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Abstract

Ion transport and sensing in nanofluidic devices are receiving a great deal
of attention because of their unique transport properties and potential an-
alytical applications. Some aspects of microscale transport transfer directly
to the nanoscale, but nanofluidic systems can be significantly influenced by
phenomena such as double-layer overlap, surface charge, ion-current rec-
tification, diffusion, and entropic forces, which are either insignificant or
absent in larger microchannels. Micro- and nanofabrication techniques cre-
ate features with a wide range of well-defined geometries and dimensions
in synthetic and solid-state substrates. Moreover, these techniques permit
coupling of multiple nano- and microscale elements, which can execute vari-
ous functions. We discuss basic nanofluidic architectures, material transport
properties through single and multiple nanochannels, and characterization
of single particles by resistive-pulse sensing.
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1. INTRODUCTION

Recent advances in micro- and nanofabrication techniques have created opportunities to design
increasingly sophisticated micro- and nanofluidic systems that have considerable potential for
various analytical applications (1). The ability to design structures with nanometer dimensions,
and to modify materials at the molecular level, benefits chemical analysis. Precise manipulation
of fluids and analytes at the nanometer regime is critical in most nanofluidic devices, and thus,
understanding what governs fluid behavior and material transport at the molecular scale is essential.
In this review, we discuss basic nanofluidic architectures, the transport and active control of ions
through these nanochannels, and a few examples of nanopore-based resistive-pulse sensing.

The two most common geometries for nanofluidic channels are symmetric and asymmetric
nanochannels (Figure 1). Both types of nanochannels have a characteristic lateral dimension,
such as diameter, width, or depth, on the nanoscale. For the symmetric channel (or cylindrical
pore), ion transport through the channel is uniform in each direction, but as discussed below,
the presence of surface charge can lead to enhanced counterion flux relative to coion flux. The
asymmetric channel (or conical pore) has a geometrical asymmetry along the axis of ion-current
flow that results from different dimensions between the tip (nanometer scale) and base (nanometer-
to-micrometer scale). For an asymmetric channel, the magnitude of the ion current depends on
whether counterions, such as the cations shown in Figure 15, travel from tip to base or from
base to tip. When a potential is applied across the channel such that counterions travel from tip
to base, the resulting ion current is higher than when counterion transport is from base to tip.
These transport effects are typically studied by current—voltage (I-}") curves, and the degree of
rectification (also known as the rectification ratio) is calculated by taking the absolute value of the
ratio of the ion current measured at two applied potentials of equal magnitude but opposite sign.
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Figure 1

Schematics of symmetric (cylindrical) and asymmetric (conical) nanochannels with negative surface charge.
(@) In a symmetric nanochannel, counterion (cation) transport does not depend on the polarity of the applied
bias. (#) In an asymmetric nanochannel, the counterion transport depends on the polarity of the applied bias.
Arrows show the direction of cation flux in high- and low-conductance (G) states, and the regions of high
and low cation transference number (z.) are indicated. dcy1, drip, and dp,g. are the diameters of the cylinder,
tip, and base, respectively. Panel # is adapted with permission from Reference 27. Copyright 2009, American
Chemical Society.
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2. NANOFABRICATION AND STRUCTURE DESIGNS

The two general categories of nanofluidic structures are nanopores and nanochannels, and these
terms can be used interchangeably to describe similar systems. Nanopores are usually formed per-
pendicularly through the substrate plane, have a cylindrical or conical geometry, and are circularly
symmetric along the pore length. Nanochannels are typically fabricated in the plane of a substrate,
have lateral dimensions of depth and width, and are not circularly symmetric along the channel axis.

The nanopore category includes, for example, engineered protein pores (2), ion beam-—
sculpted pores (3), femtosecond laser—drilled pores (4), electron beam (e-beam)-drilled pores
(5), nanopipettes (6), and track-etched synthetic nanopores (7). Compared with nanochannels,
nanopores are formed in a greater variety of materials and have smaller lateral dimensions (e.g., 1-
2 nm). The primary drawback is that such pores are more difficult to integrate into more complex
devices that contain other nano- and microfluidic elements. Figure 24 shows a scanning electron
microscope (SEM) image of a membrane with a track-etched conical pore with a tip diameter of
50 nm and a base diameter of 600 nm. More precise control of pore dimensions is obtained by
milling pores with a focused ion beam or an e-beam. Figure 25 shows a transmission electron mi-
croscope (TEM) image of a 15-nm nanopore created in a 30-nm-thick silicon nitride membrane.
This fabrication technique is used to form pores with diameters as small as 3 nm in membranes
(5). Other thin-film materials, including graphene (8, 9), are used to make resistive-pulse sensors.

Membranes with track-etched pores have been incorporated into microfluidic platforms to
form integrated devices with a single pore in the channel intersection (10). The pore density
and channel width determine the number of pores in the device intersection, and each variable
is controlled independently to match the desired experiment. Devices with multiple nanopores
in the channel intersection are used for the electrophoretic and dielectrophoretic trapping of
nanoparticles and cells (11), and similar multilayer structures with membrane interconnections
are used to control sample dispensing in microfluidic separation systems (12, 13).

Nanochannels involve the fabrication of nanoscale patterns in a planar format. Various con-
ventional micro- and nanofabrication techniques are used to create structures that are confined
to the nanometer scale in one or two dimensions, such as sacrificial layer deposition (14), pho-
tolithography of nanoscale-depth microchannels (15, 16), and e-beam lithography (17, 18). For
the first two methods, the channel depth is controlled down to nanometer dimensions, whereas
focused ion-beam and e-beam techniques also confine the channel width to nanometer dimen-
sions. In addition, ion- and e-beam writing permits any arbitrary two-dimensional geometry to
be created. For example, nanochannels shaped as funnels with a narrow tip and wide base are
easily formed in a planar format. Figure 2¢ shows SEM images of nanofluidic funnels with ta-
per angles of 5°, 10°, and 20° and a straight channel (18). These funnels are cast in high-modulus
poly(dimethylsiloxane) (h-PDMS) from masters written in the negative tone resist SU-8 by e-beam
lithography. Ion transport through these channels is discussed below. More recently, sub-10-nm-
wide nanochannels with lateral dimensions of less than 10 nm were formed by a self-sealing and
seal-limiting atomic layer—deposition method (19). Another fabrication technique creates a simple
nanoscale gap between microchannels in PDMS by breaking down the junction between adjacent
channels with an electric field (20). However, dimensional control with this method is more diffi-
cult. Two primary advantages of fabricating nanofluidic channels in the plane of the substrate are
(@) integration into more complex devices and (/) the ability to image material transport optically,
which helps with understanding transport mechanisms.

3. ION TRANSPORT

A thorough understanding of ion-transport mechanisms and electrical properties of the
nanochannels is required to fully exploit potential applications with nanofluidic devices. As
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Figure 2

A conical track-etched nanopore, a cylindrical nanopore in silicon nitride, and in-plane nanofluidic funnels.
(@) Scanning electron microscope image of the base of a conical nanopore etched in a poly(ethylene
terephthalate) membrane. The tip diameter is 50 nm, and the base diameter is 600 nm. (b) Transmission
electron microscope image of a cylindrical nanopore drilled into a 50-nm-thick silicon nitride membrane.
The pore diameter is 15 nm. (¢) Nanofunnels with (I) 5°, (2) 10°, and (3) 20° taper angles and () a straight
nanochannel cast in high-modulus poly(dimethylsiloxane) from SU-8 masters created by electron-beam
lithography. The funnel tips are 80 nm wide and 120 nm deep. Panel ¢ is adapted with permission from
Reference 18. Copyright 2010, American Chemical Society.

channel dimensions shrink from micrometers to nanometers, phenomena such as double-layer
overlap, ion permittivity, diffusion, surface charge, and entropy, which are negligible or absent in
microchannels, play an increasingly importantrole (21, 22). In this section, we discuss what channel
characteristics influence ion-current rectification and how surface charge leads to ion enrichment
and depletion. In turn, nanofluidic diodes and transistors are used to control fluidic behavior.

Zhou o Perry o Facobson



Annual Review of Analytical Chemistry 2011.4:321-341. Downloaded from www.annualreviews.org
by Fordham University on 12/14/11. For personal use only

3.1. Ion-Current Rectification

When an asymmetry exists in the geometry, surface charge, or buffer system of a nanochannel, ion-
current rectification can occur. lon-current rectification stems from ion-current flux that is higher
in one direction than in the other, and the rectification ratio describes the degree of rectification.
Current rectification was first reported in a quartz nanopipette electrode (6), and subsequently,
rectification has been observed in silicon nanochannels (23), track-etched polymer nanopores (24),
and h-PDMS nanofunnels (18).

A 5° tapered funnel with an 80-nm-wide tip fabricated in h-PDMS exhibits higher current
rectification than do funnels with 10° and 20° tapers. Because the funnels have similar surface-to-
volume ratios and surface chemistries, the taper angle and surface area contribute to rectification.
Figure 3z compares the I~} curves for a 5° funnel and a straight channel. The straight nanochan-
nel displays ohmic behavior, and the current is linear with applied potential. The 5° funnel,
however, exhibits ion-current rectification in which the funnel is in a high-conductance state at
negative applied potentials and in a low-conductance state at positive potentials. In this example,
the potential at the funnel base is varied, and the funnel tip is held at ground. Current rectification
in nanofluidic channels is somewhat different from what is observed when an electronic diode is
forward- or reverse-biased. Most notably, when an electronic diode is reverse-biased, the mea-
sured current is negligible, whereas a nanofluidic diode can exhibit a nonnegligible current when
reverse-biased.

Electrolytes with lower ionic strengths typically generate stronger ion-current rectification (25)
because the surface charge contributes more to the total ion current (26, 27), and this contribution is
determined by measuring channel conductivities over a range of ionic strengths. Figure 35 shows
that the conductivities for the 5° funnel and the straight channel are almost identical to bulk
conductivities at high ionic strength but deviate from bulk conductivities at low ionic strength.
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Figure 3

Ton-current rectification in nanofunnels. (#) Current-voltage curves for 5° funnels and straight channels
filled with 1 mM potassium phosphate buffer (pH 6.7). The potential was applied to the base with the tip
grounded. () Variation of the conductivity with buffer concentration for 5° funnels in the low- and high-
conductance (G) states, straight channels, and bulk buffer. See Figure 2¢ for scanning electron microscope
images of the 5° funnel and straight channel. Adapted with permission from Reference 18. Copyright 2010,
American Chemical Society.
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Figure 4

Ton-current rectification in conical nanopores. (#) Current-voltage curves for a conical pore with an
85-nm-diameter tip filled with 1 mM potassium phosphate buffer (pH 6.7) and 1 mM sodium acetate buffer
(pH 3.4). (b) Variation of rectification ratio with phosphate buffer concentration (pH 6.7) for the 10-, 35-,
and 85-nm pores. The rectification ratio is the absolute value of the current measured at —1 V divided by the
current measured at +1 V. See Figure 24 for a scanning electron microscope image of a conical track-etched
pore. Adapted with permission from Reference 27. Copyright 2009, American Chemical Society.

The high-conductance state also exhibits a higher conductivity than the low-conductance state
for the funnels, whose conductivity is comparable to that of the straight channel.

Current rectification is a surface-driven phenomenon and, consequently, is altered by surface
modification (28) or by adjustment of the buffer pH (24, 29). In the case of a conical pore in a
poly(ethylene terephthalate) (PET) membrane, the isoelectric point of the carboxylate groups on
the pore wall is ~3.7 (30). As a result, when an acetate buffer of pH 3.4 is used, the I-} curve
shows no current rectification (Figure 44). In contrast, when a phosphate buffer of pH 6.7 is
used, current rectification is observed because the carboxylate groups are deprotonated, and the
net surface charge in the pore is negative. Figure 44 compares I} curves for a conical pore with
an 85-nm-diameter tip that rectifies current at pH 6.7 but not at pH 3.4.

Pore dimensions are also critical parameters for current rectification. Generally, the recti-
fication ratio decreases with increasing tip diameter (27), and only a few experimental results
show current rectification with pore diameters >50 nm (15, 31, 32). Figure 4b shows the
variation of the rectification ratio for conical pores with tip diameters of 10, 35, and 85 nm. The
smallest (10-nm-diameter tip) pores in this study show the highest rectification ratio at all ionic
strengths, whereas the largest (85-nm-diameter tip) pores exhibit the lowest rectification ratio.
Interestingly, the 35-nm pores have a maximum rectification ratio at a buffer concentration of
10 mM. In addition, double-layer thickness increases with decreasing ionic strength. As a result,
double-layer overlap may occur for smaller-diameter pores at lower ionic strengths, resulting in
enhanced rectification (33).

3.2. Modeling of Ion Transport

Although numerous studies have investigated the rectification process, the exact mechanism is
still under debate (34). Initially, a ratchet model suggested that a potential well is formed upon
the combination of applied bias and the potential that arises from the surface charge on the pore
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wall when the pore tip dimension is comparable to the double-layer thickness (28). Simulations of
the electric field along the pore have confirmed the presence of this potential well (35). However,
the magnitude strongly depends on the surface-charge density and applied potential (33, 36). In
this model, when the working electrode is at the base side and the applied potential is positive,
counterions (cations) become trapped in the potential well as they travel through the pore, which
results in lowered conductivity. However, when the electrical bias is reversed, the potential well
is significantly smaller, which results in enhanced nanopore conductivity.

Another model is based on the difference in cation transference number along the pore and
the resulting ion depletion and enrichment inside the nanopore (37). This model is predicted by
numerical simulation with the Poisson—-Nernst—Planck system of equations (25, 33, 35, 36, 38).
Due to the conical shape of the nanopore, a higher surface-to-volume ratio is expected at the
pore tip compared with the rest of the pore, which suggests a higher counterion transference
number at the tip and a lower counterion transference number at the base. When a potential
is applied so that counterions travel from base to tip, a depletion region is formed at the tip
because the counterions are not replenished quickly enough, which leads to a low-conductance
state. Conversely, as counterions travel from tip to base, counterion enrichment occurs within the
nanopore, which results in a high-conductance state. Despite these differences, both mechanisms
suggest two major criteria for current rectification: (#) an asymmetry in the surface-charge profile
along the current flow and (§) a channel dimension that is sufficiently small.

Theoretical modeling also examines how specific geometries, such as bullet-like, trumpet-like,
and hybrid-shaped nanopores, affect current rectification (39). In these simulations, the bullet-
shaped nanostructures exhibit greater rectification compared with conical, trumpet-like, or hybrid-
shaped pores. This finding may explain the recent observation that nanopores with very large
(e.g., 380-nm) tip diameters exhibit diode-like rectification behavior (27) and demonstrates the
possibility of producing rectification at a larger scale, which may have the benefit of easier and less
expensive fabrication. Cylindrical nanopores that connect two pores with micrometer diameters
also rectify ion current due to asymmetric concentration polarization (31).

More recent work demonstrates that electroosmotic flow is used to generate current rectifica-
tion even in pores with micrometer dimensions (40). Theoretical work confirms this finding and
shows that the contribution of electroosmotic flow becomes more significant with higher applied
potential and intermediate or higher values of (#) the tip radius divided by double-layer thickness
and ()) surface-charge density (41).

3.3. Ion Enrichment and Depletion

Other phenomena that take place in nanofluidic systems are ion enrichment and depletion, which
occur at the nano- and microfluidic interface (21). Unlike current rectification, these phenomena
do not require surface-charge asymmetry along the channel but arise from the high surface-to-
volume ratio of the channels and the preferential transport of the counterions (10, 26).

When a potential is applied across the channel, an unbalanced ion flux occurs with or without
the presence of double-layer overlap (Figure 54). With double-layer overlap, the channel is ion
permselective (42). Coions (e.g., anions if the surface is negatively charged) are repelled from the
charged surface and do not readily enter the channel. Counterions (cations), however, migrate
freely through the channel, which results in concentration polarization (43). When diffusive trans-
port is slower than the electrophoretic transport of ions, cations are depleted on the anodic side
of the channel and concentrated on the cathodic side. If electrical neutrality in the lateral direc-
tion is assumed, the anion concentration mimics the cation concentration. Without double-layer
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Figure 5

Ion enrichment and depletion at nanochannel-microchannel interfaces. (#) Ion enrichment, depletion, and
sample stacking resulting from the unbalanced ion flux across the nanochannel. (9) (I) Transmitted light
image of the microfluidic device with a single nanopore isolated in the channel intersection.

(2—4) Fluorescence images of fluorescein stacking at (2) 0's, (3) 23 s, and (4) 45 s after application of 5 V.
Arrows show the direction of electroosmotic (eo) and electrophoretic (ep) transport. Adapted with
permission from Reference 10. Copyright 2008, American Chemical Society. (c) The bead-loading,
immunosensing, and preconcentration procedure used to enhance sensitivity and the detection dynamic
range for a bead-based immunoassay. Abbreviation: BSA, bovine serum albumin. Reproduced from
Reference 47 with permission from the Royal Society of Chemistry.

overlap, concentration polarization arises from enhanced cation transport caused by the surface
charge rather than from hindrance of anion transport.

In addition, samples stack at the boundary of the depletion region on the anodic side when
the electroosmotic and electrophoretic forces are balanced (Figure 54) (10). At low applied po-
tentials, diffusion dominates, and concentration polarization does not arise. In contrast, at high
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applied potentials, concentration boundaries may not be stable because of fluid vortices, which
are caused by nonequilibrium electroosmotic flow and are observed both optically and electri-
cally (44). Experimental results, combined with computational models, suggest that the width and
propagation velocity of the concentration polarization zone scale with the square root of time at
constant voltage (45).

Applications of the enrichment process include millionfold preconcentration of proteins, which
is achieved within 40 min with a nanochannel filter coupled to microchannels (46). This concen-
tration process is promising for sample preparation and detection and is especially useful for
analysis of biological samples present at low concentrations. In such analyses, biomolecules are
preconcentrated at an interface between deep and shallow channels, where streptavidin-coated
polystyrene beads with antibodies are trapped to enhance immunoassay sensitivity and detection
dynamic range (Figure 5¢) (47). Simultaneous enrichment and separation are achieved through
modulation of the potential applied to a bipolar electrode in a microfluidic channel (48). In this
case, molecules with different electrophoretic mobilities are focused in different zones, and up-
to-600-fold enhancements are accomplished within 400 s. In addition, seawater is desalinated on
microfluidic devices by ion-concentration polarization (49). Water molecules enter a microchan-
nel with an ion-depletion zone, whereas charged species such as salts are excluded and pushed into
another microchannel without an ion-depletion zone.

3.4. Nanofluidic Diodes and Transistors

As discussed above, nanochannels with an asymmetry along the axis of current flow can rectify
current. Numerous methods to modify surface chemistry or channel geometry have been ex-
plored in attempts to enhance the rectification ratio and improve diode-like I~} behavior. The
ability to precisely modulate ion transport in such channels permits the design and fabrication of
application-specific circuits composed of fluidic diodes and transistors. In several examples, the
IV characteristics of these diodes and transistors are similar to their electronic counterparts.

Early studies in surface modification show thation transportis controlled by attaching thiolated
DNA molecules onto gold-coated conical nanopores (50). Depending on the polarity of the applied
potential, the DNA molecules are either directed into the pore, physically impeding ion flow, or
forced out of the pore, allowing greater ion flux. Little to no rectification is observed when shorter
DNA molecules (12-mers) are immobilized on the pore surface; the on and off states of the diode
are more pronounced when longer DNA molecules (45-mers) are attached (Figure 6). In another
example, layer-by-layer deposition of polyelectrolytes, such as poly(allylamine hydrochloride)
and poly(styrenesulfonate), in a conical PET pore demonstrates that the degree of rectification is
tuned via surface modification (41). Another approach is to modify the channel surface with pH-
responsive polymer brushes. Attachment of zwitterionic brushes [poly(methacryoyl-L-lysine)]
onto a pore formed in a polyimide membrane (51) allows ion transport not only to be controlled
between the on and off states but also to be switched by tuning the buffer pH. Surface modification
with other pH-responsive polymer brushes [e.g., poly (4-vinyl-pyridine)] (52) produces diode-like
I-V behavior. At basic pH, the polymer brushes become hydrophobic and neutral and collapse
inside the pore, allowing ion current to pass. At acidic pH, the brushes are charged and hydrophilic
and extend into the pore, thereby blocking ion transport.

Introduction of a discontinuous surface charge in the channel is also a viable way to produce
asymmetries. In one example, biotin is used to functionalize the entire channel surface, and bands
of labeled and unlabeled streptavidin are bound to the channel surface by a diffusion-limited
patterning method (53). Similarly, a concentration gradient is created by placing the reagent on
only one side of the pore to selectively modify the pore tip. The resulting rectification ratio goes

www.annualyeviews.org o Transport in Nanofluidic Devices

329



Annual Review of Analytical Chemistry 2011.4:321-341. Downloaded from www.annualreviews.org
by Fordham University on 12/14/11. For personal use only

330

“On” state

1(nA)

"Off” state

® No DNA
¢ 12-mer
® 15-mer
30-mer |
45-mer
1 1 1

-900 -600 -300 0 300 600 900
V(mV)

b DNA chains out of € DNA chainsin
mouth: on state mouth: off state

Cathode \YL Anode Anode ]ﬁ Cathode
Reverse

polarity
D —
T ssDNA

Figure 6

DNA-nanopore artificial ion channel. (#) Current-voltage (I-}) curves for conical track-etched pores with
no DNA and with 12-mer, 15-mer, 30-mer, and 45-mer DNA strands attached to the pore wall. The tip
diameter is 40 nm. Also shown are electrode polarity and DNA-chain positions for the (4) on and (c) off
states. Abbreviation: ssDNA, single-stranded DNA. Reprinted with permission from Reference 50.
Copyright 2004, American Chemical Society.

up to hundreds, with an applied potential from —5 V to +5 V (54). Recently, a SiO,-Al;Os
heterostructured nanotube was fabricated by combining atomic layer deposition and selective
etching on a silicon nanowire as a template (55). This fabrication method produces a structure
with two distinct surface charges that is tuned by pH and has diode-like rectification at ionic
strengths less than 3 mM.

Following the advent of diodes, the next step is to develop a fluidic transistor that permits
a higher degree of control over ion and fluid transport. Development of efficient nanofluidic
transistors may eventually lead to fluidic logic operations or large-scale nanofluidic circuits. Most
transistor-like devices rely on changing the local surface charge in the structure by applying an
external field. In a three-terminal device (e.g., composed of a source, drain, and gate), the gate
potential modulates the ion current in the channel, thereby allowing control of ion transport
within the device (56-58). In a channel with negative surface charge, a negative gate potential
produces cation enrichment at the junction of the external electrode and increases the channel
conductance. A positive gate potential has the opposite effect. Simulations show that this gating
effect occurs even when the channel dimensions are not comparable to the double-layer thickness
(59). Nanofluidic transistors influence the transport properties of ions ranging in size from dyes
(60) to DNA (56).

Nonlinear ion transport is observed in nanofluidic transistors when source-drain biases greater
than 5 V are applied and hydrodynamic slip is induced by the applied field (61). Such experiments
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Figure 7

Tonic field-effect transistor formed from electrode-embedded nanopores. (#) Ionic transport through the
nanopores is manipulated by application of a potential to the gate electrode (TiN), which is surrounded by a
gate dielectric (TiO;) and SizNy layers. (b) Variation of drain current (Ip) with gate potential (V) for
various drain potentials (/p = 0-1 V). p-Type unipolar behavior suggests that the majority carrier consists
of K* ions. The inset in panel & is the log plot of Iy versus V. Adapted with permission from Reference 62.
Copyright 2009, American Chemical Society.

require a sufficiently low ionic strength for which the double-layer thickness exceeds the channel
width and, as a result, channel conductance increases by 20- to 50-fold. Another way to integrate
the gate electrode in a multipore system is shown in Figure 7 (62). After pores are formed by
e-beam lithography and reactive ion etching, atomic layer deposition is used to fabricate the gate
electrode as well as narrow the pore diameter. Figure 75 shows that the ionic conductivity of the
nanopore is effectively modulated by the gate potential, V5. The ionic current increases with a
negative gate potential, whereas a positive gate potential has little influence on the conductivity.
The unipolar behavior is analogous to that of a p-type field-effect transistor (FET), suggesting
that the majority carrier is the counterion. The above transistor examples use an electrode that is
external to the fluidic channels to manipulate ion transport; they are the microfluidic equivalent
of FETs. An alternative design is to couple three funnels (Figure 2¢) together in a planar device,
which is more similar to a bipolar junction transistor. Figure 84 shows a three-terminal structure
composed of three 5° funnels whose tips point inward toward the center of the device (referred
to as the 3-in transistor device). The funnel tips can point inward or outward, and the applied
potentials are configured to create high- or low-conductance states for each funnel. These devices
easily enrich or deplete samples in the center of the device (Figure 85).

3.5. Ogston Sieving and Entropy-Based Separation

Conventional separation techniques for proteins and nucleic acids, such as gel electrophoresis, are
limited in resolution due to the irregular interactions between the molecules and the randomly
oriented sieving matrix, which has a wide distribution of pore sizes. In contrast, the formation of a
matrix with uniform, well-defined micro- and nanochannels provides fixed paths for separations.
As the channel dimensions approach molecular length scales, increased entropic effects hinder
analyte transport and lead to Ogston sieving (63) or entropy-based separations. Separation of
DNA molecules of different lengths with nanopillar arrays (64) is achieved through the complete
insertion of shorter DNA molecules and the partial insertion of longer DNA molecules into a
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Figure 8

Nanofluidic transistor composed of three nanofunnels. (#) Scanning electron microscope image of a high-
modulus poly(dimethylsiloxane) replica of an in-plane transistor with three nanofunnels whose tips are
turned inward toward the center of the device (known as the 3-in transistor design). The funnel tips are

80 nm wide and 100 nm deep. () Fluorescence image of fluorescein enrichment in the center region of the
3-in transistor design. The applied potentials are listed.

region that is entropically unfavorable. Longer DNA molecules are allowed to relax and recoil
back to their native state and, therefore, are separated from the shorter DNA molecules.

Structures with repeating deep (1.5-3-pm) and shallow (75-100-nm) channels allow efficient
separation of DNA molecules ranging from 5,000 to 160,000 bp in length (65). The DNA
molecules are trapped in the deep channel, where they must overcome the entropic energy bar-
rier to enter the shallow region. The ability to escape the entropic trap depends on the local
deformation of the molecules (66), whereas the activation energy is independent of the molecular
size (67). If part of the molecule enters the shallow region, the entire DNA molecule is pulled
through. Thus, larger DNA molecules with more surface area exposed to the shallow region
have a higher probability of threading into the shallow region, which results in size-dependent
separation.

In a recent study, two-dimensional sieving structures with alternating deep and shallow chan-
nels continuously separated biomolecules by Ogston sieving, entropic trapping, or electrostatic
separation (16). When short DNA molecules (e.g., polymerase chain reaction markers) with a
radius of gyration smaller than the depth of the shallow channels are analyzed, Ogston sieving
dominates, and the larger molecules have lower observed mobilities and, therefore, smaller de-
flection angles. In contrast, when large DNA molecules are used as the sample, an entropy-based
separation occurs, and the larger molecules have higher mobilities and, therefore, larger deflection
angles. Such devices produce efficient biomolecular separations and directly probe the transition
between Ogston sieving and entropic trapping.
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4. RESISTIVE-PULSE SENSING

When nanochannels have lateral dimensions similar to the molecular dimensions of the analyte,
these channels serve as single-molecule sensors (68). The basic sensing scheme relies on measuring
ion-current changes as molecules or particles pass through an electrically biased channel. Counting
these individual translocation eventsis referred to as resistive-pulse sensing (7) or Coulter counting.
This detection method is rapid, label-free, and nondestructive and has been used to characterize
various samples, including metal ions, small molecules, nanoparticles, DNA, proteins, viruses,
and immune complexes. Further development of this technique may eventually permit nanopore-
based DNA sequencing (69). In this section, we discuss nanopore sensors formed from different
materials, the experimental conditions that affect the sensing quality, and physical models that
describe the particle-transition process.

4.1. Biological Nanopores

Biological pores are highly reproducible in terms of their composition and dimensions. In an
early example, resistive-pulse sensing was performed with a single alamethicin pore inserted into
a lipid bilayer, in which poly(ethylene glycol) molecules with radii of gyration from 0.5 to 1.5 nm
were detected (70). Later, an a-hemolysin (xHL) pore, which is a mushroom-shaped heptamer
protein pore with an interior diameter ranging from 1.4 to 2.6 nm, was used for resistive-pulse
sensing of nucleic acid molecules because of the well-defined structure of the pore (71). The
protein pore is suspended in a lipid bilayer, which separates two fluidic chambers. By applying
a potential across the pore, single-stranded DNA (ssDNA) and RNA are threaded through in a
linear fashion. The presence of a molecule is detected by a temporal decrease in ionic conductance
through the nanopore, and the current blockage events show that the transit time through the
pore is proportional to the length of the polynucleotide molecules (72).

Biological pores, such as «HL, are also readily engineered to enhance analyte selectivity (73,
74). In one example, four histidines are engineered inside the pore wall to form a mutant subunit,
and the subunit further interacts with six wild-type subunits to form a heteromeric pore, which
binds specifically with divalent metal ions. Each binding event results in a change in pore con-
ductivity, and nanomolar detection limits for Zn>* are reported. However, there are drawbacks
to biological pores. For instance, the pore structure is fixed and has a limited diameter range; also,
such pores lack durability due to the fragile nature of the supporting lipid bilayers. The use of
glass nanopore pipettes as a solid support of the lipid bilayer helps to address these stability issues
(75, 76). Suspension of the lipid bilayers across a small (10-1,000-nm) opening significantly de-
creases the area of the lipid bilayer and, therefore, increases voltage stability, mechanical vibration
resistance, and lifetime (77), which in turn improves the ion-recording quality of biological pores.
Figure 9 demonstrates multiple event sensing in a glass nanopore membrane with multiple xHL
pores inserted. This example shows that multiple sensing events are easily discriminated by ap-
plying ac waveforms to sense binding events.

4.2. Solid-State Nanopores

Use of solid-state nanopores in resistive-pulse sensing intensified after an initial demonstration in
which pores were formed in a silicon nitride membrane by ion-beam sculpting (3). e-Beam lithog-
raphy and milling by transmission electron microscopy methods are alternative approaches to the
fabrication of solid-state nanopores with single-nanometer dimensions (5). Solid-state nanopores
are formed over a range of dimensions with well-defined geometries, are straightforward to
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Figure 9

Multiple event sensing with ac waveforms. (#) Cross-sectional view of a-hemolysin («HL) channels inserted
into a lipid bilayer suspended over the small orifice of a glass nanopore pipette. () Top view showing
multiple «HL channels (drawn approximately to scale). (¢) Variation of ac current with time corresponding
to multiple olIL. channel insertions and heptakis-(6-O-sulfo)- 3-cyclodextrin (s; 3CD)-binding events. The
initial 12 min with the first 4 oHL channel insertions are shown. (¢) An ~30-s segment in which the
conductance states correspond to 0, 1, 2, 3, or 4 simultaneous s; 3CD-binding events. These data were
recorded with a 10-mV root-mean-square, 100-Hz ac signal superimposed on a —10-mV dc signal. Adapted
with permission from Reference 76. Copyright 2008, American Chemical Society.

integrate into more complex devices, and exhibit excellent durability compared with biological
nanopores (68, 78).

Numerous resistive-pulse sensing experiments with solid-state nanopores have focused on
characterization of DNA translocation (79). When the nanopore diameter (3 nm) is slightly larger
than the cross-sectional size of the molecule [2 nm for a 3-kbp double-stranded DNA (dsDNA)],
a narrow distribution of pulse amplitudes (A7) for translocation events is observed. This distri-
bution indicates translocation in an unfolded state. However, when a 10-nm pore is used, the A7
distribution broadens. Multilevel events and large single-level events with a A/ that is twice as
high as that of small single-level events are observed, suggesting that DNA molecules are in a
folded state as they pass through the pore. An ultrasmall pore is not necessary to linearize DNA
molecules because more than 50% of the events observed with the 10-nm pore appear to be
unfolded translocation events (80).

Rapid discrimination between dsRINA and ssRNA with solid-state nanopores recently became
possible (81). Translocation events for dsRINA have a larger change in conductance than do similar
events for ssRINA at high applied potentials. One possible explanation for this finding is based
on the difference in the flexibility between dsRINA and ssRNNA. ssRNA is more flexible and is
stretched more easily at high potentials; therefore, ssRINA occupies a smaller fraction of the pore
space, which results in smaller change in pore conductance. Furthermore, solid-state nanopores
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Schematics of DNA translocating through nanopores formed in a silicon nitride (SilN) film and graphene
sheet. (#) The SiN film is ~30-50 nm thick. (b)) The graphene sheet is ~0.5 nm thick.

characterize local structures along the length of DNA molecules such as RecA-coated DNA (82,
83), PNA-tagged DNA molecules (84), and DNA-binding molecules (85).

Research involving solid-state nanopore sensing shows potential for DNA sequencing. How-
ever, solid-state substrates, such as silicon, silicon dioxide, and silicon nitride, are limited in sensing
resolution due to the length of the pore, that is, the thickness of the membrane in which the pore is
formed. Recently, translocation of DNA through pores fabricated in graphene sheets that are one
or two atomic layers thick was demonstrated (8, 9). The thin graphene layer (86) may dramatically
increase the sensitivity for DNA profiling because the changes in conductance for individual bases
may be resolved. Figure 10 depicts DNA threading through pores formed in a silicon nitride
membrane and a graphene sheet. The graphene sheet is 50-100 times thinner than the silicon
nitride membrane and may permit single-base pair resolution for sequencing applications.

4.3. Synthetic Nanopores

As described above, synthetic nanopores fabricated in track-etched polymer membranes exhibit
interesting ion-transport properties. Resistive-pulse sensing with similar pores includes detection
of single porphyrin molecules with a conical pore formed in a polyimide film (87); such a pore has
a 4.5-nm tip opening, which permits translocation of the 2-nm porphyrin molecules. In another
example, 40-nm-diameter pores in polycarbonate membranes are used to characterize and discrim-
inate double-stranded DNA and single-stranded DNA molecules (88). An advantage of synthetic
nanopores is that the pore surface is easily modified. Gold is coated onto the interior surface
of the pores by an electroless plating method (89), which allows functionalization of the surface
with thiolated species and other chemicals that interact with gold. Thiolated biotin derivatives are
attached to the pore surface following gold deposition, and binding of streptavidin molecules to
the surface-bound biotins results in permanent blockage of the ion current (90). In addition, free
bovine serum albumin molecules are distinguished from complexes formed by fragment antigen
binding to bovine serum albumin (91). In this experiment, gold-coated pores are functionalized
with poly(ethylene glycol)-thiol molecules to minimize nonspecific protein adsorption. A draw-
back to the track-etched pores is that etching of the pore to an exact dimension is somewhat
difficult; however, the process is substantially improved by a two-step etching process (92).
Characterization of viruses (93), antibody-virus interactions (4), and immune complexes (94)
is achieved by resistive-pulse sensing. For femtosecond laser—drilled pores in glass substrates, the
pore diameters range from 575 to 900 nm and are used to sense virus complexes with diameters
of 100 to 200 nm (4). Pulse amplitudes increase with time following the addition of antibodies,

www.annualyeviews.org o Transport in Nanofluidic Devices

335



Annual Review of Analytical Chemistry 2011.4:321-341. Downloaded from www.annualreviews.org
by Fordham University on 12/14/11. For personal use only

336

Count/total

0.0 0.1 0.2
T T T T

0 _
,50 f+ -

<

2

|
-100 [ 7]
T e e e i A L AT A A A A |

/] T =4 capsids
Il Il Il Il Il Il L Il
0 20 40 60 80 100
Time (s)
Figure 11

Characterization of hepatitis B virus (HBV) capsids by resistive-pulse sensing. (#) Variation of pulse
amplitude (A7) with time for a mixture of empty T = 3 and T = 4 HBV capsids analyzed with a track-
etched conical nanopore (Figure 24). The tip diameter is 40 nm, and the applied potential is 0.3 V. Dashed
lines indicate the current pulses for T = 3 and T = 4 capsids. (b) Histogram of Ai for the T = 3 and T =
4 capsids analyzed in panel 2. There are 212 total counts, and the ratio of counts for the T = 3 and T = 4
capsids is 1.31. Adapted with permission from Reference 95. Copyright 2011, American Chemical Society.

and the number of antibodies bound to virus particles is calculated on the basis of changes in
pulse amplitudes. Recently, hepatitis B virus capsids were characterized with conical pores formed
in PET membranes (95). The tip diameters of the pores ranged from 40 to 50 nm, and the
pore surface was covalently modified with triethylene glycol to minimize capsid adsorption and
to suppress electroosmotic flow in the pore. Such nanopore devices easily discriminate between
3-MDa T = 3 capsids and 4-MDa T = 4 capsids, which are 31 nm and 36 nm in diameter,
respectively. Figure 114 shows the difference in A7 for the T = 3 and T = 4 capsids. The
icosahedral T' = 3 and T' = 4 capsids are nearly identical in chemical composition and surface
charge per unit area. However, the large difference in transit time (Az) between the T = 3 and
T = 4 capsids suggests that an entropic barrier must be overcome to enter the pore. A similar
phenomenon is observed for DNA translocation through solid-state pores (96). Figure 115 shows
a histogram of A7, and the ratio of counts for T = 3 and T = 4 capsids is 1.31, compared with the
actual concentration ratio of 0.11. These data demonstrate that the nanopore favors the transport
of the smaller, T = 3 capsids. These results agree well with a model that describes the partition
coefficient of spherical particles (e.g., capsids) passing through a circular pore.

SUMMARY POINTS

1. Advances in fabrication techniques enhance opportunities to explore phenomena that
occur at nanometer dimensions. Forming nanochannels in a planar format permits simul-
taneous optical imaging and electrical measurements, whereas integration of nanopores
with microfluidic devices forms an out-of-plane structure that permits multilayer analysis.
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2. Ton-current rectification occurs in nanochannels that have a geometrical or surface-
charge asymmetry, and the degree of rectification is controlled by ionic strength, buffer
pH, lateral dimensions, geometry, and surface modification.

3. Concentration polarization produces ion enrichment, ion depletion, and sample stacking
at the interface between micro- and nanochannels. These phenomena allow efficient
sample concentration to be achieved in short periods of time.

4. Formation of nanochannels with heterogeneous materials or surface modifications al-
lows precise manipulation of fluid and ion transport. Fluidic diodes and transistors are
constructed with these techniques.

5. Biological, solid-state, and synthetic pores are used to characterize various analytes, in-
cluding DNA, viruses, proteins, polymers, small molecules, nanoparticles, and metal
ions.

FUTURE ISSUES
1. An improved understanding of ion-transport mechanisms, especially ion-current rec-

tification, in nanofluidic channels is an important next step. These efforts will require
extensive modeling backed by appropriate experiments.

2. More complex micro- and nanofluidic circuits will be designed, modeled, fabricated, and
tested to characterize individual and ensembles of molecules and particles.

3. Resistive-pulse sensing will be improved (#) by multiple interrogations of a single analyte
to increase measurement precision and () through parallel analyses of multiple analytes
to enhance throughput and detection limits.
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