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Life processes function by the activity of complex interacting molecular systems. Advances in
nanostructure science and technology are providing powerful tools for investigating those systems.
Developments such as atomic force microscopy, luminescent quantum dots, and nanofabricated
probes have provided new capabilities for molecular and cell biology. The function of biomolecules,
cellular components, and organelles and the interaction of living cells with their environment can
now be explored in exquisite detail with nanoscale probes and devices. Materials and devices
engineered at the nanometer scale are being developed and employed in biochemical analysis,
medical diagnostics, and therapeutic devices. With the ability to understand, manipulate, and
harness enzymes, receptors, and other biomolecules, new types of biosensors are emerging and new
research approaches to biological systems are becoming possible. ©2003 American Vacuum
Society. @DOI: 10.1116/1.1600444#
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I. INTRODUCTION

Biological systems operate, at the nanoscale, with fu
tional molecular systems combining to create the comp
functions of macroscopic living organisms. Microscopy h
already provided revolutionary advances in understand
the microstructure and function of living systems, but larg
at micron size scalesin vivo or submicron in vacuum. With
the potential for in vivo measurement of nanostructure
nanoscience and technology could provide the methods l
ing to a revolution in understanding biological systems a
new forms of biotechnology. New understanding of life pr
cesses at the fundamental subcellular and molecular l
will have a profound impact on medicine and on understa
ing of ecological interactions. It could also increase our ab
ties to utilize biological systems for energy and materi
processing. The IWGN Interagency Workshop report
Nanotechnology Research Directions,1 for example, notes bi-
ology and medicine as significant areas of opportunity
nanoscale research. The capability to manipulate and
biological molecules could lead to new hybrid devices util
ing active molecules integrated with electronic, optical,
magnetic devices. This organic-inorganic interface is an a
of active interdisciplinary research bringing together bio
gists, physical scientists, and engineers.2,3 In this article we
look at some of the ongoing research activities utilizi
nanoscale technology to address biological systems.

The American Vacuum Society, or now more correct
AVS, has been a leading society in fostering interdisciplin
areas of science and technology. It has been effective
the years in bringing together scientists and engineers
have helped form the scientific understanding and the te
nological capabilities behind developments in microelectr
ics, data storage, display technology, and optical comm
cations. It has a history in technology and research t
development. I expect I am not the only person involved

a!Electronic mail: hgc1@cornell.edu
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biologically related research who, when announcing he w
headed to the ‘‘Vacuum Society Meeting,’’ has received
smirking question like, ‘‘what sort of biology exits in
vacuum?’’ It may not be obvious to some that the AVS h
been and remains a leading society in connecting those i
viduals developing new tools with those individuals explo
ing a diverse set of research and technology applicatio
The AVS has evolved with technology and emerging sci
tific applications, developing new divisions in the Biomat
rials Interface and Nanometer-Scale Science and Techno
The research instrumentation, materials processing, and
face analysis techniques, fostered by the AVS, have b
brought to bear effectively on biology at the nanoscale. I
not attempt in this article to present a comprehensive rev
of this rapidly growing and diverse field. Entirely new jou
nals are emerging in nanobiotechnology. I only attempt
show a few examples that are utilizing the emerging ca
bilities in nanostructure science and technology on biolog
science and applications.

II. PROBES OF BIOMOLECULAR ACTIVITY

Development of imaging methods has revolutionized
understanding of biological systems.4 The advent of optical
microscopy allowed imaging of individual cells and provide
a breakthrough in probing the basic units of complex org
isms. Electron microscopy was the initial vehicle for dire
imaging nanometer-scale features of biological system5

Transmission electron microscopy and scanning electron
croscopy remain essential tools in imaging subcellular co
ponents at resolution much better than diffraction-limit
light optics. The necessity of operating electron beam ins
ments in a vacuum limits the types of samples that can
imaged, and specimens are not usually in a natural s
New types of nanoscale probes are being developed to im
and quantify chemical activity in more natural sample.

Atomic force microscopy~AFM! is one of the more re-
cently developed technologies that has driven the grow
S2163Õ21„5…ÕS216Õ6Õ$19.00 ©2003 American Vacuum Society
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interest in nanoscale phenomena. It has been a powerful
tool for biological systems, addressing molecular-scale im
ing and force measurement. The near-field scanning op
microscope, scanning electrochemical probe and, of cou
the scanning tunneling microscope are among the rel
scanning probes. Each has been employed in analysis of
logical systems. Because it has the capability to probe
lecular features in an aqueous environment, the AFM
been particularly useful for imaging features on cell surfa
and biomolecules in a natural state. Reviews of AFM me
ods for probing biological systems are presented, for
ample, by Hansma and Kumar.6,7 Nanoscale biological pro
cesses such as receptor-ligand binding, the activity
membrane proteins, and vesicular transport in cells h
been studied by AFM. The use of carbon nanotubes as w
characterized and ultrafine AFM tips has advanced resolu
for imaging the structure of individual protein molecules8

Imaging of deoxyribose nucleic acid~DNA! and ribonucleic
acid ~RNA! polymerase function has provided insights in
genetic activity. Rivettiet al.9 have imaged individual RNA
polymerase molecules and imaged the stalled position of
RNA polymerase activity at specific sites on a DNA stran
Figure 1 from Rivettiet al.9 shows this transcription proces
in action. AFM images of individual regulator protein bind
ing on DNA molecules also provides insights into gene
pression at the molecular level.10 By observing the location
and confirmation of the DNA in these cases, direct inform
tion about transcription and regulation can be obtained. T
information could previously be obtained only by indire
biochemical approaches.

In addition to the power of direct imaging of biomolecul
activity, scanned probes can be used as active elemen
interrogate the forces responsible for biopolymer confirm
tions. A chemically functionalized AFM tip can be bonded
a single molecule on a surface. By retracting the tip a
measuring the resulting forces as the molecule unfolds,
formation can be extracted about the energetics and mec
ics of the conformational changes. This type of forc
distance measurement has also been applied by Bustam
et al. to the mechanical properties of DNA and the forc
responsible for its coiling and the confirmations.11 A review
of force spectroscopy using probe devices has been give
Gimzewski and Joachim. Figure 2 shows and example

FIG. 1. AFM image of stalled elongation complexes of RNAP III with tem
plate T377. Newly created RNA strands are indicated by arrow and the
branch is the downstream~already read! DNA. Orientation of the transcript
and the position of the second RNA provide insights into the RNA transc
tion process. Reprinted with permission from Rivettiet al. ~Ref. 9!.
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results from this review, using an AFM to observe bo
twists in single molecules of dextran.12 This approach has
also been used to measure rupture forces of antigen-antib
and receptor-ligand binding, which are fundamental and
portant biological molecular interactions.

Forces on individual molecules have also been applied
fields and flow in reduced dimension structures. Chuet al.
observed the elongation and confirmation of fluorescen
labeled DNA molecules in fluid flow.13 As with the AFM-
based force application this type of work was important
movement toward consideration of molecules as entities
can be manipulated, evaluated, and characterized as
vidual mechanical elements. Molecules can also be man
lated by application of electric fields and by the applicati
of mechanical forces derived from moving a molecule re
tive to a mechanical nanostructure. Of course, naturally
curring nanoporous media have long been used for molec
filtration. Engineering pores at the molecular scale enab
their easier incorporation in device structures and their
ploitation in devices that can sort, separate and analyze m
ecules based on size or mechanical properties. Technolo
derived from studies by researchers have yielded lit
graphic approaches and etching processes that can be
trolled to a few nanometers. These have been used to cr
structures which can be used for the application of contro
entropic forces on individual charged molecules
solution.14–18 Nanolithography and thin film processing ca
be exploited in nanofluidic systems such as nanoporous
rays for which time dependent electric fields can be used
controllably elongate biopolymers and gate their entry in
an isotropically restricted region. The example of such
entropic recoil device is shown schematically in Fig. 3 alo
with fluorescent optical micrographs of elongated DNA m
ecules at an entropic interface. This is an example of a m
lecular separation device based on time- and spa
dependent fields.

III. NANOSCIENCE OF BIOLOGICAL SYSTEMS

Nanostructures formed by lithography and etching ha
also been used to control molecular access to cells in
planted medical devices. Desaiet al.19 have encapsulated in
sulin producing cells in protective silicon capsules with

g

-

FIG. 2. Images on the left~A! result from molecular dynamics calculation
of the dextran as a result of varying extension forces. Dark curve B is
measured force vs elongation of a five-glucose unit of dextran extende
water and the gray curve is the superposition of 10 normalized curves m
sured on native dextran. Reprinted with permission from Ref. 12.
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FIG. 3. ~a! Schematic of a fluidic nano-
structure, with features smaller tha
the molecular diameter, which pre
sents an entropic barrier to motion.~b!
Electron micrograph of an etched en
tropic barrier device.~c! Fluorescent
optical micrographs of DNA being
driven into the nanostructured regio
and the recoil from the nanostructure
region during the recoil phase. From
Turneret al. ~Refs. 16–18!.
to
k
te
us
et
pe
ac
et
av
tu
he
ha
ho

av
ro
th
sy
ab
is
rm

en
in

ults
ugh
de-
io-

was
ic
ctri-
nt

se,

se

on-
an
, is
uti-

ule
sses

ale
de,
nm holes that allow the insulin to flow out and nutrients
reach the cell. The nanoporous capsule prevents the attac
the protected cells by antibodies of the host immune sys
that would destroy the implanted cells. The hope is to
such a device as a treatment for insulin-dependent diab
using the nanostructures as long-term implantable thera
tic devices. The area of nanostructured devices and surf
is of relevance to a range of medical implants and prosth
devices. A variety of etching approaches, for example, h
been explored to explore cell response to surface struc
feature sizes.20 This area of research is benefits from t
surface modification and characterization processes that
been developed and perfected over the last 50 years by t
in the AVS community.

Molecules that form active pores in cell membranes h
been an area of biophysical research. In addition to mic
scopic imaging to elucidate the structure and location of
pores, robust pores have been incorporated in artificial
tems where they can be studied and used as controll
gates for ion passage. Alpha-haemolysin, for example,
bacterial toxin that self-assembles on lipid bilayeres to fo
a ;10 nm diam controllable molecular pore. Guet al.21

demonstrated that reversible blocking of the ionic curr
through a single transmembrane pore could be done by b
J. Vac. Sci. Technol. A, Vol. 21, No. 5, Sep ÕOct 2003
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ing cyclodextrin molecules to the molecular pore~Fig. 4!.
The transient binding of a single molecule therefore res
in a significant and measurable change in ion current thro
the pore. This presents the possibility of single molecule
tection that could be adapted to a rage of molecules of b
logical interest.22

In the case of the membrane pore, the ion channel
electrically isolated so the effect of modulation of the ion
transport properties could be detected by changes in ele
cal conduction with high signal to noise ratio. In other rece
work a single active enzyme, in this case DNA polymera
was optically isolated in a channel~or pore! in metal film
that acted as a nonpropagating~zero mode! optical wave-
guide. The optical isolation was utilized to detect single ba
binding events during DNA polyimerization.23 This
nanometer-scale device for ultrasubwavelength optical c
finement is shown schematically in Fig. 5. The use of
artificial nanostructure, in this case a metallic nanopore
one of a class of engineered nanostructures that can be
lized to enhance the detection sensitivity of single molec
events and to observe fundamental biochemical proce
and discrete events. Lawrence and Weiss24 note optical ap-
proaches to direct real-time observation of molecular-sc
events to include, in addition to the zero mode wavegui
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FIG. 4. Recording of ion current
through a singlea-haemolysin~a-HL!
membrane pore withb-cyclodextrin
~b-CD! and other molecules as note
in the diagrams at the right blocking
the pore. Curve a is from an un
blocked, continuously open pore, with
the other curves showing transien
blockages. Reprinted with permissio
from Gu et al. ~Ref. 21!.
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the restricted evanescent fields associated with the near-
scanning optical microscope and the physical restriction
molecules in optically accessible nanofluidic channels.
and Lu provided a ‘‘minireview’’ of single-molecule enzy
mology as a class of studies that reveal activity of chem
kinetics obscured in the conventional measurements of
semble averages.25 I think it is clear that engineered nano
structures combined with highly functional biomolecul
present a fruitful direction for research as well as an opp
tunity for new class of functional hybrid devices.

The study of molecular motors has been an area of
search in molecular biology. These molecular machines
responsible for generating motion in the body—from mac
scopic muscle contraction to motion of cellular componen
The understanding of the magnificent molecular machin

FIG. 5. Schematic of a metallic ‘‘nanopore’’ or zero mode waveguide c
taining an isolated DNA polymerase enzyme. The engineered nanostru
isolates the fluorescent excitation to nanometer-scale volume surroun
the enzyme. Transient fluorescent bursts represent incorporation even
fluorescently labeled individual bases. Reprinted with permission fr
Ref. 23.
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of motion has been advanced by using scanning probes
fluorescent nanoscale elements to detect and quantify
motion. A wide class of motor molecules, such as the lin
motors of actomyosin to rotary enzymes such as ATPa
have benefited by nanoscale manipulation and sensing26,27

The forces and distances involved in these molecular p
cesses utilize and challenge the use of nanoscale probes
as ultrafine needles and optical traps to measure piconew
forces and nanometer displacements.28,29 Consideration has
also been given to utilizing molecular motors as sources
motion in ultrasmall engineered devices. There has been
teresting work on organizing molecular motors to move
nanoparticle or small structure in prescribed manner suc
along a track of patterned molecules,30 or positioned on and
connected to nanofabricated structures.31 It is fascinating to
consider and even see these small forces coordinated to
form a function. In the long term it is possible these a
proaches could be utilized for mechanical device functi
such as actuation of nanomechanical systems. Much to
chagrin of serious researchers, research that involves
chanical motion is sometimes confused with the science
tion version of so-called nanotechnology that evokes the
istence of unrealistically capable nanobots, usually bent
the destruction of humans.32

Perhaps the simplest nanoscale structure is a small
ticle or quantum dot. Studies of small metal particles or c
loids have been ongoing for decades. Light scattering
nanometer scale small particles was considered by
roughly a century ago.33 These small objects are of intere
because the optical, magnetic, electronic, mechanical
chemical properties are different from the bulk and the pr
erties can often be modified by controlling the size or sha
A variety of beads and particles have been used to labe
manipulate molecules. Magnetic beads, chemically linked
a molecule of interest, can be used to move or sort the m
ecules by application of magnetic fields.34 Metal particles
can be used to enhance the electron scattering for obse
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tion by electron microscopy or to enhance the optical sc
tering or absorption for optical detection or analysis. Me
particles can also be functionalized for binding specific co
pounds and detected by a variety of techniques includ
optical changes or modifications of electrical conductivity35

A great deal of recent interest has been directed to semi
ductor particles that have efficient photoluminescence.36–38

This work has been advanced by the larger body of work
compound semiconductors, the growth and study of wh
has been at the center of much ongoing research of the A
The fluorescent semiconductor quantum dots or nanocrys
combined with surface chemical functionality, can be used
label specific chemicals or cellular components often in
able cells. A review article on fluorescent semiconduc
nanocrystals and there application to biological labeling
given by Michaletet al.39 Fluorescent microscopy with or
ganic dyes is a very powerful technique that has been use
biology for some time. Dyes combined with specific chem
cal functionality have been used to identify and localize s
cific chemicals. The advantages of the semiconductor
ticles include their resistance to fluorescent bleaching tha
inherent in conventional dyes. They can also be function
ized with surface compounds to provide chemical specific
to the labels. In addition to the chemical composition of t
particles the fluorescent wavelength of the particles can
controlled by quantum confinement. Such quantum dot s
tems are becoming more available and utilized in cellu
and biochemical analysis. A variety of types of nanocryst
are becoming commercially available.

IV. CONCLUSION

Fundamental studies of biology drive experiments at
molecular and subcellular length scales. For the purpose
focusing on one aspect of the emerging impact of biolo
cally related studies I have tried to concentrate on items
relate to designed structures and devices at the smalles
mensions. Bio-inspired approaches may have impact in
materials, which is the topic for another review. In this c
egory are macromolecular assemblies that are being
structed with growing complexity and size.40 I have not ad-
dressed a large body of important research involv
miniaturized biological devices or microtechnology. A gre
deal of important work and applications exist at dimensio
larger than nanometers. In fact, many of the important ap
cations of bio-related technology are likely to be with mi
iaturized systems with features much larger than nanome
It would not be wise, in the zeal to ‘‘go nano’’ to ignor
important science and technology utilization at larger sca
Much of the technology at the nanoscale has related asp
at the micrometer or even millimeter scale. In the earli
noted examples a recurring theme is the development of
vices, instruments, materials, and approaches that origin
from physics and material studies and the engineering
advanced electrical and optical devices. These trends h
moved the electron microscope into the biology laborato
The atomic force microscope and range of other nanos
probes and devices are similarly having impact on the
J. Vac. Sci. Technol. A, Vol. 21, No. 5, Sep ÕOct 2003
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search capabilities in the biological sciences. We may an
pate a range of new nanobased devices as minimally inva
probes forin vivo study of cellular processes.

In addition to this instrumentation a new class of biotec
nologies, uniting active biomolecules and engineered nan
cale structures and devices is beginning to emerge. The
pact of this work should be found in the coming decades
our everyday lives. There is hope for improved medical
agnosis and treatment and new types of chemical and
logical sensors for environmental monitoring and defense
is wise to consider the ethical and social impact of all te
nologies including those being advanced by nanometer s
science and technology. In the ‘‘nano’’ case, however, th
may be an additional educational burden on active resea
ers to properly put their work in context in the environme
where a science fiction version of nanotechnology involv
artificial life and autonomous nanobots potentially raise p
lic anxieties.

While much of the current activity at the nanoscale is
basic science and technology development there are p
pects for developing technology for significant application
The research may provide new methods of realizing b
inspired and biomimetic methods for sensing and signal p
cessing, emulating the infrared sensors of a snake, the d
tional hearing of an insect, or the chemical sens
capabilities of a dog’s nose. This could be realized either
understanding the mechanisms that exist in natural syst
and employing those concepts in a different, perhaps in
ganic architecture; or by molecular components of natu
origin incorporated into an inorganic transduction eleme
From these approaches could emerge technologies for p
tical single molecule analysis, exquisitely sensitive chemi
and biological sensors, less invasive or higher speed diag
tic devices. Bio-inspired approaches may have impact in n
materials, which is the topic for another review.
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