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Abstract
Filtration of molecules by nanometer-sized structures is ubiquitous in our everyday life, but our
understanding of such molecular filtration processes is far less than desired. Until recently, one of
the main reasons was the lack of experimental methods that can help provide detailed, microscopic
pictures of molecule-nanostructure interactions. Several innovations in experimental methods, such
as nuclear track-etched membranes develeoped in the 70s, and more recent development of
nanofluidic molecular filters, played pivotal roles in advancing our understanding. With the ability
to make truly molecular-scale filters and pores with well-defined sizes, shapes, and surface properties,
now we are well positioned to engineer better functionality in molecular sieving, separation and other
membrane applications. Reviewing past theoretical developments (often scattered across different
fields) and connecting them to the most recent advances in the field would be essential to get a full,
unified view on this important engineering question.

1. Introduction: Molecular Filtration
Molecular filtration and sieving is an important engineering problem, with a very diverse
applications ranging from chemical processing, to bio-analytic separation, and to industrial
desalination/water purification. However, our scientific understanding of molecular filtration
processes is not as complete as the ubiquity of the phenomena seems to suggest. The simple,
intuitive concept about filtration is well known to and understood by most people: When the
pore is larger than the particles (molecules) to be filtered, there will be no filtration and all the
particles will go through without retention. When the pore is smaller than the molecules, none
of the molecules will pass. However, the detailed physical phenomena that happen at the filter-
molecule interface are much more complicated, and therefore demand careful scientific study.
To say it bluntly, the common notion of mechanical filtration is partially correct at best in most
molecular filtration processes that involve small (bio-)molecules and particles at the nanometer
size scale.

Chemical engineering community had pioneered the study of physical filtration back to the
early 1900s, leading to the rather complete establishment of the hindered transport theory in
the 1970s1. The key to such development was an innovative experimental technique, nuclear
track-etched membranes, which allowed, for the first time, a well-controlled experiment to
study the filtration phenomena. This was a significant development in terms of the science of
molecular filtration (or, broadly defined, the problem of molecule–nanostructure interaction),
and the theory of hindered transport of molecules in nanopores has been rather fully developed.
Many aspects of the nanopore-molecule interaction, including hydrodynamic interaction, size-
dependent partitioning, and even electrostatic partitioning due to the Debye-layer on the wall
(and the net charges of molecules), have been well-characterized both theoretically and
experimentally.
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These old theories and experiments were re-visited and re-discovered, when a new, innovative
line of research emerged. Beginning early 1990s, the idea of using microfabricated regular
structures for separating and sieving biomolecules came about2. Because molecules are usually
considered small, and microfabricated structures are usually considered large, connecting the
two (seemingly distant) dots here was certainly an innovation. With the advances in
nanofabrication, one can now build numerous kinds of artificial molecular filters, with the
characteristic dimensions comparable to the biomolecules. In addition, these micro/
nanofabricated molecular filters can be engineered and optimized, with the precision and
flexibility that are not possible with polymer-based random nanoporous materials such as gels,
or even track-etched nanopore membranes. The big question was: Would these highly
engineered, regular molecular filter systems be any better than conventional gels and polymer-
based membranes? (After all, conventional gels and membranes are inexpensive, provide ultra
small, truly nanometer-scale pores with relatively high throughput.) In the following 15 years
since the publication of the seminal paper by Austin and coworkers2, many regular, artificial
molecular sieves and filters have been fabricated and tested for various applications,
confirming that better controlling of the geometry of the sieves and filters by the micro/
nanofabrication techniques can provide superior functionality and performance, if and only
if the right application and right design principles have been chosen.

The new scientific and engineering fronts opened up by the artificial molecular filters can be
summarized as the following. First, the advances of fabrication techniques, including both
conventional MEMS and other non-conventional techniques, allow one to have better control
over nanopore system geometry and further to arrange numerous nanopores and nanofilters in
an optimized manner to gain unique functionalities. Second, MEMS fabrication allows
seamless integration of molecular sieving systems with other microfluidic channels, which is
non-trivial for conventional, sheet-style gels and membranes. This will be important for future
lab-on-a-chip applications. Lastly, these advances in nanoscale molecular sieving systems
(integrated and implemented in a microfluidics format) will allow more detailed scientific study
of membrane phenomena, and will enhance our understanding of nanoscale molecular sieving,
sometimes beyond the hindered transport theory. Especially, recent theoretical and
experimental studies have suggested that the phenomena at the bulk-membrane (or
microchannel-nanochannel) interfaces3, 4, as well as non-equilibrium filtration phenomena5,
6, are important in determining the overall membrane performance, which have never been
properly studied or characterized previously. Microfluidic channels that contain micro-nano
junctions will allow direct access to the molecular transport phenomena in situ, as well as a
good dimensional and convection control to simplify the problem for a detailed scientific study.

This review is our attempt to collect the relevant literature and work (both past and present)
and arrange them in such a way that researchers can quickly identify the context of all the
recent and future progress in the area of molecular sieving. As a result, this review is not fully
exhaustive. We will begin by reviewing relevant theoretical developments in the hindered
transport theory. Then, we will proceed to summarize the more recent (1990 and after)
developments of artificial molecular sieving systems, both from scientific and engineering
point of view.

2. Molecular Filtration Using Nanopore Membranes
Theoretical study of molecular selectivity in nanopores or other porous systems dates back to
early ~ 1900s. Ferry (1936)7 derived the hindrance factor (partition coefficient Φ) at the
nanopore entrance, and Pappenheimer (1951)8 and Renkin (1954)9 derived the other factor
representing hydrodynamic hindrance. A must-read on the hindered transport process is Deen’s
1987 review paper1, which listed all the relevant experimental and theoretical references in
the field up to that time. Also, Deen’s article discussed the effects of several interesting aspects
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such as osmosis and conformational dynamics of flexible polymers on the hindered transport.
We believe this excellent review paper will still provide insights in further developing artificial
sieving systems.

Hindered Transport Theory
The physical phenomena we are concerned about here are depicted in Figure 1. Molecular
sieving by filters (either artificial or natural, regular or random) can be abstracted by the
interaction between molecules and a pore (or pores), while the molecules are driven into the
pores. The molecules of interest could be larger than the size of the pores, which means the
molecules have to change their shape or conformation to enter the pore. However, most often,
molecules to be filtered are actually smaller than the pore dimensions. Even in such cases, the
molecular motion can be significantly affected (or hindered) by the existence of the pore.

There are two main reasons (which may be somewhat counterintuitive) for these sieving
phenomena. First, the probability of the molecules to find the pore from the bulk solution would
be affected by the sizes of both the molecule and the pore. This is due to the ‘steric
hindrance’ (the larger the particle, the harder it is for the particle to fit in the pore
statistically), or due to some additional long-range interactions such as electrostatic repulsions
between the charged molecule and charged wall (Debye layer repulsion) when both the pore
wall and the molecule are charged. One can describe this phenomenon by molecular
partitioning between the micro (bulk) phase and nanopore phase, defining the partition
coefficient Φ.

In the purely steric case, smaller molecules are more likely to find themselves in the pore
compared with larger molecules, and their partition coefficients (between the bulk phase and
the pore) would be size-dependent. The basic source of this partitioning is, essentially, the fast
Brownian motion of the molecules, which is the dominant transport mechanism at small (nano)
length scales. Therefore, when the size of the particle increases, this filtration mechanism would
be modified because one enters a regime where random Brownian motion is becoming a less
significant factor.

The second sieving effect in the nanopore is the hydrodynamic hindrance, which occurs within
the nanopore, especially when molecules are transported either by pressure-driven flow or
diffusion. In short, the motion of a particle within the pore is slowed down, because there are
close-by static walls, generating drag forces on the particle. As a result, any particle motion
within a nanopore (even Brownian motion) will be slowed down. Again, this effect will
primarily be a function of both the particle and pore sizes. However, this picture should be
modified significantly when one considers the molecular transport by electroosmotic flow,
when the surface fluid layer on the nanopore wall is mobilized.

In the hindered transport theory, these two effects are quantified by the following two hindrance
factors, as defined below. When a steady state is reached along a nanochannel or nanopore
between the two reservoirs (with solute concentration of Co and CL, respectively), effective
solute fluxes caused by both diffusion and convection will be affected by these hindrance
effects, which are quantified as the following,
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where U is the average flow velocity within the pore, and L is the pore length. Two
dimensionless factors (H and W) are used to describe the effective solute flux in this system,
and represent the hindrance effects caused by both entrance partitioning and hydrodynamic
hindrance. More specifically, H and W are represented by the function of the two factors (Φ
and λ). Here Φ is the partition coefficient as defined above (at equilibrium) and λ is the ratio
between the pore and solute dimension (λ = rs/ro).

Deen’s review paper1 summarized the derivation of these factors for both cylindrical and slit-
like pores, which are also relevant to nanofluidic sieving systems. Cases involving electrostatic
repulsion caused by the Debye layer were also studied by Malone and Anderson10, and by
Smith and Deen11, where both electrostatic repulsion (between the particle and the wall) and
van der Waals forces were included in the calculation. These calculations were confirmed by
the experiments done in track- etched nanopore membranes.

Track etched nanopores
In the early 1970s, nuclear track etch processes12–14, which enabled fabrication of nanopore
membranes that are straight and uniform in size, were introduced and had a significant impact
on development of the hindered transport theory. The availability of such a well-controlled
experimental system allowed researchers, for the first time, to verify the earlier theoretical
models with a well-controlled experiment. The Renkin equation for steady state hindered
diffusion of proteins through the nanopore with 10 ~ 100nm pore diameters was directly tested
by Beck and Schultz15, 16, as early as in 1970 (Fig. 2). This seminal work should be regarded
as the first controlled experiment on the molecular sieving and hindered transport, and has been
the firm scientific basis for the full development of hindered transport and other nanoscale
transport theory.

These track etched membranes are typically made in a polycarbonate membrane or other plastic
membranes. Plastic membranes are exposed to a high-energy heavy ion beam, then followed
by a wet etching process that will create (approximately) cylindrical pores along the tracks of
nuclear ions through the membrane. The size of which can be controlled by the etching time
and other conditions. The overall number density of the pores per unit area will be controlled
by the dose of exposure. However, excessively high exposure doses will result in
interconnected (overlapped) pores, compromising the pore regularity.

In a way, these track etched nanopore systems provide (almost) the same capability as artificial
nanofluidic channels/nanopores. Fluid in such systems is confined within a regular pore with
known size and shape. Therefore, these systems provide valuable experimental tools to test
some of the fundamental assumptions of the hindered transport theory. For example, the issue
of whether the fluid properties in nanometer length scales would still follow the (macroscopic)
Navier-Stokes equation can be tested in this system, using the track-etched nanopore systems.
Transport experiments using track-etched nanopore systems could be fitted well to the transport
model based on the standard Navier-Stokes equation, which provided an experimental evidence
that the fluid behaviour can still be described by the continuum equations down to sub ~ 10nm
length scale17–19, with nearly the same viscosity value as the bulk solution.

The first nanopore sieving studies by Beck and Schultz in 1970, which have been the basis of
all theoretical developments that followed, did not get as much attention as they should have.
In most polymer-based gels and other membranes, which were and still are used for filtration
and other sieving applications primarily, have rather widely distributed pore sizes, which
cannot be easily measured (due to their small sizes) and controlled. Still, those polymer-based
membranes are useful due to relatively low cost manufacturability. As long as most membrane
pore sizes are widely distributed and not well-known, the utility of the ab initio molecular
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transport theory (with the pore size being the key parameter) might be quite limited, and
optimization of filtration systems could only be done with phenomenological models.

Recent Nanopore/Nanofilter Membranes
Nuclear track-etched membrane systems also provide inexpensive and ideal membranes, and
researchers have found their use for various applications. Charles Martin’s group pioneered
the nanopore templating method starting from the early 1990s20, 21. Using either a track-
etched polycarbonate membrane or alumina nanopores as a template, they were able to build
membranes with a good size control and known surface chemistry (metallic or polymeric) by
depositing various materials directly on the pore wall. This method would enable one to
decrease the pore size further, to a few nanometers. Since then, his group has been publishing
several seminal papers using the technique, for size/charge selective separations, biosensing,
and other applications22–25.

One of the drawbacks of these film type nanopore membranes is the difficulty to integrate the
filters with other (fluidic) systems. Shannon and coworkers recently developed a systematic
approach to assemble and integrate track-etched nanopore membranes in a microfluidic
format26, 27.

Another way to seamlessly integrate nanopores with microfluidic and other systems is to build
the nanopores monolithically, by microfabrication techniques. Kittilsland et al.28
demonstrated ~50nm pore systems using standard fabrication techniques. Chu and
coworkers29, 30 demonstrated the fabrication of ~15 nm pore systems using standard
microfabrications, and used them for controlled drug delivery and immunoisolation31. More
recently, ultra-thin silicon-based nanopre membranes were demonstrated32, 33 (Fig. 3). One
unique feature of this silicon-based membrane is the mechanical strength, even though the
thickness of the membrane is only ~10nm33. Such an ultra-thin membrane, which has not been
realized previously, could provide very high sample throughput for various applications.

3. Molecular Separation in Micro/Nanofluidic Systems: Theoretical and
Experimental Developments

While various types of molecular filtration and sieving membranes have been developed and
tested for different applications (as summarized in the previous section), the efficiency and
accuracy of the molecular separation and fractionation (fundamentally an advanced dialysis
system) is limited if there is only one sieving filter/step. Practically, high-resolution separations
demand the integration of many (~1000 or much more) such filtration/sieving steps into a
system, and therefore when the analytes go through multiple sieving/filtration steps, they can
separate from each other with high resolution.

The interaction between the molecules and the nanostructures (acting as “molecular sieves”)
is much more complicated than our simple, macroscopic notion of the hard-filtration model
might suggest. Such interactions can be affected by many different factors (other than the
relative pore/molecule size), such as diffusion, electric and other driving forces for molecules,
internal conformation of the molecules, and the surface conditions of both molecules and
nanostructure surface. The hindered transport theory can indeed describe these various factors,
as summarized in Deen’s review. However, the hindered transport theory is limited in the sense
that it only deals with steady-state situations. The partition coefficient (Φ) is essentially an
equilibrium property, and the hindrance factors (H and W) were also calculated for the steady
state transport through the nanopores between the two reservoir compartments. However,
molecular sieving and filtering in most separation systems are essentially non-equilibrium,
non-steady-state processes. Then, how can one relate a fundamentally non-equilibrium process
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(separation) with an equilibrium properties (hindered transport and partitioning)? While the
traditional gel separation was operated under a moderate driving electric field, where the
equilibrium partitioning model (Ogston model) works rather well, the importance of
understanding non-equilibrium sieving process has increased as the new nanofilter-based
separation systems are operated at high electric field conditions. These theoretical and
experimental studies will deepen our understanding on molecular filtration and sieving, beyond
the near-equilibrium theories.

At the same time, significant efforts have been directed toward developing better biomolecular
separation systems (especially spurred by the interests in genomics and proteomics) during the
last decade. Recently, various patterned regular micro/nanofluidic sieving structures have been
developed to achieve more efficient biomolecule separation than gels and polymeric
membranes in terms of separation speed and resolution. In addition to the application of
biomolecule separation, these artificial sieving structures have proven ideal for the theoretical
study of molecular dynamics and stochastic motion in confining spaces because of their
precisely characterized structures.

Ogston Sieving
The standard model for interpreting mobility μ in the Ogston sieving regime is the so-called
extended Ogston model or Ogston-Morris-Rodbard-Chrambach model (OMRC model)34–
36, which is essentially a quasi-equilibrium model. In this model, it is argued that the field-
driven sieving phenomena (gel electrophoresis, for example) can be described as a
(equilibrium-like) partitioning process (between the gel pore and the open space). More
specifically, the electrophoretic mobility of a molecule through porous gel systems was argued
to be equal to the partition coefficient (Φ). In gel electrophoresis, sieving would occur mainly
by the steric repulsion, and therefore the partition coefficient would be simply represented by
the volume fraction(f) of the gel that is available to the molecule (free volume). If the molecule
is larger, then the gel pore volume that is accessible to the molecule would be smaller, therefore
leading to a lower electrophoretic mobility in the gel.

According to this model, the electrophoretic mobility of molecules in a nanopore system can
be determined by simply calculating the fractional free volume available to the molecule.
Ogston34 theoretically estimated the average fractional free volume of a gel composed of
randomly distributed matrix of fibers, which is;

where l′ is the gel fiber length per unit volume, r is the gel fiber radius, and C is the total gel
concentration. Here, the exponential factor came from the fact that the pore size is not constant
but randomly distributed around an average pore size. This equation has been the basis of the
OMRC model and the Fergusson method of sizing particles using gel electrophoresis37. For
regular-shaped pores such as nanofluidic channels, Giddings et al.38 calculated the partition
coefficient for various regular and random nanopores, and for molecules with non-spherical,
asymmetrical shapes. For a slit-like pore (with the depth d) and a spherical solute with the
radius rs, for example, the partition factor (and electrophoretic mobility) was calculated as;
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The key assumption of OMRC model (μ* = K) has never been rigorously tested or proven.
Still, the OMRC model has been successful in predicting gel electrophoresis results, but mainly
for low electric field experiments. In fact, the OMRC model should be viewed as a low-field
approximation, since field-dependent deviations from OMRC model had been observed in gel
electrophoresis at relatively high fields (20 ~ 200V/cm)39, 40.

Recently, Fu et al. developed a nanofluidic filter (nanofilter) array system that extended the
separation regime of regular sieving structures to physiologically-relevant macromolecules
such as short DNA molecules and proteins41. The design of the nanofilter array device is
similar to the entropic trap array devised by Han et al.,42 but the device separates biomolecules
based on the separation mechanism of Ogston sieving. The speed and resolution reported by
Fu et al. was comparable to current state of the art systems (i.e., capillary gel electrophoresis).
In a follow-up theoretical study by the same group5, nanofilter array separation systems were
used as a tool to test the assumption of OMRC model (μ* = K). Using the Kramer’s rate theory,
the same authors presented a theoretical model for the field-dependent electrophoretic mobility
for the Ogston sieving in the system. This is the first detailed theoretical assessment of this
‘anomalous’ field-dependent mobility in Ogston sieving. More recently, Zeng and
Harrison43 used self-assembled silica bead arrays confined in microfluidic channels as three-
dimensional nanofluidic sieves. By using colloidal arrays of different-sized particles, the sieve
pore sizes have been tailored to separate biomolecules covering different size ranges. They
have successfully demonstrated size-based separation of both DNA (0.05–50 kbp) and proteins
(20–200 kDa) within a few minutes, both based on the Ogston sieving mechanism.

Entropic trapping
Whenever a flexible biopolymer (such as long DNA) enters a pore that is smaller than its radius
of gyration (Rg), there is an (entropic) energy barrier for the molecule to overcome, which is
the energy cost to be paid to stretch the polymer molecule. Therefore, flexible molecules can
be trapped at the interface of nanopores, even when the pore size is much larger than its polymer
backbone radius. Originally the concept of entropic trapping was introduced to understand the
motion of diffusing long DNA polymers in porous environments such as gels44–46. Smisek
and Hoagland47, based on the agarose gel electrophoresis experiments, further recognized the
“entropic-barrier mediated transport” as an intermediate regime between the Ogston sieving
regime and the reptation regime. It was experimentally demonstrated by Rousseau et al.48 that
there exists an entropic trapping transport regime in the polyacrylamide gel electrophoresis.
DNA gel electrophoresis mobility in the entropic trapping regime had been reported to scale
as μ ~ 1/Nv, with the exponent being 1.5~2.5 depending on the DNA size range. However,
these studies in gels suffer from ambiguity of gel pore size, which is the critical parameter in
entropic trapping. Direct experimental observations of entropic trapping have been recently
achieved in artificial molecular sieving systems with precisely controlled geometries. A recent
paper by Nykypanchuk and Hoagland49 reported an approach to template a two-dimensional
(2D) regular pore system with close-packed spherical beads, and direct observation of entropic
trapping jump dynamics of long DNA between the cavities was achieved with fluorescence
microscopy.

Han and Craighead designed an entropy-based nanofluidic separation system, where
nanofluidic filters50 were defined with a sequence of deep and shallow channels as an entropic
trapping system for long DNA molecules. Han et al. had applied this entropy trap array device
to observe the in situ jump dynamics of long DNA across the nanofilter constriction with
fluorescence microscopy42. Interestingly, longer DNA molecules were found to advance faster
than shorter DNA molecules in their system. The reason for the seemingly counterintuitive
result is because the entropy involved in this process is the conformational entropy, and only
a small portion of DNA molecules needs to be unravelled in order to initiate the escape of the
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entire DNA molecule. In other words, DNA molecules overcome the entropic energy barrier
by unravelling themselves piece by piece, instead of fitting the entire molecule into the
nanofilter simultaneously. This result demonstrates the complexity of molecular sieving and
filtration and the importance of recognizing the biomolecule conformation dynamics involved
in molecular sieving process.

Another example of entropy-based separation systems was demonstrated more recently based
on the concept of entropic recoil51. Long DNA molecules were driven into the densely pillared
area by applied electric field. When the field was switched off, any DNA molecules resting
entirely within the pillared area remained there, whereas those that had any region outside the
pillared area relaxed back into the bulk liquid to maximize their conformational entropy. Since
shorter DNA molecules have a greater probability to be driven entirely into the pillared area,
they would not relax back and their effective mobility in the device would be greater.

Reptation and other Conformation Manipulation Techniques
As the length of DNA molecule increases, its radius of gyration (Rg) becomes much larger
than the average pore size of the gel. In such cases, DNA polyelectrolytes interact in a unique
manner called reptation. The reptation model initially relied on DeGennes’ theory of the motion
of polymeric molecules in the presence of fixed obstacles52. Under an electric field, DNA
would slide between gel polymers along its own contour line, in a similar manner as snakes in
bushes (where the name ‘reptation’ came from). However, as the length of DNA molecules
increases (up to ~50kbp), DNA tends to line up in the direction of the field, which would make
size-based separation very difficult. Robert Austin’s group set out to solve this problem by
microfabricating ‘artificial gel’, which was an array of microfabricated pillars2. Their initial
attempt to separate long DNA in a microfabricated pillar array was not successful53, due to
the same reason why agarose gel DNA electrophoresis fails for long DNA separation: DNA
molecules in the pillar array always get stretched almost completely along the direction of the
field. However, it was quickly discovered by the same group, that one can utilize this
unavoidable stretching of DNA in the pillar array, by implementing an ingenious pulsed field
operation54, 55. Here, DNA molecules will be completely stretched and driven into two
different directions by switching the direction of the electric field. Depending on the (extended)
DNA contour length and the switching frequency of the field, different sized DNA molecules
can be quickly separated, and the fully stretched conformation of DNA in the pillar array is
now helping to achieve better separation resolution.

Several other separation systems for long DNA molecules have been demonstrated, using
different fabrication techniques and nanopore size ranges. Sano et al. recently reported a size-
exclusion chromatography device that used an anodic porous alumina as the separation
matrix56. The porous alumina membrane traps smaller biomolecules more frequently,
therefore they elute slower than the larger biomolecules in the channel. Tabuchi et al. reported
a technology using core-shell type nanospheres and nanoparticle medium in conjunction with
a pressurization technique to carry out separation of a wide range of DNA fragments (100 bp
to 20 kbp) with high speed and high resolution on a microchip format57. Fast long DNA
separation was demonstrated using microfabricated submicron-size pillar arrays58, as well as
self-assembled magnetic bead pillars59. While detailed sieving mechanisms in these regular
sieving systems are not yet fully characterized, it is likely that a combination of several effects,
including DNA hooking-unhooking on the pillars and/or Ogston-like sieving, are in play for
separation.

Electrostatic Sieving
Previously described separation and sieving processes are based on steric interactions of
macromolecules with the sieving structure, and those experiments are typically done at
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relatively high ionic strengths, where the thickness of the electrical double layer (EDL) on the
charged nanopore wall is small compared to the nanopore/nanofilter opening. However, if the
Debye length gets comparable to the size of the pore (at lower ionic strengths), electrostatic
interactions of the analyte with the EDL become prominent and start to dictate the molecular
transport behaviour, resulting in charge-selective nanopores.60, 61 Co-ions (with the same
polarity as the surface charges) will be more restricted from entering the nanochannels/
nanopores than the counter-ions (with the opposite polarity as the surface charges). Such perm-
selectivity can be an essential function for desalination and fuel cells. Nafion®, for example,
is a widely used perm-selective membrane in fuel cells, with estimated pore size of ~5nm.

Nanopore transport studies coupled with electrostatic interactions have been characterized
theoretically as early as in the 1980’s1, 62. Such synthetic and permselective nanochannels
have been used for a quantitative study of the exclusion of co-ions and the enrichment of
counterions from the opening under passive diffusive transport.63

The exclusion-enrichment coefficient increases exponentially with the net charge of the
molecule, therefore, this presents a well-suited mechanism for the separation of biomolecules
based on their charge density (or pI values). Depending on the pI value of the protein and the
pH condition, partitioning across the perm-selective nanofilter would be charge-
dependent64. This has been recently demonstrated65 in the anisotropic nanofilter array (ANA)
system (to be discussed later) When the ionic strength of the buffer was high, two similarly
sized (but with different pI values) proteins followed along the same path without separation.
However, at lower ionic strength conditions, two similar-sized proteins with different pI values
(therefore different charge densities) were separated due to their different electrostatic
interactions with the charged nanofilter wall. The electrostatic sieving mechanism will be
useful in sorting complex protein mixtures based on pI values, without the need of pH-gradient
generation by carrier ampholytes.

Brownian Ratchets (Rectified Brownian Motion)
Diffusion (or Brownian motion) is usually the enemy for the separation processes. However,
diffusion can also be utilized for efficient separation if one can add asymmetry to the process:
In other words, if diffusion (or random Brownian motion) in one direction is somehow made
to be different from the diffusion in the other direction, then overall diffusive transport can be
used to move things around or even be utilized for molecular separation. The idea of Brownian
ratchet dates back to Smoluchowski66, and has interested many researchers both in
theoretical67, 68 and experimental research69, mainly due to its relevance in motor proteins
and protein translocation process through membranes. Actual implementation of Brownian
ratchet-based molecular manipulation requires one to create asymmetric energy field for
molecules/particles to diffuse, which can be realized by dielectrophoresis69, optical
trapping70, and microfluidic sieving structures71–74.

The challenge of prior Brownian ratchet based device was that the ratchet-based transport is
rather slow. Application of Brownian ratchets to molecular separation using obstacle structure
was theoretically suggested71, 72 and was later realized73, 74. The key to this development
was the realization that one can gain significantly, in terms of separation resolution and
efficiency, simply by isolating the direction of separation (diffusion in this case) from the
direction of migration (parallel separation). This allows one to utilize rectified Brownian
motion in one dimension for separation, while streaming biomolecules and particles in the
other dimension. So far, the Brownian ratchet systems have been demonstrated for a
continuous-flow separation of long DNA74, 75 and phospholipids73. Since diffusion constant
of molecules is a function of molecular size, one can obtain (roughly) size-based sorting of
biomolecules in these systems.
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Whether this technique could be used for sorting other biomolecules including proteins remains
to be seen, since there are several issues to be resolved in the design of the system76, 77. One
of them is the fact that molecular/particle diffusion could also be affected by fluid flow that
goes around the asymmetric obstacles, disrupting the energy landscape for asymmetric
diffusion significantly.

Hydrodynamic Sorting
The steric hindrance mechanism for sieving, previously mentioned in relation with Ogston
sieving, would also work for larger length scales (~1 μm or greater). One can capitalize on this
to design efficient size-sorting microdevices for larger particles, such as large DNA, cells, and
other bioparticles. Seki and coworkers78 demonstrated ‘pinched flow fractionation’ by pushing
the particles to the microchannel wall and allowed differently-sized particles to stream into
different directions via laminar flow. Huang et al.79 developed so-called ‘bump array’, where
similar sieving processes can be repeated many times in a large array of pillars, for better
separation accuracy. In this system, molecules and particles are pushed against to this regular
array of pillars, and differently-sized species are routed in different directions. Huang and
coworkers demonstrated highly efficient DNA and particle separation using this device, in a
continuous-flow format. These hydrodynamic sorting systems are ideally suited for cell sorting
and separation80 which is an important problem not only in sample preparation but also in
diagnostics.

The unique feature of this idea is that the particle motion and interaction with the sieving
structure (pillars and microchannel walls) would be deterministic, which could lead to highly
specific and accurate size sorting. (This is largely due to the fact that, at this size scale, random
Brownian motion would be much less of a factor.) Therefore, one could possibly get a
separation that inherently does not suffer from random motion and dispersion, especially for
rigid particles such as micron-sized beads and nanoparticles. However, in practice, most
biomolecules (large DNA) and cells are rather flexible (not rigid) and deformable, which would
create some dispersion in the sorting process.

In fact, these are conceptually related to the old technique of Field-Flow Fractionation (FFF)
81, 82, where the hyperbolic flow profile is coupled with differential analyte distribution
profiles at the capillary wall, in order to provide various types of separation. In this class of
techniques, analytes are driven (by electric field, sedimentation, and other driving forces)
toward the wall differentially (based on the difference in mobility or diffusion constant, or
based on steric interaction). For example, steric FFF of micron-size particles83 have already
been demonstrated, although using a relatively large (> 250μm) fluidic chamber with a high
flow rate (~mL/min).

Continuous-flow Molecular Sieving Systems
For efficient biomolecule separation using nanofilters and nanopores, system-level design is
perhaps as important as the nanopore/nanofilter fabrication. For conventional, elution-type
separation, many sieving nanofilters or nanopores are arranged in a linear array, and
biomolecules assume different velocity in the system as they pass through the sieving filter
array (for example, see Fig. 4). Different analytes will elute out of the system at different times,
but all the analytes will pass the same sieving filters. Essentially, separation is achieved by
multiple filtration (dialysis) steps as molecules pass through the system. Such a design of
nanofilter systems (linear array of nanofilters), while conceptually simple, has many practical
drawbacks. First, this design critically suffers from the clogging of filters or molecular sieves
in use. Most biosample preparation involves fractionation/separation of very complex samples,
containing cells, organelles, large and small biomolecules. Since both large and small analytes
in the sample have to go through the same nanofilters, it is likely that large particles (or debris)
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will clog the system quickly and affect the separation performance. Second, sieving steps at
each nanofilter tend to be a stochastic, field-driven energy barrier crossing process, each of
which could generate dispersion. This produces unnecessarily large dispersions for the analyte
peaks, especially for late-eluting analytes, and therefore degrades the separation resolution.
Third, elution-type separations are operated in a batch-processing mode, which limits the
overall sample throughput of the separation. Low sample throughput is especially undesirable
in proteomic sample preparation, where a certain amount of target molecules should be
processed to be detected in the downstream detectors.

Many of these issues can be overcome by adapting separation systems into a continuous flow
format. This idea is certainly not new82, and there has been several (even commercial)
development of continuous-flow type protein separation systems84–86, mostly in a
macroscopic scale. In microfluidics format, isoelectric focusing87–89, isotachophoresis90,
and free-solution capillary electrophoresis91–93 have been implemented in a continuous-flow
format. These systems are very effective in achieving high sample volume processing rates,
but the use of liquid sieving media (carrier ampholytes and liquid sieving gel) somewhat limits
the choice and function of downstream detectors. In addition, the ideal separation parameter
for complex biosamples would be the size and the pI value, rather than the free solution
electrophoretic mobility.

Various gel-free, continuous-flow separation systems have been recently developed.
Macounova et al. developed a continuous-flow isoelectric focusing device which utilizes
natural pH gradient from the electrolysis of buffer at the electrodes94. Song et al. developed
a continuous flow binary sorting system based on the pI value of the protein95. Austin and
coworkers55, 74, 75, 79, 80 have been developing various types of continuous-flow DNA
sorting systems, utilizing different sorting mechanisms described previously. These systems
allow highly efficient and accurate size-based sorting of large DNA molecules, microparticles,
and even blood cells. More recently, an Anisotropic Nanofilter Array (ANA) for separation of
small DNA molecules and proteins have been demonstrated65 (Fig. 7). Using the same device,
the authors were able to separate small DNA and proteins (Ogston sieving), and large DNA
molecules (entropic trapping), and proteins based on the pI values (electrostatic sieving). As
a result of these contributions, systematic separation and sorting of all the key entities in typical
biosamples (blood) now would be possible. These are red and white blood cells, cell nucleus
and organelles, viruses, and small and large biomolecules, ranging 5nm~15μm in terms of size
ranges. Development of such a continuous-flow (high-throughput) biosample fractionation/
sorting tool would have a high impact to biological research and biosensing.

One important advantage of these engineered molecular sieving systems is the ability to
position and integrate various sieving structures and fluidic channels in an optimized fashion.
For example, a gradient pillar array (with varying pore size)96, 97, or micro/nanochannels with
varying width98 can be designed, for stretching of long DNA molecules before near-field
optical genotype scanning. Another example can be found in the ANA system65 (Fig. 7), where
different analytes in the mixture are given a choice (by applying field simultaneously in two
orthogonal directions) between molecular sieve (nanofilter) and open road (microchannel),
thanks to the structural anisotropy of the system. Then, molecules that are hindered more
severely from the nanofilters (e.g. bigger molecules) will get preferentially routed along the
microchannel, without the need for them to cross as many nanofilters as the molecules that are
favoured to enter the nanofilters (e.g. smaller molecules). As a result, the ANA system has one
distinct advantage over other conventional filtration/dialysis membranes: it is much less prone
to clogging, since larger analytes will simply be driven away from the nanofilters, or go through
only a small number of nanofilters. This could lead to a continuous-flow filtration/sieving of
complex biosamples without suffering from system failure due to clogging, especially if the
idea of gradually decreasing (increasing) nanofilter sizes (‘gradient’ nanofilter systems) is
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implemented.99. In addition, similar idea could be applied to any sieving mechanism (either
size-, charge-, or even reverse-phase(hydrophobicity) separations), as long as one can create
a separation system that is ‘anisotropic’ in nature. We expect more examples like this will
emerge in the coming years.

4. Concluding Remarks
While molecular filtration and sieving has been studied for a long time, recent development of
regular nanopores and nanofluidic molecular filters provide exciting opportunities for further
enrichment in our understanding of molecular sieving phenomena. Biomolecules can interact
with sieving nanostructures (nanofilters) in diverse modes, each of which could lead to unique
molecular separation and filtration methods. Perhaps the biggest benefit one can get from these
artificial membrane systems would be the flexibility in sieving system design, which could
lead to novel membrane/filter functions. Careful design of nanofilter separation systems could
bring about new opportunities in molecular separation.

For wider applications of artificial sieving systems, sample throughput of these systems should
be further enhanced. While nanofilter fabrication using substrate etching and bonding100
provide an accurately sized nanochannels, alternative fabrication techniques should be
developed for high-throughput applications. Bottom-up fabrication techniques, such as bead
templating101, are available, but integration with other microfluidic systems has been a
challenge. Top-down fabrication of massively parallel, regular nanopore/nanofilter systems
with good pore size/chemistry control has been sought by many researchers30, 32, 102, 103,
and in our view, it still remains as one of the major challenges in the field. With numerous
novel fabrication techniques and ideas, we are reasonably optimistic about achieving this goal
in the near future.
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Fig. 1.
Molecule-Nanofilter Interaction at the Micro(Macro)-Nano-Micro junction. Various factors
are in play to affect the transport of biomolecules (with various shapes and sizes) through a
nanopore or a nanofluidic filter. Solution for steady-state transport of this system was largely
established in the hindered transport theory developed around 1970s.
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Fig. 2.
Experiment by Beck and Schultz, from Ref [15], reprinted with permission from AAAS. Top:
SEM of ~12nm pores Right: Effective diffusivity across nanopore membrane compared with
Renkin equation. (from Ref [9])
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Fig. 3.
Various Si-nanopore membranes A: nanofilter membranes by Chu et al. (Ref [30], ©1999,
IEEE) B: 10~25nm diameter nanopore membranes (~10nm thickness) by Tong et al.
(Reprinted with permission from Ref [32]. Copyright (2004) American Chemical Society) This
membrane was made by FIB nanomachining technique C: Nanopore membrane by Striemer
et al.(Ref [33], Reprinted by permission from Macmillan Publishers Ltd: Nature, copyright
(2007)) This membrane is only ~10nm thin (200μm wide), but can withstand a pressure up to
~1 atmospheric pressure across the membrane. (right figure)
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Fig 4.
Nanofilter Array for Ogston sieving of proteins and rod-like short DNA molecules, (from Ref
[5], Copyright (2006) by the American Physical Society). A: cross sectional SEM image of
the nanofilter array, with ~55nm deep nanofilters. B: Schematic diagram for Ogston sieving
in the system. Longer DNA would have more configurations that are prohibited by steric
hindrance, therefore would have lower probability to enter the nanofilter. C: Free energy
diagram of the system. The energy barrier is determined by the confinement effect (TΔSo) and
another electric field dependent term (ΔW). This field-dependent portion of the energy barrier
is part of the reason for the field-dependent mobility shift at high electric field conditions.
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Fig. 5.
Pillar array for long DNA separation (Reprinted with permission from Ref [54]. Copyright
(2001) American Chemical Society). This device is made of an array of circular pillars, where
DNA molecules get hooked. Long and short DNA molecules (designated with black lines) are
completely stretched in the direction of the field in this device. To separate, DNA molecules
are driven (by an electric field) in one direction for the first half of the period, and then in
another direction for the second half of the period. This will make shorter DNA proceed
forward, but longer DNA will remain hooked and never move forward. Repetition of this
process will separate DNA molecules based on their length.
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Fig. 6.
Charge-selectivity is achieved by decreasing the ionic strength of the electrolyte such that the
electrical double layer (EDL, shaded in grey) becomes comparable to the size of the opening.
Enrichment of counterions and exclusion of co-ions at low ionic strength is schematically
shown. (Adapted from ref 104)
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Fig. 7.
Concept of the Anisotropic Nanofilter Array (ANA), from Ref [65, 99]. (Reprinted by
permission from Macmillan Publishers Ltd: Nature Nanotechnology, copyright (2007)) Instead
of being driven into the same nanofilters, molecules are given a choice at the junction, and
molecules follow different paths based on their sieving properties (size, charge and other
properties).
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