to the centre of the 
nanochannel, so they will be transported faster when a parabolic 
hydrodynamic flow profile exists. This process forms the basis of a 
size-dependent separation process called hydrodynamic chromatog-
raphy that has been used to separate nanoparticles and biomolecules 
with sizes of order 10 nm (ref. 64), and also to separate DNA65.

It can be difficult for non-spherical macromolecules to enter 
nanochannels because they are sterically excluded from part of the 
nanochannel and because they have to sacrifice rotational or confor-
mational entropic freedom. As the energy required to overcome this 
entry barrier will depend on molecular size, this process can also form 
the basis for separation devices. A number of DNA separation devices 
use a succession of microcavities (‘entropic traps’) and nanochannels, 
where an interplay between conformational entropy and migration 
determines the separation order of long DNA63,66. Similar devices can 
also be used for the separation of short DNA molecules: because these 
molecules have a rigid rod conformation, the separation is based on 
differences in rotational entropy67. The tendency of DNA molecules 
to maximize their conformational entropy has been used for separa-
tion in entropic recoil devices68. However, the timescales for separa-
tion in these devices are long because diffusion is necessarily involved. 
Ref. 69 contains an eloquent discussion of entropy and separation.

The influence of friction. It has been repeatedly reported that the 
electrokinetic mobility of DNA in a nanochannel is lower than in bulk 
solution and several groups have demonstrated electrophoretic sepa-
ration of DNA in nanochannels70. Some authors ascribe the separa-
tion to a size-dependent friction between the wall and the molecule, 
especially if extremely small channels are used. However, a simple fric-
tion model could only partly explain the observed decrease in DNA 
mobility in nanochannels that were 100 nm deep and 90 nm wide71. 
The separation of long (2–10 kilobase pairs) DNA molecules in nano-
slits (channels that only have their height in the nanometre range) of 
19 nm height was attributed to a differential friction with the walls72. 

Other researchers found that the mobility of long (2.8 and 48 kilobase 
pairs) DNA molecules in nanoslits of 20 nm height depended on the 
DNA length and also strongly on the applied field, with transient trap-
ping observed at higher fields73. In view of the strength of the applied 
fields (up to 200 kV m−1), dielectrophoresis and steric trapping were 
suggested as explanations. It must be mentioned that a short polymer 
(polyvinylpyrrolidone) was used in refs 71–73 to suppress electro-
osmotic flow, and it is possible that this polymer could cause further 
friction and, possibly, a gel-type DNA separation.

Actively controlling transport. It is possible to control solute trans-
port in nanochannels by modulating the electrostatic interactions 
between the solute molecules and the walls (similar to the methods 
used to control solvent transport). Examples of this approach applied 
to controlling the flow of ionic solutes include changing the pH to 
control transport through a membrane74 and changing the electrolyte 
strength to gain control over the transport properties of a specifically 
engineered nanochannel54.

The most promising and versatile technique involves the use of 
electrodes on the exterior of a nanochannel with thin walls (made of 
native silica) to actively vary the electrostatic potential at the wall to 
control the diffusional transport of charged proteins (Fig. 5; ref. 75). 
To limit the colloidal interactions to controllable electrostatic interac-
tions, the wall of the nanochannel was modified to have a low surface 
charge while remaining strongly hydrophilic.

Transport through a biological porin can be controlled directly by 
altering the polarity of some of the surface groups inside the porin to 
create a nanofluidic diode (Fig. 6; ref. 76). External control of the rec-
tifying properties of a comparable porin has also been demonstrated 
by altering the pH of the external solutions77. Similar control has been 
demonstrated for synthetic nanopores by functionalizing the nano-
pore with amphoteric surface groups78.

A growing trend in nanofluidics is the development of the flu-
idic equivalents of well-known electrical circuit elements such as 
diodes76–81,86 and transistors75,82–85. Inspired by the semiconductor, 
it may be possible to integrate these components into systems that 
could have applications in areas such as drug discovery87.

Entrance and exit effects. Micromachining techniques have made it 
easy to manufacture systems in which nanochannels are interfaced to 
microchannels, and the entrance and exit effects (such as concentra-
tion polarization) at the ends of the nanochannels in these devices can 
be exploited in applications such as ion enrichment and ion deple-
tion88. Other demonstrations have included the use of the ion-deple-
tion zone in front of a nanochannel to preconcentrate proteins in a 
microchannel orthogonal to this nanochannel89, and the simultane-
ous concentration and separation of an analyte in the depletion and 
enrichment zones90–92.

Dealing with low detection limits. A drawback of nanofluidic sep-
aration systems is their low sample throughput, which gives rise to 
detection problems. (See ref. 6 for a discussion on molecular sensing 
in nanofluidic systems.) These problems can be approached in several 
ways. A continuous flow format can increase the amount of separated 
analyte, although the analysis time will increase63,65,93,94. Alternatively, 
concentration polarization can be used to preconcentrate analytes 
in an orthogonal microchannel89. Both these approaches rely on the 
ability of micromachining methods to fabricate devices with channels 
with heights and widths as small as 50 nm (ref. 95). Another possible 
approach is the use of parallel separation channels with parallel detec-
tion in each channel.

energy conversion
We have seen that a streaming current and a streaming potential are 
generated by solvent flow through a charged nanochannel, and the 
possibility of using these phenomena to generate electrical energy 
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Figure 6 | a biological porin engineered into a nanofluidic diode. 
Schematic showing a modified porin (grey) between bilipid membranes 
(red). The walls of the pore through the molecule are modified so that 
there are regions of positive (blue) and negative (red) charge. Since the 
electrical double layers are comparable with the diameter of the pore, a p–n 
junction that is equivalent to an electronic diode is created, as shown in the 
current–voltage curve on the right. Reprinted with permission from ref. 76 
© 2007 ACS.
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was explored theoretically in the 1960s (refs 96,97), but interest 
in these ideas later faded. However, advances in nanofabrication 
and worries about energy security have led researchers to revisit 
these ideas. The main challenge is to increase efficiency, which is 
at present around a few per cent29–31,98–100, compared with efficien-
cies of up to about 95 per cent for standard rotational electromag-
netic generators.

Theorists have recently discussed29,100 ways to increase efficiency 
and implement parallelization. For systems without liquid slip the 
maximum achievable efficiency was predicted to be ~10%, which 
could be increased to ~30% if it were possible to take advantage 
of liquid slip to increase the flow. However, surfaces that facilitate 
slip are often hydrophobic and are known to have a lower effective 
surface charge, which would limit the efficiency. It might be pos-
sible to overcome this problem (by, for example, doping, surface 
modification or voltage biasing), but these solutions would, in turn, 
reduce the surface hydrophobicity and, therefore, the amount of 
slip. However, the prospects seem promising in view of the fact that 
slip-enhanced electro-osmotic flow has recently been experimen-
tally observed26, and the realization that the streaming potential is 
simply the experimental inverse of the electro-osmotic flow101. This 
technique holds great potential for increasing power density by 
exploiting the possibilities for massive parallelization within rela-
tively small surface areas offered by nanofluidic systems.

It has also been calculated that a nanotube-based system could, 
by exploiting parallelization, generate kW m–2 power densities29, 
although the practicality of this approach needs to be proved by 
experiment. Another challenge will be to make reliable electrical 
interfaces with nanofluidic generators because the Ag/AgCl refer-
ence electrodes used at present have a limited lifetime, especially 
when a large amount of current is passed.

conclusion and outlook
Based on the progress that has been made over the past decade, we 
expect that nanofluidic systems will have an important role in the 
following fields: analytical chemistry and biochemistry; liquid trans-
port and metering; and energy conversion (especially if liquid slip 
can be exploited). The biggest challenge facing workers in the field 
is to cope with the inherent problems introduced by the enormous 
surface-to-volume ratios. Adsorption of molecules, for example, 
can lead to large losses and can also change the surface properties. 
Furthermore, detection issues will have to be dealt with in view of 
the very small quantities of molecules present.
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