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The ‘right’ size in nanobiotechnology

George M Whitesides

The biological and physical sciences share a common interest
in small structures (the definition of ‘small’ depends on the
application, but can range from 1 nm to 1 mm). A vigorous
trade across the borders of these areas of science is developing
around new materials and tools (largely from the physical
sciences) and new phenomena (largely from the biological
sciences). The physical sciences offer tools for synthesis and
fabrication of devices for measuring the characteristics of
cells and sub-cellular components, and of materials useful

in cell and molecular biology; biology offers a window into

the most sophisticated collection of functional nanostructures
that exists.

The current enthusiasm for things ‘nano’ in size has led naturally to a
search for connections between these things and biology (the hottest
area of science) and technology (where science pays off): if each, indi-
vidually, is good (so the reasoning goes), the three together must be
better. Scientific interest in this intersection of fields is based on the
perception that nanotechnology offers biology new tools, and that
biology offers nanotechnology access to new types of functional
nanosystems—components of the cell—that are unquestionably
interesting and possibly useful. Public interest in the intersection of
‘nano’ and ‘bio’ is also high, although based in significant part on lib-
eral doses of science-fantasy—gray goo, ‘little submarines, ‘the
assembler’ and self-replicating metal-biological hybrids'~.

There are important applications of nanoscience in biology and
biotechnology; biology also provides unparalleled examples of func-
tional nanostructures to excite the imagination of nanotechnologists of
all persuasions. The story is, however, not entirely ‘nano, but includes
structures having a wide range of sizes. When small structures are con-
sidered for biological applications, or when small biologically derived
structures are determined to have remarkable properties, the size of the
system can be ‘nano’ (which we define, with some arbitrariness, as
1-100 nm) but also ‘micro’ (from 100 nm, or 0.1 HUm, to perhaps
1,000 pm, or 1 mm; Fig. 1). The range of sizes covered by these terms—
nanoscale, microscale and simply ‘small’—is important: structures vital
to the cell have dimensions ranging from those of small molecules to
those of millimeter-scale fluidic devices; which size is most important
depends on what question one is asking. Enthusiasm for the potential
value of ‘nano’ should be balanced against the established and rapidly
expanding value of ‘micro.

Nanoscience and nanotechnology have grown exuberantly in a rich
mixture of legitimate scientific opportunity, technological imperative
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and hyperbole. Much of the initial impetus for the development of
nanotechnology came from its relevance to electronics. Microelectronics
has, unarguably, changed the world through its impact on information
processing and communications, and the progress in the field has been
measured by its adherence to Moore’s Law: as microelectronic devices
have become smaller, they have become less expensive, faster and more
portable. Until recently, the critical lateral dimensions in integrated cir-
cuits were greater than 100 nm. It is now clear that nanoelectronics—
integrated circuits with lateral dimensions smaller than 100 nm—will
also be an important technology*.

The majority of the very small devices used in nanoelectronics will be
generated—at least initially—by evolutionary technologies developed
from the existing methods of microelectronics (that is, methods of
fabrication based primarily on photolithography). It is not clear yet
whether revolutionary technologies—technologies based, perhaps, on
the remarkable electron transport properties of silicon nanorods, or on
nanometer structures supporting quantum computation, or on scan-
ning probe microscopies for ultradense information storage—will
emerge as sufficiently practical to be commercialized®.

New tools have galvanized physical nanoscience. Scanning probe
microscopies make it possible to visualize individual atoms and local-
ized electronic states'’. New, catalytic processes for growth of materials
make nanotubes and nanospheres readily available in a wide variety of
compositions! =14, Electron beam writing has begun to move into the
mainstream of fabrication of nanostructures!'®, and electron microscopy
is, of course, a mainstay of observational nanoscience.

The situation in biological science is different for several reasons. First,
biological structures are relatively large compared to structures in elec-
tronics and in physical nanoscience. A mammalian cell is approximately
10 pm in diameter when rounded, and perhaps 50 pm in diameter
when fully spread in attached tissue culture; these dimensions will not
change. Although it is certainly important to explore the smaller, bio-
logically vital components of the cell, the technological imperative to
make things smaller that has dominated microelectronics for the past
50 years does not have the same urgency in biology. The ability to
observe intracellular structures with high selectivity, and to follow the
dynamic behavior of these structures, may be more important than the
ability simply to resolve small features by some form of microscopy.
Second, the scanning probe microscope has been less revolutionary in
its impact on biology than on the physical sciences. Biological struc-
tures—even those on surfaces—are soft and electrically insulating, and
not easily imaged!®17. Moreover, most of biology goes on inside the cell,
where the scanning probe tip cannot reach. Third, there already exists a
highly developed science concerned with biologically relevant
nanostructures: this science is called ‘chemistry, and it fabricates
nanostructures—biological molecules of all sizes, from low-molecular-
weight drugs to DNA, with dimensions from a nanometer to hundreds
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Figure 1 Sizes of representative ‘small’ objects. (a) A cockroach. (b) A human hair. (Image copyright
Bioimaging Laboratory, University of Wales.) (c) Polygonum pollen grain. (Image copyright David
Scharf.) (d) Red blood cells. (Image copyright Tina Weatherby-Carvalho, MicroAngela.) (e) Cobalt
nanocrystal superlattice83. (f) An aggregate of half-shells of palladium8?. (g) Aspirin molecule.

tional aggregates, normally with nanometer-
scale dimensions??. Visualizing and studying
these structures—especially as they change
dynamically during cycles of function—is one
of the key challenges posed to nanoscience by
biology. Progress toward these objectives is
now rapid: spectroscopic studies of single mol-
ecules provide one example; biophysical stud-
ies of multiprotein aggregates are a second.
Single molecules. The single molecule is, in
a sense, the ultimate nanostructure. Chemistry
has, of necessity, long operated on the ergodic
hypothesis: that the average behavior of a sin-
gle molecule, observed over a long period of
time, is the same as the behavior of a collection
of molecules®. The sensitivity of analytical
methods has been such that only their ensem-
bles could be studied. The rapidly growing
ability (based on advances in both lasers and
detectors) to observe single molecules using
high-resolution microscopy, and to examine
the fluctuations in the behavior of these mole-
cules over short times, is revealing a wealth of
new information about the dynamics of mole-
cules—especially catalysts—relevant to biol-
ogy. A substantial effort has focused on
observations of catalytic activity in enzymes,
where at least some of the fluctuations are rela-
tively slow?*?7. It is not presently clear
whether these fluctuations are biologically
functional, but the possibility that they might
contribute to the control of metabolic or

of microns—with the 0.01 nm precision in placement of atoms relative
to one another made possible by synthetic procedures that form cova-
lent chemical bonds.

The cell is the core of biology: it is the smallest unit that is alive. The
cell is, in a reductionist view, a compartment in which a collection of
reactions occurs. These reactions—essentially all catalyzed—modulate
one another, and together form a network with the remarkable prop-
erties—self-replication, energy dissipation, adaptation—that we call
‘life’18. The scale of sizes that characterize chemical bonds, and the
molecules—even very large molecules—made of them, is familiar.
The cell is, in a holistic view, an entity with phenotypic properties and
behaviors: it moves, replicates or destroys itself, harvests energy from
sunlight or generates it in useful form by burning glucose and dioxy-
gen, applies force, transmits signals, senses its environment, stores
and transmits information'®. The science of biological molecules
studied ex vivo, in dilute buffer, is highly advanced; the science that
studies higher-order behaviors of cells (and of molecules in cells) is
still developing?®?!.

There would, arguably, be no need to invent a new discipline of
nanobiology, were there not concepts and tools that were not ade-
quately covered by the existing disciplines. In fact, there are many
unmet needs.

Molecules as nanostructures and molecules in nanostructures

Conventional molecular science (in the guise of enzymology, or analyti-
cal biochemistry, or biophysics) deals competently with molecules in
solution. In the cell, however, molecules are often organized into func-
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signal-transduction pathways is a new element
to consider in systems biology?®%°.

Single-molecule microscopy is one of a number of new optical tech-
niques that are either circumventing the classical limits of microscopy or
providing dramatically more informative images within the classical
limits. Confocal microscopes, near-field optical systems, highly sensitive
Raman microscopes and total internal reflection microscopes provide
further examples of the rapid progress being made in characterizing
nanostructures using light microscopy>%-3°.

Molecular machines and organelles. The ultimate in functional
nanosystems— biological nanomachines—populate the cell. The ribo-
some, Nat/K* ATPase, flagellar micromotor of bacteria, linear micro-
motors of muscle and of the microtubules that organize and move the
cell, voltage-gated ion channels, DNA replication complexes, multi-
meric membrane receptors, and the photosynthetic reaction center:
these, and countless other structures in the cell, are astonishingly com-
plex, nonintuitive in their operation, and instructive to contemplate.
Patch clamping was one of the first techniques for monitoring the activ-
ity of single molecules and small protein complexes*. Information
generated by X-ray crystallography has begun to clarify these nano-
structures: we can see that their function depends centrally on the
catalytic activities of their constituent proteins, on the modulation of
these activities by changes in the conformation of the proteins induced
by the environment (e.g., the transmembrane potential) and by changes
in the conformations reflecting catalysis*’ . No technique yet has the
sensitivity and resolution to allow the direct observation of single
molecules during complete cycles of biological activity, but combi-
nations of crystallography carried out on intermediates in these cycles
with other kinds of information are beginning to clarify what happens
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Figure 2 Selective cell release and spreading®4. The figures show the
behavior of bovine capillary endothelial cells attached to a surface patterned
with ethylene glycol- and methyl-terminated thiols. Application of a cathodic
voltage pulse (-1.2 V for 30 s) released the cells from the microislands. The
numbers indicate the time elapsed (in minutes) after the voltage pulse.

during functional catalytic cycles or signaling events; understanding of
why these cycles proceed as they do (in terms of the details of protein
structure, organization and energetics) lies ahead*44°,

Understanding biological nanostructures will be enormously stimu-
lating for nanotechnology. The concept of very tiny machines has always
appealed—to scientists and nonscientists alike—but the nascent field of
nanotechnology originally assumed that nanomachines would probably
resemble macromachines in their design®’. It is seldom possible to prove
that something cannot happen in science, and it is difficult to prove that
one cannot build nanomachines that are analogous to familiar macro-
machines. The fact that biological structures—although functioning in
familiar ways—operate using principles that are entirely unfamiliar
based on everyday experience suggests that would-be designers of
nanomachines have much to learn from biology*®.

An example is the rotary flagellar motor of bacteria (and the function-
ally related Na*/K* ATPase). This motor does have a structure that
serves as a shaft, and another structure that anchors the motor in the cell
membrane, but beyond that, any resemblance to a macroscopic motor
(whether internal combustion or electrical) stops**»>°. The components
of the machine are complex, three-dimensional structures (proteins)
that self-assemble in a series of steps, starting from a linear polypeptide
chain; the mechanism of rotary motion seems to involve a sequential set
of changes in conformation of the proteins driven by ions moving across
the cell membrane. It certainly does not involve electrical current, mag-
netic fields or expansion of hot gasses in a cylinder.

Micro/nanostructures as tools for biotechnology

One of the areas where biology can benefit from nanoscience is new
materials and structures. There is a wide variety: surfaces patterned
with self-assembled monolayers (SAMs) to guide cell attachment
and growth; needles, holes and channels for biophysical tools;
microstructured, three-dimensional scaffolds for tissue engineering;
nanoparticles as probes; photonic band-gap structures; new optical
systems for imaging. There are many such examples; they represent a
wave of development of tools by physical science for application to
biological science, and are a part of the rapprochement between the
physical and biological sciences. A few examples illustrate this rap-
idly developing area.
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Self-assembled monolayers. SAMs have provided the ability to
‘synthesize’ extended surfaces. Dipping a thin gold film (typically
40 nm thick, supported on glass or silicon) into a solution of an alka-
nethiol (R(CH,),;_,sSH) forms SAMs. The sulfur atom chemisorbs
on the gold, releases a hydrogen atom and forms a strong sulfur-gold
bond. This process allows the ‘synthesis’ of macroscopic structures—
structures comprising areas of square centimeters of ordered mole-
cules. These structures typically contain [5 x 101* molecules/cm? and
are a form of polymer: a structure containing many organic side
groups (the thiols) attached covalently to a backbone (the gold film).
They comprise numbers of atoms that could not be ‘synthesized’ in
any conventional approach to organic synthesis. These surfaces are
needed for applications in cell biology, as the projected area of a cell
onto a surface of this type includes (110°-10'° thiolate molecules.
SAMs are nanostructured materials—interfacial films with a thick-
ness of approximately 2 nm, which allow atomic-level precision (rela-
tive to the mean plane of the surface) in the placement of functional
groups. As the structures self-assemble, relatively simple synthesis of
the precursors allows the formation of structures presenting complex,
functional ligands®!.

An example demonstrates the versatility of SAMs in controlling the
environment of cells. SAMs terminating in methyl groups are hydropho-
bic, and adsorb proteins from solution. SAMs terminating in oligo(eth-
ylene glycol) moieties resist the adsorption of proteins from solution.
When cells attach to a surface, they do not, in general, attach to the sur-
face directly: they attach to proteins adsorbed on the surface. The combi-
nation of SAMs with ‘printing’ using elastomeric stamps (so-called ‘soft
lithography’) allows the surface to be patterned into regions to which
cells attach and regions to which they do not>>*3. Having allowed the
cells to attach and to spread to the limits of the regions to which they
adhere, it is then possible to employ a useful electrochemical trick devel-
oped in surface science for other reasons: application of a brief voltage
pulse to the gold layer selectively detaches the nonadsorbing thiols>%. As
soon as they have left the surface, proteins from the culture medium
adsorb on the gold, and generate a surface across which cells can spread.
Figure 2 illustrates this process. The ability to grow cells in patterns, and
then to release them from these patterns with a simple electrochemical
manipulation that seems not to damage them, provides the basis for new
types of bioassays that make use of observations of cell motility.

Nanotips and microspheres. The origin of nanotechnology is tools
for imaging nanostructures: originally electron microscopy, but more
recently, and famously, scanning probe devices. Although the direct
imaging of biological structures has proved difficult, scanning probe
devices have been enormously successful in allowing the application of
forces directly to single molecules. The kind of information provided by
these force-distance curves has, for example, made it possible to infer
how stress is stored as strain in molecules by the unfolding of protein
domains>~8,

Complementary information comes from studies in which the force
is applied using optical tweezers or, more recently, magnetic beads. The
use of optical tweezers has provided insights into the mechanism and
function of proteins involved in active transport in the cells (e.g., myosin
and kinesin>%Y). Magnetic tweezers have the singular advantage that it
is possible to carry out parallel measurements on large numbers of
beads, and thus to improve the statistics of measurements®1-63,

Channels and pores. Microchannels are the basis of microfluidic
devices. When microchannels were made in silicon using conventional
photolithography, the techniques were too slow, specialized and cum-
bersome to be broadly useful to biologists. The development of soft-
lithographic methods for microfabrication, and the realization that
high-resolution printing provided adequate resolution for fabrication of

1163



l@ © 2003 Nature Publishing Group http://www.nature.com/naturebiotechnology

PERSPECTIVE

- >
Direction of flow

Figure 3 Generation of gradients in a microfluidic device®’. The photograph shows a microfluidic
device that generates a gradient of green and red dyes in solution. The three incoming channels (left)
were connected to syringes via tubings (not visible). After the streams were combined into a single,
wide channel (right), a gradient was formed across the channel, perpendicular to the direction of flow.

Conclusions

Physical and biological sciences show
nanoscience in different lights. To the physical
sciences, ‘nano’ offers quantum phenomena
(size-dependent fluorescence, long ballistic
electron trajectories) and remarkable physical
properties (mechanical moduli, electrical con-
ductivity)®182, Biology adds incredibly sophis-
ticated nanomachines, operating by entirely
classical molecular mechanisms. To the biolog-
ical sciences, ‘nano’ offers new tools: tools—
many from the physical sciences—that will be
necessary to put together a conceptual model
of life, and a fresh framework on which to hang
ideas about functional aggregates (i.e., biologi-

channels with widths from 10 pm to 1 mm, opened the door to active
development of this area as a convenient and practical technique for
fabricating microfluidic devices®+.

The physics of fluids flowing in microchannels provided another
important component of this area of microtechnology. In microchan-
nels, aqueous buffers almost always flow laminarly—that is, without
eddies, and with only diffusive mixing of streams flowing side by side®®.
This combination of physical phenomena has begun to generate a wide
variety of new devices: micro cell separators and particle counters,
microsystems for cell culture, gradient generators and analytical sys-
tems®’ %, Figure 3 shows an example of a gradient generator.

Using more complex methods of fabrication, it is now possible to
make true nanochannels’®’!, The practical value of these systems
remains to be seen—it is difficult to keep them from plugging up with
particles invariably present in real systems—but they do have the advan-
tage that their dimensions are smaller than the size of biological macro-
molecules, with potentially useful consequences for separations; they
also have a very high ratio of surface to volume, and thus allow the study
of wall effects in biological separations.

Micro- and nanofabrication techniques also offer access to pores
(which are, in essence, very short channels). Nanofabricated pores with
dimensions down to approximately 2 nm have been demonstrated and
proposed as the basis for single-molecule DNA sequencing’?. Although
it is uncertain whether this application will ultimately succeed, pores
will certainly be useful in a range of other applications’>.

Interestingly, biology is beginning to offer its own set of methods for
making channels and pores with nanoscale dimensions; the ease with
which some of these systems can be assembled suggests that they may, in
the long run, provide systems that are at least as useful as those fabri-
cated top-down. Lipid nanotubes and channels in lipid membranes
based on pore-forming peptides and proteins are examples’+7>,

Nanoparticles. Nanoparticles are among the first nanoscale mate-
rials to be directly useful in biology: fluorescent particles labeled
with antibodies’® (as tags that do not photobleach) and superpara-
magnetic magnetite particles coated with dextran’” (as image-
enhancement agents in magnetic resonance imaging) are
commercially available; a wide range of other fluorescent or mag-
netic nanoparticles will soon be available. Eventually, these small
particles must be made much more useful and informative if they are
to play an important role in understanding the workings of the cell,
but nanotechnology has clearly identified the field of nanoparticles
as one where new techniques in synthesis will make a wide range of
particles available, and where these particles meet a need as labels for

biological structure and function”8-80,
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cal nanomachines). The road from reading the

information in the genome to understanding
life will be an arduous one, and reading the genome may be the easiest
part. Understanding how molecules organize and function in cells will
require new tools and concepts, and as the assemblies of molecules of
greatest interest will have nanometer dimensions, the tools must be
appropriate for the task: that is, they must be able to characterize struc-
tures 0.1-0.001 times the size of the cell. At the same time, selecting,
sorting, maintaining, stimulating, herding and characterizing the cells
will require tools substantially larger than the cell. Both nanometer and
micrometer dimensions are relevant.

The different perspectives are not quite as disparate as those of the
seven blind men with an elephant (or perhaps a flea, in this context), but
the idea remains: nano- and microscience will show different aspects to
different fields, and the integration of these aspects will yield some of the
new concepts and techniques that will build a more complete picture of
the cell.

The flagellar rotary motor again provides an example of the range of
opportunities—and dimensions—facing ‘nanobiotechnology’. This
structure might provide an illustration of ‘principles’ that could be used
to design a nonprotein nanomotor; it might be useful by itself, separated
from the cell and employed to perform some nanoscopic task; it might
be useful left in vivo, with the organism itself employed to do the work.
Each application has possibilities and each involves different scales of
sizes, and different critical dimensions. ‘Small’—both ‘nano’ and
‘micro—must be a part of the future of biotechnology.
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