RESEARCH NEWS

Nonvolatile memory from disorder
ELECTRONIC MATERIALS

Au nanowires ‘decorated’ with molecules of OPE (inset) are
deposited in the centre of the NanoCell, which is fabricated from
Si and surrounded by wire connects. The discontinuous islands of
Au film resemble liquid droplets. (Courtesy of Jorge Seminario,
University of South Carolina.)

Researchers at Rice, North Caroline State,
and Pennsylvania State Universities have
demonstrated that disordered assemblies of
Au nanowires and conductive, switchable
oligo(phenylene ethynylene) (OPE) organic
molecules can function as nonvolatile memory
[J. Am. Chem Soc. (2003) 125, 13279].
This is the first time that a self-assembled
ensemble of molecular electronic components

has been used to create complex devices
capable of basic computing functions. “Ordered
precision isn’t a prerequisite for computing,”
says Chao Professor of Chemistry, Jim Tour.
In the prototype NanoCell, discontinuous
islands of Au film are vapor-deposited onto a
flat, 40 x 10 µm rectangle of SiO2 to create
electrodes. These are submersed in a solution
of Au nanowires and precisely synthesized
OPE, which exhibits switching and memory
storage effects, to connect electrodes at
random. Au leads spaced 5 µm apart carry
signals to and from the device. Memory states
persist for over a week at room temperature
and can withstand short-term exposure to air.
Molecular electronics could reduce device size
and fabrication costs by several orders of
magnitude. With the NanoCell architecture,
Tour hopes to address the nanoscale via the
microscale by using current lithography tools.
Tour’s group is also studying its application to
logic gates. Because of their disordered
placement, NanoCells cannot be programmed
conventionally but must be trained for specific
logic functions. But even if only a few percent
efficient in the use of these devices, this
approach could yield very high logic densities.

Tailoring nanotube-metal contact resistance
MODELING AND SIMULATION
A study by researchers at Bilkent University, Turkey
and the National Institute of Standards and
Technology (NIST) suggests that it may be possible
to control the contact resistance of nanotube-metal
interfaces [Appl. Phys. Lett. (2003) 83, 3180].
“The main technical problem in such nanotubebased electronic devices is the high Schottky energy
barrier at the metal-nanotube contact, which
hinders electrons entering the nanotube from a
metal connecting wire,” explains NIST physicist
Taner Yildirim. Calculations performed using the
first-principles pseudopotential plane wave method
within the density functional theory and the
generalized gradient approximation indicate that the
electronic energy structure and self-consistent-field
electronic potential of a semiconducting singlewalled nanotube side-contacted on metal electrodes
(as shown) depend strongly on the metal type. The
contact is simulated in a supercell approach,
consisting of a zigzag (8,0) carbon nanotube and
five layers of metal (Mo or Au).
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(Courtesy of Taner Yildirim, NIST.)

For the Au (100) surface (top left), a weakly bonded
system is formed with a large potential barrier, of
3.9 eV. The contact has a minimal effect on the
electronic properties and charge density, which
explains why Au electrode devices have high contact
resistance, says Yildirim. For the Mo (110) surface
(top right), the interaction is very strong (0.4 eV).
The nanotube site at the interface is conducting,
while the opposite site remains semiconducting.

Nanoshells for
cancer therapy
BIONANOTECHNOLOGY
Researchers from Rice University and
the University of Texas M. D. Anderson
Cancer Center have described the
application of 130 nm Au-silica
nanoshells, which strongly absorb
near-infrared (NIR) light, to mediate
localized, irreversible photothermal
ablation of cancerous tumors in vivo
under magnetic resonance guidance
[Proc. Natl. Acad. Sci. USA (2003)
published online 3 November,
doi: 10.1073/pnas.2232479100].
The nanoshells are layered colloids
with a nonconducting nanoparticle core
covered by a thin metal shell, whose
thickness can be changed to precisely
tune the plasmon resonance. Proteins
that bind only with tumor cells can be
attached to the surface, creating
tumor-seeking nanoparticles. By tuning
the shells to strongly absorb 820 nm
NIR light, where optical transmission
through body tissue is optimal and
harmless, low-power extracorporeally
applied laser light shone at the patient
induces a response signal from
injected nanoshells clustered around a
tumor. Increasing the laser power to a
still moderately low exposure heats the
nanoshells just enough to destroy the
tumor without harming healthy tissue.
On exposure to 35 W/cm2 NIR light,
human breast carcinoma cells incubated
with nanoshells in vitro undergo
photothermally induced morbidity. Cells
without nanoshells display no loss in
viability. Likewise, in vivo studies under
magnetic resonance guidance reveal
that exposure to low-dose (4 W/cm2)
NIR light in solid tumors treated with
nanoshells incur a temperature increase
of 37.4±6.6°C within 4-6 minutes. The
tissue displays coagulation, cell
shrinkage, and loss of nuclear staining,
indicating irreversible thermal damage.
Controls treated without nanoshells
demonstrated significantly lower
temperatures and appeared
undamaged.

RESEARCH NEWS

Protein bar code to speed cancer diagnosis
BIONANOTECHNOLOGY

Schematic of the sandwiching of a target protein (PSA), the magnetic separation, and the
release of the bar code DNA from the Au nanoparticle. (Courtesy of Chad A. Mirkin.)

Researchers at Northwestern University have developed an
ultrasensitive ‘bio-bar code’ based on Au nanoparticles and DNA
to detect a protein target – free prostate-specific antigen (PSA)
– at low concentrations in blood samples [Science (2003), 301,
1884]. PSA is used in detecting prostate and breast cancer,
two of the most common cancers.
“The polymerase chain reaction (PCR), which duplicates DNA so
it can be analyzed, revolutionized forensics, medicine, and
biotechnology,” says Chad A. Mirkin, director of Northwestern’s
Institute for Nanotechnology and George B. Rathmann
professor of chemistry. Although protein targets cannot be
chemically duplicated, it is possible to tag them with
oligonucleotide markers, which can subsequently be amplified
with PCR and identified using DNA detection methods. Such

‘immuno-PCR’ is a million times more sensitive than conventional
methods, promising to transform medical diagnostics and
proteomics by allowing the detection of diseases at an earlier
stage. Biomarkers like PSA are known for hundreds of diseases.
The team used magnetic microparticle probes or MMPs
(1 µm polyamine particles with magnetic iron oxide cores)
functionalized with PSA monoclonal antibodies and
Au nanoparticle probes heavily functionalized with hybridized
oligonucleotides (the bio-bar codes) and polyclonal detection
antibodies. The antibodies ‘recognize’ and bind to PSA in
solution, sandwiching it between the two particles. Attached to
each 30 nm Au nanoparticle are hundreds or thousands of
identical strands of bar code DNA, generating a complex with a
large ratio of amplifiable bar code DNA to protein target.
Application of a magnetic field separates all the MMPs and the
reacted nanoparticle probes from the reaction mixture. The bar
code DNA is then dehybridized from the nanoparticle probeimmobilized complements, removed from the assay solution, and
finally identified using standard detection methods.
“For each molecule of captured PSA, thousands of DNA strands
are released, which is our way of amplifying the signal for a
protein target of interest,” explains Mirkin. “Instead of
detecting PSA, our method detects the DNA, which gives us a
substantial increase in the signal.” This scheme has the
potential for massive multiplexing and the simultaneous
detection of many analytes in one solution, especially in the
PCR-less form. For any protein target with a known antibody, a
unique bar code DNA label could be created and a test
developed. The technology could be commercially available in two
years, according to Mirkin.

Multifunctional nanorods for gene delivery
BIONANOTECHNOLOGY
Kam Leong and coworkers at The Johns
Hopkins University and School of
Medicine have used metallic nanorods
containing multiple Au and Ni segments
attached to different biomolecules to
deliver genetic material into cells
[Nat. Mater. (2003) 2, 668].
Compared with viral vectors, synthetic
gene delivery systems such as
liposomes and polymers offer ease of
production and reduced risk of
cytotoxicity and immunogenicity. Leong
says they have been working on nonviral
gene delivery to transfer foreign genes
or plasmid DNA into cells for a decade.
“We use polycationic polymers to
condense DNA into nanoparticles that
can be taken up by cells, and deliver

these DNA nanoparticles to different
tissues in vivo.” However, uses have
been limited by the relatively low
transfection efficiency. Controlling the
DNA nanoparticles’ size and how they
are entrapped remains a challenge.
Multisegment bimetallic nanorods can
simultaneously bind compacted DNA
plasmids and target ligands in a
spatially defined manner, allowing
precise control of composition, size,
and multifunctionality of the genedelivery system.
Leong’s team made bifunctional
Au/Ni nanorods by template synthesis,
involving electrodeposition of a 100 nm
thick layer of Au and 100 nm of Ni into
cylindrical 100 nm diameter pores of

an alumina membrane. Removal of the
alumina template by etching yields
metallic nanorods of controlled
dimensions: 100 nm in diameter and
200 nm in length, with 100 nm Au and
100 nm Ni segments. These were then
dual-functionalized by attaching DNA
plasmids to the Ni segments and
transferrin, a cell-targeting protein, to
the Au segments using molecular
linkages with end-groups that bind
selectively. Transferrin was one of the
first proteins exploited for receptormediated gene delivery, as all metabolic
cells take in Fe through receptormediated endocytosis of the
transferrin-Fe complex. In vitro and in
vivo transfection experiments suggest

potential for genetic vaccination.
Plasmid DNA encoding the antigen can
be delivered in conjunction with a gene
gun, which can shoot the nanorods into
the dermal tissue.
Template synthesis is easily adapted to
deposit multiple submicron segments
and can produce large quantities of
monodisperse nanorods, and properties
such as aspect ratio can be controlled
in a systematic way.
Extra segments could be added to bind
additional functionalities, such as an
endosomolytic agent, or magnetic
segments to manipulate the nanorods
with an external magnetic field. The
researchers now aim to improve the
gene delivery efficiency.
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Stronger
than glue

Nanosprings into action

MECHANICAL PROPERTIES

Xiang Yang Kong and Zhong Lin Wang at the
Georgia Institute of Technology have developed
nanobelts that spontaneously form helical
‘nanosprings’ from ribbon-like single crystals of
ZnO several millimeters long but just
10-60 nm wide and 5-20 nm thick [Nano Lett.
(2003) published online 6 August,
doi: 10.1021/nl034463p]. This is smaller
than the nanobelts previously reported by the
same authors [Science (2001) 291, 1947].
According to Wang, spontaneous electrostatic
polarization can be induced in the ZnO-based
materials – with one edge positively charged
and one negatively charged – possibly causing
the spontaneous formation of the helical
structures. “Because of the way the charge is
located, it tends to fold the structures over
and form a ring,” explains Wang. “The center
of the positive charge and the center of the
negative charge tend to overlap, reducing the
dipole moment or electrostatic energy.”
Positively- and negatively-charged surfaces
across the thickness of the nanoribbon could
allow selective detection of single molecules or
cells in high-sensitivity, in situ, real-time,
nondestructive biosensor monitors within the

A reusable ‘nano-velcro’ material
carpeted with pads of carbon
nanotubes (CNTs) – grown upright but
with a hook formed at the end by
inserting pentagon-heptagon pairs into
the all-hexagon tubular structure – has
been proposed by David Tománek,
professor of theoretical condensed
matter physics, and colleagues at
Michigan State University [Phys. Rev.
Lett. (2003) 91, 165503].
The material could be an estimated
30 times stronger than conventional
epoxy adhesives or 3000 times
stronger than the microscopic version
of velcro, which is made by carving tiny
hooks into Si wafers. Most solid
materials bonded to the CNT-based
nano-velcro, however, will break before
the nano-hooks come apart. Tománek’s
team calculates that two hooks can
straighten out enough to be pulled
apart if yanked sufficiently hard but,
once separated, will spring back into
place on each separate substrate,
unharmed. When pushed back
together again, the hooks link up
once more.
The energy stored as the hooks bend
while separating heats them to about
1000°C. However, nanotubes are
robust enough to withstand this
without breaking, and are very good at
conducting heat away from their ends.
Individual carbon nano-hooks were first
created nearly ten years ago, and
some researchers have managed to
grow entire forests of them, but not
routinely en masse.
Since the nano-hooks can be grown
on selective pieces of surface
geometry using lithographic-like
patterning techniques, a typical
application of nano-velcro would be to
fasten a diamond coating onto specific
parts of a metal surface or to join
parts of nanoelectromechanical
systems together.

MECHANICAL PROPERTIES

Semiconducting and piezoelectric nanosprings of ZnO.
(Courtesy of Zhong Lin Wang, Georgia Institute of Technology.)

body. Their small size could allow them to be
implanted into the body for biomedical
monitoring, says Wang.
The piezoelectric properties of the nanosprings
could also make them useful for transducers in
detecting and measuring very small fluid flows,
nano- or pico-newton strain/stress forces, and
high-frequency acoustic waves, as well as
actuators in micro- and nanosystems.

Firming up applications of nanoparticle fluids
MECHANICAL PROPERTIES

When an electric field is applied to an ER fluid, the randomly
distributed particles form chains and then columns, creating a
solid. (Courtesy of Weijia Wen, Hong Kong University of Science
and Technology.)

Researchers from Hong Kong University of Science
and Technology and the Chinese Academy of
Sciences have made an electrorheological (ER) fluid
from nonconducting silicone oil-based suspensions
of dielectric 50-70 nm barium titanyl oxalate
nanoparticles coated with a 3-10 nm thick layer of
urea. On applying an electric field, the nanoparticles
align in columns (as shown). The fluid then behaves

as a solid – as hard as plastic when perpendicular
shear forces are applied [Nat. Mater. (2003) 2
(11), 727]. “For the first time, we can controllably
harness the very large, nanoscale electric field of
molecular dipoles to reversibly generate solid-liquid
transitions within 0.01 s,” says Ping Sheng. “Our ER
fluids can realize many of the applications thought of
before but never made practical due to the
insufficient yield stress of conventional ER fluids.”
Previous studies determined that a yield stress of
20-50 kPa is needed for widespread applications.
Static yield stress in the suspension increases
linearly with electric field – 130 kPa at 5 kV/mm
with 30 vol.% nanoparticles. Short-range
interactions between the urea-coated molecules
and the core nanoparticle and/or the oil may be
crucial to such a giant electrorheological effect.
The researchers now plan to develop prototype
devices. Such a translation of electrical signals
(e.g. from sensors) into mechanical signals could
yield ‘smart’ dampers, valves, and clutches for
active control of vehicles.
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Nanoscale iron to clean up?
METALS AND ALLOYS

Nanoscale Fe particles represent a new generation of
environmental remediation technologies that could quickly and
cost-effectively clean up contaminated soil and groundwater. This
is a trillion-dollar problem that encompasses more than 1000
still-untreated Superfund Program sites in the US, 150 000
underground storage tank releases, as well as landfills,
abandoned mines, and industrial sites, says Wei-xian Zhang of
Lehigh University’s Department of Civil and Environmental
Engineering [J. Nanoparticle Research (2003) 5 (3/4), 323].
When metallic Fe oxidizes, organic contaminants such as
trichloroethene, carbon tetrachloride, dioxins, or PCBs get
broken down into simple carbon compounds that are far less
toxic, while dangerous heavy metals such as Pb, Ni, Hg, or even
Ur are reduced to insoluble forms that stay locked in the soil
rather than spreading through the food chain.
But the coarse metallic Fe powder currently used in industrial
waste purification reactors cannot treat pollutants that have
already seeped into the soil and water. Fe nanoparticles have
10-1000 times greater surface reactivity and larger surface
area, so they can be suspended in a slurry, pumped into a
contaminated site, and follow groundwater flow to destroy toxic
compounds in situ. This is similar to in situ biological treatments
that use specialized bacteria to metabolize toxins, but the Fe
particles are not affected by soil acidity, temperature, or
nutrient levels. In addition, Fe nanoparticles can slip in between
soil particles and avoid getting trapped.

Injection of iron
nanoparticles

Contaminant
source

Transformation of
fertilizers (eg. NO3 – )

Dechlorination of organic
solvent (e.g. CCl4, C2Cl4)

Detoxification of pesticides
(e.g. Lindane, DDT)

Immobilization of
metals (e.g. Pb, Cr, As)

Site remediation with Fe nanoparticles.

Lab and field tests by injection into an aquifer confirm drastically
lower contamination levels within a day or two, and near
elimination (to federal groundwater quality standards) within a
few weeks. The nanoscale Fe remains active for 6-8 weeks, or
until the remainder dissolves in the groundwater.
The cost of treatment has shrunk from about $500 per kg in
1995 – when Zhang and colleagues first developed a chemical
route for synthesizing the particles – to $40-$50 per kg now.
Decontaminating an area of ~100 m2 requires 11.2 kg. Zhang is
currently forming a company to mass produce the nanoparticles,
which are already in pilot production.

Sorting the metallic from the nonmetallic
FABRICATION AND PROCESSING
Researchers at Rice University and the
University of Illinois at UrbanaChampaign are the first to chemically
select and separate carbon nanotubes
based on their electronic structure
[Science (2003) 301, 1519].
“Other than low-cost mass production,
there’s no bigger hurdle to overcome in
carbon nanotechnology than finding a
reliable, affordable means of sorting
single-walled carbon nanotubes,” says
Richard Smalley, director of Rice’s
Carbon Nanotechnology Lab. “If we can
develop new technology based on
electronic sorting and reliably separate
metallic nanotubes from semi-metallic
and semiconducting varieties, we’ll have
a terrific tool.”
The 56 varieties of single-walled carbon
nanotubes have subtle differences in
diameter or physical structure, leading
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to marked differences in electrical,
optical, and chemical properties: onethird are metallic, the rest
semiconducting. “Until now, everyone
had to use mixtures of nanotubes and,
by a process of elimination, select the
desired device characteristics afforded
from a myriad of choices,” adds James
Tour, Chao Professor of Chemistry.
Their use has been severely limited,
however, partly because of the difficulty
in separating and sorting the varieties
that result from all methods of
production. “Nanotubes tend to stick
together and form bundles, making it
even more difficult to separate and use
them,” says lead author Michael Strano,
professor of chemical and biomolecular
engineering at Illinois. But several years
ago, Strano developed a technique for
breaking up bundles of nanotubes and

dispersing them in water laced with a
surfactant. Now Strano, together with
Monica Usrey and Paul Barone, have
teamed up with Tour and Christopher
Dyke to apply the same reaction
chemistry to the surfaces of nanotubes
in order to select metallic tubes over
semiconductors.“Now there is the
possibility of generating homogeneous
devices,” says Tour.
To control nanotube chemistry, they
added water-soluble diazonium salts to
nanotubes suspended in an aqueous
solution. The reagent extracts an
electric charge and chemically bonds to
the nanotubes under certain controlled
conditions. Adding a functional group to
the end of the reagent creates a
‘handle’ that allows selective
manipulation of the nanotubes using
techniques including chemical

deposition and capillary electrophoresis.
“The consensus has been that the
chemistry of a nanotube is dependent
only on its diameter, with smaller tubes
being less stable and more reactive,”
says Strano. “Our reaction pathways
are based on the electronic properties.”
These, in turn, are determined by the
structure of the nanotube. “So we have
a way of grabbing hold of different
nanotubes by utilizing the differences in
this electronic structure,” he explains.
“Because metals give up an electron
faster than semiconductors, the
diazonium reagent can be used to
separate metallic nanotubes from
semiconducting nanotubes.”
Since the chemistry is reversible,
thermal treatment can remove the
chemical handles and restore the
electronic structure.

