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Abstract
Nanomedicine is fundamentally interdisciplinary and complex. Therefore, it
requires utmost expertise in chemistry, biology, physics, and engineering. With rapid
strides being made in nanotechnology, the field of nanomedicine is coming into being.
As it is very new, it is a revolutionary time in the field of science. However,
complications arise. First, because the field is so complex, methods, approaches, and
goals vary immensely and it becomes enormously difficult to make sense of it.
The purpose of this project is to provide a course outline for a survey course
which could be taught at the undergraduate or graduate level to explain what the field is,
what is being done, and how it is being done, as well as supplying some interdisciplinary
training which was most likely not included in their previous training. In addition, a
presentation which describes the course and the field ofnanomedicine itself has been
prepared and will be given at multiple venues, including the Butler University
Undergraduate Research Conference in Spring 20008.
An essay, in addition to the original aims of the project, has been included. This
essay, titled "Nanomedicine: an Introduction" serves as an introduction to this
hypothetical textbook.
Acknowledgements
-I want to thank Dr. Eric Hedin for his continuous support and guidance
throughout this project. His invaluable help was an integral part of the process.
-I also want to thank Linley and Mark Baker for the tremendous amount of
support they provided on many levels during the project and from multiple continents.
-I also want to thank Dr. Ryan Torrie and for his guidance and recommendation
of this field of study.

Daniel Baker
Dr. Eric Hedin
Honors Senior Project
Nanomedicine: By Small Means
Introduction
Section I.: Tools and Methods of Research
Chapter 1: Fabrication
Chapter 2: Imaging and Analysis
I. Microscopy
II. Spectroscopy
III. Chemical Analysis
Chapter 3: Computer Modeling
I. Ab Initio Methods
II. Numerical Analysis
III. Monte Carlo
IV. Methods of Approximation
Chapter 4: Interdisciplinary Studies
I. Biochemistry

II. Molecular Biology
1. Emulation of Biological Systems
2. Biomolecule Utility
III. Biophysics
IV. Inorganic Chemistry

1. Complexation
Section II.: Nanoparticles
Chapter 5: Properties
Chapter 6: Varieties
Chapter 7: Fabrication
Chapter 8: Industrial Applications
Section III.: Nanomedicine
Chapter 9: Targeting
I. Tracing

II. Delivery
Chapter 10: Biosensors
I. Chemical Regulation

Chapter 11: Disease Control
Chapter 12: Oncology
Chapter 13: Cell Repair
Chapter 14: Systems Applications
I. Neuroelectronic Interfaces

Chapter 15: Nanomachines and Nanorobots
Epilogue
Chapter 16: Bioethics
I. Data Protection

II. Intellectual Property
III. Legal Concerns

List of Pertinent Abstracts
Each topic is given a tagged to the outline. Each tag is given a 3-digit code which
will facilitate searching for papers on subject.
Tags:
Imaging **1
Modeling * *2
Fabrication **3
Interdisciplinary Studies **4
Biomolecules as Tools **5
Nanopartic1es **6
Industrial Applications **7
Medical Applications:
Biosensors **8
Targeting **9
Oncology * 10
Disease Control *11
N anomachines * 12
Repair *13
Systems applications * 14
Ethics *15

Abstracts, organized by name, hyperlinked by topic, from Akennan to Zhao.

Akennan, et a1.

Nanocrystal targeting in vivo
Maria~. Akerman*'U, Warren c. W. Chan U, Pirjo Laakkonen*, Sangeeta N.
Bhatia, and Erkki Ruoslahti*'§
* Cancer Research Ceyter, The Burnham Institute, 10901 North Torrey Pines Road, La
Jolla, CA 92037; and Department of Bioengineering, University of Cali fomi a at San
Diego, 9500 Gilman Drive, La Jolla, CA 92093

Contributed by Erkki Ruoslahti, August 1, 2002
Inorganic nanostructures that interface with biological systems have recently attracted
widespread interest in biology and medicine. Nanoparticles are thought to have potential
as novel intravascular probes for both diagnostic (e.g., imaging) and therapeutic purposes
(e.g., drug delivery). Critical issues for successful nanopartic1e delivery include the ability

to target specific tissues and cell types and escape from the biological particulate filter
known as the reticuloendothelial system. We set out to explore the feasibility of in vivo
targeting by using semiconductor quantum dots (qdots). Qdots are small «10 nm)
inorganic nanocrystals that possess unique luminescent properties; their fluorescence
emission is stable and tuned by varying the particle size or composition. We show that
ZnS-capped CdSe qdots coated with a lung-targeting peptide accumulate in the lungs of
mice after i.v. injection, whereas two other peptides specifically direct qdots to blood
vessels or lymphatic vessels in tumors. We also show that adding polyethylene glycol to
the qdot coating prevents nonselective accumulation of qdots in reticuloendothelial
tissues. These results encourage the construction of more complex nanostructures with
capabilities such as disease sensing and drug delivery.

r"

.

M.E.A. and W.C.W.C. contributed equally to this work.
§ To whom correspondence should be addressed. E-mail: ruoslahti@bumham.org.
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Benenson, et al.

DNA molecule provides a computing machine with
both data and fuel
Yaakov Benenson*,ttt, Rivka Adar U , Tamar Paz-Elizur f, Zvi Livneh t, and Ehud
Shapiro*' ,§

Departments of" Computer Science and Applied Mathematics and t Biological
Chemistry, Weizmann Institute of Science, Rehovot 76100, Israel
Edited by Peter B. Dervan, California Institute of Technology, Pasadena, CA, and
approved January 13, 2003 (received for review September 17,2002)
The unique properties of DNA make it a fundamental building block in the fields of
supramolecular chemistry, nanotechnology, nano-circuits, molecular
switches, molecular devices, and molecular computing. In our recently
introduced autonomous molecular automaton, DNA molecules serve as
input, output, and software, and the hardware consists of DNA restriction
and ligation enzymes using ATP as fuel. In addition to information, DNA
stores energy, available on hybridization of complementary strands or

hydrolysis of its phosphodiester backbone. Here we show that a single
DNA molecule can provide both the input data and all of the necessary
fuel for a molecular automaton. Each computational step of the automaton
consists of a reversible software molecule/input molecule hybridization
followed by an irreversible software-directed cleavage of the input
molecule, which drives the computation forward by increasing entropy and
releasing heat. The cleavage uses a hitherto unknown capability of the
restriction enzyme FokI, which serves as the hardware, to operate on a
noncovalent software/input hybrid. In the previous automaton,
softwarelinput ligation consumed one software molecule and two ATP
molecules per step. As ligation is not performed in this automaton, a fixed
amount of software and hardware molecules can, in principle, process any
input molecule of any length without external energy supply. Our
experiments demonstrate 3 x 10 12 automata per III performing 6.6 x 1010
transitions per second per III with transition fidelity of99.9%, dissipating
about 5 x 10 -9 W/ III as heat at ambient temperature.

iy'B. and R.A. contributed equally to this work.
To whom correspondence should be addressed. E-mail:
Ehud.Shapiro@weizmann.ac.il.

§

www.pnas.orglcgildoill0.l073/pnas.0535624100
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Cherukuri, et aI.
Mammalian pharmacokinetics of carbon nanotubes using intrinsic near-infrared
fluorescence
Paul Cherukurf, Christopher J. Gannopt, Tonya K Leeuw *, Howrrd K. Schmidt*,
Richard E. Smalley *, , Steven A. Curley, and R. Bruce Weisman *,

*Department of Chemistry, Carbon Nanotechnology Laboratory, Smalley Institute for
Nanoscale Science and Technology, and Center for Biological and Environmental
t!anotechnology, Rice University, 6100 Main Street, Houston, TX 77005; and
Department of Surgical Oncology, University of Texas M. D. Anderson Cancer Center,
1515 Holcombe Boulevard, Houston, TX 77030
Communicated by Robert F. Curl, Rice University, Houston, TX, October 20, 2006
(received for review July 31,2006)

Individualized. chemically pristine single-walled carbon nanotubes have been
intravenously administered to rabbits and monitored through their characteristic nearinfrared fluorescence. Spectra indicated that blood proteins displaced the nanotube
coating of synthetic surfactant molecules within seconds. The nanotube concentration in
the blood serum decreased exponentially with a half-life of 1.0 ± 0.1 h. No adverse
effects from low-level nanotube exposure could be detected from behavior or
pathological examination. At 24 h after i.v. administration, significant concentrations of
nanotubes were found only in the liver. These results demonstrate that debundled singlewalled carbon nanotubes are high-contrast near-infrared fluorophores that can be
sensitively and selectively tracked in mammalian tissues using optical methods. In
addition, the absence of acute toxicity and promising circulation persistence suggest the
potential of carbon nanotubes in future pharmaceutical applications.
nanoparticle biodistribution I nanoparticle toxicity I luminescence spectroscopy I single-walled carbon
nanotubes

Freely available online through the PNAS open access option.
!Deceased October 28,2005.
Author contributions: P.e., H.K.S., RE.S., S.A.e., and RB.W. designed research; P.C.,
C.J.G., and T.K.L. performed research; P.e., C.J.G., T.K.L., S.A.C., and RB.W.
analyzed data; andRB.W. wrote the paper.
Conflict of interest statement: R.B.W. holds an interest in Applied NanoFluorescence,
LLe.
r

sTo whom correspondence should be addressed. E-mail: weisman@rice.edu
© 2006 by The National Academy of Sciences of the USA
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Ellis-Behnke, et al.

N ano neuro knitting: Peptide nanofiber scaffold for
brain repair and axon regeneration with
functional return of vision

Rutledge G. ElIls-Behnke",t.t,§, Yu-Xiang Liang U, Sl.-.lVei You~, David K. C.
Tayll. J, Shuguang Zhangll, Kwok-Fai So .f, , and Gerald E. Schneider"
*Department of Brain and Cognitive Science and "Center for Biomedical
Engineering, Massachusetts Institute oflechnology, 77 Massachusett
Avenue, Cambridge, MA 02l39-4307; Department of AnatomYf
University of Hong Kong Li Ka Shing Faculty of Medicine and State Key
Laboratory of Brain and Cognitive Sciences, 21 Sassoon Road, Pokfulam,
Hong Kong SAR, China; and ~Institute for Neuroscience, Fourth Military
Medical University, 17 Changle West Road, Xi'an 710032', People's
Republic of China
Communicated by D. Carleton Gajdusek, Centre National de la Recherche
Scientifique, Gif-sur-Yvette, France, January 23, 2006 (received for
review November 9, 2005)
Nanotechnology is often associated with materials fabrication, microelectronics, and
microfluidics. Until now, the use of nanotechnology and molecular self
assembly in biomedicine to repair injured brain structures has not been
explored. To achieve axonal regeneration after injury in the CNS, several
formidable barriers must be overcome, such as scar tissue formation after
tissue injury, gaps in nervous tissue formed during phagocytosis of dying
cells after injury, and the failure of many adult neurons to initiate axonal
extension. Using the mammalian visual system as a model, we report that
a designed self-assembling peptide nanofiber scaffold creates a pennissive
environment for axons not only to regenerate through the site of an acute
injury but also to knit the brain tissue together. In experiments using a
severed optic tract in the hamster, we show that regenerated axons
reconnect to target tissues with sufficient density to promote functional
return of vision, as evidenced by visually elicited orienting behavior. The
peptide nanofiber scaffold not only represents a previously undiscovered
nanobiomedical technology for tissue repair and restoration but also raises
the possibility of effective treatment of CNS and other tissue or organ
trauma.
eNS regeneration I tissue repair I nanomedicine

Freely available online through the PNAS open access option.
Author contributions: R.G.E.-B., K.-F.S., and G.E.S. designed research; R.G.E.-B.,
Y.-XL., S.-W.Y., and G.E.S. perfonnedresearch; S.Z. contributed new
reagents/analytic tools; R.G.E.-B., Y.-XL., D.K.C.T., K.-F.S., and G.E.S.
analyzed data; R.G.E.-B., K.-F.S., and G.E.S. wrote the paper; and K.-F.S.
and G.E.S. provided financial support.

** Schneider, G. E., You, S., So, K. F., Carter, D. A., Khan, F., Okobi, A. & Ellis-

Behnke, R. (2000) Soc. Neurosci. Abstr. 26,611.
Conflict of interest statement: No conflicts declared.
§To whom correspondence may be addressed. E-mail: rutledg@mit.edu or
hrmaskf@hkucc.hku.hk
© 2006 by The National Academy of Sciences of the USA
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Systems applications *14 , Repair *13 , Biomolecules as Tools **5, Molecular
Biology **4, Nanoparticles **6

Helmke, Brian P., and Adrienne R. Minerick.

2.Designing a nano-interface in a microfluidic chip to
probe living cells: Challenges and perspectives
*Department of Biomedical Engineering, q~~iversity of Virginia, P.O. Box 800759,
Charlottesville, VA 22908; and' Dave C. SwaIm School of Chemical
Engineering, Mississippi State University, Box 9595, Mississippi State,
MS 39762
Edited by Peter G. Wolynes, University of California at San Diego, La Jolla, CA, and
approved March 23, 2006 (received for review August 22,2005)
Nanotechnology-based materials are beginning to emerge as promising platforms for
biomedical analysis, but measurement and control at the cell-chip
interface remain challenging. This idea served as the basis for discussion
in a focus group at the recent National Academies Keck Futures Initiative.
In this Perspective, we first outline recent advances and limitations in
measuring nanoscale mechanical, biochemical, and electrical interactions
at the interface between biomaterials and living cells. Second, we present
emerging experimental and conceptual platforms for probing living cells
with nanotechnology-based tools in a micro fluidic chip. Finally, we
explore future directions and critical needs for engineering the cell-chip

interface to create an integrated system capable of high-resolution analysis
and control of cellular physiology.
2006 by The National Academy of Sciences of the USA
[Full Text of Helmke and Minerick] [Reprint (PDF) Version of Helmke and
Minerick]

Biosensors **8 , Molecular Biology **4 , Biomolecules as Tools **5 , Chemical
Regulation *12
Hyman, et al.

Design of protein struts for self-assembling
nanoconstructs
Paul Hyman *,t,t, Regina Valluzzi§, and Edward Goldberg t
+ NanoFrames LLC, Boston, MA 02118; t Department of Molecular Biology and
Microbiology, Tufts University School of Medicine, Boston, MA 02111; and
§ Department of Chemical Engineering, Tufts University, Medford, MA 02155

Edited by Jack Halpern, University of Chicago, Chicago, IL, and approved April
29,2002 (received for review October 12,2001)
Bacteriophage T4 tail fibers have a quaternary structure of bent rigid rods, 3 x 160 nm in
size. The four proteins which make up these organelles are able to self-assemble in an
essentially irreversible manner. To use the self-assembly domains of these proteins as
elements in construction of mesoscale structures, we must be able to rearrange these
domains without affecting the self-assembly properties and add internal binding sites for
other functional elements. Here we present results on several alterations of the P37
component of the T4 tail fiber that change its length and add novel protein sequences into
the protein. One of these sequences is an antibody binding site that is used to inactivate
phage carrying the modified gene.
Nanomachines *12, Fabrication **3, Molecular Biologv **4, Biomolecules as Tools
**5

LaVan, et al.

Approaches for biological and biomimetic energy
conversion
David A. LaVan*,T, and Jennifer N. ChaU

*Department 0ttMechanical Engineering, Yale University, New Haven, CT 06511;
and IBM Almaden Research, 650 Harry Road, San Jose, CA 95120
Edited by Peter G. Wolynes, University of California at San Diego, La Jolla, CA, and
approved February 23, 2006 (received for review August 4,2005)
This article highlights areas of research at the interface of nanotechnology, the
physical sciences, and biology that are related to energy conversion:
specifically, those related to photovoltaic applications. Although much
ongoing work is seeking to understand basic processes of photosynthesis
and chemical conversion, such as light harvesting, electron transfer, and
ion transport, application of this knowledge to the development of fully
synthetic and/or hybrid devices is still in its infancy. To develop systems
that produce energy in an efficient manner, it is important both to
understand the biological mechanisms of energy flow for optimization of
primary structure and to appreciate the roles of architecture and assembly.
Whether devices are completely synthetic and mimic biological processes
or devices use natural biomolecules, much of the research for future power
systems will happen at the intersection of disciplines.
biotechnology I nanotechnology I photosynthesis I photo voltaic

Author contributions: D.A.L. and J.N.C. wrote the paper.

,i The National Academies Keck Futures Initiative, Designing Nanostructures
Conference, November 19-21, 2004, Irvine, CA.
II Birge, R.

R., Chen, Z., Govender, D. S. K., Stuart, J. A., Tallent, J. R. & Tan, H.
L., 212th ACS National Meeting, Aug. 25-29, 1996, Orlando, FL, p.
PHYS-123.

tTo whom correspondence maybe addressed at: Department of Mechanical
Engineering, Yale University, 9 Hillhouse Avenue, Mason Lab Building,
Room M3, New Haven, CT 06511. E-mail: david.lavan@yale.edu

~To whom correspondence may be addressed. E-mail: chaj@us.ibm.com
© 2006 by The National Academy of Sciences of the USA
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Osakada, et a1.

Charge transfer through DNA nanoscaled assembly
programmable with DNA building blocks
Yasuko Osakada, Kiyohiko Kawai*, Mamoru Fujitsuka, and Tetsuro Majima *
Institute of Scientific and Industrial Research (SANKEN), Osaka University, Mihogaoka
8-1, Ibaraki, Osaka 567-0047, Japan
Edited by Paul F. Barbara, University of Texas, Austin, TX, and approved October 3,
2006
DNA nanostructures based on programmable DNA molecular recognition have been
developed, but the nanoelectronics of using DNA is still challenging. A more rapid
charge-transfer (CT) process through the DNA nanoassembly is required for further
development of programmable DNA nanoelectronics. In this article, we present direct
absorption measurements of the long-range CT over a 140-ADNA assembly based on a
GC repetitive sequence constructed by simply mixing DNA building blocks. We show
that a CT through DNA nanoscale assembly is possible and programmable with the
designed DNA sequence.
transient absorption measurement I nanostructure hole transfer I DNA oxidation I nanotechnology

Author contributions: Y.O., K.K., M.F., and T.M. designed research, perfonned research,
contributed new reagents/analytic tools, analyzed data, and wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS direct submission.
*To whom correspondence may be addressed. E-mail: kiyohiko@sanken.osaka-u.ac.jp or
maj ima@sanken.osaka-u.ac.jp

© 2006 by The National Academy of Sciences of the USA
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Pan. Bifeng, et at

Dendrimer-Modified Magnetic Nanoparticles
Enhance Efficiency of Gene Delivery System
Bifeng Pan', Daxiang Cuit, Yuan Sheng 2, Cengiz Ozkan 3, Feng Gaol, Rong He!,
Qing Li', Ping Xu I and Tuo Huang1
I

Department of Bio-Nano-Science and Engineering, National Key Laboratory of Nano/Micro
Fabrication Technology, Key Laboratory for Thin Film and Microfabrication of Ministry
of Education, Institute ofMicro-Nano Science and Technology, Shanghai liao Tong
University; 2 Breast Cancer Therapy Center of Changhai Hospital, Second Military
Medical University, Shanghai, People's Republic of China; and 3 Department of
Mechanical Engineering, University of California at Riverside, Riverside, California

Requests for reprints: Daxiang Cui, Department of Bio-Nano-Science and Engineering, National
Key Laboratory of NanolMicro Fabrication Technology, Key Laboratory for Thin Film
and Microfabrication of Ministry of Education, Institute ofMicro-Nano Science and
Technology, Shanghai liao Tong University, 1954 Huashan Road, Shanghai 200030,
People's Republic of China. Phone: 86-21-62933291; Fax: 86-21-62933291; E-mail:
dxcui@situ.edu.cn

Magnetic nanoparticles (MJ\fP) with a diameter of 8 nm were modified with different
generations of polyamidoamine (P AMAM) dendrimers and mixed with
antisense survivin oligodeoxynucleotide (asODN). The MNP then formed
asODN-dendrimer-MNP composites, which we incubated with human
tumor cell lines such as human breast cancer MCF-7, MDA-MB-435, and
liver cancer HepG2 and then analyzed by 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide, quantitative reverse transcription-PCR,
Western blotting, laser confocal microscopy, and high-resolution
transmission electron microscopy. Results showed that the asODNdendrimer-Ml\fP composites were successfully synthesized, can enter into
tumor cells within 15 min, caused marked down-regulation ofthe survivin
gene and protein, and inhibited cell growth in dose- and time-dependent
means. No.5 generation of asODN-dendrimer-MNP composites exhibits
the highest efficiency for cellular transfection and inhibition. These results
show that PAMAM dendrimer-modified Ml\fPs may be a good gene
delivery system and have potential applications in cancer therapy and
molecular imaging diagnosis. [Cancer Res 2007;67(17):8156-63]
Nanopartic1es **6 , ImaginM **1 , Molecular Biology **4, Oncology *10, Targeting
**9
Roy, et al.

Optical tracking of organically modified silica
nanoparticles as DNA carriers: A nonviral,
nanomedicine approach for gene delivery
Indrajit Roy, Tymish Y. Ohulchanskyy, Dhruba J. Bharali, Haridas E. Pudavar,
Ruth A. Mistretta, Navjot Kaur, and Paras N. Prasad *

Institute for Lasers, Photonics, and Biophotonics, University at Buffalo, State University
of New York, Buffalo, NY 14260-3000
Communicated by Peter M. Rentzepis, University of California, Irvine, CA, October 28,
2004 (received for review June 10,2004)
This article reports a multidisciplinary approach to produce fluorescently labeled
organically modified silica nanopartic1es as a nonviral vector for gene delivery and
biophotonics methods to optically monitor intracellular trafficking and gene transfection.
Highly monodispersed, stable aqueous suspensions of organically modified silica
nanopartic1es, encapsulating fluorescent dyes and surface functionalized by cationicamino groups, are produced by micellar nanochemistry. Gel-electrophoresis studies
reveal that the particles efficiently complex with DNA and protect it from enzymatic
digestion of DNase 1. The electrostatic binding of DNA onto the surface of the
nanoparticles, due to positively charged amino groups, is also shown by intercalating an
appropriate dye into the DNA and observing the Forster (fluorescence) resonance energy
transfer between the dye (energy donor) intercalated in DNA on the surface of
nanoparticles and a second dye (energy acceptor) inside the nanoparticles. Imaging by
fluorescence confocal microscopy shows that cells efficiently take up the nanoparticles in
vitro in the cytoplasm, and the nanoparticles deliver DNA to the nucleus. The use of
plasmid encoding enhanced GFP allowed us to demonstrate the process of gene
transfection in cultured cells. Our work shows that the nanomedicine approach, with
nanoparticles acting as a drug-delivery platform combining multiple optical and other
types of probes, provides a promising direction for targeted therapy with enhanced
efficacy as well as for real-time monitoring of drug action.
nonviral vector I ORMOSIL nanoparticles ! confocal microscopy

Author contributions: LR., T.Y.O., DJ.B., H.E.P., and P.N.P. designed research; LR.,
T.Y.O., D.l.B., H.E.P., RA.M., andN.K. performed research; LR, T.Y.O., DJ.B.,
H.E.P., N.K., and P.N.P. analyzed data; and LR, T.Y.O., DJ.B., H.E.P., and P.N.P. wrote
the paper.
Abbreviations: ORMOSIL, organically modified silica; VTES, triethoxyvinylsilane;
APTES, 3-aminopropyltriethoxysilane; Aerosol-OT, dioctyl sodium sulfosuccinate;
FRET, fluorescence resonance energy transfer; Rh6G, rhodamine 6G; HPPH, 2-devinyl-

2-(I-hexyloxyethyl)pyropheophorbide; CT, calf thymus; EMA, ethidium mono azide
bromide; EthD-1, ethidium homodimer-1; pEGFP, plasmid encoding EGFP.
* To whom correspondence should be addressed. E-mail: pnprasad@buffalo.edu.

© 2005 by The National Academy of Sciences of the USA
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Sanders, Charles R.

Visiting order on membrane proteins by using
nanotechnology
Department of Biochemistry, Center for Structural Biology, and Institute for
Chemical Biology, Vanderbilt University School of Medicine, Nashville,
TN 37232-8725
PNAS I April 17, 2007 I vol. 104 I no. 16 I 6502-6503

Molecular Biology **4, Biomolecules as Tools **5, Imaging **1 .

Seeman, Nadrian

c., Angela M. Belcher.

Emulating biology: Building nanostructures from the
bottom up
Nadrian C. Seeman U and Angela M. Belcher§

t Department of Chemistry, New York University, New York, NY 10003; and
§

Department of Chemistry, University of Texas, Austin, TX 78712

The biological approach to nanotechnology has produced self-assembled objects,
arrays and devices; likewise, it has achieved the recognition of inorganic
systems and the control of their growth. Can these approaches now be
integrated to produce useful systems?

www.pnas.org/cgiJdoiIl0.1073/pnas.221458298

[Full Text of Seeman and Belcherl [Reprint (PDF) Version of Seeman and
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Souza, et aL

Networks of gold nanoparticles and bacteriophage as
biological sensors and cell-targeting agents
Glauco,R. Souza', Dawnf-. Christianson', Fernanda I. Staquicini', Michael G.
§
Ozawa, Evan Y. Snydef ' Richard L. Sidman' ,J. Houston Miller~, Wadih Arap·' ,
and Renata Pasqualin("l
*University of TexastM. D. Anderson Cancer Center, 1515 Holcombe Boulevard,
Houston, TX 77030; Burnham Institute, 10901 North Torrey Pines Road, La Jolla, CA
92037; fiDepartment of Chemistry, George Washington University, 725 21st Street NW,
Washington, DC 20052; and Harvard Medical School and Department of Neurology,
Beth Israel Deaconess Medical Center, Harvard Institutes of Medicine, 77 Avenue Louis
Pasteur, Boston, MA 02115
Contributed by Richard L. Sidman, November 10, 2005
Biological molecular assemblies are excellent models for the development of
nanoengineered systems with desirable biomedical properties. Here we report an
approach for fabrication of spontaneous, biologically active molecular networks
consisting of bacteriophage (phage) directly assembled with gold (Au) nanopartic1es
(termed Au-phage). We show that when the phage are engineered so that each phage
particle displays a peptide, such networks preserve the cell surface receptor binding and
internalization attributes of the displayed peptide. The spontaneous organization of these
targeted networks can be manipulated further by incorporation of imidazole (Au-phageimid), which induces changes in fractal structure and near-infrared optical properties. The
networks can be used as labels for enhanced fluorescence and dark-field microscopy,
surface-enhanced Raman scattering detection, and near-infrared photon-to-heat
conversion. Together, the physical and biological features within these targeted networks
offer convenient multifunctional integration within a single entity with potential for

nanotechnology-based biomedical applications.
target I fractal I hydrogel I stem celli assembly

Author contributions: G.R.S., D.RC., F.I.S., M.G.O., RL.S., J.H.M., W.A., and R.P.
designed research; G.R.S., D.R.C., F.I.S., and M.G.O. perfonned research; E.Y.S.,
RL.S., J.H.M., W.A., and R.P. contributed new reagents/analytic tools; G.R.S., D.RC.,
F.I.S., M.G.O., J.H.M., W.A., and R.P. analyzed data; and G.R.S., D.R.C., F.I.S., M.G.O.,
R.L.S., lH.M., W.A., and RP. wrote the paper.
Conflict of interest statement: No conflicts declared.
Freely available online through the PNAS open access option.
Abbreviations: imid, imidazole; NIR, near infrared; SERS, surface-enhanced Raman
scattering; TEM, transmission electron microscopy; TU, transducing units; Df, fractal
dimension.
STo whom correspondence may be addressed. E-mail: richard sidman@hms.harvard.edu,
rpasqual@mdanderson.org, or warap@mdanderson.org.
© 2006 by The National Academy of Sciences of the USA
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Zhao, et al.

A rapid bioassay for single bacterial cell quantitation
using bioconjugated nanoparticles
Xiaojun Zhao *, Lisa R. Hilliard *, Shelly John:f'1echery *, Yanping Wang t, Rahul P.
Bagwe *, Shouguang Jin and Weihong Tan *,

t,

*Center for Research at the BiolNano Interface, Department ofChemistrY't and The
Shands Cancer Center, University of Florida, Gainesville, FL 32611; and Department of
Molecular Genetics and Microbiology, University of Florida, Gainesville, FL 32610
Edited by Nicholas J. Turro, Columbia University, New York, NY, and approved
September 9,2004 (received for review July 5,2004)
The rapid and sensitive detennination of pathogenic bacteria is extremely important in
biotechnology, medical diagnosis, and the current fight against bioterrorism. Current
methods either lack ultrasensitivity or take a long time for analysis. Here, we report a
bioconjugated nanopartic1e-based bioassay for in situ pathogen quantification down to

single bacterium within 20 min. The bioconjugated nanoparticle provides an extremely
high fluorescent signal for bioanalysis and can be easily incorporated with biorecognition
molecules, such as antibody. The antibody-conjugated nanoparticles can readily and
specifically identify a variety of bacterium, such as Escherichia coli 0157:H7, through
antibody-antigen interaction and recognition. The single-bacterium-detection capability
within 20 min has been confirmed by the plate-counting method and realized by using
two independent optical techniques. The two detection methods correlated extremely
well. Furthermore, we were able to detect multiple bacterial samples with high throughput
by using a 384-well microplate format. To show the usefulness of this assay, we have
accurately detected 1-400 E. coli 0157 bacterial cells in spiked ground beef samples. Our
results demonstrate the potential for a broad application ofbioconjugated nanoparticles in
practical biotechnological and medical applications in various biodetection systems. The
ultimate power of integrating bion anotecllllology into complex biological systems will
emerge as a revolutionary tool for ultrasensitive detection of disease markers and
infectious agents.
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Abbreviations: RuBpy, Tris(2,2'-bipyridyl) dichlororuthenium(II) hexahydrate; CFU,
colonyforming units.
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N anomedicine: an Introduction
Introduction

Nanotechnology is a new phenomenon which is attempting to push the boundaries
of all fields of science to their quantum limits. Computing, imaging, electronics,
medicine, and many other fields are being revolutionized. The motivation is clear: better,
quicker, smaller, and more efficient devices are of great value and nanoscience claims the
power to produce these results.
There are three general methodologies for pursuing a nanomedicine technology.
In order of difficulty and value, they are nanoscale materials technology, biotechnology
(or a wet nanomedicine), and molecular nanotechnology (dry). Freitas, who, at the time
of writing, is in the process of finishing his three-book series on the field, has provided a
table describing the differences in medical challenges alone. As one can see, efficiency
and efficacy increase along with the difficulty. I am of the opinion that these fields need
to be developed in sequence, "Gradus Ad Pamassum." Not only will this be more
realistic, but it will provide benefits in the near future, giving us further incentive to
develop. It will take time to realize our potentiaL
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Freitas, Robert A., Jr. Example 1.
I. Nanoscale Materials Technology
Nanoscale materials technology is already in limited use today. It is defined as
technology using materials whose size ranges from O.lrun to 100 run (Freitas), These
materials lack autonomy after fabrication. Its applications include targeting, tracing, and
industrial applications. Industrial applications range from sunscreen to bacteria-resistant
paint. Essentially, nanoscale materials technology is the application of nanofabrication to
specific problems. Nanoparticles, biomolecules, and other objects created with nanoscale
precision are the tools. Its limitations are that it can only solve specific problems and is
less refined than the other techniques of which we will speak.

"Nanoscale materials technology has already found widespread use in medicine,
including biocompatible materials and analytical techniques, surgical and dental
practice, nerve cell research using intracellular electrodes, biostructures research
and biomolecular research using near-field optical microscopy, scanning-probe
microscopy and optical tweezers, and vaccine design, and also many 20th century
bulk chemical and biochemical manufacturing techniques along with much of
classical pharmacology"
(Freitas)
Genes have been targeted, inhibited, and even delivered, without the need for
either of our two more complicated nanobrother fields (Pan, et al.), (Roy, et al.).
Essentially, this gives us control, allowing us to implant genes we want and tum off
genes we don't want. This highly specific genetic control could have tremendous
possibilities. For example, genes whose expression leads to cancer and other diseases
can be eliminated.
Nanoparticles, fairly easily produced, can be used to deliver drugs to specific
places in the body and not where it isn't needed, offering improved efficiency over
conventional drugs. Similarly, it provides detailed information about where drugs and
other chemicals go in the body when they are put into the system. Thermal therapy with
nanoshells and chemotherapy with nanopartic1es designed to conjugate with specific
cancer cells are two emerging oncological tools. Because gold nanoparticles essentially
do nothing to the system, they are safe carriers for chemicals and effectively deliver the
drug to the cancer cells and not to the cells of the host organism.

Drugs can be rapidly "bioassayed," or tested for effect on living organisms.
(Zhao, et al.) This will radically change pharmaceutical industry and the methodology of
research. "The ultimate power of integrating bionanotechnology into complex biological
systems will emerge as a revolutionary tool for ultrasensitive detection of disease markers
and infectious agents" (Zhao, et al.)
Artificial tissues and organs can be grown with control of antigens, genetic code,
differentiation, and function, leading possibly to organs. Rehabilitation will be made
possible in ways that have been hopeless.
Examples

Author: Ellis-Behnke, et at.
Title: Nano-neuroknitting: Peptide nanofiber scaffold for brain repair and axon
regeneration with functional return of vision
Description: Amine chains fabricated can repair neurological systems and bring back
sight.

Author: Helmke, Brian P., and Adrienne R. Minerick
Title: Designing a nano-interface in a micro fluidic chip to probe living cells
Description: A chip-cell interface would allow measuring of mechanical, chemical, and
biological interactions and greatly increase the efficiency of data
collection.

Author: Zhao, et at.

Title: A rapid bioassay for single bacterial cell quantitation using bioconjugated
nanoparticles
Description: Nanoparticles complexed with test molecules can be quickly tested in
sequence for function.

Author: Roy, et al.
Title: Optical tracking of organically modified silica nanoparticles as DNA carriers:
A nonviral, nanomedicine approach for gene delivery
Description: Silica was complexed with amine groups and dyes that were tracked to
deliver genes in vitro.
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Freitas, Robert A., Jr. Example 2.

II. Biotechnology
Biotechnology in living systems has a complete system ofnanomachines and
devices, mass-produced at the molecular level, serving as a model for molecular
nanotechnology as well as a system in itself. Biotechnology is defined as the use of

living organisms and biological techniques. There are two approaches to this study: the
first is an emulation of biological systems to create a Molecular Nanotechnology, and the
other is a manipulation of existing biological machines, robots, and molecules for a literal
Biotechnology.
Biotechnological systems can be very effective, as evidenced by all life. An
organism is immensely complicated from every perspective, but existing systems work
with exceptionally high redundancy nonetheless; they are designed to be tolerant of the
many other processes that are going on. If an error takes place, the body makes the
necessary adjustments.
For a simple example, the body keeps its pH between 7.1 and 7.3. If the pH goes
outside that range, the body breaks down. The use of buffer solutions in the body, along
with other mechanisms, keeps the body in that small range.
This characteristic is precisely what makes biotechnology so attractive: it is selfregulating and self-reproducing. A system which possesses these attributes would require
little outside maintenance and would therefore facilitate practicality for widespread
implementation. Existing cells or organelles could be modified to perform given tasks.
Freitas has proposed a method for transforming a white blood cell, or leukocyte, into a
nanorobot capable of control ofbiosystem control, along with a necessary experimental
information required.
In short, biotechnology could be reliable, but bulky and slow. Its advantages over
nanoscale materials technology are redundancy, resilience, and sustainability. Its
advantage over Molecular Nanotechnology is that it would require only a modification of
existing nanomachines instead of the invention of them from the bottom up.

Examples
Author: Benenson, et al.
Title: DNA molecule provides a computing machine with both data and fuel
Author: LaVan, et al.
Description: DNA is an excellent candidate for nanocomputer because it can be
powered by ATP and it stores its own information already.

Title: Approaches for biological and biomimetic energy conversion
Author: Oskada, et at
Title: Charge transfer through DNA nanoscaled assembly programmable with DNA
building blocks
Description: DNA's unique properties modify its conductance capabilities. These are
explored in ways applied to computing.

Author: Souza, et al.
Title: Networks of gold nanoparticles and bacteriophage as biological sensors and
cell-targeting agents
Description:

III. Molecular Nanotechnology
Molecular nanotechnology is, essentially, engineering effective machines at the
nanoscale. The key difference between Biotechnology and Molecular Nanotechnology is

a bottom-up perspective. Freitas cites 14 advantages of Molecular Nanotechnology over
Biotechnology. The main benefits are speed, power density, building materials, control,
versatility and reliability. Because biological systems are made for their precise purpose,
they have high specificity to their tasks and therefore are limited. However, several
researchers, such as Oskada and Benenson are attempting to overcome this limitation.
They do precisely what they were made to do. Engineers want to work with something
versatile and capable of performing a variety of functions and molecular nanotechnology
is the only field which will be able to fulfill all those requirements.
One major method for planning this technology is emulation of biological
systems. Since they provide analogs for so many macro scale devices, it provides
excellent examples.
Being "bottom-up," it will be more involved. We will need to create analogs of
macroscopic machines, such as generators, engines, and devices for locomotion, energy
storage and metabolism, and computing. There are, therefore, far fewer examples in this
field.
Example

Author: Seeman, N adrian C., Angela M. Belcher.
Title: Emulating biology: Building nanostructures from the bottom up
Description: Seeman uses biological systems as analogs for a molecular
nanotechnology.

Author: Freitas, Robert A., Jr.

Title: Exploratory Design in Medical Nanotechnology: A Mechanical Artificial Red
Cell
Description: Freitas proposes methods by which a an analog to an RBC could be
made to function by mechanical processes.

Conclusion

In summary, these three fields each offer unique benefits attached to their own
costs. All three should therefore be pursued. Depending on one's field, they will affect
not only personal health but what one's job as a scientist is.
replace the micro- and macro-paradigms.

The nano-paradigm will

Their focus of research would be very

different.
Basic and clinical research will be fundamentally different in subject, method, and
practice. Medical practice will have more rapid and effective diagnosis and treatment.
Finally, in the end, life expectancy and quality will potentially be dramatically improved
and elongated. Disease, infirmity, disability and injury may be prevented and treated
with unprecedented speed and effectiveness. If these become a reality, nanomedicine
could be become the most important development in Western medicine.
All that remains is to expand the initiative to realize these possibilities, and now is
the time to start. The door is open. Whole new fields are created with increasing
frequency with more focused specialties. It seems that there's still "plenty of room at the
bottom." The time has come to grab a metaphorical shovel and start digging. Good luck.
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Molecular Electronics
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Nanoscale Materials
• Nanoparticles
• Biomolecules

- Nanomachines
- Nanorobots

Biotechnology
Biotechnology has a complete system of nanomachines
and devices, mass-produced at the molecular level,
serving as a model for molecular nanotechnology as well
as a system in itself.
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Methods

Bioinformatics
• Bioinformatics is the processing of the
enormous amount of information inherent in
DNA and proteins studies,
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Conclusion
There's Plenty of Room at the bottom"
• Nanoscale Materials are where we start
Biotechnology provides both inspiration for Molecular
Nanotechnology and a valuable path ;tselL
Molecular Nanotechnology has the greatest potential
with the greatest costs"
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