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Abstract. Multifunctional nanorods have shown significant potential in a wide range of biomedical
applications. Nanorods can be synthesized by a top down or bottom-up approach. The bottom-up
approach commonly utilizes a template deposition methodology. A variety of metal segments can easily
be incorporated into the nanorods. This permits high degrees of chemical and dimensional control. High
aspect-ratio nanorods have a large surface area for functionalization. By varying the metal segments in
the nanorods, spatial control over the binding of functional biomolecules that correspond with the
unique surface chemistry of the metal segment can be achieved. Functionalized multicomponent
nanorods are utilized in applications ranging from multiplexing, protein sensing, glucose sensing,
imaging, biomolecule-associated nanocircuits, gene delivery and vaccinations.
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INTRODUCTION

Multifunctional nanorods offer a unique ability to
combine a number of essential diagnostic, imaging, delivery
and dosage properties. Nanoparticles or nanorods show
characteristic size dependent properties with the greatest
effects observed in the 1-10-nm size range (1-3). This is due
to the large surface area-to-volume ratio of nanoparticles,
which increases surface free energy to a point that is
comparable to their lattice energy. Nanorods have the
capacity for large variations in composition. In addition,
their properties have been exploited and designed for specific
biological applications by taking advantage of the additional
degrees of freedom associated with nanorods in comparison
to spherical particles (4). In recent years, there has been an
escalation in the development of techniques for synthesis of
multicomponent nanorods and subsequent surface function-
alization. Multifunctional nanoparticles exhibit characteristic
electronic, optical, and catalytic properties significantly
different from those of their individual constituent metals.
Multifunctional nanoparticles are therefore of considerable
interest in the basic and applied biotechnology sciences (5-7).
Previous reviews have provided an introduction to multi-
functional nanocarriers such as liposomes, micelles, nano-
emulsions and polymeric nanoparticles (8), to formation and
uses of multisegmented nanorods with respect to applications
in magnetics, optics and circuitry (9), or to biological
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applications of single component high aspect ratio nano-
particles (10). The following review focuses on the most
recent advances in the preparation and use of multifunctional
nanorod systems in biomedical applications such as sensing,
and drug and gene delivery.

SYNTHESIS
Seed Mediated Synthesis

Nanorods can be synthesized via a “top-down” or
“bottom-up” approach by using a hard template or seed
mediation method, respectively. Whereas lithographic meth-
ods use a “top-down” miniaturization of patterns, the
alternative approach of the “bottom-up” construction of
objects has been suggested as a means to overcome the
limitations of lithography (11). A variety of synthetic
chemical methods have been used in the formation of
metallic nanoparticles. The most common method involves
mild chemical reduction of metal salts in solution phase. The
reducing agents used include sodium borohydride (5,12-15),
sodium citrate (16), ascorbic acid (17) and less commonly
sodium dodecylbenzene sulfonate (18) or hydrazine. These
reducing agents are added to the metal ion solutions.
Examples of metal ions used include Fe**, Cu**, Ag* or
Pd®* (19). Nanoparticle stabilization can be achieved by
surrounding or combining the metal center with sterically
bulky materials such as surfactants or polymers. Additionally,
synthesis of Ag, Au, Pd or Cu nanoparticles or metal colloids
has been achieved by reduction of metallic salts in dry
ethanol (3), utilization of air-saturated aqueous solutions of
poly (ethylene glycol; PEG; 20), or use of precursors in the
form of corresponding mesityl derivatives (1,21).

The chemical synthesis of one-dimensional nanorods and
nanowires using a catalyst works by directing the growth of a
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single crystal material through a vapor, liquid, solid (VLS)
mechanism. Liquid-forming agents or catalytic agents are
required for VLS growth to occur (22). The evolution of a
solid from a VLS phase involves two fundamental steps:
nucleation and growth. As the concentration of the building
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blocks, such as atoms, ions, or molecules of a solid becomes
sufficiently high, they aggregate into minute clusters, also
known as nuclei, through homogeneous nucleation. If they
are given a constant supply of building blocks, these nuclei
can function as seeds for further growth of larger structures.

Table I. A Schematic Demonstrating A Large Number of Synthetic Methods, Including Chemical Synthesis (Bottom-up) and Deposition
(Top-down) for Forming Single and Multi-functional Nanorods

Method
Proposed Mechanism Description
of
Synthesis
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The formation of a crystal requires a reversible pathway
between the building blocks on the solid surface and those in
the liquid phase. These conditions allow the building blocks
to easily adopt the appropriate positions necessary for
developing the long-range-ordered, crystalline lattice. In
addition, the building blocks need to be supplied at a well-

controlled rate in order to obtain crystals with a homogenous
composition and uniform morphology. The catalyst defines
the diameter of the nanorods and preferentially directs the
addition of the reactant to the end of the growing nanorod
(Table I). The process has been compared to a polymeriza-
tion addition of monomers to a growing polymer chain (23).
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More challenging has been the development of a simple
chemical synthetic approach to produce multicomponent
nanoparticles. A few studies have reported formation of
bimetallic nanostructures through chemical synthesis. For
example, Jin and Dong (24) have described a simple method
for preparing novel Ag—-Au bimetallic colloids with hollow
interiors and bearing nanospikes by seeding with citrate-
reduced silver nanoparticles. Dumbbell-shaped Au-Ag core-
shell nanorods were also produced using the same method
with gold nanorods substituted as the seeds under alkaline
conditions (Fig. 1; 5,25). The synthesis of one-dimensional
nanostructures such as nanowires is dependent on constrain-
ing the growth of the material in two directions to within a
few nanometers and permitting growth in the third direction.
The key to achieving one-dimensional growth in materials,
where atomic bonding is relatively isotropic, is to break the
symmetry during the growth rather than simply arresting
growth at an early stage. While this approach is relatively
straightforward for single component materials, it becomes
more challenging for multi-component materials with defined
stoichiometries (26).

Mechanical Synthesis

A common method for generating multicomponent metallic
nanowires and nanorods is template-directed synthesis that
involves either chemical or electrochemical depositions (27).
Template deposition yields a monodisperse suspension of
individual particles due to the uniformity and density of the
template pores. Each nanorod can have different metal seg-
ments along the nanowire (Fig. 2). Each segment can then be
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Fig. 1. TEM image of dumbbell shaped Au/Ag nanoparticles. The
contrast indicates the core-shell structure, with the bright segments
indicating silver. Reprinted with permission from (5). © American
Chemical Society (2004).
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Fig. 2. SEM image showing Ni/Au/Ni nanowires assembly by Hise-
ELP-Hiss biopolymers. Reprinted with permission from (112).
© Institute of Physics (2006).

derivatized with metal-specific chemistries (4). This method is
also available for nanotube and core-shell nanorod synthesis.

Template-based methods utilize either hard templates or
soft templates. The hard templates include inorganic mesoporous
materials such as anodic aluminum oxides, zeolites, mesoporous
polymer membranes, block copolymers, carbon nanotubes, and
glass, amongst others. Soft templates commonly refer to
surfactant assemblies such as monolayers, liquid crystals, vesicles
and micelles (28). The terms template-free or chemical template
method are used to describe these methods (26).

A number of materials have shown potential as tem-
plates for the fabrication of nanorods, nanotubes and nano-
wires. However, ion-track-etched membranes and anodic
aluminum oxide templates are the most regularly used
materials. These items include alumina and polycarbonate
filtration membranes obtainable through commercial sources
(29), as well as laboratory-made lithographic and anodized
alumina templates, which are formed using commercially
available aluminum sheets (30,31). Another advantage of
hard templates is that during synthesis, precise positions and
dimensions of the various constituents of the rods or wires
can be manipulated on a very large scale (28,32). For
instance, alumina templates have pore densities in the range
of 10'°-10'"" poresem™? (30). Electrochemical template
synthesis has produced both single and multi-component
nanowires with diameters as small as a few nanometers and
as large as one micron (4). To date, the major drawback of
hard template synthesis is the limited thickness of the
template membrane. For example, commercial alumina has
a thickness of 50-60 pum (30).

Multi-component nanorods are typically prepared by
taking a porous template, such as an alumina filtration
membrane, and coating one side with a metal film to act as
the working electrode. The open side of the template is then
immersed in the desired plating solution for electrodeposi-
tion. The nanowire length is dependent upon the current
passed. Once the desired length has been deposited, the
plating solution can be changed and plating may be resumed
to produce particles with segments of known length of
various specific metals. It is possible to produce large arrays
of segmented wires with complex striping patterns along the
length of the wires. The electrodeposition process can be
computer controlled for simultaneous synthesis of multiple
striping patterns in different membranes (30). Recent mod-
ifications to the electroplating process have been reported
which may increase the reproducibility and monodispersity of
rod samples by facilitating the mass transport of ions and
gasses through the pores of the membrane. The modifications
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a b

Fig. 3. FSEM images of a Pt-Ru, b Pt-Ru-Pt, ¢ Pt-Ru-Pt-Ru, d Pt-Ru-
Pt-Ru-Pt, e Pt-Ru-Pt-Ru-Pt-Ru nanorods with a 200-nm diameter.
Reprinted with permission from (38). John Wiley & Sons, Inc. (2005).

include (1) electroplating within an ultrasonication bath, and
(2) controlling the temperature via a recirculating tempera-
ture bath (33).

A variety of metal segments can easily be incorporated
into the nanowires. Nanorods or nanowires have been
prepared with Au, Ag, CdSe, Co, Cu, Ni, Pd, Pt, Ru and Sn
segments containing either bimetallic or ternary configura-
tions (Figs. 3 and 4; 30,31,33-39). These synthetic methods
permit high degrees of chemical and dimensional control and
allow for the formation of useful nanoparticulate systems
with a wide variety of biological applications.

A combination of electrochemical methods can also be
used to grow bimetallic nanowires. Walter et al.. describe a
complimentary method for preparing long bimetallic nano-
wires that are compositionally modulated along the axis of
the nanowire. The method was described as the “wiring” of
two metals. This process utilizes particles of one metal and
nanowires of a second. The method is a combination of “slow
growth” and nanowire growth, both of which are forms of
electrochemical deposition. The beaded bimetallic nanowires
were manufactured up to one millimeter in length and in
parallel arrays (40).

In addition to chemical and electrochemical deposition,
nanowires can also be created via non-electrochemical
deposition, sol-gel deposition and biomolecule deposition.

Sol-gel processing has progressed into a useful and
broad-spectrum means of preparing highly stoichiometric
nanocrystalline materials, especially those consisting of
multicomponent oxides. Sol-gel processing involves the
hydrolysis of a solution of precursor molecules to first obtain
a suspension of colloidal particles (the sol) followed by con-
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densation of sol particles to produce a gel (41,42). Precursors
may be either organic metal alkoxides in organic solvents or
inorganic salts in aqueous media. Each precursor can have
different reactivities, hydrolysis and condensation rates, and
is able to form nanoclusters of its specific metal or metal
oxide, yielding complexes of multiple oxide phases, instead
of a single phase complex oxide. This property is advan-
tageous when pursuing multiple surface functionalities (26).

The utilization of biological components for the forma-
tion of various inorganic nanorods has also been reported.
One of the earliest noted biological templated nanowire
synthesis involved metallization of double-stranded DNA
between two electrodes to form a conductive silver nanowire.
Specifically, complementary single-stranded DNA was used
to bridge a 12-um gap between two gold electrodes, which
was then coated with silver via a deposition and enhancement
process in order to form 12 um long 100 nm-wide conductive
silver wires (43,44).

Additional examples include Ferritin, which contains a 5
nm diameter ferric oxide core that can be converted to a
template upon reduction of the Fe,O; interior. Once the core
material has been removed, the channel can be remineralized
with various inorganic oxides, sulfides or selenides, such as
CdS, CdSe, FeS or MnO (11,45-48). Diphenylalanine B-
amyloid short-chain peptides form nanotubes which have been
used as templates for growing silver nanowires. The tubes were
added to a boiling ionic silver solution, and the silver was sub-
sequently reduced with citric acid to ensure a consistent as-
sembly of the silver nanowires. The peptide template was
removed via enzymatic degradation with proteinase K. Analysis
of the nanorods showed an 80-90% yield of metal assemblies
within the tubes (11,49). Another protein, a-Synuclein, can self-
assemble into hollow tubes through B-sheet formation in vitro.
Fibrillization is enhanced by exposure to various metal ions.
The chemicals used in the metallization process were silver
nitrate (AgNOj3) potassium tetrachloroplatinate (K,PtCl;) and
sodium borohydride (NaBH,). During the metallization pro-
cess, the cations react with the aminoacyl side chains of the
protein at basic pH. The average diameter of the resultant Ag
and Pt nanowires was in the range of 40-50 nm, with lengths
varying between 500 nm and 1 um (50).
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Fig. 4. CdSe nanorods and wires after a one template wetting cycle,
b two template wetting cycle, ¢ three template wetting cycle, d four
template wetting cycles. Reprinted with permission from (122).
American Chemical Society (2006).
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Peptide assisted nanorod synthesis can also be achieved
by the specific assembly of protein subunits into template
structures (Table I). These templates can then pattern the
generated metal nanowires. The f-actin filament has been
utilized as a soft template for the formation of gold nanowires.
The filament was covalently modified with 1.4 nm gold
nanoparticles (Au NP) which had been functionalized with
single N-hydroxysuccinimidyl ester groups. Magnesium (2+)
and Sodium (1+), which were used to assemble the g-actin
monomer units into the filament, were removed upon dialysis
of the ATP. This reaction led to filament separation and the
formation of gold nanoparticle-functionalized g-actin subunits.
The gold nanoparticle-functionalized g-actin subunits were
then used as adaptable building blocks for the Magnesium—
Sodium-ATP-induced polymerization of the functionalized
monomers to generate the Au NP-functionalized filaments of
a predesigned pattern. Electroless catalytic gold deposition on
the gold nanoparticle-functionalized f-actin filament produced
one to 3-um-long gold wires. The nanorod height, which was
dependent on the duration of gold deposition ranged from 80—
150 nm. The ability to sequentially polymerize the actin
filament on the gold-actin wire allowed for patterning. Either
actin/Au-wire/actin filaments or inverse Au-wire/actin/Au-
wire patterned filaments were generated (11).

Functionalization

A major challenge in synthetic nanotechnology is to not
only customize the size, shape and composition, but also to
optimize the functionality of the nanoparticles (1). High
aspect-ratio nanoparticles have a large surface area for
functionalization. When multiple functionalities are intro-
duced, they can be located in optimal positions, depending on
their roles, i.e. targeting, tracking or transporting. This avoids
molecular interference due to randomly distributed groups,
which could lead to malfunction of the system (51). The
introduction of different metals allows for the selective
functionalization of portions of the nanoparticles (52). For
many nano-systems, multifunctionalization can increase spec-
ificity of action as well as solubility (53), and compared with
monometallic nanoparticles, some bimetallic alloy nanopar-
ticles with a core-shell structure have been reported to
exhibit higher catalytic activity (54-56). In order to achieve
successful functionalization, the nanowires must be cleaned
and isolated, and each functionalization reaction must cor-
respond with the unique surface chemistry of the metal. For
instance, gold wires are most often functionalized with thiols,
while nickel is most often functionalized with carboxylic
acids, which bind to the native oxide layer on the metal (57).

A multifunctional arrangement can also be achieved
with nanotubes. The hollow structure allows for two different
surfaces which can be autonomously modified with distinct
functional groups using a template synthetic method similar
to that of nanorods and wires (51). This arrangement pos-
sesses the additional function of molecular carrier, as nano-
tubes have hollow spaces which may be filled with species
ranging in size from large proteins to small molecules (58).

Though surface polymeric functionalization is by far the
most common means to nanorod specificity, Mbindyo et al.
demonstrated that internal polymeric incorporation is also a
possibility for multifunctional arrangements. Striped nano-
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wires incorporated 16-mercaptohexadecanoic acid polymer
segments sandwiched between the metallic segments. An
electrodeposition method with a track etched polycarbonate
membrane that was coated with a 100 nm layer of gold was
utilized. Monolayers of 16-mercaptohexadecanoic acid were
assembled at the tip of the nanowires followed by electroless
plating to introduce metal caps on top of the monolayer (59).

Similarly, Herndndez et al. reported the synthesis of seg-
mented Au-polypyrrole—-Au nanowires. This metal-polymer
hybrid synthesis was taken a step further by incorporating
proteins in the polymer component. Protein incorporation is
an improved step towards biocompatible sensors and assem-
blies. The nanowires were made using anodic alumina tem-
plates in aqueous phosphate-buffered saline solution by either
constant potential or potential cycling electrochemical meth-
ods. The choice of electrochemical method had an influence on
the morphology, appearance, and adhesion of polypyrrole films
(60). The nanowires were 300 nm in diameter and a few micro-
meters long. Following synthesis, the nanowires were analyzed
with respect to various growth parameters, such as pH, mono-
mer concentration and electrochemical method of growth. The
choice of electrochemical method leads to differences in kinetic
and mechanical behavior of the nanowires that are relevant to
their use in sensors and self-assembling structures. The proteins
avidin and streptavidin were introduced into the nanowires by
entrapment during polypyrrole polymerization. The biotin—
avidin association was used to monitor the protein incorporation
and accessibility in the conducting polymer segments of the
nanowires as a function of the conditions of synthesis (61).

Single-crystal nanorods, wires and tubes can be rendered
multifunctional depending on the means of functionalization.
For example, Banerjee et al. selectively functionalized nano-
tubes to achieve location specific protein functionalities. This
configuration could be important in the formation of nano-
devices, as selective protein functionalization may be more
suitable than DNA due to the increased quantity of highly
selective interactions toward their complimentary proteins
(58,62-66). We have shown that selective functionalization of
multi-component nanorods can be achieved using metal-
specific chemistries. For example, with Au-Ni bimetallic
nanorods, thiol moities can be used to bind biotin (67,68),
proteins (69) or cell targeting ligands (36) to the Au segment.
Carboxylic acid moieties can be used to bind DNA to the
Ni portion or can be used to block the surface of the
central segment of tri-component nanowires so that only
the tips are functionalized (36,68). Such end-functionalized
multi-component nanorods have potential for use in micro-
switch arrays or for building hierarchical structures (67,68).
Several groups have successfully achieved various selective
functionalization of single and bimetallic nanoparticles with a
variety of arrangements. Table II illustrates a number of
functionalization strategies on selective gold, nickel, or
platinum segmented nanorods.

BIOLOGICAL APPLICATIONS

Protein—protein interactions, enzymatic conversions, and
single molecule stochastic behavior take place at the nanoscale.
Therefore, nanoscale based measurements allow reinterpreta-
tion of observations from large-scale or bulk techniques in
order to gain new insight into molecular events that have
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cellular, tissue, and organismal phenotypic manifestations (70).
A wide variety of nanorods and wires have been utilized in
biological applications, such as construct of electronic or
sensor device configurations. The synthesis of smart nano-
tubes, rods and wires which are able to recognize specific
complementary molecules and perform specific functions has
become increasingly important. With increased specificity we
can continue to derive novel devices and procedures by
guiding those nano-sized building blocks to the correct
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position through molecular recognitions and self-assemblies
(66-68).

Multiplexing

Driven by demands for cost-efficiency, there is an ever-
increasing need to quantify a large number of species from
minute sample volumes and to find disease biomarkers or
genetic mutations in bioanalysis. Multiplexing gives research-

Table II. Examples of Selective Functionalization of Multisegmented Nanowires for Use in Biomedical Applications and/or Self Assembly

within alumina templates. Adapted from reference (4)
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Biotinylated ActA-NH2 Selectively Bound to the Au Segments on Au/Pt/Au Nanowires. Adapted from reference (4).
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Thiolated ActA-NH2 Protein Selectively Bound to the Au Segments on Au/Pt Nanowires. Adapted from reference (4).
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ers a way to perform thousands of simultaneous assays (35).
There are numerous novel approaches to multiplexing
involving multicomponent nanorods containing a bimetallic
striped pattern. Current assays for determining DNA se-
quence rely on spatial addressing. With nanoparticles,
biomolecule identity is optically programmed in the particles
themselves. This is frequently a florescent or Raman scatter-
ing signature (39,71-76). Encoded particles are functionalized
with the objective biomolecule and then several particle
patterns are blended to generate a solution-based analogue
of a microarray. Solution arrays promise greater biorecogni-
tion efficiencies due to improved diffusion and flexibility (30).
Keating et al. reported the use of striped metal nanowires as
bar-coded substrates for multiplexing. The barcoded nano-
rods demonstrated the ability to be functionalized for
detection of specific analytes. The experiment included a
sandwich assay in which a nanorod, functionalized with a
biomolecule, bound an analyte from solution. A fluorescently
tagged secondary antibody or oligonucleotide was also added
for detection. Figures 5 and 6 show the approach used for
three simultaneous sandwich immunoassays. It was critical
for the flourophore to be located sufficiently far from the
metal surface so that quenching may be avoided. This is
especially important for those particles functionalized with
small moieties, such as oligonucleotides (30).

A similar approach using fluorescence to designate
analyte presence and barcode pattern to ascertain analyte
identity was used by Tok et al. The degree of binding with
antibody-conjugated multi-striped metallic nanowires and a
fluorophore-tagged antigen target was investigated. The
purpose of the detection was to enable rapid and sensitive
single and multiplex immunoassays for biowarfare agent
stimulants. Hybridization and capture kinetics of the objec-
tive analyte in solution favored the nanowires over standard
fixed array-based formats. A ferromagnetic Ni component
was incorporated in order to facilitate magnetic field
manipulation of the nanoparticles. Tests were performed
with a set of three nonpathogenic stimulants: Bacillusglobigii
spores to simulate Bacillus anthracis and other bacterial
species, RNA MS2 bacteriophage to simulate Variola (the
virus for smallpox) and other pathogenic viruses, and
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ovalbumin protein to simulate protein toxins such as ricin
or botulinum toxin. The samples demonstrated successful size
variant capabilities, ranging from 2 um to 2 nm (77).

These techniques rely on spectrometric encoding with
distinct spatially embedded barcodes, which overcome many
of the problems associated with conventional multiplexing
planar arrays. With the available optical resolution, the
number of possible readable “barcodes” that comprise two
metals with a coding length of 6.5 mm is limited to 4160. In
contrast, for three-metal barcodes, 8.0x 10’ distinctive striping
patterns are possible (11). However, the efficiency of these
striped barcodes is still limited by the need for coupling
chemistries and single batch synthesis. Pregibon et al. have
produced two-dimensional multifunctional particles capable
of analyte encoding and target capture. Their synthesis uses
two polymers, one containing fluorescent dye and the other
an acrylate-modified probe. Streams of each monomer were
flowed adjacently down a microfluidic channel while using a
variation of continuous flow lithography to polymerize the
particles. As a result, particles with amalgamated fluorescent,
graphically encoded regions and probe-loaded regions were
synthesized in one step. Each particle produced was an
extruded two-dimensional shape with a variable morphology
determined by a photomask which is inserted into the field-
stop position of the microscope and whose chemistry is
determined by the content of the co-flowing monomer
streams. The coding system is a simple series of dots that
can generate over a million codes. Particles were designed to
be digitally read along five lanes, with alignment indicators
used to identify the code position and direction regardless of
particle orientation. A variety of channel designs was used to
generate particles bearing a single probe region, multiple
probe regions, and probe-region gradients (Fig. 7). The
system’s multiplexing capabilities were tested using acrylate-
modified oligonucleotide probes for sequence detection. The
largest benefit of this approach is the reproducibility, high
throughput detection and direct incorporation of probes into
the encoded particle. This system has the potential for
incorporation of magnetic nanoparticles within the gradient,
which could produce a temperature variation along the particle
when stimulated in an oscillating magnetic field (78).

Fig. 5. a Close-packed array of 300 nmx6 pm, Ag-Au-Au-Ag-Ag—-Au-Au-Au striped metal rods. b Reflectivity image of an assortment of
five varieties of antibody-functionalized rods used in a multiplex sandwich immunoassay. ¢ Fluorescence image for the rods from b. The
ellipses denote the absence of fluorescence signal from particles lacking a bound analyte. Reprinted with permission from (30). © John Wiley

& Sons, Inc. (2003).
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Fig. 6. A schematic of a bimetallic barcode multiplexing experiment. The left diagram illustrates how
reflectivity can be used to identify and quantify particles. The right diagram demonstrates how a measure of
reflectivity and fluorescence intensity is performed for each particle. Diagram is adapted from reference (30).

Protein Sensing and Absorption

Nanosensors based on semiconductor nanostructures,
such as carbon nanotubes, nanowires, and nanorods, have re-
cently attracted considerable attention for detecting a variety
of protein molecules (79,80). Successful application of a
protein sensor requires specific protein binding capabilities.
Similar to the multiplexing technique, many groups have
incorporated multifunctionalizations for location and type-
specific protein attachment. However, specifically attaching
proteins to individual segments of nanowires in order to
achieve differential functionalization is particularly challeng-
ing because proteins tend to bind to most surfaces (4).

Meyer and colleagues have reported successful selective
protein adsorption onto multicomponent nanowires. Two-
component gold-nickel nanowires (10-25 um long; 200 nm
diameter) were selectively functionalized with alkylterminated
monolayers on nickel and hexa (ethylene glycol) (EGg)-
terminated monolayers on gold. Selective functionalization
was achieved using metal specific gold-thiol and nickel-
carboxylic acid interactions. Alexa Fluor® 594 goat antimouse
IgG fluorescently tagged antibody proteins preferentially
adsorbed to the methyl terminated nickel surfaces, but the
EGg-terminated gold wires resisted protein adherence. The
results demonstrated that multicomponent nanostructures can
be modified at the molecular level to yield materials on which
proteins adsorb selectively in specific regions (57,81).

Sheu et al. achieved protein binding and subsequent
electrical detection through a multicomponent system con-
sisting of gold nanoparticles bound to N-(2-Aminoethyl)
-3-aminopropyl-trimethoxysilane (AEAPTMS)-pretreated
silicon nanowires. The silicon nanowires were fabricated by
scanning probe lithography and wet etching methods. Con-
ductance changes were measured in order to monitor the
reaction between the gold particles and the nanowire surface.
A thiol-engineered enzyme, KSI-126C, was then bound to the
gold nanoparticles on the surface of the wires. Shifts in turn-
on voltage clearly demonstrated the system’s effectiveness
following the binding of the protein molecules and gold
nanoparticles (82). Nanorods that can sense proteins at low
concentrations also have potential in a wide variety of
applications including glucose sensing.

Glucose Sensing

Currently, over 18 million Americans are living with
diabetes. To help control this disease, patients must carefully
monitor their blood glucose levels in order to make
appropriate food choices or determine the need for insulin
injections (83). Given this widespread need for glucose
monitoring, the use of functionalized nanotubes and nano-
rods for glucose sensing is an increasingly researched area.
For example, composite electrodes have been constructed by
mixing carbon nanotubes with granular Teflon (84). The
Teflon acted as a binder, with the carbon nanotubes acting as
the conductor. H,O, and NADH redox activity in the Teflon/
carbon was observed at potentials significantly lower than
those observed with the graphite/Teflon electrodes. The
ability for low-potential detection of H,O, and NADH
makes the carbon nanotube/Teflon composite electrode
appealing for biosensing applications when used in combina-
tion with oxidase and dehydrogenase enzymes. Including
either glucose oxidase or alcohol dehydrogenase in the
composite turned the majority of the electrode into a
reservoir for the enzyme. Amperometric sensing of glucose
and ethanol was carried out with these electrodes, and signals
of up to 2.4 pA were observed. The low-potential detection
allowed these carbon nanotube/Teflon composite electrodes
to be very selective, and unaffected by common hindrances
such as acetaminophen or uric acid at voltages of 0.1-0.2 volts.
The multifunctional structure of these electrodes combines
the electronic properties of carbon nanotubes with the
benefits of bulk electrodes (84).

Another multifunctional nanoparticle that has been used
to study amperometric sensing ability is single-walled carbon
nanotubes (SWNTs) with non-covalently bound enzymes (85).
SWNTs with adsorbed glucose oxidase were drop-dried onto
glassy carbon to be used as electrodes in various solutions.
When exposed to glucose, large anodic current responses were
observed at these electrodes, as would be expected with
catalytic oxidation of glucose. Though the glucose oxidase
was bound to the carbon nanotubes, the enzymatic activity was
not hindered in the binding. When comparing these results to
the same electrode with immobilized glucose oxidase only, the
system with the SWNT generated a current more than ten
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Fig. 7. a An illustrative method for synthesis of dot-coded particles via polymerization across two adjacent laminar streams which form single-
probe, half-fluorescent particles as depicted in b. ¢ A representation of specific particle features for encoding and analyte detection. The
encoding scheme developed allows for the invention of 22 (1,048,576) unique codes. d A differential interference contrast (DIC) image of the
particles generated. e-g An overlap of fluorescence and DIC images of single- (e), multi-, and gradient- (g, leff) probe encoded particles.
Upper f is a diagram of multi-probe particles and right g is a plot of fluorescent intensity along the center line of a gradient particle. Scale bars
designate 100 mm in d, f, and g and 50 mm in e. Reprinted with permission from (78) © AAAS (2007).

times greater than the immobilized system. The high conduc-
tance and transducing ability of the SWNTs coupled with the
high enzyme loading resulted in this significant increase.

In the past ten years, several groups have studied the use
of individual semiconducting SWNTs as sensors by incorpo-
rating them into field-effect transistors (FETs; 86). A FET is
made up of two electrodes, one a source and one a drain,
connected by a semiconducting channel. When the appropri-
ate voltage is applied to a gate, current will flow through the
channel. A single nanotube biosensor to detect glucose was
composed of SWNTs that were formed by chemical vapor
deposition. A lithographically patterned electrode was then
attached to each end. Pyrene butanoic acid was used as a
coupling agent to immobilize glucose oxidase to the tube.
The pyrene binds to the nanotubes through Van der Waals
interactions and the carboxylic acid forms an amide bond
with the enzyme. Figure 8 shows an idealized schematic
picture of the nanotube setup. The strong potential that
carbon nanotubes have shown in enhancing glucose sensing
should be readily extrapolated to nanorods and nanowires
prepared from a range of other materials.

Imaging

When metal is in the form of a colloidal particle, the
condition for excitation of a plasmon is shifted as compared
to its equivalent bulk material. The absorption spectra of
many metallic nanoparticles is characterized by a strong
broad absorption band that is absent in the bulk spectra.
Gold nanorods can be used as sensors because of the size and
shape dependence of their optical properties and the ease by
which their surfaces can be modified using biological
molecules, such as proteins and DNA, primarily through
Au-S bonding (5). Bimetallic nanowires that are composi-
tionally modulated along the axis of the nanowire can form
the basis for nanowire optical labels. As a result, multifunc-
tional nanomaterials have considerable potential as units for
cancer-specific therapeutic and imaging agents (51). Plas-
monic metal nanoparticles have significant potential for
applications in chemical and biological sensing because they
possess sensitive spectral responses to the local environment
of the nanoparticle surface. This allows for easy monitoring
of the light signal due to their strong scattering or absorption
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Fig. 8. Schematic of two electrodes connecting a semiconducting

nanotube with glucose oxidase immobilized on its surface. Adapted
from reference (86).

(32,35,87). By incorporating numerous segments within one
particle, they are able to serve as multi-wavelength fluores-
cent tags. The only requirement for this technique is that the
nanorods emit bright light at room temperature (88). The use of
ternary compounds (a-b—c) will institute band gap energies
between the two binary constituents (a—b) and (b—c). Thus, by
controlling the composition of the metals one could design the
band gap of an active region. Svensson et al. presented a
GaAsP segment with a direct band gap into a GaP nanowire,
which innately has an indirect band gap (Fig. 9). The segment
was then able to function as an optically active segment. The
heterostructure GaP/GaAs; P,/ GaP metallic nanowires were
produced by metal organic vapor phase epitaxy. The wires
were approximately 2.8 um in length with a midline width of
around 60 nm. A photoluminescence system was utilized to
demonstrate single nanowires emitting different wavelengths at
room temperature. Further analysis showed that when the
segments are grown with PH; flow in parallel with AsHj3, the
spectra are blue shifted, with the shift magnitude dependent on
PH; flow. The structures would be effective components of
optoelectronic devices or tags within biomedical analytical
systems (88). Significant effort has been concentrated on the
band-edge emission in semiconductor nanostructures (89-96).
Lanthanide (Yb**/Er’*, Yb**/Tm>", etc.)-doped materials
possess unique upconversion fluorescence properties, whose
growth may increase these compound’s promise for use as an
ultrasensitive multicolor biolabel (97-99). Hexagonal NaYF, is
one of the most efficient visible upconversion host materials.
However, accurate control of its crystallinity, morphology, and
especially epitaxial growth had not been successfully achieved
until recently (100-102). Wang and Li have recently
demonstrated the synthesis, downconversion/ upconversion
fluorescence, and self-assembly of the anthanide-doped
Na(Y;sNags)Fs (hexagonal NaYF,) single-crystal nanorods.
The straightforward protocol should be applicable to other
Na(Ln; sNags)Fs systems, and together with increased

Fig. 9. a An image of the GaAsP segment within a GaP nanowire.
The wire length is approximately 740 nm. b A magnification of the
GaAsP segment. The scale bar is approximately 200 nm. Reprinted
with permission from (88). © Institute of Physics (2005).
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functionalization success, could lead to a highly effective and
novel ultrasensitive biolabel for in vivo imaging (103).

Biomolecule-Associated Nanocircuits

A significant advantage of nanowires, compared to other
low dimensional systems, is that they have two quantum
confined directions. This leaves the third dimension uncon-
fined, which is optimal for electrical conduction. This
property allows nanowires to be used in applications where
electrical conduction rather than tunneling transport is
required (26). Cadmium selenide (CdSe) is the most exten-
sively studied compound semiconductor because of the
versatile size-tunable properties of its nanostructures (104).

One-dimensional nanowires, specifically, are able to
prevent reduction in signal intensities which are innate to
higher-dimensional structures. This property of the one-
dimensional nanostructures provides a sensing modality for
label-free and direct electrical readout when the nanostruc-
ture is used as a semiconducting channel of a chemiresistor or
field-effect transistor (105,106). This type of label free direct
detection is especially advantageous for rapid and real-time
monitoring of receptor-ligand interactions with a receptor-
modified nanostructure. This is particularly true when the
receptor is a biomolecule such as an antibody, DNA, or
protein. In the future, this procedure could prove to be
critical for accurate clinical diagnosis (106).

Lazarek et al. have developed a highly reproducible
multicomponent nanorod system with conductance charac-
teristics and possible applications in imaging. Optically active
nanostructures were produced that yield devices which are
electronically functional at the nanometer scale. This was
accomplished via delivery of DNA-modified nanoparticles
capable of site-specifically addressing the tips of vertically
aligned carbon nanotubes. These then serve as catalysts for
the growth of zinc oxide (ZnO) nanorods (Fig. 10). The
starting material for the ZnO nanorod growth on carbon
nanotube tips are highly ordered multiwalled carbon nano-
tubes within an aluminum oxide nanopore template. Nitric
acid etching introduced carboxylic groups at defect sites,
which are located at the tips. The tips can be accessed and
linked by the introduction of single-stranded amine-termi-
nated DNA using amide-coupling chemistry in aqueous/

v

Fig. 10. ZnO-CNT hybrid nanostructures from DNA sequence
dependent catalyst placement. SEM images of different ZnO nano-
rods on top of multiple CNTs are taken at various angles, 30° left
panel and 45° right panel, respectively. All SEM scale bars are 50 nm.
Reprinted and adapted with permission from (123). © American
Institute of Physics (2006).
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Fig. 11. Sequential images showing the bimetallic nanowire rotating as it is driven by an F,-ATPase motor
at 2 mM. The F;-ATPase motor attaches to the nickel segment of the nanowire. The length from the rod
axis to tip is 0.7 pm, the rod’s rotary rate is 3.7 r.p.s., and the duration between images is 40 ms. Reprinted

with permission from (109). © Springer (2006).

organic solvent mixtures. After the conjugation of an amine-
terminated DNA strand to the carbon nanotube tips, a
complementary second strand was attached to a 20 nm gold
particle and hybridized. This ensured that the nanoparticles
bound to the carbon nanotube tips. It was noted that some
nanotubes exhibited up to three nanoparticles on their tips.
The gold nanoparticle-modified carbon nanotubes then
underwent chemical-vapor deposition using a VLS growth

process (107). ZnO nanorods developed from the gold
nanoparticle catalyst attached to the nanotube tips. The
resulting ZnO-carbon nanotube structures had a gold contact
at the ZnO end. The uniform length, vertical alignment of
the ZnO-carbon nanotube structures, and presence of a gold
nanoparticle contact at the ZnO tip were amenable to
electrical characterization with conductive probe atomic
force microscopy. Several hundred current-voltage measure-

Fig. 12. A two-step protocol for nanotube spearing. a A rotating magnetic field drives the Ni-tipped nanotubes to spear the cells. In the
second step, b a static field persistently pulls nanotubes into the cells. V indicates the direction of the velocity while F indicates the direction
of the magnetic field. The bottom images are SEM micrographs of MCF-7 cells before ¢ and after d the spearing process, Scale bars in ¢ and
d are 1 pm and 500 nm, respectively. The ovals indicate the location of embedded nanotubes. The small dots on the surface of the cell are
microvilli, which exhibit similar densities between the two cells (15 microvilli/um®) Photographs and adapted schemes from reference (110).

Reprinted with permission from Macmillan Publishers Ltd. © (2005).
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Fig. 13. Typical TEM images of EGFP-GNR conjugates a before
and b after irradiation with laser beam (70 uJ/pulse for 60 s).
Reprinted with permission from (112). © Institute of Physics (2006).
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ments carried out on the system showed that DNA-directed
formation of ZnO-carbon nanotube structures is site specific,
size controlled, and also yields a heterojunction that is
electronically functional (108).

Future applications in nanocircuitry are not restricted to
electrical conductance. Synthesized nanomachinery offers
some unique opportunities to harness cellular functions for
diagnostic or therapeutic uses. For example, Ren et al. have
shown that multicomponent nanowires can be assembled
with F;-ATPase motors in order to form a nano-biohybrid
device. These have potential in advanced biosensors and
force bioactuators. The F;-ATPase mechanism involves an
inner y subunit, which rotates against the surrounding osf;
subunits during the hydrolysis of ATP in the three catalytic
subunits of the F;-ATPase. The reverse rotation of y subunit
in ATP synthase, powered by proton flow, results in ATP
synthesis in three B subunits.

Regular application of the F;-ATPase motor would be
highly dependent on the ability to fabricate and functionalize
the propellers for the motor. As a possible solution to this
problem, multi-component nanowires were utilized with
three segments of Ni/Au/Ni fabricated by electrochemical
deposition. The rods were selectively functionalized with
thiol modified single-stranded DNA and a biotinylated
peptide on the gold and nickel segments, respectively.
Attachment of the F;-ATPase motor was achieved through
the nickel segment of the nanowire via the biotin-streptavi-
din linkage. Observation of the rotation of the motor-driven
propeller (Fig. 11) established the nanowires capability for
successful nanoscale assembly and selective functionalization
(109). It also highlights the potential of combining biologi-
cally active moieties with inorganic nanorods. Such hybrid
inorganic-biological nanorod systems have shown significant
potential in gene and drug delivery applications.

Multi-functional Nanorods for Gene Delivery

Gene therapy is highly dependent on the ability of the
carrier to efficiently deliver the plasmid DNA to the target
cells. Cellular uptake of the delivery system is a major barrier
confronting these carrier systems. In order to overcome this
barrier associated with gene transfection, Cai et al. prepared
carbon nanotubes with nickel end segments that can be
magnetically manipulated (Fig. 12). The carbon nanotubes
were grown by plasma-enhanced chemical vapor deposition
with ferromagnetic catalyst nickel particles enclosed in the
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tips. The delivery of the nanotubes to the cell interior is
achieved by using a magnetic field to increase the momentum
of the nanoparticles to a point where the tubes can penetrate
the cell membrane without significant damage. Splenic B
cells, ex vivo neurons and transformed mouse B lymphocytes
all demonstrated high transduction efficiency, as long as the
process was accompanied by (1) nanotubes with plasmids, (2)
exposure to a magnetic field and (3) subsequent magnetic
response of the nanotubes. Perturbation of the cellular
structure was minimal. Even in typically delicate neuronal
cells, the cell populations exhibited viability equivalent to the
controls. This study focused on plasmid DNA delivery, but
potential applications could extend to transportation of other
biomolecules such as proteins, peptides or RNA. The process
is easily controlled via the magnetic field strength (110,111).

Recently, studies have explored the possibility of
developing better control of nanocarriers by applying photon
irradiation to trigger biological activity (112). In this way, the
carrier would not only deliver the gene to the cell, but also
serve as the switch to turn on gene expression. Near-infrared
(NIR) irradiation has good therapeutic potential, as it can
penetrate deeper into the tissues and would cause less
damage when compared to UV-vis irradiation (113,114).
For example, EGFP DNA has been conjugated to gold
nanorods (EGFP-GNR conjugates). EGFP is the enhanced
green fluorescence protein gene, which can be used to track
and visually show gene expression both in vitro and in vivo
To characterize the effects of NIR irradiation, UV-vis
spectroscopy, electrophoresis, and transmission electron
microscopy were used to reveal the optical and structural
properties of the nanorod conjugates before and after laser
treatment (Fig. 13). When the EGFP-GNR conjugates were
exposed to femto-second NIR irradiation, the gold nanorods
changed their shapes and sizes, and released DNA. After
EGFP-GNR conjugates were introduced into HeLa cells and
irradiated with the NIR source at a dose that did not cause
significant lethality, GFP expression was specifically ob-
served in areas locally exposed to laser irradiation. Cell
targeting ligands can be utilized to further enhance the
efficacy of nanorod mediated gene delivery.

Fig. 14. a A live HEK293 cell (red/633 nm, green/543 nm).
Rhodamine (633 nm) identifies the subcellular location of the
nanorods whilst GFP expression (543 nm) provides confirmation of
transfection. b and ¢ Orthogonal sections confirm that the nanorods
are within the cell. Confocal microscope stacked images d of a live
HEK 293 cell stained with Lysotracker Green identifying the
location of the nanorods (Rhodamine) in relation to acidic organelles
in both orthogonal sections e and f. Reprinted with permission from
(36) and Macmillan Publishers Ltd. © (2003).
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We have taken advantage of the ability to selectively
functionalize different metal segments of metallic nanorods
for self-assembly and gene delivery applications (36,67-69).
For example, we selectively functionalized two segment
gold—nickel nanorods with a cell targeting ligand, transferrin,
on the gold segment and plasmid DNA on the nickel segment
(Table II). The DNA was bound to the nickel electrostati-
cally by suspending the nanorods in a 0.1 M solution of 3-[(2-
aminoethyl)dithio] propionic acid (AEDP). The carboxylic
acid terminus of the AEDP binds to the native oxide on the
nickel segment resulting in primary amine end groups which
are spaced by a reducible disulfide linkage. (115). Tranferrin is
an iron-transport protein involved in receptor-mediated endo-
cytosis that promotes cell uptake. To confirm the presence and
location of the nanorods in the transfected cells, rhodamine
was also tagged to the transferrin. Spatial control over the
binding of the transferrin and plasmid DNA ensured that they
did not interfere with each other. SEM images and confocal
microscopy showed that the nanorods were internalized by the
cell and located in the cytoplasm or acidic organelles. Figure 14
shows cellular location and confirmation of transfection with
the green fluorescent reporter gene. Transferrin attachment to
the nanorods increased luciferase transgene expression by
fourfold when compared to nanorods with plasmid DNA
alone in the human embryonic kidney (HEK293) cell line.
Further enhancement of nanorod uptake by cells could be also
be achieved by using a magnetic field to drive the nickel por-
tions of the nanorods towards the cell surface. When nanorods
were delivered bollistically by the gene gun to the shallow sub-
dermal layers of murine skin, a strong but transient luciferase
transgene expression was detected indicating strong potential
for genetic vaccination applications (36).

Multi-functional Nanorods for Vaccine Applications

Multifunctional nanorods can significantly enhance an
antigen-specific immune response. In a follow-up study to the
multi-component nanorods for non-viral gene delivery, we
engineered gold-nickel nanorods with ovalbumin (OVA), a
model protein antigen, on the gold segments and empty
insert plasmids with an immunostimulatory CpG sequence on
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the nickel segment. When both OVA and CpG motifs were
bound to the same nanorod, we observed a tenfold increase
in the CD8+ T-cell response in comparison to OVA delivery
on nanorods alone (Fig. 15). In the body, antigens are taken
up by antigen presenting cells, such as macrophages and
dendritic cells. Antigens can be processed via class I or class
II pathways. If processed via the class II pathway—which is
typical for antigens alone—a strong CD8+ T-cell response is
not generated. CpG motifs help to chaperone the antigen to
be processed via the class I pathway by binding to toll like
receptor 9 (69,116-118). The multifunctional nanorods, in this
case, are critical in ensuring that both the antigen and CpG are
delivered to the same cell. When the encoded antigen is tumor
specific,astrongCD8+Tcellandantibodyresponsecanbegenerated
to attack the tumor and prevent recurrence (69,115,119-121).
Multifunctional nanorods, therefore, have significant potential
as immunotherapeutic anti-tumor vaccines.

CONCLUSION

This review has discussed some of the key developments
in multifunctional nanorods for use in biomedical applica-
tions. Depending on the synthesis method and type of
functionalization, the nanorods can be used in DNA detec-
tion assays, protein and glucose sensing, targeted gene
delivery, and vaccine applications. Applying these specific
functionalities to different segments of the nanorods greatly
increases the versatility of the system and allows for
additional functionalities to be introduced for imaging,
positioning, and delivery enhancement. Continued explora-
tion into the possibilities of multifunctional nanorods could
overcome previous hurdles in this exciting and convergent
field of biomedical research.

ACKNOWLEDGEMENTS

We gratefully acknowledge support aided by grant
number IRG-77-004-28 from the American Cancer Society
and the National Science Foundation Nanoscale Exploratory
Award. J. Melanko thanks the University of Iowa for a
Presidential Fellowship.

pcDNA3 -
Nanorods

AL

CD8 (Surface)

5

IFN-y (Intracellular)

Fig. 15. Ovalbumin-specific CD8 responses in C57BL/6 mice immunized with various antigen-nanorod particle
formulations. C57BL/6 mice were immunized with control blank plasmid (CpG motif) bound to nanorods,
ovalbumin antigen-nanorod formulation and ovalbumin antigen/control blank pcDNA3 (CpG motif)-nanorod
formulation via a gene gun. Reprinted with permission from (69). © Institute of Physics (2005).
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