Nanostructure science and technology: Impact and prospects for biology
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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 possibl200® American Vacuum
Society. [DOI: 10.1116/1.1600444

[. INTRODUCTION biologically related research who, when announcing he was
headed to the “Vacuum Society Meeting,” has received a
Biological systems operate, at the nanoscale, with funcsmirking question like, “what sort of biology exits in
tional molecular systems combining to create the complex;acuum?” It may not be obvious to some that the AVS has
functions of macroscopic living organisms. Microscopy haspeen and remains a leading society in connecting those indi-
already provided revolutionary advances in understandingiduals developing new tools with those individuals explor-
the microstructure and function of living systems, but Iargelying a diverse set of research and technology applications.
at micron size scales vivo or submicron in vacuum. With The AVS has evolved with technology and emerging scien-
the potential forin vivo measurement of nanostructures, tific applications, developing new divisions in the Biomate-
nanoscience and technology could provide the methods leagkals Interface and Nanometer-Scale Science and Technology.
ing to a revolution in understanding biological systems andrhe research instrumentation, materials processing, and sur-
new forms of biotechnology. New understanding of life pro-face analysis techniques, fostered by the AVS, have been
cesses at the fundamental subcellular and molecular levélrought to bear effectively on biology at the nanoscale. | do
will have a profound impact on medicine and on understandnot attempt in this article to present a comprehensive review
ing of ecological interactions. It could also increase our abili-of this rapidly growing and diverse field. Entirely new jour-
ties to utilize biological systems for energy and materialsnals are emerging in nanobiotechnology. | only attempt to
processing. The IWGN Interagency Workshop report onshow a few examples that are utilizing the emerging capa-
Nanotechnology Research Directionfgr example, notes bi-  bilities in nanostructure science and technology on biological
ology and medicine as significant areas of opportunity forscience and applications.
nanoscale research. The capability to manipulate and use
biological molecules could lead to new hybrid devices utiliz-
ing active molecules integrated with electronic, optical, or”‘ PROBES OF BIOMOLECULAR ACTIVITY
magnetic devices. This organic-inorganic interface is an area Development of imaging methods has revolutionized the
of active interdisciplinary research bringing together biolo-understanding of biological systethhe advent of optical
gists, physical scientists, and engine&tsn this article we  microscopy allowed imaging of individual cells and provided
look at some of the ongoing research activities utilizinga breakthrough in probing the basic units of complex organ-
nanoscale technology to address biological systems. isms. Electron microscopy was the initial vehicle for direct
The American Vacuum Society, or now more correctly,imaging nanometer-scale features of biological systems.
AVS, has been a leading society in fostering interdisciplinaryTransmission electron microscopy and scanning electron mi-
areas of science and technology. It has been effective overoscopy remain essential tools in imaging subcellular com-
the years in bringing together scientists and engineers whponents at resolution much better than diffraction-limited
have helped form the scientific understanding and the tecHight optics. The necessity of operating electron beam instru-
nological capabilities behind developments in microelectroniments in a vacuum limits the types of samples that can be
ics, data storage, display technology, and optical communiimaged, and specimens are not usually in a natural state.
cations. It has a history in technology and research tooNew types of nanoscale probes are being developed to image
development. | expect | am not the only person involved inand quantify chemical activity in more natural sample.
Atomic force microscopy(AFM) is one of the more re-
dElectronic mail: hgcl@cornell.edu cently developed technologies that has driven the growing
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Fic. 1. AFM image of stalled elongation complexes of RNAP Il with tem-

plate T377. Newly created RNA strands are indicated by arrow and the longric. 2. Images on the leftA) result from molecular dynamics calculations

branch is the downstreafalready reafiDNA. Orientation of the transcript ~ of the dextran as a result of varying extension forces. Dark curve B is the

and the position of the second RNA provide insights into the RNA transcrip-measured force vs elongation of a five-glucose unit of dextran extended in

tion process. Reprinted with permission from Rivettial. (Ref. 9. water and the gray curve is the superposition of 10 normalized curves mea-
sured on native dextran. Reprinted with permission from Ref. 12.

interest in nanoscale phenomena. It has been a powerful NeW<its from this review using an AFM to observe bond

tool for biological systems, addressing molecular-scale 'mangvists in single molecules of dextraR This approach has

N9 and force mea;urement. The n_ear-fleld scanning Opt'c%tlso been used to measure rupture forces of antigen-antibody
microscope, scanning electrochemical probe and, of cours nd receptor-ligand binding, which are fundamental and im-
the scanning tunneling microscope are among the relate '

scanning probes. Each has been employed in analysis of bi ortant biological molecular interactions.
. 9p ' i ployead y Forces on individual molecules have also been applied by
logical systems. Because it has the capability to probe mo-

lecular features in an aqueous environment. the AEM hafields: and flow in reduced dimension structures. Ghal.
q ' dbserved the elongation and confirmation of fluorescently

been particularly useful for imaging features on cell Surface?abeled DNA molecules in fluid flow? As with the AEM-

and biomolecules in a natural state. Reviews of AFM meth'based force application this type of work was important for

ods for probing biological systems are pre_sent_ed, for X movement toward consideration of molecules as entities that
ample, by Hansma and Kum&f.Nanoscale biological pro-

cesses such as receptor-liaand binding. the activit O?an be manipulated, evaluated, and characterized as indi-
. P 9t 9, the Y %idual mechanical elements. Molecules can also be manipu-
membrane proteins, and vesicular transport in cells hav

been studied by AFM. The use of carbon nanotubes as wel ated by application of electric fields and by the application

characterized and ultrafine AFM tips has advanced resolutioOf mechanical forces derived from moving a molecule rela-
. . M Up . five to a mechanical nanostructure. Of course, naturally oc-
for imaging the structure of individual protein molecufes.

. . . . . curring nanoporous media have long been used for molecular
Imaging of deoxyribose nucleic aci®NA) and ribonucleic 9 P 9

. . . S .~ filtration. Engineering pores at the molecular scale enables
acid (RNA).p'onm'eras'e fungct|on hgs prov@eq !n3|ghts Into their easier incorporation in device structures and their ex-
genetic activity. Rivettiet al” have imaged individual RNA

. " loitation in devices that can sort, separate and analyze mol-
polymerase molecules and imaged the stalled position of thg P y

. P cules based on size or mechanical properties. Technologies
R.NA polymerasg ac_uwtygat specn‘lc_ sites on_a_DNA Strand'derived from studies by researchers have yielded litho-
Figure 1 from Rivettiet al.” shows this transcription process

) . ) T S graphic approaches and etching processes that can be con-
n action. AFM images of mdmdgal re_gu!ator protem bind trolled to a few nanometers. These have been used to create
ing on DNA molecules also provides insights into gene ex

: ; . ‘structures which can be used for the application of controlled
pression at the molecular lev®1By observing the location PP

. . . . . ntropic for n indivi | char mol | in
and confirmation of the DNA in these cases, direct mforma—e opic Torces o dividual ~charged olecuies

: . ) . “solution!*~*® Nanolithography and thin film processing can
tion about transcription and regulation can be obtained. Th'%e exploited in nanofluidic systems such as nanoporous ar-
information could previously be obtained only by indirect

biochemical approaches rays for which time dependent electric fields can be used to
e : . . . . controllably elongate biopolymers and gate their entry into
In addition to the power of direct imaging of biomolecular y 9 PO’y g y

L X n isotropically restricted region. The example of such an
activity, scanned probes can be used as active elements pica’ly g s

interrogate the forces responsible for biopolymer confirma tropic recoil device is shown schematically in Fig. 3 along
. . o : with fluor nt optical micrographs of elon DNA mol-
tions. A chemically functionalized AFM tip can be bonded to th fluorescent optical micrographs of elongated 0

2 sinale molecule on a surface. By retracting the fi an({ecules at an entropic interface. This is an example of a mo-
9 - By 9 P anfqcylar separation device based on time- and space-

measuring the resulting forces as the molecule unfolds, in+ )
formation can be extracted about the energetics and mecha(rjfIoendent fields.
ics of the conformational changes. This type of force-
distance measurement has also been applied by Bustamante NANOSCIENCE OF BIOLOGICAL SYSTEMS

et al. to the mechanical properties of DNA and the forces Nanostructures formed by lithography and etching have
responsible for its coiling and the confirmatioig\ review  also been used to control molecular access to cells in im-
of force spectroscopy using probe devices has been given ptanted medical devices. Desatial 1° have encapsulated in-
Gimzewski and Joachim. Figure 2 shows and example o$ulin producing cells in protective silicon capsules with 18
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100nm

Fic. 3. (a) Schematic of a fluidic nano-
structure, with features smaller than
] the molecular diameter, which pre-
m sents an entropic barrier to motidii)

OO Electron micrograph of an etched en-
tropic barrier device(c) Fluorescent

; optical micrographs of DNA being

- driven into the nanostructured region

and the recoil from the nanostructured
region during the recoil phase. From
Turneret al. (Refs. 16-18

nm holes that allow the insulin to flow out and nutrients toing cyclodextrin molecules to the molecular pdifeg. 4).
reach the cell. The nanoporous capsule prevents the attack die transient binding of a single molecule therefore results
the protected cells by antibodies of the host immune systerm a significant and measurable change in ion current through
that would destroy the implanted cells. The hope is to usehe pore. This presents the possibility of single molecule de-
such a device as a treatment for insulin-dependent diabetetgction that could be adapted to a rage of molecules of bio-
using the nanostructures as long-term implantable therapelbgical interest?
tic devices. The area of nanostructured devices and surfaces In the case of the membrane pore, the ion channel was
is of relevance to a range of medical implants and prosthetielectrically isolated so the effect of modulation of the ionic
devices. A variety of etching approaches, for example, hav&ransport properties could be detected by changes in electri-
been explored to explore cell response to surface structureal conduction with high signal to noise ratio. In other recent
feature size€’ This area of research is benefits from thework a single active enzyme, in this case DNA polymerase,
surface modification and characterization processes that haveas optically isolated in a channébr pore in metal film
been developed and perfected over the last 50 years by thoieat acted as a nonpropagatif@ero mode optical wave-
in the AVS community. guide. The optical isolation was utilized to detect single base
Molecules that form active pores in cell membranes havévinding events during DNA polyimerizatici. This
been an area of biophysical research. In addition to micronanometer-scale device for ultrasubwavelength optical con-
scopic imaging to elucidate the structure and location of thdinement is shown schematically in Fig. 5. The use of an
pores, robust pores have been incorporated in artificial sysartificial nanostructure, in this case a metallic nanopore, is
tems where they can be studied and used as controllablene of a class of engineered nanostructures that can be uti-
gates for ion passage. Alpha-haemolysin, for example, is dzed to enhance the detection sensitivity of single molecule
bacterial toxin that self-assembles on lipid bilayeres to formevents and to observe fundamental biochemical processes
a ~10 nmdiam controllable molecular pore. Getal?  and discrete events. Lawrence and Wéismte optical ap-
demonstrated that reversible blocking of the ionic currenfproaches to direct real-time observation of molecular-scale
through a single transmembrane pore could be done by bindvents to include, in addition to the zero mode waveguide,
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the restricted evanescent fields associated with the near-fietf motion has been advanced by using scanning probes and
scanning optical microscope and the physical restriction ofluorescent nanoscale elements to detect and quantify the
molecules in optically accessible nanofluidic channels. Xiemotion. A wide class of motor molecules, such as the linear
and Lu provided a “minireview” of single-molecule enzy- motors of actomyosin to rotary enzymes such as ATPase,
mology as a class of studies that reveal activity of chemicahave benefited by nanoscale manipulation and seR8fg.
kinetics obscured in the conventional measurements of ernfhe forces and distances involved in these molecular pro-
semble averagés.| think it is clear that engineered nano- cesses utilize and challenge the use of nanoscale probes such
structures combined with highly functional biomoleculesas ultrafine needles and optical traps to measure piconewton
present a fruitful direction for research as well as an opporforces and nanometer displacemefit® Consideration has
tunity for new class of functional hybrid devices. also been given to utilizing molecular motors as sources of

The study of molecular motors has been an area of remotion in ultrasmall engineered devices. There has been in-
search in molecular biology. These molecular machines argyresting work on organizing molecular motors to move a
responsible for generating motion in the body—from macroyanoparticle or small structure in prescribed manner such as
scopic muscle contraction to motion of cellular componentsakmg a track of patterned molecuf@sr positioned on and
The understanding of the magnificent molecular machinery.gnnected to nanofabricated structutet. is fascinating to
consider and even see these small forces coordinated to per-
form a function. In the long term it is possible these ap-
proaches could be utilized for mechanical device function,
such as actuation of nanomechanical systems. Much to the
chagrin of serious researchers, research that involves me-
chanical motion is sometimes confused with the science fic-
tion version of so-called nanotechnology that evokes the ex-
istence of unrealistically capable nanobots, usually bent on
the destruction of humarts.

Perhaps the simplest nanoscale structure is a small par-
ticle or quantum dot. Studies of small metal particles or col-
loids have been ongoing for decades. Light scattering by
nanometer scale small particles was considered by Mie
roughly a century ag®® These small objects are of interest
because the optical, magnetic, electronic, mechanical, or
: chemical properties are different from the bulk and the prop-

Gollacted fuoreacence erties can often be modified by controlling the size or shape.
Fic. 5. Schematic of a metallic “nanopore” or zero mode waveguide con-A variety of beads and particles have been used to label or
taining an isolated DNA polymerase enzyme. The engineered nanostructumanipulate molecules. Magnetic beads, chemically linked to

isolates the fluoregcent excitation to nanometer-sca!e volume. surroundlng molecule of interest, can be used to move or sort the mol-
the enzyme. Transient fluorescent bursts represent incorporation events of

fluorescently labeled individual bases. Reprinted with permission from€cUles by application of magnetic ﬁeﬁnget?' particles
Ref. 23. can be used to enhance the electron scattering for observa-

* =z
Ilumination
Dichroic filter

JVST A - Vacuum, Surfaces, and Films



S220 H. G. Craighead: Nanostructure science and technology S220

tion by electron microscopy or to enhance the optical scatsearch capabilities in the biological sciences. We may antici-
tering or absorption for optical detection or analysis. Metalpate a range of new nanobased devices as minimally invasive
particles can also be functionalized for binding specific com-probes forin vivo study of cellular processes.
pounds and detected by a variety of techniques including In addition to this instrumentation a new class of biotech-
optical changes or modifications of electrical conducti¥ity. nologies, uniting active biomolecules and engineered nanos-
A great deal of recent interest has been directed to semicomrale structures and devices is beginning to emerge. The im-
ductor particles that have efficient photoluminescelicé®  pact of this work should be found in the coming decades in
This work has been advanced by the larger body of work orour everyday lives. There is hope for improved medical di-
compound semiconductors, the growth and study of whictagnosis and treatment and new types of chemical and bio-
has been at the center of much ongoing research of the AV$ogical sensors for environmental monitoring and defense. It
The fluorescent semiconductor quantum dots or nanocrystalis wise to consider the ethical and social impact of all tech-
combined with surface chemical functionality, can be used taologies including those being advanced by nanometer scale
label specific chemicals or cellular components often in vi-science and technology. In the “nano” case, however, there
able cells. A review article on fluorescent semiconductormay be an additional educational burden on active research-
nanocrystals and there application to biological labeling isers to properly put their work in context in the environment
given by Michaletet al3° Fluorescent microscopy with or- where a science fiction version of nanotechnology involving
ganic dyes is a very powerful technique that has been used mrtificial life and autonomous nanobots potentially raise pub-
biology for some time. Dyes combined with specific chemi-lic anxieties.
cal functionality have been used to identify and localize spe- While much of the current activity at the nanoscale is in
cific chemicals. The advantages of the semiconductor pambasic science and technology development there are pros-
ticles include their resistance to fluorescent bleaching that ipects for developing technology for significant applications.
inherent in conventional dyes. They can also be functionalThe research may provide new methods of realizing bio-
ized with surface compounds to provide chemical specificityinspired and biomimetic methods for sensing and signal pro-
to the labels. In addition to the chemical composition of thecessing, emulating the infrared sensors of a snake, the direc-
particles the fluorescent wavelength of the particles can bgonal hearing of an insect, or the chemical sensing
controlled by quantum confinement. Such quantum dot sysesapabilities of a dog’s nose. This could be realized either by
tems are becoming more available and utilized in cellulaunderstanding the mechanisms that exist in natural systems
and biochemical analysis. A variety of types of nanocrystalsand employing those concepts in a different, perhaps inor-
are becoming commercially available. ganic architecture; or by molecular components of natural
origin incorporated into an inorganic transduction element.
I\V. CONCLUSION Erom _these approaches cogld emerge technol_o_gies for prac-
tical single molecule analysis, exquisitely sensitive chemical
Fundamental studies of biology drive experiments at theand biological sensors, less invasive or higher speed diagnos-
molecular and subcellular length scales. For the purposes @t devices. Bio-inspired approaches may have impact in new
focusing on one aspect of the emerging impact of biologi-materials, which is the topic for another review.
cally related studies | have tried to concentrate on items that
relate. to des_lgrjed .StrUCtureS and devices at the Smal_leSt dliNanotechnology Research Directions: IWGN Workshop Report, Interna-
mensions. Bio-inspired approaches may have impact in NeW tjona| Technology Research Institute, 1999.
materials, which is the topic for another review. In this cat- 2See for example, the call for papers for the AVS 50th International Sym-
egory are macromolecular assemblies that are being con- posium at http://www.avs.org/, showing numerous sessions on the nano/

. . . . _ bio and bio/inorganic interfaces.
structed with growing complexity and si#&1 have not ad 3Nanofabrication and Biosystemedited by H. Hoch, L. Jelinski, and H.

dressed a large body of important research involving . craigheadCambridge University Press, Cambridge, 1996
miniaturized biological devices or microtechnology. A great *Handbook of Biological Confocal Microscopgdited by J. PawleyPle-
ldeal ofrimportant work ardfapplicationsf el_)](isf[ at dimension|§ 52?::&32\9 ;(r?glkll'égr?l?iques of Electron Microscopy: Biological Applica-
arger than nanometers. In fact, many of the important appli- . ; : A L

cations of bio-related technology are likely to be with min- foné_ T.?:r?sm? Q\”,;rf‘y&fﬁa%t’gcehg&'vif&gﬁ mbridge, 2000
iaturized systems with features much larger than nanometersgs. Kumar and J. H. Hoch, Traffic @, 746 (2002.

It would not be wise, in the zeal to “go nano” to ignore QJC- ?ixi?tﬁneirztl a\l}., ll\j/lrcc))lg.BIch;?%hzyé.ll\:]c_)g(260(;; 7, 73(2009.
important science and technology utilization at larger scalesaog j,¢iet al, J. Mol. Biol. 288, 811 (1999. '

Much of the technology at the nanoscale has related aspectsc. Bustamante, Z. Bryant, and S. B. Smith, Nat(rendon 421, 423
at the micrometer or even milimeter scale. In the earlier- (2003. ' ' _

noted examples a recurring theme is the development of de—g"dafhﬂ ;ﬁda'éschgggégzglzgs (1999; J. K. Gimzewski and C.
vices, instruments, materials, and approaches that originatety 1 perins, D. E. Smith, and S. Chu, Scier®§, 2106(1977.

from physics and material studies and the engineering 0f43. Han and H. G. Craighead, J. Vac. Sci. Technol.7A2142(1999.
advanced electrical and optical devices. These trends havéd- Han, S. W. Turner, and H. G. Craighead, Phys. Rev. 1831688
moved the electron microscope into the biology laboratory. 16(319\?v9furneret al, J. Vac. Sci. Technol. B6, 3835(1988

The atomic force microscope and range of other nanoscalers . Tumeret al, Phys. Rev. Lett88, 128103(2002.

probes and devices are similarly having impact on the re-®v.. Cabodiet al, Anal. Chem.74, 5169 (2002.
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