Future lab-on-a-chip technologies for
interrogating individual molecules

Harold Craighead'

Advances in technology have allowed chemical sampling with high spatial resolution and the manipulation
and measurement of individual molecules. Adaptation of these approaches to lab-on-a-chip formats is
providing a new class of research tools for the investigation of biochemistry and life processes.

A range of powerful technologies exists for observing and identifying
individual molecules. Well-established forms of microscopy such as
electron microscopy and optical fluorescence microscopy have allowed
us to image and, with the appropriate labels, identify the chemical
nature of individual molecules. More recently, scanning probe micro-
scopes have expanded the possibilities for observing and interacting
directly with individual molecules. The fine probe of a scanning sys-
tem can localize electrical measurements to a selected molecule, or
measure the mechanical properties of a single biopolymer. Modern
material-processing technologies, analogous to those that have been
so successful in converting electronics to a ‘chip-based’ technology, are
being explored for possible chemical or biological research lab-on-a-
chip approaches'.

Interest in scaled-down analytical processes, combined with advances
in microfluidics, is motivating various chip-based methods in which
analyses can be carried out more rapidly and at lower cost via small-scale
systems than with current laboratory bench-scale methods. The new
research approaches discussed below are motivated by the possibility
of observing new phenomena or obtaining more detailed information
from biologically active systems. For this, a class of research systems is
evolving that uses a range of new physical and chemical approaches to
biomolecular analysis. The complexity of life processes and the richness
of molecular biology provide fertile ground for research with these new
lab-on-a-chip approaches. The development of these new chip-based
technologies is changing the nature of the questions that we can ask and
for which we can seek experimental answers at the molecular level.

The developing chips are formed using technologies for inorganic-
device processing combined with synthetic chemistry and biochemistry.
The chips are beginning to integrate electrical, optical and physical meas-
urements with fluid handling to create a new class of functional chip-
based systems. The systems provide spatial localization that is relevant to
observing, for example, the function of a single active enzyme, the activity
of a single receptor on a cell surface, or the release of molecules from a
single vesicle exocytotic event in an immune-system cell. A long-term
result of this research could be a new class of fluid-handling chip systems
engineered to use or analyse individual molecules. This could form the
basis for ultra-sensitive sensors and medical diagnostic systems.

Molecular imaging and probes

The scanning probe instruments, such as the atomic force microscope
and the scanning tunnelling microscope, have allowed the execution of
a class of experiments in which individual molecules can be manipu-
lated and probed. They are providing insights into biomolecular sys-
tems previously addressed only by indirect investigations. Scanning
tunnelling microscopy can image molecules on surfaces and directly

observe their conformation and structure™. Atomic force microscopy
(AFM) can image molecules in a natural hydrated condition and cap-
ture images while the molecules are functioning’®. The AFM has also
been used to observe the folding and unfolding of individual protein
molecules’™. Observing the function of active molecules in a condition
as close as possible to in vivo circumstances can provide new insights
into how living systems function at the molecular level.

Ashkin was the first to use gradient forces from optical beams to trap
particles and exert controlled forces on small beads, viruses and bac-
teria'®"". The technique, which came to be known as ‘optical tweezers,
proved to be a powerful tool for applying controlled forces to individual
molecules' ™. Typical experiments involve chemically binding a mol-
ecule of interest to a bead and chemically linking the other end of the
molecule to a surface or another bead. The optical tweezers can be used in
fluids and, as a result, can be used for biomolecules in a natural hydrated
and functioning condition. This permits force-distance measurements
as a biopolymer is unfolded, or the investigation of the breaking of bonds
in specific reactions. This technique is now widely used in biophysical
studies of single molecules. It has done a great deal to move researchers
towards thinking of single molecules as accessible objects that can be
selected and studied for their individual properties. It has also helped
motivate chip-based approaches for individual-molecule analysis.

Patch-clamp technology, another form of localized electrical probe,
revolutionized our ability to study active ion channels in cell mem-
branes'®. The technology uses a glass pipette drawn down to form a
micrometre-scale aperture that can make a tight, electrically insulating
seal to a cell membrane. With the electrical current conducted and meas-
ured through the pipette, electrical charge is constrained to conducting
paths inside the sealed region of the pipette tip. This was a revolutionary
technique that allowed the observation of single-molecule ion channels
in living cell membranes.

Although powerful and productively used in experimental research,
the single probe methods use tedious manipulation of the individual
probes and do not take advantage of the integration, parallelism and
automation available from a chip-based system. They do, however, set
the stage for migration of these approaches to chip-based methods,
and possibly further integration into research systems. Researchers
are beginning to develop and use engineered devices that are often
fabricated in large arrays for accessing individual molecules.

Developing technologies for lab-on-a-chip integration

Technologies exist that unite lithographic approaches for processing
hard materials with soft material processing, fluidics and biochemical
patterning. These technologies, which are related to those used in com-
mercial device manufacturing, reliably produce systems with feature
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Figure 1| Optical micrograph of a 4-electrode electrochemical detector
array on which a chromaffin cell has been placed. The superimposed trace
is the measured current as a function of time at electrodes a-d (a, red;

b, green; ¢, yellow; d, blue). The small circle drawn near electrode ¢
indicates the location of the fusion pore opening, calculated from the
relative current collected from the four electrodes*'.

sizes of less than 100 nm'’"**. They are also used to create complex
and massively parallel electronic devices, creating billions of essentially
identical devices in a chip format. Optical sources and detectors have
also been miniaturized and made parallel, and are available in consumer
products such as video cameras and displays. This is a powerful and
well-developed technology that can be exploited in the research arena
today, and possibly in the future in a new class of highly-functional
chip-like devices for biochemical analysis.

At this stage of research, many different materials are being explored
and used. Polymers are attractive for many microfluidic uses because
they are easily manufactured by embossing or moulding™. They can
also be bonded to other surfaces and are therefore often used to form a
fluid channel on another surface, such as silicon, on which an electronic
device has been formed. Single-molecule approaches using electrical or
optical detection may create other material requirements with regard to
electrical or optical properties. Semiconductors and metals are obviously
necessary components of electrical detection schemes. Semiconduc-
tor nanowires and carbon nanotubes, for example, are being studied
as sensor components”***. Mechanical devices are also being explored
and integrated in fluid systems” . In addition, porous media for sam-
ple concentration and filtration can be formed in fluid channels™. The
situation is nothing like that of silicon microelectronics technology, in
which the technology is mature and material technologies are mono-
lithic. However, some common materials and processing techniques
are evolving, often on the basis of silicon compounds and polymers,
that suggest the possibility for greater integration of fluid handling with
optical, electrical and mechanical devices.

Electrical chips with high spatial resolution

The development of the planar patch clamp is an example of the conver-
sion of a very successful probe technique to a chip-type device™ . In
this approach, rather than using the narrow aperture of a drawn glass
pipette, an electrical probe is formed by an etched opening, of the order
of a micrometre, that can be readily fabricated in a thin membrane
formed on a planar surface. The macroscopic electrodes are then placed
on opposite sides of the aperture, with all current forced to traverse the
narrow aperture. The entity of interest, typically an ion channel in a lipid
layer spanning the aperture, is thus electrically isolated. Schmidt, Mayer
and Vogel”” demonstrated such a device in a silicon nitride membrane
supported on an etched silicon wafer, used to observe the activity of a
single voltage-gated ion channel of the peptide alamethicin integrated
in a lipid bilayer. The use of a fabrication approach with a lithographi-
cally defined aperture formed a reliable aperture size, and opened up
the possibility of making arrays of many apertures for localized electro-
chemical measurement. Although they do not replace the traditional
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moveable probe technique, microfabricated planar patch-clamp-like
devices such as this are being used. Their planar geometry allows them
to be engineered into sensor configurations.

Electronic-chip-fabrication technology can be used to create arrays
of electrodes for probing discrete electrical events in living systems.
Lindau’s group, for example, described an electrode array for spatio-
temporal resolution of single exocytotic events in living cells'**". Using
a patterned metallic electrode array, on which the cells were placed,
electrochemical signals were recorded from the oxidation of catecho-
lamines released by the cell during events in which a vesicle contained
in the cell fused with the cell membrane, releasing its contents. By
measuring the relative strengths of the current signals from each elec-
trode, the researchers could calculate the position of each individual
exocytotic event as well as the total quantity of ions released and the
time taken by the event. This level of quantitative detail is difficult to
obtain by other methods and, again, the format allows for scaling the
number of groups of identical electrodes for measurements, in prin-
cipal, on large arrays of cells. This is of interest for a number of basic
cell-biology studies, and is also of potential utility in obtaining more
detailed information about the effects of potential drugs on cellular
function.

Control of the structure and design of the arrays also enables inte-
gration with complementary measurement approaches. With the same
types of electrode array (Fig. 1), Lindau and colleagues were also able
to record simultaneously fluorescence images of fusion-pore events in
the cells. This brought to bear the full capability of chemically selective
fluorescent dyes and optical imaging to verify the interpretation of the
electrochemical imaging. This also indicates the value of this type of
lab-on-a-chip in terms of engineering the planar devices for integration
for multiple analytical processes.

Of course, the capabilities of integrated electronics extend well
beyond those of passive electrodes; researchers can incorporate active
electronic devices to allow more complex functions, such as signal
amplification, to be carried out. Many groups have used microfabricated
electrode arrays for extracellular recording of action potentials from

Figure 2 | Fluorescence micrograph of micrometre-size patterned lipid
bilayers containing specific ligands used to cluster mast-cell receptors.
Clustered receptors (green) stimulate transmembrane signalling events, and
the patterns (red) allow visualization of spatial regulation of reorganizing
cellular components. Co-concentrated red and green fluorescence appears
yellow**. (Image courtesy of B. Baird, Cornell University, USA.)
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Figure 3 | Schematic of F,ATPase rotary motor enzyme to which a
magnetic bead is attached. The bead can be used to drive or observe the
motion of the motor. Each enzyme is isolated in a reaction chamber of
radius ~1 um (shown schematically and in an electron micrograph) that
contains the reaction products”. (Image courtesy of H. Noji, University
of Tokyo, Japan.)
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neurons cultured on the electrode arrays. The Fromhertz group has
used arrays of electrodes connected to on-chip arrays of transistors to
amplify voltage signals near their source in order to improve the signal-
to-noise ratio*>. With the provision of active electronics to the chip,
additional signal processing and logic functions could be incorporated
into the device.

In addition to the integration of electrical function with optical
analysis, the chip-oriented approach can be coupled with biochemical
patterning to interface more effectively to biological systems. For exam-
ple, James et al. used methods for patterning proteins in registry with
electrode arrays*™*. The patterned proteins guided the development of
neuronal-cell growth on the electrode surface that was used to record
signals from selected points in an organized cell culture. The ability to
use patterned cell-growth factors, chemotactic agents or selective bind-
ing factors, such as antibodies, provides a method for interfacing the
powerful analytical capabilities engineered into the inorganic devices
with organized cellular systems.

As noted in the Review on cell biology in this issue (page 403),
patterning of active biomaterials on surfaces can be used for cell-based
lab-on-a chip assays. However, patterning at subcellular dimensions
makes it possible to orient cells with respect to chip elements. The
patterns themselves can be used to investigate cell responses to local-
ized stimuli and to observe molecular-scale responses. For example,
Orth et al. used a high-resolution method of patterning to create pat-
terned lipid bilayers containing antigens to mammalian immune-sys-
tem cells”’. The cell-surface receptors clustered in the same pattern and
resulted in cell activation. Wu et al. used this approach to investigate
targeting in transmembrane signalling events*. Using fluorescence
microscopy with exogeneous or genetically encoded fluorescent
probes, the stimulated redistribution membrane, cytoskeletal and
cytoplasmic components were tracked (Fig. 2). This allowed the test-
ing of hypotheses about the formation of so-called lipid rafts, and
demonstrated decoupling of the inner and outer leaflets of the cell
membrane. Similar to the previous examples, the ability to create large
numbers of essentially identical chemical stimuli allowed the system
to be replicated and presented to numerous cells. The use of the pat-
terned biochemical chip in conjunction with fluorescence microscopy
provided an unambiguous visualization of the cellular response to
defined stimuli and the capability to quantify it.

Planar devices for single-molecule observation

Simple chips with nanoscale features can be used as windows onto the
activity of single molecules, extending the capability for observation of
life processes to the molecular scale. The Noji group created an array
of individual femtolitre chemical chambers on a chip for studies of the

activity of individual F, ATPase enzyme molecules bound to a surface**.

In this work, the group formed small, optically transparent polymeric
chambers to isolate the chemistry associated with an individual enzyme
(Fig. 3). The ATPase enzyme is a rotary motor, and by attaching a mag-
netic bead to the rotating part of the molecule, the rotation of the mol-
ecule could be observed optically. The torque on the magnetic bead could
be controlled by application of a rotating magnetic field. The researchers
were able to count the rotations of the motor and calculate the efficiency
as the enzyme motor consumed its ATP fuel. Because the volume of solu-
tion containing ATP was very small, the individual enzyme’s activity in
depleting the available energy source could be observed in reasonable
experimental timescales. In a demonstration of incredible control, the
individual motors could be driven in the opposite direction by the rotating
magnetic field to synthesize countable ATP molecules.

This experiment provides unique insights into the activity of func-
tioning biomolecules, directly addressing questions of kinetics, rates
and efficiencies. This is an example of a potentially revolutionary class of
chip-based devices in which the observation and control of large num-
bers of individual molecules are used as detectors of identifiable indi-
vidual chemical events or components of a chemical synthesis system.

Active enzymes can be optically isolated for measurement by tech-
niques that allow the observation of individual reaction events at high
concentrations. The previously discussed approach used physical con-
finement of reactants to limit the reaction to a small volume. With
optical confinement to a small volume surrounding an active enzyme,
the observation of optically stimulated or interrogated processes can be
localized to observe chemical activity specific to the isolated enzyme.
Levene et al. described an array of subwavelength-diameter metallic
apertures (Fig. 4) that confine light to dimensions well below the dif-
fraction limit in three dimensions®. Light incident on this metallic
structure, which can be considered as a metallic waveguide operated
at a frequency below the cutoff frequency;, is rapidly attenuated in the
direction of propagation. Because it has no propagating waveguide
modes, it is termed a zero-mode waveguide. With a diameter of a few
tens of nanometres, this attenuation length becomes less than the film
thickness. The transverse dimensions of the light are, of course, limited
by the dimensions of the aperture. Other means of optical confinement
include the use of metallic tips to concentrate optical excitation™.
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Figure 4 | Arrays of metallic apertures used for optical observation of
individual molecules. Array of polymer wells containing arrays of zero-
mode waveguides (a) shown in electron micrograph (b) and in higher
magnification (c). Also shown (d) is a schematic cross-section of the
metallic aperture with analyte solution on the metal side®.
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Figure 5 | Nanopores used for DNA translocation studies. Left: cross-
sectional schematic of an engineered nanopore in silicon nitride showing
three phases of the pore fabrication. Top right: AFM image of an array of
engineered pores formed on a chip. Bottom right: transmission electron
micrograph of three different pores. (Images courtesy of C. Dekker®,
University of Delft, The Netherlands, and the American Chemical Society.)

The net effect is an optical excitation volume of the order of zeptolitres
(107", significantly smaller than could, for example, be obtained by total
internal reflection illumination, which can confine light to the evanes-
cent field in one direction only. If the light is used to stimulate fluores-
cence in molecules in a solution covering the zero-mode waveguide at
a concentration, C, the average number of molecules, N, in the optical
excitation volume, V, is N=CV. With an excitation volume of 10 litres,
N=1 at a concentration of 10*' litres ™", or 1.7 mM. The behaviour of a
single optically labelled entity can therefore be observed at high con-
centrations. If the fluorescent molecule is freely diffusing in the liquid,
then the residence time in the optical excitation volume is determined
by the diffusion coefficient of the molecule. By observing this time for
individual molecules, the concentration of entities with different diffu-
sion coefficients can be determined. This can be used, for example, to
measure the degree of oligomerization of a biopolymer™. The differences
in temporal fluorescent behaviour are even more pronounced in cases
in which a species is permanently bound, as has been observed for the
enzymatic synthesis of double-stranded DNA by DNA polymerase®.
In this case, non-bound fluorescent species are only transiently fluo-
rescent during their diffusive motion through the excitation region.
Bound species are fluorescent for times limited by fluorescent bleaching
or other processes for termination of the fluorescence. With an array, a
large number of independent observation volumes can be used for the
observation of enzymatic or other optically distinguishable chemical
events” .

Devices consisting of nanoscale pores in an electrically insulating
layer are being pursued as probes of molecular structure® . In these
devices, ion current passing through the narrow pore is modulated, as it
passes through the pore, by the presence or nature of a large biopolymer
molecule such as DNA. Naturally occurring membrane proteins such
as a-haemolysin have well-defined pore dimensions, of the order of a
nanometre. Engineered pores, fabricated by various forms of etching,
can form similar apertures in an insulating membrane. Figure 5 shows
a schematic and electron micrograph, from the Dekker group, show-
ing apertures a few nanometres in diameter formed in a silicon nitride
membrane*’. When DNA in solution is electrically driven through such
a pore, the presence of the DNA influences the passage of other mobile
ions in solution through the narrow pore, and the transit of the DNA
can be detected by changes in the current measured through the pore.
In the simplest case, if the electrically driven speed of the molecule is
known, the length of an extended DNA molecule can be inferred from
the transit time. Confirmation of the molecule is observed as discrete
differences in the current levels corresponding to the condition of a
single strand — or a double, or triple, and so on — of a folded DNA
molecule passing through the pore. Because of the strong motivation
for rapid genetic sequencing or analysis, efforts are under way to extract
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the identity of DNA bases by resolvable electrical differences as they
pass through the pore, but the resolution requirements, signal-to-noise
ratio in the current signal, and the subtle differences in electrical sig-
natures of different bases make this a difficult task. The nanopores,
however, are simple but powerful biophysical probes of molecular
confirmation, and a means of observing and controlling the forces on
biopolymers in fluid.

Single-molecule optical analysis in flowing systems

Optical techniques are being developed for observing, detecting, analysing
and quantifying single molecules. Labelling a molecule of interest with a
bright fluorescent dye molecule or luminescent semiconductor particle
allows selected molecules to be located and tracked by optical micro-
scopy. Combining chemically-specific binding with the label makes it
possible to identify a specific molecular species. The general approach
of selective fluorescent labelling is widely used in imaging and immuno-
assays, and, as a result, labelling chemistry is well developed. Adapting
the fluorescent approaches to analysis requires integration with fluidics
and dealing with the noise limits inherent in single-molecule detection.
In addition to the chemical identification imparted by specific bind-
ing chemistry, single-molecule methods can also be used to identify
other features of a molecule, such as the diffusion rate, electrophoretic
mobility, or rate of passage through a mechanical constriction or pore. In
appropriate systems, the single-molecule approach can provide unique
possibilities in quantification and dealing with limited samples, such as
one from a single cell. Further to identification of chemical species or
character, a significant application of single-molecule analysis is geared
towards extracting genetic information from nucleic acids. A set of tech-
niques is being developed for analysing individual molecules, with the
goal of more rapid genetic or RNA expression analysis.

Optical approaches allow molecules of interest to be highlighted by
labelling, but to make single-molecule approaches practical this must
be coupled to microfluidic systems to efficiently deliver molecules to
the optical analytical system® . Confocal optical approaches provide
a direct method with which to excite and detect fluorescence from a
microfluidic system. A basic system is shown in the schematic of Fig. 6.
Current research approaches tend to use large-scale microscopes, lasers
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Figure 6 | Fluidic channel system for single-molecule optical

measurements. a, Schematic of a fluid channel with optical excitation and
detection volume. b, Schematic of optical set up. ¢, Image of 15 parallel fluid
channels (pale grey) with constricted analysis region (centre)®".
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and detectors because of the availability of these systems. It should be
clear, however, that the optical systems could also be miniaturized into
more integrated and functional chips.

One unique single-molecule approach is to count individual mol-
ecules as they pass an interrogation region. With spectrally identifiable
labels, the exact concentrations of different species could be obtained by
directly counting the numbers of each molecular species. As signal-to-
noise ratio is important, it is desirable to limit the size of the excitation
volume to reduce background from scattering or intrinsic fluorescence
of unlabelled species in the excitation volume. This motivates the use
of confinement of the excitation by limiting either the optical illumi-
nation size or the physical size of the channel. Decreasing the optical
excitation below the channel width reduces the detection efficiency and
makes it possibile that not all molecules in the solution will be detected.
Reducing the physical size of the channel improves the optical signal-
to-noise ratio, and increases the interaction with the channel surfaces.
The optimum in the situation is dictated by the nature of the analysis to
be performed, including the concentration range of the molecules, the
volume of sample and the strength of surface interactions. It seems likely
that devices will be designed for specific applications.

Single-molecule approaches make it possible to detect single binding
events, in addition to simply counting differentially labelled species. For
example, individual binding events can be detected by simultaneously
detecting the presence of fluorescence from two differently labelled mol-
ecules. Labels can be formed by pairs of molecules in which excitation
energy is transferred from the donor member of the pair to the acceptor
of fluorescent excitation in a fluorescence-resonance-energy-transfer
or Forster-resonance-energy-transfer (FRET) process. In this case, the
emission will be observed only when the binding takes place, bringing
donor and acceptor into close proximity. In a microfluidic system in
which the molecule of interest has a charge and an electric field is used
to drive the molecule, a measure of the electrophoretic mobility can be
determined from the transit time through a channel of known length®.
Changes in mobility could indicate the difference between an unbound
labelled capture molecule and a labelled capture molecule bound to a
protein. The combination of microfluidics and electrically or pressure
driven fluid systems creates integrated design possibilities. Parallelism
from many fluid and optical channels could be designed with modern
optoelectronic technology. Planar waveguide excitation, out of plane
diffractive optics, laser arrays and detector arrays are all readily available
to be adapted for miniaturized systems.

In addition to counting and determining the chemical identity of
molecules from specific binding chemistry, the conformation and physi-
cal properties of individual molecules can be investigated in nanofluidic
systems’'*. This can be considered to be the chip-based analogue of
the probe and optical-tweezer techniques discussed above. A number
of studies have been done on the sorting of DNA molecules by size in
nanostructures. When associated with restriction digests, the sizes of the
DNA fragments contain information on the sequence information in
the original longer DNA molecules. Rapid measurement of DNA frag-
ment size was demonstrated in a series of nanostructures with dimension
smaller than the radius of gyration of the DNA molecule in free solution.
In the so-called entropic traps™’%, the rate at which a molecule could enter
the constriction was length-dependent, and this dependence was used to
separate bands of DNA in electrophoretically driven microfluidic channels
with nanoscale constrictions. The separation was much more rapid than
that achievable with conventional gel-based techniques.

Similar entropic forces in nanochannels have been used to control
forces on individual molecules and to elongate them for study’"*’. When
DNA is driven into a fluid channel with transverse dimensions much less
than the radius of gyration, or, even more critically, when the dimen-
sions become comparable to the persistence length of the polymer, the
confinement exerts forces on the molecule that push it from the con-
strained region’ (Fig. 7 ). The effect of the entropic forces can be used
to measure effectively the length of the molecule by the rate of passage
into the constrained region’®. Control of the molecular confirmation
also allows analysis of DNA in the context of the overall chromosome.
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Figure 7 | Schematic and images of DNA retraction from a nanochannel.
Diagram (left) showing three different time stages (a—c) of the entropically
driven motion of a single DNA molecule at the interface between a
microchannel and a nanochannel. After being electrophoretically driven
into the channel as a ‘hair pin’ loop, the molecule unfolds as it is entropically
pulled from the nanochannel by forces acting only on the long end. The
image on the right shows stacked fluorescence images of a molecule as a
function of time, demonstrating the recoiling and straightening process.
The looped (a) and then the straightened (b, c) condition of the molecule
are indicated. Once straightened, the molecule can be manipulated and
positioned in the channel as an unfolded linear molecule”.

Towards this end, Austin’s group demonstrated the activity of restriction
enzymes, cutting DNA at prescribed sequence locations, in an extended
single molecule in a nanochannel”.

Because of interest in their underlying sequence, DNA and RNA repre-
sentimportant targets for single-molecule studies, but the same concepts
and physical methods of characterizing biomolecules are being extended
to proteins and other compounds. In cases in which chemical differences
accompany the physical differences, the situation is more complex, com-
plicating the interpretation of phenomena for analysis. The approach for
analysis, however, combining microfluidics, nanoscale structures and opti-
cal detection, creates a range of opportunities for molecular analysis.

Outlook for highly functional integrated systems

The current types of research-chip device comprise fairly simple structures,
as we have seen above, such as two-dimensional arrays of apertures or
reaction chambers to isolate individual molecules for study. In these
simple initial devices the advantages of massively parallel replication of
identical units with 10°, 10° or more individual reaction or observation
areas can be seen. In fluid channel systems that permit one-dimensional
arrays, the degree of parallelism could easily be ~10°. It is clear that the
scale and levels of integration are compatible with active optical and
electronic devices in today’s integrated electronic and optoelectronic
systems, and carrying out millions of parallel optical or electronic meas-
urements is a realistic possibility. Because optical beams can traverse
free space and fluid systems can be made transparent, the integration
with external optical systems is possibly the most straightforward initial
direction of integration. Electrical techniques require direct contact with
the analyte and generally also require wires for interconnects, which
creates more challenges for integration. The advances in this area are
likely to be important for determining the breadth of utility of such
lab-chip devices.

Opportunities for single-molecule analysis include the ability to charac-
terize small volumes of complex mixtures such as one would obtain from
asingle cell. The ability to characterize the differences in populations of
cells could be greatly advanced by lab-on-a-chip approaches that could
rapidly quantify the levels of a set of proteins of interest in a selected cell
at a particular time. As previously noted, the ability to handle cells and
present controlled stimuli to cells is developing along with techniques that
could help to analyse the function of these cells. In a similar way, rapid
detection of the expression of RNA or the genetic make-up of individual
cells could be accessed by such analytical systems. The capacity for sensi-
tive and rapid analysis of the complex chemical content of body fluids
could enable new medical diagnostic approaches, identifying the markers
for disease at a stage at which treatment can be most effective.
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The goal of substantially more rapid and inexpensive sequencing of
entire genomes is now well established. The ‘$1,000 genome’ is now
a stated target of the US National Institutes of Health®. A range of
approaches to this goal is being considered, including single-molecule
approaches. The combination of greater understanding of biopolymer
physics and the ability to integrate fluidics is presenting new opportuni-
ties and research directions.

A valuable device would allow rapid, less invasive analysis of complex
biological fluids for medical diagnosis and monitoring of therapies. A
range of technologies is being directed towards this general goal. The
tool box of lab-on-a-chip methods, and particularly single-molecule
approaches, may, in the long term, enable the engineering of a number
of highly functional devices for specific diagnostic targets.

Biological and medical applications are viewed as areas of high poten-
tial impact of single-molecule approaches. Perhaps a biological analogy
could provide insights into how engineered systems with controllable
enzymes could be used to ‘manufacture’ small amounts of a large number
of compounds in combinatorial approaches. Large libraries of such syn-
thesized compounds could then be studied by comparably miniaturized
systems. In any case, the existence of natural biological systems that have
the ability to sense remarkably small numbers of molecules in chemi-
cally noisy environments provides guidance on how to best engineer
artificial systems to operate most effectively in environments in which
the statistics of signalling with small numbers of molecules** and time
limits associated with molecular motion are the fundamental limits of
operation. Living cells have evolved clearly viable approaches to sensing
and reacting to their environment on the basis of the analysis of single-
molecule events. |
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