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Abstract

The ability to understand and control molecular transport is critical to
numerous chemical measurement strategies, especially as they apply to
mass-limited samples in nanometer-scale structures. The characteristics of
nanoscale structures and devices highlighted in the examples discussed in
this article include enhanced mass transport, accessing novel physical behav-
ior, large surface-to-volume ratio, diminished background signals, and the
fact that molecular characteristics can dominate the behavior of the struc-
ture. The control of nanoscale transport is physically embodied in different
structures and experiments. Those structures and experiments highlighted
here are featured because of their centrality (nanochannels and nanopores),
their connection to more familiar macroscale phenomena (nanoelectrodes),
and/or their ability to introduce control (stimulus-responsive materials) or
because they represent especially interesting possibilities (stochastic sensing
structures).
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1. INTRODUCTION

The ability to understand and control molecular transport is critical to numerous chemical mea-
surement strategies. In the past, understanding of transport processes has targeted length scales at
which continuum descriptions of fluid flow are adequate. However, recent advances have focused
on materials and structures designed at the molecular level and constructed with control of com-
position and structure on molecular and supermolecular length scales. Chemical analysis stands to
benefit greatly from molecular-level control of transport and from architectures capable of manip-
ulating the physical placement of species in space and time with nanometer-level precision—the
subjects of this article.

Molecular transport mediated by structures of nanometer (1 nm < & < 100 nm) characteristic
dimensions is a critical component of many separation technologies (1, 2) and sensor paradigms
(3-6). Independent of the type of force field—e.g., voltage, pressure—used to drive transport,
the unique characteristics of nanoscale structures ensure transport characteristics fundamentally
different from those in larger micrometer- and millimeter-scale structures. These differences are
only beginning to be understood, yet it is clear that understanding and control of transport on the
nanoscale will enable the construction of novel devices that can address refractory problems in
molecular separations and chemical analysis. Thus, it is critical to establish intelligent control over
molecular transport in space and time at small length scales. Intelligent control implies materials
and structures that can sense molecular characteristics, e.g., size, charge, and molecular shape, and
then generate signals that control transport on the basis of those characteristics. Specifically, re-
searchers aspire to manipulate (separate, isolate, react, and detect) low-mass samples with the same
precision and level of control currently possible with bench-scale samples. Thus, it is worthwhile
to state clearly the driving forces behind chemical analysis strategies involving nanometer-scale
structures:

1. Mass transport is significantly enhanced relative to large structures. It is more rapid, owing
to the £ ~ (x?)/D dependence, and can display a different dimensionality, as in hemispherical
diffusion to a point-like reactive site on a surface.

2. New physical phenomena come into play when the size of the structure becomes commen-
surate with physical scaling lengths, e.g., transport in nanocapillaries of a size comparable
to the Debye length in ionic solution.

3. Small structures exhibit enhanced surface-to-volume ratios, so surface phenomena are nat-
urally accentuated.

4. Small volumes generate smaller background signals, as exemplified by the decreased back-
ground fluorescence in single-molecule fluorescence experiments.

5. Regenerating probe species after a measurement is facilitated, if the mass loading is small,
easing the logistics of making successive measurements.

6. Sufficiently small structures are dominated by molecular properties, e.g., single-molecule
conduction experiments implemented such that the limiting element is a molecule arrayed
between source and drain nanoelectrodes.

Despite these compelling factors, making chemical measurements at ultrasmall structures
presents several significant challenges:

1. Small structures interact with a small total number of molecules. Therefore, signals that
scale with molecular population are diminished relative to measurements in larger structures.
Depending on the readout, small structures can be exceptionally susceptible to environmen-
tal noise.

2. Fabrication of small-scale structures can be tedious and expensive, especially to the extent
that they involve expensive lithographies.
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3. Interfacing to small structures must be carefully addressed because there is a mismatch be-
tween the scales (e.g., volumes, lengths, times for transport, and equilibration) characterizing
the nanostructure and the leads that connect it to the external world.

4. The ergodic hypothesis, which undergirds much of macroscale sampling theory, needs to
be explicitly justified for small structures, meaning that statistical fluctuations in chemical
properties—reflecting, for example, fluctuations in the chemical potential—can play a much
more important role than in larger structures and samples.

These opportunities and challenges form the essential motivation for experiments using control
of nanoscale transport for applications in chemical analysis. The control of nanoscale transport
is physically embodied in many different types of structures and experiments, a few of which
are highlighted here because of their centrality (nanochannels and nanopores), their connection
to more familiar macroscale phenomena (nanoelectrodes), their ability to introduce control in a
natural way [stimulus-responsive materials (SRMs)], or because they represent especially interest-
ing future possibilities (stochastic sensing structures). Owing to space limitations of this review,
a number of related areas, e.g., laser tweezers, are not discussed, even though they are widely
applicable and represent interesting topics.

2. NANOCHANNELS AND NANOPORES

Although the engineering drivers for reducing the size of laboratory devices are clear (e.g., reduced
materials costs, reduced power consumption, less waste, and lower operating costs), the case for
doing science at reduced dimensions needs to be made more carefully. Factors that justify the added
experimental complexity of working at the nanometer scale include () access to new transport
phenomena, () exploitation of the enhanced surface-to-volume ratio, (¢) use of diffusion as a viable
transport mechanism, and (4) integration of large molecules or molecular complexes into small
(1-10-nm) physical structures. Nanochannel/nanopore systems that address all four criteria can
be constructed.

All studies of electrokinetic transport in nanometer-scale cylindrical capillaries trace their
origin to a seminal 1965 paper by Rice & Whitehead (7), which described, within the Debye-
Hiickel approximation, the behavior of electroosmosis, streaming potential, current-density dis-
tributions, and the electroviscous effect in cylindrical capillaries of nanometer dimensions. If
one begins with the Poisson-Boltzmann equation for a narrow cylindrical capillary at small ¢

1d do 5
rdr (7) s W

= /87T72€2/8kT Q)

is the inverse Debye length, it yields a solution,

potential,

where
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where I, is the modified Bessel function of the first kind. Equation 3 allows the charge den-
sity to be recovered directly by use of the Poisson equation. For an infinite cylindrical tube,

¢ = 9o 3)

the equation of motion under a combination of electrical and pressure-driven flow can then be
written
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where the body force, F, is driven by the action of the applied field on the net charge density in
the double layer, p(r). The important result from this analysis is the establishment of two flow
regimes. When kz >> 1, the radial velocity profile, v,(r), reduces to the classical result, i.e., the plug
flow familiar from studies of capillary electrophoresis in micrometer-scale capillaries is recovered.
When ka ~ 1, v,(7) is proportional to (#° — 72), behavior that is equivalent to Poiseuille flow at
nanometer dimensions. Ramsey and coworkers (8) used an elegant one-dimensional confinement
channel system to test and verify experimentally predictions of the radial velocity profile. Another
notable early effort to describe flow in small-scale structures was the investigation of potential-
driven flow in slit-pore geometries by Levine and coworkers (9). They were the first to explore
the ratio of channel and bulk viscosities at various values of the zeta potential, ¢, and «# in a model
that allowed for double-layer overlap and arbitrary ¢, showing an electroviscous retardation effect
in nanochannels.

The transport problem in nanopores is typically determined by three related scaling lengths:
the Debye length, «~!; the pore diameter, #; and the molecular size of the principal species being
transported, which can be specified by a molecular diameter, 4, or by an effective size, such as the
radius of gyration, R;. Much recent work has sought to clarify the relative importance of these
scaling lengths. The most direct and easily measured nanoscale characteristic is the conductivity,
o, which is linearly related to the ion concentration, o ~ w7, + u_n_, where u,,_ and n,,_ are
the ion mobilities and concentrations, respectively. Employing an elegant slit-pore geometry in Si,
Schoch and coworkers (10, 11) demonstrated that, at low ionic strength, o becomes independent
of z in nanopores. This behavior is attributed to the surface charge density, I',_, which requires
a certain population of solution counterions to achieve charge neutrality within the nanopore,
thereby pinning the conductivity at a value higher than that for the bulk. Dekker and colleagues
(12) used a similar slit-pore geometry to measure the streaming conductance, X p, as a function of
n,— and found that they had to relate ¢ to the surface charge density developed by deprotonation
of the Si-OH surface moieties to model the behavior with salt concentration correctly. Recently a
significant effort to model these systems has also examined, in particular, the role of the xz product
in determining the behavior of fluid transport in nanoscale tubes and slits (13—15). Notable in this
regard is the work of Qiao & Aluru (14), who studied the scaling of electrokinetic transport in a
sub-5-nm slit-pore geometry by comparing the results of molecular dynamics calculations with
results from continuum theory and found a significant departure from continuum behavior. These
researchers found that the interfacial viscosity of water in contact with the pore wall increases
dramatically with increasing I'y,_, resulting in a nearly immobile population of counterions at the
wall of the nanopore. Furthermore, they found, consistent with the experimental work of Schoch
etal. (10, 11), that the conductivity is dominated by the surface charge density.

Efforts to fabricate structures that can probe these relationships have focused principally on
slit pores and single nanopores in membranes. A number of research groups have developed ro-
bust strategies for the fabrication of planar slit pores connecting in-plane microfluidic channels,
exploiting the fact that only a single dimension of the nanoslit need be of nanometer dimen-
sions (16). Ramsey and coworkers (17) were the first to realize that the integration of in-plane
nanoporous structures with microfluidic channels could be used to concentrate an analytical sam-
ple by exploitation of the vast transport differences between structures at the micrometer and
nanometer scales. This result was extended by Zhang & Timperman (18), who used nanocapillary
array membranes (NCAMs), and by Han and colleagues (19), who used slit pores in Si to achieve
107-fold enhancement in the concentrations of labeled proteins and peptides. Studies of individ-
ual nanopores have followed up on the seminal work by Crooks and coworkers, who used carbon
nanotubes as templates for the fabrication of single-pore membranes (20), to examine the behavior
of single nanopores fabricated either by the templated growth of conformal coatings (21) or by
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the preparation of single asymmetric (conical) nanopores in polymer membranes (22-24). Interest
in such structures follows directly from the ability to realize active electronic functions such as
rectification (25) and field-effect-transistor (26) and bipolar-transistor (27) action with ionic cur-
rents, work that is the successor to the pioneering contributions by Martin and coworkers (28) in
the use of charge to control ionic transconductance across NCAMs. Finally, in a distinct approach
to the problem, Orwar and coworkers (29-31) have developed a system of surface-immobilized
unilamellar vesicles connected by small (50-150-nm-radius) nanotubes that can support the same
types of pressure-driven and electrokinetic flows realized in more conventional structures as well
as unusual attributes, such as Marangoni flow caused by viscous coupling of the nanotube fluid to
surface tension gradient—driven wall motion.

The numerous ways in which nanoscale features interact differentially with molecules on the
basis of size, shape, and charge have raised hopes that nanopores could be exploited to achieve
extraordinarily fast and efficient separations. By fabricating one surface of a rectangular microflu-
idic channel from a porous alumina membrane, Sano and coworkers (32) achieved a type of size
exclusion separation without requiring direct transmission through the nanopores. If flow past a
nanopore-containing surface is considered, smaller molecules spend more time exploring the pores
in the nanoporous membrane than do their larger counterparts, and the net progress of the smaller
molecules down the channel is impeded relative to the larger molecular components. Although
the observed separation efficiency was not high, proof-of-principle was demonstrated, and this
geometry has the advantage of not requiring the prohibitive pressure heads associated with packed
microfluidic channels. Lopez and coworkers (33) have studied the separation behavior of the slit-
pore geometry in planar format. They found that by changing the width of the slit at constant
ionic strength, i.e., by varying «a, they could reverse the order of elution in an electrophoretic sep-
aration of small-molecule dyes. By far the most heavily studied system for separation in nanoscale
structures is DNA (34-36) because of its centrality in molecular and systems biology, because of its
intrinsically interesting entropic trapping behavior (37), and because, as a self-avoiding structure,
it allows fundamental questions in the statistical mechanics of polymers to be posed and answered
(35). Finally, the capacity to use nanopores and NCAM:s as affinity chromatography substrates
has been studied, most notably by Bruening and coworkers (38, 39), who are exploiting the high
surface-to-volume ratio of these materials to prepare high-capacity preconcentration substrates
to sequester phosphopeptides and phosphorylated proteins. Such proteins could subsequently be
characterized by matrix-assisted laser desorption ionization (MALDI) mass spectrometry (viz.
Figure 1). Efforts like this, to control transport and achieve interesting separations, are criti-
cally dependent on the capacity to control the environment inside the nanopore, a problem that
has received both theoretical (40) and experimental (41) attention. Recently, the Martin (42) and
Stroeve (43) groups developed schemes for controlling the charge state and the chemical envi-
ronment inside nanopores. Yang, Majumdar, and colleagues (44) performed an elegant series of
sequential modifications to the interior of a nanopore in order to deconvolute the effects of charge
and pore occlusion. Majumdar and coworkers (26) further utilized the field-effect-transistor con-
cept to achieve active control of the motion of charged proteins through nanochannels. Active
transport control has also been achieved by coupling stimuli-responsive polymers and coatings
to the interior or the entrance/exit of nanopores to realize transport control by environmental
perturbations (45-47; see below).

Applications that exploit the inherent capacity of nanopores/channels for differential transport
to achieve molecular separations build upon a large body of prior work focused on the hindered
transport of species in narrow channels. Stevens and colleagues (48, 49) used the method of reflec-
tions to account for membrane pore wall interactions with solutes at low ¢ and found little effect
at ka > 1, although the researchers encountered difficulties with protein agglomeration under
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Scheme for derivatizing the nanopores of an alumina nanocapillary array membrane with high-efficiency
antibody-based capture elements. In the strategy of Bruening et al. (38), the surface carboxylic acid groups of
poly(acrylic acid) (PAA) are activated with N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) and
N-hydroxysuccinimide. This enables the covalent attachment of antibodies, whereas succinimidyl esters that
do not react with protein can subsequently be hydrolyzed to reconstitute the acidic groups. Reproduced with
permission from Reference 38. Copyright 2006, American Chemical Society.

some conditions. Although Chun and colleagues (50) considered diffusive transport, their work is
important in considering the partitioning and conformational behavior of model polyelectrolytes
in nanometer-diameter pores. They used a Green function theory with an effective step length
renormalized by monomer-monomer interactions and divided the transport into the elementary
steps of partitioning (between bulk and pore) and transport (within the pore), which are deter-
mined by the relative sizes of 4, k!, and Rg. Chun et al. (50) found partitioning to be determined
by the interplay between steric and electrostatic factors; at the small « limit the electrostatic
potential within the pore determines the partitioning behavior at all values of # and Rg.

In addition to the direct use of nanochannels to effect molecular separations and analyses,
Sweedler, Bohn, and their coworkers (51-56) have exploited NCAM:s to control the spatial and
temporal position of molecules in three-dimensional microfluidic architectures, thereby realizing
integrated microfluidic circuitry, as illustrated in Figure 2. Kuo et al. (51, 52) carried out experi-
ments in devices composed of a poly(vinylpyrrolidone) (PVP)-coated polycarbonate nuclear track
etched (PCTE) membrane embedded between two vertically separated poly(dimethylsiloxane)
(PDMS) microchannels. In the system of Kuo et al., PDMS exhibits a negative surface charge
and PVP a positive surface charge at pH 8. Such conditions cause the preferred electroosmotic
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Figure 2

An illustration of the integrated microfluidic concept. A nanocapillary array membrane (NCAM) fluidically
couples two vertically separated orthogonal microfluidic channels. The NCAM presents several new
possibilities for molecular manipulation during transport in micro-/nanoscale systems. The figure shows a
scanning electron microscopy image of the NCAM and a schematic illustration of the fluidic coupling.
Copyright 2008, Institute of Electrical and Electronic Engineers.

flow vectors for the microchannels and nanochannels to be in opposite directions. In their trans-
NCAM electrokinetic transport experiments, the net-transport direction is determined by NCAM
pore-size. The properties of the hybrid microfluidic/nanofluidic systems described above enable a
variety of unit analytical operations such as gated injections (53), fraction collection (54), sample-
stream mixing (55), and analyte preconcentration (17-19) to be carried out in a single, integrated
device. Specifically, the trinary nature of fluid flow (reverse, off, and forward) across integrated
nanofluidic elements allows for the externally controllable transport of fluidic bands throughout
three-dimensional networks. The forward and reverse states have clear applications in gated in-
jections and fraction collection. The off state is equally important in that it enables chemically
distinct environments to be maintained within an interconnected device (56).

3. STIMULUS-RESPONSIVE MATERIALS

For several decades there has been strong interest in manipulating the macroscopic properties
of membranes and vesicles through external perturbations. Materials that respond to perturba-
tions in their surroundings by changing their physical state, i.e., SRMs, constitute dynamically
responsive systems that can be used to manipulate molecular transport, especially in combination
with nanoscale anisotropic structures, such as nanopores. Environmental responsiveness has been
engineered into materials that respond to external stimuli, including pH (57-59), temperature
(60, 61), ionic strength (62), irradiation (63), the presence of specific molecules (analytes) (64), and
applied voltage (65, 66). Typically, the active agent contains a functional group that responds to
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the perturbation: lipophilic alkyl chains in the case of temperature, an azobenzene moiety capable
of undergoing cis-trans isomerization in the case of light, ferrocene or viologen in the case of
redox-active agents, or a Bronsted basic site in the case of pH.

SRMs are frequently fabricated in polymeric forms to realize the combined benefits of stimulus-
responsive behavior with the robustness of a macromolecular construct. Researchers often exploit
properties of polymers or oligomers in solution by preparing the corresponding surface adlayer or
by grafting the polymer directly to the surface of interest. For example, hydrogels constitute one
principal class of SRMs. pH responsiveness is achieved by the inclusion of acidic (e.g., acrylic acid)
or basic (e.g., allylamine) monomers, either alone or in combination with an aprotic acrylate such
as hydroxyethylmethacrylate (HEMA). Temperature responsiveness is most often achieved with
materials such as poly(N-isopropylacrylamide) (PNIPAm), which display a structural transition
at a specific temperature. For example, PNIPAm undergoes a conformational change from a
disordered random coil to a globular state at its lower critical solution temperature (LCST). This
phenomenon is shared by poly(alkylene oxides) and elastin-like polypeptides (67). PNIPAm is
particularly interesting in that its LCST occurs in the physiological range, near 32°C. The chief
interest in electric-field-responsive SRMs is in the behavior of monoliths composed of one or
more hydrogels, typically for applications as electric-field-actuated mechanical components, in
artificial muscle, for example (68).

Both physical and chemical methods have been exploited to separate molecules using mem-
branes on the basis of their charge (28, 69), chemical interaction (69), and size (70). Of course,
membranes have been used extensively in size-selective separations, for example, in dialysis and
ultrafiltration, but in these applications the membrane is designed for a specific molecular-size
threshold. Grafting membrane surfaces with polymers with tunable properties is an effective route
to obtain environmentally sensitive composite membranes. Physical changes in the grafted film
can be triggered by the same stimuli responsible for manipulating larger-scale films, namely pH
(71), ionic strength, solvent quality (72), electric field, light, redox potential, and temperature,
resulting in stimuli-responsive film-grafted membranes with high mechanical strength, quick re-
sponse to external signals, the ability to transport both neutral and charged molecules, and strong
resistance to degradation due to covalent bonding between substrate and polymer.

Of particular interest are temperature-induced volume changes in polymers grafted in and
around nanopore openings to alter the effective pore diameter. Contraction and dilation of
polymer films can be based on reversible ionization of the functional groups, solvent intrusion
and extrusion into the polymer network, and phase separation. Most investigations have cen-
tered on temperature-induced transitions owing to their importance in physiological systems.
Both positive temperature-sensitive polymers, which shrink when cooled below their upper crit-
ical solution temperature (UCST), and negative temperature-sensitive polymers, which contract
when heated above their LCST, have been identified. Temperature-sensitive gels that exhibit
LCST phase transition can be prepared from N-substituted acrylamide derivatives, e.g., PNIPAm,
N,N’-diethylacrylamide, N-acryloylpyrrolidine, N-vinylisobutyramide, and N-acryloylpiperidine
(73, 74).

Thermodynamic properties of PNIPAm, which as discussed above undergoes a dramatic vol-
ume transition in water at its LCST near 32°C, were first reported in References 75 and 76.
Hirokawa & Tanaka (77) reported discontinuous phase transition properties, and Lopez and
coworkers (78) described how the degree of polymerization and surface coverage of PNIPAm
brushes tethered onto planar surfaces affect temperature-manipulated volume transitions. This
distinctive behavior of PNIPAm has been attributed to its rapid alteration in hydrophilicity (79).
At temperatures lower than the LCST, PNIPAm expands owing to hydrogen bond formation
between hydrophilic segments in the side chains of the polymer and water. The hydrogen bonds
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Figure 3

Thermal gating of a poly(N-isopropylacrylamide) (PNIPAm)-coated nanocapillary array membrane
(NCAM) to dextrans of various molecular weights. Temperature program: 0-7 min, 25°C; 7-16 min, 40°C;
16-17 min, replacement of the feed solution; and 17-23 min, 25°C. (Inset) Schematic of the application of a
thermally gated transition to effect a size-selective capture of the smaller component of a binary mixture.
Reproduced with permission from Reference 45. Copyright 2007, American Chemical Society.

form a stable hydration shell around the hydrophobic groups, which leads to large water uptake
at low temperatures. Above the LCST, the polymer-solvent interactions are disrupted, hydro-
gen bonding is weakened, and polymer-polymer hydrophobic interactions dominate, causing an
abrupt collapse in polymer free volume owing to the release of entrapped water. In exploitation of
these dramatic volume changes, for example, to construct size-selective NCAMs (e.g., Figure 3),
the response time is critical. In contrast to conventional network structures, which have relatively
rigid chain ends, these terminally grafted polymer brushes exhibit rapid conformational changes
(80); the speed is attributed to the mobility of free chain ends (81). The temperature sensitivity of
PNIPAm has also been exploited to achieve actively controlled thermoresponsive, size-selective
transport switching by grafting PNIPAm brushes onto a Au-coated NCAM through the use of
atom transfer radical polymerization (ATRP) (45).

4. NANOELECTRODES

Nanoelectrodes, ultramicroelectrodes in the earlier literature, inherently exploit the interplay be-
tween electron transfer rates and mass transport on the nanoscale. As highlighted in a recent review
by Arrigan (82), the principal advantage conferred by studying electron transport at nanoelectrodes
derives from the enhanced mass transport accruing to the hemispherical diffusion profile ata small
electrode, compared with the semi-infinite planar diffusion to a planar or macroscale electrode.
Much research has examined the construction of nanoelectrodes and nanoelectrode assemblies,
and although a number of ingenious strategies have been devised, there are three principal routes
to fabrication: () the use of a templating medium, like a nuclear track-etched membrane or a
processed block copolymer, to direct the electrochemical deposition of a small-radius electrode
(83); (b) etching of dielectric-encased wires to expose a small metallic area (viz. Figure 4) (84);
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Figure 4

Schematic illustration of the formation of carbon nanotube electrode arrays. Metal deposition is uniform
over the substrate film; catalyst is deposited in a defined pattern; plasma chemical vapor deposition (CVD) is
used to grow carbon nanotubes from catalyst initiators; CVD of tetraorthosilicate (TEOS) produces a SiO;
film; the SiO;-carbon nanotube composite is planarized by chemomechanical polishing (CMP); and
electrochemistry (EC) is performed in a standard three-electrode potentiostatically controlled cell with
reference, counter, and working electrodes. Reproduced with permission from Reference 82. Copyright
2004, Royal Society of Chemistry.

and (¢) deposition of a narrow wire encased in dielectric layers, followed by cleavage of the sample
perpendicular to the wire to expose its cross section as a nanoband electrode (85).

Fabrication capabilities have progressed to the point that it is now possible to construct elec-
trodes with radii of a few atoms. Lemay and coworkers (86) developed electrode structures by
drilling small apertures in back-thinned silicon nitride membranes by focused ion beam (FIB)
milling followed by slow evaporation of Au to yield pyramidal Au structures down to 2 nm. In
addition, there has been recent interest in the construction of electrodes separated by small gaps
(87). The electrodes are typically nanoelectrodes, and the nature of their placement confers special
properties on the mass transfer from which electrochemical currents are ultimately derived. White
& White (88) have modeled the behavior of a single electroactive molecule in an electrochem-
ical cell composed of two spherical shell electrodes separated by a 1-20-nm gap. Whereas both
theoretical and experimental studies of redox processes at nanoelectrodes indicate sigmoidal i-E
characteristics, White & White’s model found that long-range electron transfer produces non-
sigmoidal-shaped i-E characteristics when the interelectrode separation becomes comparable to
the characteristic redox tunneling decay length—another example of the interesting phenomena
that arise when physical scaling lengths coincide with device dimensions. Nanochannels can be
nanoelectrodes too, as demonstrated by Macpherson and coworkers (89), who studied the ion-
tophoretic transport of Fe(CN)s*~ across track-etched poly(ethylene terphthalate).

In addition to the transfer of electrons, altered conduction in nanowires and nanogaps deriva-
tized with single molecules spanning the gap has been an increasingly popular subject of study.
Studies of chemically mediated electrical conduction in ultrasmall junctions can all ultimately be
traced to the defining vision of pioneers like Aviram & Ratner (90) for molecular electronics. From
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(@) Schematic illustration of the electrochemical method used by Tao and coworkers to fabricate atomscale metallic junctions. A metal
wire, covered with an insulator except in the region where the junction is to be formed, is exposed to electrochemical etching.

(b) Atomscale junctions prepared from Cu exhibit quantized conductance at G = 1, 2, and 3 Gy. Reproduced with permission from
Reference 108. Copyright 2005, American Chemical Society.

the measurement of electrical conduction of metal oxide thin films for the detection of gas-phase
contaminants in hostile environments (91), to the use of organic (92) or inorganic (93) semicon-
ducting nanowires, in which sensing occurs by altering the width of the space charge region (94,
95), applications of conduction measurements in chemical sensing span an enormous range.

More recently it has become possible to realize conducting junctions constructed of small
arrays of atoms or even single molecules. Junctions composed entirely of metal atoms have been
studied extensively since the mid-1990s (96, 97), and their conduction properties are interpreted
within the Landauer formulation, which interprets electron transport in the ballistic regime as
transmission between two perfect, but energetically offset, reservoirs (98). Some studies have
addressed molecular adsorption at these junctions (99, 100), but most attention has focused on
the preparation of molecule-sized gaps and the subsequent study of single-molecule conductance
(101-103), the subject of recent comprehensive reviews (e.g., 104).

Of particular relevance to the control of transport on the nanoscale are studies in which small,
i.e., atom-scale, gaps (105-107) or wires (108) are fabricated electrochemically. For example,
Tao (108) introduced self-limiting electrochemical processes in the preparation of atomic-scale
structures (viz. Figure 5). In their approach, directional electrodeposition was initiated between
two electrodes separated by micrometer distances with a series impedance used to set a voltage
threshold. When the local overpotential drops below the E° value, deposition ceases in a self-
limiting process. This work achieved reproducible nanowires characterized by constrictions only
a few atoms wide. Such atom-scale junctions exhibit quantized conductance, measured in units
of the conductance quantum, G, = 2¢°/h = (12.9 kQ)~!, a characteristic feature of structures in
which conduction electrons are confined to the order of the Fermi wavelength, Ap (~0.52 nm for Au
at 300 K). In addition, an extensive body of work focused on utilizing electrochemically fabricated
nanowires for sensing was developed by Penner and coworkers, who deposited nanowires of
Pt, Pd, and other metals at atomic step edges on highly oriented pyrolytic graphite (109) by
laterally defined electrodeposition (110). Pt and Pd nanowires were extraordinarily sensitive to
the presence of H, (111), which was due to the modulation of rate-limiting electron transfer
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across grain boundaries by H,-induced lattice distortions. Ag-based nanowires were particularly
effective sensor elements owing to the development of chemically responsive interfacial boundaries
(112), which consist of semiconducting AgO/Ag,O boundary layers that connect metallic Ag
nanowire sections. These developments are particularly exciting because they move the molecular
determination from the realm of bulk properties to structures dominated by quantum effects—in
the case of the metallic nanowires the ballistic, rather than diffusive, propagation of electrons
through the constriction.

5. STOCHASTIC SENSING

We end this brief survey by examining efforts to exploit the specific transport properties of
biomimetic membranes supporting single copies of membrane-bound transport proteins. Rea-
soning that nature has evolved a variety of proteins to mediate the transport of specific ions,
researchers have sought to integrate both natural and genetically engineered versions of these
transport molecules with artificial membranes to realize constructs with special and controllable
transport characteristics.

Technologically these efforts trace their genesis to the pioneering efforts to generate highly
impermeable membrane structures (the so-called G2 seal) for model electrophysiological and
neurochemical studies. Although these structures continue to be invaluable for model studies of
neurotransmission, their direct relevance to general schemes for chemical analysis is limited. The
neurotransmission experiments do, however, point to platforms on which more general transport
schemes can be constructed. The archetypes of these later efforts are the experiments by Bayley and
coworkers (113) to exploit the special properties of the staphylococcal protein a-hemolysin. The
experimental paradigm incorporates the protein, as a seven-member self-assembled pore structure,
in an otherwise impermeable membrane and measures the ionic current induced by a DC bias
potential applied across the membrane. The flux of ions, i.e., the current, is tightly coupled to
the internal structure of the ion channel constituted in the middle of the barrel structure. Various
schemes are then employed to modulate the ion flux through an external side chain that can, in
the presence of specific chemical species, fold over and occlude the ion channel. Because single-
molecule binding-unbinding events modulate the reconfiguration of the occluding appendage, the
current passed takes on characteristics of a telegraph signal—hence the term stochastic sensing
(114).

The great power and flexibility of the stochastic sensing platform derive from the ability to
genetically engineer the properties of the side chain that projects into the lumen. For example,
side chains specific for divalent cations have been prepared through histidine substitution (115),
and side chains specific for the transport of a number of interesting analytes ranging from DNA
(116) to second messengers such as IP3 (117) have been constructed.

Despite the great success of the generic approach, a number of concerns, such as the ultimate
stability of single-protein sensors and the design flexibility offered by the a-hemolysin system,
have spurred research into alternative pore-forming systems. Martin’s group (118, 119) has studied
the use of synthetic structures based on asymmetric conical nanopores for resistive pulse detection
of analyte passage, and White and coworkers (120) have developed glass nanopore membranes for
ion channel recording. Bayley and coworkers (121) have extended the approach to systems offering
greater design flexibility, such as the monomeric 3-barrel protein OmpG, which is derived from
the membrane of Escherichia coli. Exploiting detailed molecular dynamics in combination with
genetic engineering, Bayley and coworkers designed a variant of the OmpG proteins in which the
background gating behavior is switched off, producing a low-background, “quiet” porin-based
biosensor (e.g., Figure 6) (121). Finally, novel applications are beginning to occur on the basis
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Figure 6

Schematic illustration of the use of a monomeric 3-barrel based on OmpG for stochastic sensing. (#) Typical stochastic modulation of
the transmembrane current by pore blockage. () Plan and cross-sectional renderings of the barrel structure in both open and closed
configurations. The analyte-binding side chain is shown in red. Reproduced with permission from Reference 121. Copyright 2008,
National Academy of Sciences.

of improved data collection and robust statistical treatments of the stochastic transport events.
Kasianowicz and coworkers (122) introduced a single-molecule liquid-phase mass spectrometer
to characterize poly(ethylene glycol) based on mass-dependent conductance states that result
directly from mass-dependent residence times experienced by PEG oligomers translocating an «-
hemolysin pore. Both the fabrication of new synthetic pore structures as well as the development of
more robust molecular architectures promise to enhance the utility of these fascinating structures
even further.
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