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Abstract This review addresses the questions of whether it
makes sense to use lithographically defined nanochannels
for chemistry in liquids, and what it is possible to learn
from experiments on that topic. The behavior of liquids in
different classes of pores (categorized according to their
size) is reviewed, with a focus on chemical reactions and
protein dynamics. A number of interesting phenomena are
discussed for nanochannels with feature sizes that are
manufacturable with modern photolithography-based fabri-
cation technology. The use of spectroscopic methods to
investigate chemistry in nanochannels, where both spectro-
scopic method and nanochannels are integrated into a single
device, will be evaluated.
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Introduction

In this review we investigate answers to the question of
whether artificial nanochannels possess the potential for
fundamental studies and applications in the field of
chemistry in liquids. By “artificial” we mean that they
are fabricated by “top-down” techniques involving
photolithography and micromachining. The typical
dimensions of the nanochannels of interest range from
a few nm to a few hundred nm, which is typically also

the range of pore sizes available in porous materials like
zeolites, membranes, polymers, and porous glasses and
minerals, which are applied or studied in various fields
such as filtration and sorption, petroleum engineering,
soil research, heterogeneous catalysis, chromatography
and size-exclusion separation techniques, as well as
biochemical engineering and controlled-release medicine.
In catalysis, pores are categorized according to their
mean size as [1]: i) “micropores,” with diameters <2 nm;
these are close to the size of small molecules, and
examples include zeolites, carbon nanotubes and aquapor-
ins in cell membranes; ii) “mesopores,” between 2 and
50 nm, such as the pores in anodically fabricated porous
silicon or the pores in particles used in chromatography;
iii) “macropores,” >50 nm diameter. This division into
pore classes makes sense, as we will see below when we
discuss the phenomena observed in these pores, although
the terminology seems awkward when compared to what
in micro and nanotechnology are referred to as “nano,”
“micro” and “macro.” Channels with diameters of
<1000 nm are usually called “nanochannels,” while
channels between 1 μm and 1 mm are considered “micro-
channels;” more specifically, these are channels with
hydraulic diameters that are much smaller than the Laplace
constant (which scales surface tension to gravitational
forces, and which is on the order of 1 mm for water at
atmospheric conditions and room temperature). Everything
larger than 1 mm is (at least among nano and microsystems
aficionados) usually considered “the macroworld.”

Molecules confined within pores with widths of a few
molecular diameters can exhibit physical behavior that is
quite different from that observed in a bulk fluid. When the
pore width is on the order of the range of the intermolecular
forces, a large fraction of the confined molecules will
experience a reduction in the number of nearest-neighbor
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molecules, leading to large shifts in phase coexistence
curves and a lowering of critical points [2]. Furthermore,
the presence of wall forces in the pores, and the resulting
competition between fluid–wall and fluid–fluid forces, can
lead to different phase behavior from that found in the bulk
fluid, like layering and shifts in phase transitions. The new
physics that results from finite-size effects, varying dimen-
sionality, and surface forces will also have implications for
chemical reactions carried out in the confinement of a
nanochannel, as we will discuss in this review.

Because state-of-the-art micro- and nanofabrication
techniques allow the development of nanostructures with
well-defined dimensions in a planar format and in large
ordered arrays with a small size distribution, artificial
nanochannels may serve as excellent experimental model
systems for studying the properties of pores and comparing
the results of such studies with those obtained from
computational and theoretical modeling. State-of-the-art
fabrication technology has already arrived at the small
dimensions of the “micropores” mentioned above; for
example, electron beam lithography achieved a resolution
limit of 1 nm some 20 years ago [3]. Besides the
dimensional definition, another advantage of the micro/
nanofabrication approach is the planar format, which is
very suitable for the integration of analytical tools that can
be scaled, using modern fabrication tools, to match the
dimensions of the nanochannels (or rather, scaled to the
typical range of the physicochemical phenomena occurring
in the nanochannels). Integrated analysis provides unprec-
edented possibilities when studying the chemical processes
occurring in nanoconfinement in situ. This in situ analysis
allows the verification of theoretical pore models and thus
advances our fundamental understanding of the chemistry
that occurs in porous materials.

Phase equilibria in nanochannels

Confinement of matter on the nanometer scale induces
phase transitions that are different from the ones observed
in bulk systems [2]. This is usually attributed to fluid–wall
interactions, particularly at the smallest geometries. For
nanochannels or pores a few tens of nanometers in size,
fluid–fluid interactions interplay with fluid–wall interac-
tions, leading to a phenomenon called capillary condensa-
tion that is a common gas–liquid transition which is
displaced towards lower pressure according to the Kelvin
equation.

As an example of phase transition shifts in confine-
ment, in work in which time-resolved optical experi-
ments were used to study the dynamics of liquid oxygen
in pores with diameters of between 2.2 and 18.7 nm [4],
it was experimentally found that a supercooling of almost

20% below the bulk freezing point is obtained in the
smallest pores. The freezing-point depression follows the
relationship:

ΔT ¼ 2ΔsVmT0
ΔhfRp

ð1Þ

where Δhf is the heat of fusion, T0 is the bulk freezing
point, Vm is the molar volume, and Δσ is the difference
between the frozen-solid/wall and liquid/wall interfacial
energies. The relation was also found to hold for ethanol,
and is a direct result of the following equation [5]:

ΔT ¼ 2aLSVsT0 cos q
ΔhfRp

ð2Þ

where αLS is the surface energy between liquid and solid, θ
is the contact angle between liquid, solid and the wall of the
pore, and Vs is the molar volume of the solid.

A similar relationship holds for the boiling-point eleva-
tion in pores, and the relation in that case turns out to be a
combination of the Clausius–Clapeyron and Kelvin equa-
tions. The latter predicts that the boiling temperature for
water in pores a few nmwide may rise to above 300 °C. Such
high liquid temperatures, far above the bulk boiling point,
may not be realistic in practice, but even an increase of a few
tens of degrees in the boiling point would lead to chemical
reactions with orders of magnitude faster kinetics—very
similar to the effect obtained in a pressurized liquid, but
without an external pressure source and all the precautions
that need to be taken in that case. It should also be pointed
out that channels a few nm in diameter are very difficult to
achieve by state-of-the-art machining, as will be discussed in
more detail in a following section. Exploiting the above
effects in an engineered device therefore requires the use of
microporous materials.

There has been some debate about the pore size at which
the Kelvin equation may still be valid. It was experimen-
tally determined that the Kelvin equation holds down to
9 nm for water [6], and down to ca. 4 nm for organic
liquids [7]. In fact, subsequent largely theoretical work (see
[2, 8] for reviews) has shown that a shift of the critical
temperature of the fluid confined in pores of a few nm may
arise that scales as:

Tc � Tcp
Tc

� s
rp

ð3Þ

where σ and rp are the Lennard–Jones size parameter and
the pore radius, respectively, and Tc and Tcp are the bulk
and radius critical temperatures, respectively [9]. As can be
seen from Eq. 3, the shift is positive (i.e., the critical
temperature is lowered by the nanoconfinement), and so the
critical temperature becomes more accessible for experi-
mentation since the high pressures that are commonly
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required for supercritical conditions are no longer needed
(nanoconfinement also results in a lowering of the critical
pressure [10]). Since supercritical conditions can be very
attractive for chemistry [11], the use of nanochannels may
provide a pathway to new chemistry. Note, however, that
the critical shift will only be substantial for a very small
pore radius, such as that attainable in zeolites. For example,
the critical point of CO2 in MCM-41 pores shifts from a
bulk value of 304.21 K to a value of 195 K at rp=1.8 nm,
and to below 161 K for an rp of 1.2 nm [12]. These data
also show that the dependence of the critical temperature on
pore radius is very steep, which places severe constraints on
pore size control and pore size distribution in practical
applications, like the supercritical chemistry mentioned
above.

One very special case, in a broad sense, is water. The
importance of water to life can hardly be overemphasized,
and the common belief nowadays is that life cannot exist
without water [13]. Bulk water has unique properties that
derive from its hydrogen-bonded network. In everyday life,
though, water is often present trapped in small cavities, and
this is why much effort has been devoted to describing the
effects of confinement on the structure and dynamics of
water.

Although the differences between the properties of bulk
and confined water that emerge from different experimental
methods are sometimes misleading, it is now understood
that nanoconfinement of water results in suppression of the
molecular rotational motions near the confining surface,
within a layer of thickness 0.4–0.8 nm (see, e.g., [14]).
Much of the latest work on water in nanoconfinement
focuses on structures with diameters in the 1–2 nm range,
and uses carbon nanotubes as the main theoretical and
experimental model because of the similarities in terms of
dimensions and hydrophobicity to pores in biological
systems, like the aquaporin water channels in cells [15,
16]. The structure arising from this work is one in which
water exists in a two-phase system, with a fourfold-
coordinated ice sheet wrapped into a cylinder near the
nanotube wall, and a chain of water molecules along the tube
axis, which retains fluidity down to 50 K [17, 18]. This chain
of water, or “single file,” was predicted by molecular
dynamics simulations for water in carbon nanotubes,
aquaporins and for pores in zeolites (see [19] for a review).

Other work in this area on confinement in pores of
similar dimensions (2.1–4.5 nm) discusses the orientational
dynamics of weakly wetting, strongly wetting and net-
worked liquids, and concludes that in all cases the global
(i.e., averaged over the nanochannel volume) dynamics of
the confined liquids are slower than those in the bulk. This
arises from a number of different mechanisms: geometrical
reorientation constraints at the pore surface, a change in the
hydrodynamic volume for the reorientation of molecules off

the pore walls in weakly wetting liquids, chemical
interactions with functional groups on the pore surface in
strongly wetting liquids, and interference with long-range
cooperativity in networked liquids [20]. It was found that
molecular motions near the pore surface slow down; on the
other hand, if the interactions between the molecules and
the surface are weaker than the interactions between the
molecules in the bulk liquid, they accelerate [21]. The
unusual dynamics of confined water may be ascribed
mainly to the partial destruction of hydrogen bonds, which
decreases the cooperativity of molecular motions in the
liquid. Similar effects have also been reported for methanol
and ethanol [21], which also are hydrogen-bonded liquids.
Because of the latter, the effect of confinement on the
dynamics of capillary-condensed methanol molecules was
found to be stronger than in acetonitrile [21, 22].

Surprisingly, it was reported that capillary-condensed
water also shows suppressed molecular motions at room
temperature in nanochannels tens of nanometers in size.
Particularly worthy of note in this respect is the work of
Tsukahara et al. [23], who used NMR (nuclear magnetic
resonance) to study confinement effects on the structure and
motion of water molecules in channels 295–500 nm in
equivalent diameter. The chips containing these nano-
channels were introduced into a commercial 5 mm NMR
sample tube and measured at 300 MHz proton resonance.
NMR is particularly well suited to the study of inter- and
intramolecular motions and interactions, while at the same
time the method provides the possibility of identifying
chemical species. It was found from the NMR data (in
particular the spin-lattice relaxation values, see Fig. 1) that
the water in the nanochannels retains a four-coordinated
hydrogen-bonded structure, translational motions slow
down, proton mobility is enhanced, the proton-charge
distribution is localized along the hydrogen-bonding chains,
and a chemical exchange of protons takes place between
water and water adsorbed on surfaces. To assess the relative
contribution of water–surface interactions, the authors also
modified the nanochannel surfaces with hydrophobic Si
(CH3)3 groups. The spin-lattice relaxation time constants of
water confined in the modified channel were found to
increase at around 1000 nm, a higher value than for the
unmodified case. Although the interactions of water
molecules with the CH3 groups were weaker than those
with the OH groups, the size-confinement effect appeared
stronger in the hydrophobic case than in the hydrophilic
case.

Transport in nanochannels

As derived from the Hagen–Poiseuille equation, the
pressure drop needed to refresh the volume of a tubular
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nanochannel of radius R and length L once every second is
given by:

ΔP ¼ 8m
L

R

� �2

s�1 ð4Þ

where μ is the dynamic viscosity. It is possible to fabricate
nanochannels that have aspect ratios L/R of up to 105 (e.g.,
a channel of radius 10 nm and length 1 mm). For water
(with μ=0.001 Pa s), the corresponding pressure drop in
such channels would be 80 MPa or ca. 800 bar, and the
flow cwould be a. 20 fL/min. Although this flow is far
below the limits of available commercial pumping equip-
ment, such a pressure is not unrealistic [24]. Putting tens or
hundreds of these channels in parallel, or making them slit-
like, would bring pressure-driven flow through such nano-
channels within reach.

However, in the above we have assumed that flow
through nanochannels can be described by the Hagen–
Poiseuille equation. It turns out that liquid-filled channels
of simple geometry, with smooth walls and with diameters
>2 nm can indeed be described using classical Navier–
Stokes treatments [25]. However, in discussions of flow in
nanochannels, one must always take the effects of wall
charge on transport into account. Much of the work on this
topic has recently been reviewed [26, 27], and we refer the
reader to these papers for more detail. Summarizing their
findings, since the surface-to-volume ratio is high in
nanochannels, surface-charge-governed transport becomes
prominent. This leads to charge selectivity and exclusion of
ions from the channel (see Fig. 2), an effect that is most
pronounced if the Debye screening length, or electric
double layer (EDL), is comparable to the smallest dimen-
sion of the nanochannel, leading to EDL overlap (see [28]
for a review of theoretical modeling of this phenomenon).
Such charge-selective effects were first described in
membrane filtration [29], but have recently also attracted
great interest because of a similarity to transmembrane
protein and potassium channels (see, e.g., [30]). Further-
more, charge exclusion has been used directly in a
chromatographic application [31] where pressure-driven
flow occurs through nanochannels with EDL overlap,
causing the co-ions (see Fig. 2) to move faster than the
counterions, resulting in chromatographic separation. When
applied to DNA separations, efficiencies of more than
100,000 plates per meter were obtained with less than 1 pL
of sample consumed and less than 0.1 nL of waste
generated.

An exciting application of the ion-exclusion effect in
nanochannels is a new type of proton-exchange membrane
that can be used, for example, in miniaturized fuel cells
[32]. In this work an array of parallel channels of height
50 nm that is filled with an acidic solution acted as a super
proton conductor, because the proton conductivity inside
the channels increased by orders of magnitude due to EDL
overlap. To increase the power output (the one-dimensional

Fig. 2 At high ionic strength
the electrical double layer, EDL
(shaded in gray), is thin, which
allows co-ions and counterions
to pass through the nanochannel.
At low ionic strength the electric
double layers (almost) overlap,
resulting in charge selectivity.
From [26]

Fig. 1 Size dependence of 1H 1/T1 values (squares) of confined water
at 300 MHz and 22 °C); the inset shows the size dependences of
intermolecular translational (triangles) and intramolecular rotation
(closed circles) motions obtained from the experimental 1/T1 values
(squares) [23]
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channel array presented gave an output of 3 nW), the
number of channels should be increased; if this is done, the
authors calculate that an entire fuel cell assembly with a
volume of 10×10×10 cm3 could generate a power of more
than 100 mW.

Another interesting finding with respect to charge effects
in nanochannels was reported by Schoch et al. [33]—namely
that nanofluidic channels can be used to enhance surface
binding reactions, since the target molecules are confined to
surfaces coated with specific binding counterparts and the
molecules can be steered into the nanochannels via pressure-
driven or electrokinetic flow. Monitoring the nanochannel
impedance allows sensitive electrical detection of low
analyte concentrations within response times of 1–2 h,
which is 54 times faster than diffusion-limited binding.

This brings us to the topic of the diffusion of molecules
in confined geometries, which is quite different from
diffusion in the bulk. In channels a few nm in diameter,
confinement may lead to an effect that is called “single-file
diffusion,” i.e., the restricted propagation of particles that
cannot pass one another. The occurrence of this phenom-
enon is reflected by a change in the time dependence of the
mean particle displacement in comparison with ordinary
diffusion. This was theoretically described by Levitt [34],
who showed that under single-file conditions (the studied
system involved one-dimensional collisions of hard rods
with a random background), the mean displacement of
particles goes as time1/4, rather than the time1/2 behavior
expected for diffusion according to Fick (i.e., the flux of
material in a concentration gradient imposed on the
system). Direct evidence of the expected time dependence
of single-file diffusion was first provided by diffusion
measurements performed with pulsed field gradient nuclear
magnetic resonance (NMR) in zeolites [35].

Diffusion in zeolites has recently been reviewed by Smit
and Maesen [36]. These authors argue that one should take
care when comparing diffusion coefficients; for one thing,
they might not have the same meaning: the transport
diffusion coefficient used in Fick’s law and based on the
flow of material in a concentration gradient is intrinsically
different from the diffusion coefficient obtained from the
NMR experiments mentioned above, in which a particle is
labeled and the attenuation of the label signal is determined;
the latter diffusion coefficient relates to the self-diffusion
coefficient, which is a measure of the average mean-square
displacement of a particle in a given time interval. The
basic difference between the two arises from the fact that
the first (Fickian) diffusion coefficient arises from the
collective behavior of many molecules due to a gradient,
whereas the second is a property of an individual molecule
resulting from Brownian (i.e., thermal molecular) move-
ment. The differences between these diffusion coefficients
disappear for low loading (i.e., particle density); for high

loading the differences can be quite large. A more extensive
description can be found in the paper by Krishna and
Wesselingh [37].

The pore size in zeolites (between 0.2 and 1 nm) is close
to the sizes of small molecules like CH4 or CO2, and can be
tuned by ion exchange in the zeolite matrix. Because of this
similarity in size, it is no surprise that the diffusion
coefficient of methane can vary by as much as 6–10 orders
of magnitude, depending on the pore topology. A very large
difference in diffusion coefficient (by a factor of 108

compared to the coefficient in bulk water) was also ob-
served for rhodamine 6G dye in 2.9 nm wide and 4.8 μm
long silica nanochannels arranged in an array [38]. The
results obtained on silica nanochannels and zeolites, which
are both hydrophilic materials, are quite different from the
data reported for diffusion in carbon nanotubes 7 nm in
diameter, where the diffusion of water and hydrocarbons
was significantly faster than in solution [39]. This was
attributed to the hydrophobicity of the carbon wall, which
leads to an effectively frictionless surface inside the CNT
(expressed in slip lengths of 40–70 μm).

These molecular sized pores provide special opportuni-
ties for shape-selective chemistry, a topic discussed in the
following section. One interesting term that is worth
discussing briefly here is resonant diffusion. This is the
effect observed in zeolites where the diffusion coefficient
exhibits a periodic dependence on the number of carbon
atoms in alkanes, a phenomenon that was experimentally
proven in LTL and ZSM-12 zeolites [40].

Summarizing the discussion up to this point, it now has
been established that in nanochannels of almost-molecular
dimensions, say below 5 nm in diameter, effects like single-
file transport play a role. Examples include water in carbon
nanotubes [18], organic molecules in zeolite pores, and
potassium ions in membrane channels [41]. For nano-
channels of a somewhat larger size, deviations between the
diffusion coefficient in the bulk and the ones in the
channels have frequently been reported. For example, work
by Martin et al. [42] on diffusion through microfabricated
silicon-based membranes with arrays of uniform channels
with widths of 7 nm to 50 nm and of length 45 μm
demonstrated that non-Fickian behavior (i.e., the flux
through the nanochannels does not decrease exponentially
with time as predicted by Fick’s law, but is instead constant
for a certain period of time) occurs as the pore width
approaches the hydrodynamic diameter of the solute (e.g., at
a channel width of 20 nm for interferon and in a 13-nm-wide
channel for albumin). Fickian diffusion is seen for a pore size
of 26 nm or more. The non-Fickian behavior is attributed to
constrained movement due to the walls of the nanopore.

Kaji et al. [43] performed single-particle tracking expe-
riments in nanopillar (height: 400 nm, spacing in-between:
500 nm) and open-channel (height: 400 nm) glass chips,
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and reported that the diffusion coefficients of 50 nm
diameter nanospheres in water were almost one-third of
the theoretical value derived from the Stokes–Einstein
equation. The authors consider this indirect proof of the
higher viscosity of water in the channel compared to the
bulk solution. In other work [23, 44] it was found that water
in a 300 nm-sized quartz glass nanochannel was a factor of
three slower than predicted by the Hagen–Poiseuille law.

The effect of the small dimensions on viscosity also
becomes apparent in capillary flow in nanochannels (i.e.,
flow driven by capillary forces). Tas et al. [45] found that
for water in 50 nm high channels (20 μm wide), the
apparent viscosity is 23±16% higher than the bulk
viscosity, and 7±11% higher for 150 nm high (20 μm
wide) channels. They argue that this is not due to increased
ordering of the polar water molecules near the channel
walls, as was proposed earlier by Churaev et al. [46], but is
more likely caused by the electroviscous effect that arises
from electro-osmotic counter flow induced by a streaming
potential. The electroviscous effect is especially large under
the conditions of double layer overlap; see, e.g., [26].

Chemistry in nanoconfinement

This review is mainly concerned with the changes in
chemistry that are introduced by the new physics imposed
by nanoconfinement. Most previous studies of chemistry in
nanochannels and other nanostructures have focused on
DNA. This topic has recently been reviewed by Eijkel et al.
[25], and deals mainly with the separation of DNA
fragments using entropic principles; for example in entropic
traps [47], by confinement-induced [48] or hydrodynamic
shear-induced entropic recoil [49], or by confinement in 2-
D nanochannels with diameters that are less than the
persistence length of DNA (ca. 50 nm [50]). Another area
of research related to this, and which also applies artificial
nanostructures, is the study of the properties of single DNA
molecules, including their base sequences [51].

It is obvious from this work on DNA in confinement that
entropy is the main parameter involved in differences
between the behavior of molecules in the bulk of the fluid
and molecules confined in pores. Even if adsorption on the
pore walls is not taken into account (this provides an extra
contribution to the free energy of a fluid in a nanochannel
compared to the bulk fluid), this behavior is what one
would expect based on entropy arguments: molecules in a
pore will lose some of the translational and rotational
freedom they have in the bulk fluid, and the smaller the
pore, the higher the loss of freedom. Logically, for a
specific pore size, the entropic losses will be larger for
larger (longer-chain) molecules such as synthetic polymers
and biomolecules such as DNA and proteins.

Following this entropy-based reasoning, large effects of
nanochannel confinement would be expected for those
chemical processes in which large entropic changes are also
involved in the bulk. Examples are chemical reactions that
lead to a change in the number of molecules (like
polymerization) and thus to a large change in the
translational contribution to entropy, and possibly also in
the rotational and vibrational parts. In general, one might
expect reactions involving a large molar activation volume
(i.e., the change in molar volume between reactants and the
transition state) to demonstrate significant effects when
carried out in confinement. These will typically be reactions
that also exhibit a large pressure effect, like Diels–Alder
cyclo-additions [52]. Large activation volume changes
occur due to changes in the positions of the atoms during
the formation of the transition state or due to specific
solute–solvent interactions. The latter gives an additional
activation volume change caused by electrostriction (i.e.,
the deformation of the solvent around the molecule or ion
that is induced by the electric field of the polar molecule or
ion), an example of which is the Baylis–Hillman reaction,
which involves several steps in which ions are created or
lost [52].

Large rate enhancements are observed for specific
organic chemistry in water compared to organic solvents
(e.g., for Michael reactions [53]), which are attributed to
strong solvophobic interactions involving the hydrophobic
packing of reactive molecules. Hydrophobic molecules are
then located in cavities in the hydrogen-bonded network of
water. The effect can even be larger than the effect of
pressure.

Hardly any of the classes of chemical reactions men-
tioned above have been tested experimentally in confine-
ment. A simple calculation of the feasibility of, say,
observing any effect of nanoconfinement on reactions with
a large activation volume leads to the conclusion that
substantial effects can only be expected for nanochannels
with diameters of below 1 nm. This derives from the fact
that activation volumes in the literature that can be
considered large are in the range 30–60 cm3 mol−1, which
yields a molecular volume of ca. 0.05–0.10 nm3 or a cubic
molecular box with sides of 0.37–0.46 nm. This is typical
of the range of pore sizes in zeolites and some sol-gel silica
glasses. It is thus no surprise that studies on reactions in
zeolites are the only well-documented examples of chem-
istry in nanochannels. One of the most interesting topics
studied in this area is shape selectivity (as mentioned
earlier), which is simply the concept that the transformation
of reactants depends on how these molecules fit to the
active site of the catalyst, in this case the zeolite. Smit and
Maesen have recently given a comprehensive overview of
our current understanding of this phenomenon [54]. The
basic mechanisms that give rise to shape selectivity are
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threefold: reactant shape selectivity, which consists of the
idea that molecules that are too large to enter the pores do
not reach active sites, and are therefore not converted into
products; transition state shape selectivity, in which
molecules and transition states that are too large to fit
inside a pore will not form; and product shape selectivity,
where new molecules are formed in the adsorbed phase, but
are too large to desorb as a product. Figure 3 gives an
example from the earlier work of Smit and coworkers, in
which they introduce their basic ideas [55].

Protein folding in confinement

As was mentioned earlier, the largest effects of entropy on
chemical reactions are expected for channels with diameters
of <1 nm. One can also expect such effects for reactions in
which conformational changes which reach the size of a
nanochannel occur (i.e., for molecules in which one
particular configuration has a size comparable to the
nanochannel diameter). A typical example of such a
reaction (or perhaps this is better termed a phase transition)
is the folding of a protein. In their folded states, proteins
can have sizes ranging from a few nm to ca. 8 nm (for BSA
and hemoglobin; 67 and 64 kDa, respectively) up to sizes
of ca. 15 nm for immunoglobulin G (IgG, 150 kDa) or
65 nm for immunoglobulin M (IgM, 900 kDa). Their
folding kinetics and paths of transformation are expected to
be affected when they are introduced into a nanochannel
which matches their size, and perhaps even when they are
placed in much larger channels, at high loading. It is also

known that enzymes need a certain flexibility in order to be
able to perform their catalytic actions [56], and so
biocatalysis with enzymes is also a good category of
reactions to test in nanoconfinement.

One reason to study protein folding in nanochannel
confinement is the following. In physiological conditions, a
protein folds into a unique native structure. However, due
to the crowded environment of the living cell, excluded
volume effects play a significant role in the function,
stability, and interactions of individual macromolecules. To
create a crowded microenvironment, many researchers have
started to encapsulate model proteins in silica glass using a
sol-gel technique [57]. This sol-gel glass encapsulation is
performed at room temperature, and the chemical condi-
tions during processing do not denature most biomolecules,
which makes this an attractive method of immobilizing the
enzyme. The exact size of a protein-occupied pore in a sol-
gel glass is not always known, but the average pore
diameter in a wet-aged glass is usually a little over
10 nm. In a study by Eggers et al. [58], the fraction of the
total volume excluded by the silica matrix (ca. 14%) is less
than the fractional volume occupied by macromolecules in
a living cell (estimated to be over 30%).

In the study by Eggers et al. [58], the influence of
solvent effects on the secondary structure of sol-gel silica-
encapsulated proteins were examined. In many of the
studied cases, the α-helical content of the encapsulated
protein was increased by adding solutes at concentrations
that have no effect on the protein in the absence of the
glass. The authors explain this by stating that perturbed
water at the silica interface increases the average free

Fig. 3 Adsorption of linear and
branched hexane isomers in AFI
(left) and AET (right). The
linear isomers are stretched in
the smaller channel (AFI), while
coiled conformations also occur
in the wider channel (AET). The
graphs show the projected end-
to-end distance distribution of
n-hexane (red) and 2,2-DMB
(black); the arrows indicate the
effective size of the molecules.
From [55]
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energy of the bulk water phase. The strength of the
hydrophobic effect inside the glass matrix is therefore
diminished, and the conformation of encapsulated proteins
is destabilized. Solutes can increase the strength of the
hydrophobic effect and influence folding equilibria without
directly interacting with the protein.

Similar effects were observed by Menaa et al. [59].
However, these authors used modified siloxanes as host
materials, and the modification was performed using
monosubstituted alkoxysilanes with alkyl groups of in-
creasing chain length. They found that apomyoglobin
changes from an unfolded state to a native-like helical state
as the content of the hydrophobic precursor increases from
0 to 15%. At a fixed modifier content, the helical structure
of apomyoglobin increased with the chain length of the R
group, a trend also observed for the tertiary structure of
ribonuclease A, which strongly suggests that protein
folding is sensitive to the hydrophilic/hydrophobic balance
of neighboring surfaces. The observed structural changes
showed no correlation with the total surface area or average
pore size (here between 3.8 and 8.9 nm with protein
encapsulation) of the modified glasses.

According to Eggers [58], these results suggest that
macromolecular crowding and molecular confinement are
accompanied by hydration effects. These alter the stabiliz-
ing effect of the excluded volume on the protein structure,
depending on the surface chemistry of the crowding agents
and their influence on the bulk water structure.

Imai et al. [60] performed a theoretical study of the
influence of hydration effects on the coil-to-native structur-
al transition of protein G in aqueous solution, and found
that a large gain in protein intramolecular energy is
involved in folding, which is almost canceled out by a
large loss in energy due to dehydration. The gain in
hydration entropy is comparable with or even larger than
the total energy gain. Coupled, these two factors are
capable of suppressing the conformational entropy loss
associated with folding, see Fig. 4. The conclusion is thus

that the overall folding process is driven by water entropy
changes.

In this respect, the work of Harano et al. [61] is also
worth mentioning. They demonstrated that the folded state
of the protein is favored because of a gain in the
translational entropy (TE) of water. If the number of
peptide residues in the protein is sufficiently large, the TE
gain dominates over the conformational entropy loss upon
folding. For protein G, they found that the largest TE is
actually attained in the native structure.

A picture arises from the above considerations that
confinement (as a mimic of the crowded environment)
stabilizes the native folded state of a protein, at least for the
proteins studied. In fact, it was found in simulation work
that α-hairpins and small proteins become stabilized by
moderate confinement, such as confinement in spherical
pores, but are destabilized in overconfinement (see [62] and
references therein). The role of water in all this is crucial:
the formation of a protein–water hydrogen bond decreases
the translational entropy of a water molecule, and this
entropy is directly related to the tube diameter d (as was
discussed in the sections on phase equilibria and transport
in water-filled nanochannels). This is due to the fact that the
hydrogen bond network becomes less extensive with
decreasing pore size, and becomes negligible for extremely
confined regions such as inside narrow carbon nanotubes.
As the solvent entropy changes, the relative stability of
peptide conformational states changes accordingly.

As we have done in every section, here we will also
investigate the benefits of using micromachined nano-
channels (e.g., with hydraulic diameters of between 10
and 100 nm) for studies of protein folding or enzymatic
chemistry. Little work has been done on this. Tsukahara et
al. [63] have performed experiments with enzymes in
microfluidic channels (100 μm wide, 40 μm deep, and
40 mm long) and nanochannels (620 nm width, 234 nm
depth, 200 μm length), and compared the results with a
reaction in bulk. The differences in reaction rates between

Fig. 4 Schematic illustration of free energy landscape of protein folding (right), which is a combination of entropic (left) and energetic (center)
components along the folding reaction coordinate. Dashed line: global shape hidden in the ragged profile. From [60]
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the bulk and microfluidic channels were marginal, but the
reaction rates and Michaelis constants were twice as high in
the nanochannel as in the other systems. The authors
present two explanations for the enhancement of the
reaction rate in the nanochannel. The first is the ad-
sorption of the enzymes onto the surface of the nano-
channel; the second is related to the confinement of liquid.
They discard the first explanation based on previous work,
and state that the higher reaction rate must be due to the
enhanced proton mobility in confined water, based on
earlier NMR results (see the section on transport and [23])
which showed that the proton transfer rate was enhanced by
a factor of more than ten compared to bulk water. Since the
proton transfer rate will depend on the proton concentra-
tion, the effect of confinement was tested for the pH range
6.0–9.0. Maximum rates for all three cases occurred at pH
7.5, but there was only a slight effect of pH on the rate in
the nanochannel, so the activity enhancement remains
unsolved.

Another interesting study is the work of Moorthy et al.
[64], who used microchannels with hydrogel microstruc-
tures containing nanopores. The density of these nanopores
can be changed by adjusting the cross-linking density in
order to investigate protein–protein interactions in a nano-
environment so as to mimic macromolecular crowding.
Crowding or confinement by molecules or structures affects
the equilibrium and kinetics of reactions, with a significant
difference observed between the reactant-excluded volume
and the product-excluded volume [65] (in fact, this is the
“activation volume” discussed before). The microchannel in
Moorthy’s study can be used to adjust and control the
microenvironment of the hydrogel and the proteins in it. It
was found that the effect of crowding on the binding
interaction depends very much on the intrinsic properties of
the proteins.

Nanochannel fabrication

In a recent review, Perry and Kandlikar [66] discuss a
number of fundamental methods of fabricating nanochan-
nels based on standard semiconductor processing. Such
methods include (i) bulk nanomachining and wafer bond-
ing, where the nano dimension is defined by the etching
depth in the bulk of, say, a glass or a silicon substrate (see,
e.g., [67]), and (ii) surface nanomachining, where the nano-
dimension arises from a very thin sacrificial layer deposited
on a solid substrate and covered with a (thicker) film (see,
e.g., [68]). Both methods lead to nanochannels that have
their smallest dimension perpendicular to the substrate (i.e.,
running parallel to the substrate surface); however, by
combining them with deep-UV photolithography, laser
interference lithography, or nanoimprint lithography (NIL)

[69, 70], it also becomes possible to control the lateral
dimension (i.e., the dimension parallel to the substrate
surface) down to several tens of nanometers. Alternative
methods of achieving nano dimensions in the lateral
direction without sophisticated lithography make use of
shadowing effects at step edges [71, 72], the special
structures that arise after stiction of a surface-machined
cantilever [72], or of nonuniform film step coverage in deep
trenches, followed by an annealing step that leads to reflow
of the film material and shrinkage of the channel [73]. In
these methods, the limitations on dimensional control
derive from either the lithographic definition, the control
over the thin film thickness (and its uniformity), the control
over the etching depth (and its uniformity), or the surface
roughness (which is usually below 0.5 nm on average when
polished silicon or glass substrates are used). Nanochannels
with dimensions down to ca. 10 nm in lateral size (i.e.,
parallel to the surface), and down to a few nm in vertical
size (i.e., perpendicular to the substrate) can be achieved.
Lithographically defined nanochannels that have lateral
dimensions of 50 nm, but depths of up to 40 μm were
recently reported by Mao et al. [74]; the fabrication process
used was a combination of deep reactive ion etching and
thin film growth to narrow the channels. The interfacing of
these nanochannels with larger fluidic structures has been
described in several of the papers that have already been
mentioned in this paper, although we would like to add the
excellent work by Cao et al., who managed to construct
gradient nanostructures to connect microfluidics to nano-
channels, to this list [75].

Besides these planar nanochannels (i.e., channels run-
ning parallel to the substrate surface), there are a number of
ways to create nanochannels (and arrays thereof) that have
channel directions perpendicular to the substrate surface.
For example, photolithography can be used to define
nanosized spaces between pillars [76], or silicon or
aluminum can be treated electrochemically to achieve a
porous layer with random but (if manufactured under the
right conditions) vertically aligned pores, with typical pore
sizes in the range 2–10 nm for porous silicon [77] and 30–
70 nm for porous alumina [78]. Although it is not a trivial
task to properly interface these channels to achieve fluid
flow through them unless they are designed as membranes
with open space on either side of each pore, these porous
layers may also be useful for the studies described in this
paper, and can actually be designed such that the processes
that occur in the pores can be monitored with integrated
analysis tools in situ (see below). The latter also holds for
any method that can produce layers of an ordered porous
material, like zeolites, mesoporous silica [79], or nano-
porous metal-organic frameworks (MOFs) [80], in which
also very interesting confinement effects have also been
observed [81, 82].
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Analysis on nanochannels

Because of the very small volume, and therefore the very
small amounts of material in the nanochannels, it is not a
trivial task to monitor the chemistry occurring in the
nanochannels. The most sensitive method is fluorescence,
although this is not a generally applicable technique
because molecules must be labeled in order to be able to
use it; this means that the very nature of the molecules to be
studied may change such that they are no longer relevant
for the chemical problem under study. Fluorescence has
proven to be very useful for characterizing the properties of
liquids [44], where it is mostly used as a tracer for velocity
measurement or zone dispersion. It is essential in studies of
DNA behavior and protein folding (in the latter, the
fluorescence intensity depends on the folding state). The
FRET (Förster resonance energy transfer [83]) concept—
which describes an energy transfer mechanism between two
chromophores where an excited donor chromophore can
transfer energy by a nonradiative, long-range dipole–dipole
coupling mechanism to an acceptor chromophore that is in
close proximity, typically within the 10 nm range—can be
used to study protein conformation in nanoconfinement.

Other optical techniques that are useful for spectroscopy
are UV-Vis, IR and Raman. Because of the small
dimensions of nanochannels, transmission measurements
are not very useful, because the light path is simply too
short to achieve reasonable signal-to-noise ratios. On the
other hand, the concept of attenuated total internal
reflection, which operates via the evanescent field on a
planar waveguide, is very useful. An example of the use of
multiple internal reflection IR in silica nanochannels of
100 nm width and 400–500 nm depth was recently
published [84]. The authors used the IR to measure the
adsorption of dyes to the nanochannel surface in a field-
effect flow control device. The method would also be ideal
for studying chemistry in nanochannels, in which case
FTIR would be used to provide fingerprints of reactants and
products.

The possibility of integrating electrical and optical
elements is one of the main advantages of a “top-down”
fabrication approach to nanochannels. State-of-the-art tech-
nology allows us to scale these elements to the dimensions
of the nanochannels, and thus to scale them to the typical
range of the signals one wishes to register from the
nanosystem. Besides these sensor-like elements, many
other components can of course be integrated too, such as
mixers, heaters and concentration gradient-generating
microfluidic networks, all of which are used to control the
chemical and physical conditions of the liquid in the
nanochannel.

Lithographically defined metal patterns—such as that
consisting of a platinum thin film, as implemented in

[85] (or in [86])—in nanochannels may serve several
different purposes. They may act as electrodes for
amperometry, conductometry, and electrolysis (e.g., to
generate bubbles for mechanical actuation), or as driving
electrodes for electro-osmotic flow, electrophoresis, or
electrowetting.

A final example of an integrated system that will be
useful for studying chemistry in nanochannels is a
microfluidic stripline chip for NMR (nuclear magnetic
resonance) [87]. In its current form, this device generates
NMR spectra down to a concentration of ca. 1 mM in a
volume of 600 nL in ca. 12 h using a 600 MHz machine.
This concentration falls within the range of what is
typically used in NMR studies on proteins, but for nano-
confinement studies the signal-to-noise ratio needs to be
improved so that the concentration limit of detection will
fall within the μM range, which is what our group is
currently working on. The chip currently has a relatively
large microchannel in it, but it is technologically feasible to
replace this channel with an array of nanochannels, which
allows the same “filling factor” to be retained for the NMR
stripline and does not compromise the NMR measurement
quality. When applying NMR to protein folding in such
systems, spin relaxation measurements would be the best
option (see, e.g., [88]). The use of a microfluidic network
attached to the nanochannel array would allow protein
behavior to be studied as a function of parameters such as
pH, specific concentration variations, pressure, temperature,
shear rate, etc.

Conclusions

In this review we have investigated what is known about
the chemistry (in particular, synthetic chemistry and protein
folding processes) of nanochannels of different sizes.
Among the different classes of pores—micropores (diam-
eter below 2 nm), mesopores (2–50 nm) and macropores
(above 50 nm)—most work has been devoted to micro-
pores. Topics that have been studied in particular depth for
this class of pores are phase transitions, water behavior and
shape selectivity in the field of (petro)chemistry. The
smaller mesopores, 2–10 nm, are of particular interest for
studies on protein folding in confinement (i.e., mimicking
folding behavior in crowded solutions). Phenomena like
single-file diffusion and charge exclusion—which are
observed for water in micropores—do not occur for
macropores (which cover the range that is accessible to
modern microfabrication technology), but a few interesting
findings have been reported for macropores, such as higher
viscosity and very specific proton transport. A very brief
overview of lithography-based fabrication methods for
nanochannels was given, and finally the use of a number
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of (mainly spectroscopic) measurement methods was
described, of which NMR striplines, optical and IR
measurements via evanescent fields, and electrochemistry
via nanoelectrodes are seen as very promising methods for
future work on proteins and other molecules in nano-
confinement.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
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