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Abstract In this review, we highlight our recent achieve-
ments in using colloidal gold nanoparticles as building
blocks for fabrication of anisotropic and multicomponent
nanoparticles (e.g., nanoshells, semiconductor nanocrystals,
and gold nanorods). The tunable optical properties of these
nanoparticles are well suited for various biomedical and
biophotonic applications.
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Introduction

Colloidal nanoparticle synthesis chemistry has experienced
a renaissance in the last 10 years, driven by substantial
improvements in the methods used to fabricate monodis-
perse nanosized colloidal particles [1, 2]. Scientists have
found that when the size of these colloidal particles is
sufficiently small, their properties can differ from those of
the bulk materials, which makes them very attractive in
applications ranging from physics to biology [1, 3, 4]. The
development of these nanoparticles (NPs) has become a
significant subject of chemical research, and they have led
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to advances in several areas of science and technology. A
good example of the synergism between scientific dis-
covery and technological development is the biomedical
field, where discoveries of new luminescent semiconductor
particles led to development of new optical probes for
cancer and disease diagnosis, which had traditionally relied
upon on organic dyes [5—13]. The progression of this
nanotechnology will require the development of smaller,
ultrasensitive, and smart multifunctional NPs, resulting in
biomedical probes with different imaging modalities that
allow noninvasive imaging for early detection of disease
onset or real-time monitoring of disease treatment courses.
For example, Nie’s group has reported the use of multi-
functional nanoparticle probes based on semiconductor
quantum dots (QDs) for cancer targeting and imaging in
living animals [14]. Their results strongly suggest that these
unique functionalized particles are potential bioprobes for
ultrasensitive and multiplexed imaging of molecular targets
in vivo. Bawendi’s group demonstrated that quantum dots
allow a major cancer surgery, sentinel lymph node
mapping, to be performed in large animals under complete
image guidance [15]. More recently, they defined the
requirements for renal filtration and urinary excretion of
quantum dots [16]. Prasad’s group demonstrated the use of
InP/ZnS QDs as non-cadmium-based highly biocompatible
QDs for two photon imaging of cancer cells [17]. Halas’
group has demonstrated a gold nanoshell-based all-optical
platform technology for cancer imaging and therapy
applications [18-20]. More specifically, they have engi-
neered the nanoshells to scatter light in the near-infrared
(NIR), which enables optical cancer imaging, and to absorb
light, which allows selective destruction of targeted
carcinoma cells through photothermal therapy. El-Sayed’s
group has demonstrated the application of gold NPs and
nanorods (NRs) as novel contrast agents for both in vitro
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molecular imaging and photothermal cancer therapy [21,
22]. All these fascinating findings suggest that NPs will
play an important role in the future health care and disease
treatment.

Scientists are increasingly capable of manipulating the
shape and composition of colloidal particles, which in turn
affects their unique optoelectronic properties [23-28].
These non-spherical particles are ideal candidates for
biomedical applications such as biosensors and contrast
agents for diagnosis of human diseases. For example, our
group has shown the application of carefully designed
quantum rods (QRs) in confocal and two-photon imaging
of cancer cells (see Fig. 1) [29, 30]. Also, we have used
QRs for in vivo imaging studies (see Fig. 2). Alivisatos’
group has reported that quantum rods were brighter single
molecule probes than quantum dots [31]. Chao et al. [32]
have presented the detection of prostate-specific antigen
with n-type In,O; nanowires (NWs) and p-type carbon
nanotubes. Gao et al. [33] have demonstrated the use of a
silicon NW array for direct electrical detection of DNA at
femtomolar levels. Shi Kam et al. [34] created functional-
ized single-wall carbon nanotubes (SWNTs) with a folate
moiety for selective cancer cell destruction without harming
the normal cells. These encouraging results on anisotropic
nanomaterials as biological markers and sensors may
provide an avenue for further improvements in ultrasensi-
tive imaging and detection strategies.

This review is focused on the latest advances in our
group on solution phase synthesis of anisotropic and hybrid
nanomaterials. We describe the use of gold NPs to produce
metallic nanoshells, anisotropic semiconductor nanocrystals
(NCs), and gold NRs, as well as the properties and some
biophotonics applications of these nanomaterials. These
particles are very interesting from the point of view of their
optical properties, which strongly depend on the particle
size, shape, composition, and surface coating. The basic

Fig. 1 Confocal microscopy
images of HeLa cells labeled
with transferrin-conjugated
CdSe/CdS/ZnS quantum rods;

a fluorescence image and

b the corresponding transmis-
sion image
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methods of synthesizing gold NPs are first described in
“Synthesis of gold NPs” since their sizes directly affect the
final shape or structure of the seeded or functionalized
particles. “Nanoshell fabrication using gold NPs” describes
our results on fabrication of gold and silver nanoshells
using gold NPs and the influence of the initial size of the
gold NPs on the nanoshell morphology and properties.
“Anisotropic growth of semiconductor nanocrystals using
gold NPs” focuses on using gold NPs to promote anisotropic
growth of semiconductor nanocrystals. “Synthesis of gold
NRs” summarizes our strategy of using various suitable
additives (e.g., co-surfactants and electrolytes) to tailor the
morphology ofgold NRs, and finally, “Application of gold
NRs in bioimaging” briefly describes some bioimaging
applications of these functionalized nanomaterials.

Synthesis of gold NPs

Gold NPs have been a subject of intensive research for the
last 20 years due to their interesting optical and catalytic
properties [35]. Michael Faraday was the first to scientif-
ically investigate their synthesis and unique optical proper-
ties [36]. In 1857, he prepared stable gold colloids by
reducing gold chloride with phosphorus in water. To date,
his original samples are still preserved and on display at the
Faraday Museum in London. Even before the “actual”
discovery by Michael Faraday, colloidal gold was com-
monly used to stain glass to provide a ruby-like color. For
example, gold was used in the ruby colored glass window
in Milan Cathedral, Italy, made by Niccolo da Varallo in
~1486, illustrating the birth of St. Eligius, patron saint of
goldsmiths [37].

Gold NPs are well known for their surface plasmon
resonance (SPR) properties, which originate from collective
oscillation of their conduction electrons in response to
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Fig. 2 In vivo fluorescence imaging of a mouse instilled with QRs by
pharyngeal aspiration. This approach is used to investigate the
biodistribution and toxicity of QRs on small animals. The image
was acquired using Maestro™ FLEX In Vivo Imaging System. Tissue
autofluorescence is shown in green, while the unmixed QR signal is
shown in red. The corresponding fluorescence spectra of QR and
autofluorescence are shown in the inset

optical excitation [38]. The SPR frequency of gold NPs has
been shown to depend on particle size, shape, and dielectric
properties, aggregate morphology, surface modification,
and refractive index of the surrounding medium. For
example, the SPR peak of 13 nm spherical gold colloids
is around 520 nm and that of 5-6 nm silver NPs is around
400 nm. Gold NPs have been used in display devices,
catalysis, biological markers, DNA sensors, surface-
enhanced Raman scattering, and electronics [39—44]. The
synthesis and characterization of gold NPs have thus
attracted considerable attention from both fundamental
and practical points of view. To date, many methods
including chemical reduction of metal salts, photolysis or
radiolysis of metal salts, ultrasonic reduction of metal salts,
and displacement of ligands from organometallic com-
pounds have been used to prepare gold NPs [36].

In situ chemical reduction of tetrachloroauric acid
(HAuCly) precursor is perhaps the most popular route for
synthesizing gold NPs. Reducing agents such as sodium or
potassium borohydride [45], hydrazine [46], ascorbic acid
[47], nitric/hydrochloric acid [45], and dimethyl formamide
[48] are commonly used in the reduction of metal ions.
When a reducing agent is added to the solution containing
the metal salt, the metal ions are reduced and metallic solid
particles are nucleated. Because NPs tend to be unstable in
solution, special precautions have to be taken to avoid their
aggregation or precipitation. The most common strategy is
to employ surfactants as capping agents, which not only
prevents aggregation but also results in functionalized and
stabilized metal particles [49]. For example, cystine [50],
ionic, and nonionic surfactants [51], CS, [52], sodium citrate

[53], nitrilotriacetate [54,] 3-aminopropyltrimethoxysilane
[55], 2-mercaptobenzimidazole [56], and dendrimers [57]
have been used as surface active agents that bind to the gold
NPs to both limit particle growth and to create a stable
colloidal dispersion. Previous studies have also shown that
the metal particles can be successfully synthesized without
stabilizing agents. However, the colloidal stability of
particles prepared with “bare” surfaces is usually temporary.

In our group, four kinds of gold NPs were prepared, with
their sizes, surface coating, and surface charges specifically
tailored for advanced fabrication of nanomaterials. The four
types of gold NPs are, namely, citrate-capped gold NPs,
tetrakis(hydroxymethyl)phosphonium chloride (THPC)-
capped gold NPs, cetyltrimethylammonium bromide
(CTAB)-capped gold NPs, and organically dispersible
dodecylamine (DOD)-capped gold NPs. Both citrate-
capped gold and THPC-gold particles are used to decorate
the surface of PS spheres, where they were used as
nucleation sites for synthesis of metallic nanoshells.
CTAB-gold NPs are specifically used to obtain monodis-
perse gold NRs by a seed-mediated growth approach.
Lastly, DOD-gold NPs are utilized as seeds to direct the
one- and two-dimensional growth of semiconductor nano-
crystals by hot colloidal synthesis. In the next few
subsections, we briefly discuss the synthesis methods for
each type of gold NPs as well as their physical and optical
properties.

Citrate-capped gold NPs

Gold NP production by citrate reduction of HAuCl, in
water was first introduced by Turkevitch in 1951 [58].
Since then, various modifications were made to the original
recipe to obtain particles of different size. Particles
produced by this approach are hereafter called citrate-
gold. In brief, to make citrate-gold, HAuCl, solution is
heated at 90 °C. Next, a freshly prepared sodium citrate
solution is introduced to the hot solution. A few minutes
later, the solution will change from colorless to a deep
wine-red. The resulting red sol contains citrate-gold NPs
approximately 12 nm in diameter and has a sharp SPR peak
at 520 nm (see Figs. 3 and 4).

THPC-capped gold NPs

For the preparation of THPC-gold NPs, the method
described by Pham et al. was adopted [59]. Basically, a
freshly prepared mixture of NaOH and THPC solution is
added to a flask containing pure HPLC water. The reaction
mixture is aged and then HAuCl, solution is added. The
color of the mixture slowly changes from yellow to dark
brown, indicating the formation of THPC-gold NPs. The
reduction of chloroauric acid with THPC results in relatively
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Fig. 3 Absorption spectra for citrate-gold and THPC-gold NPs

small gold NPs, ~2 nm in diameter, with a net negative
interfacial charge. For THPC-gold NPs, no SPR peaks are
observed, which is consistent with many literature reports
that there is no SPR feature for such small Au particles
(see Fig. 3).

CTAB-capped gold NPs

The synthesis of CTAB-gold NPs was first reported by
Nikoobakht et al. [60]. The CTAB-gold NPs are frequently
used as seeds for the synthesis of monodispersed gold NRs
with various aspect ratios. The fabrication of CTAB-gold
NPs is straightforward and simple. Briefly, CTAB solution
is mixed with HAuCl, solution. Ice-cold NaBH, solution is
quickly added, resulting in the formation of a light-brown
solution. The average size of these gold seeds is ~4 nm,
with a net positive interfacial charge [61]. For CTAB-gold
NPs, similarly, no SPR peaks are observed.

100 nm

Fig. 4 TEM image of citrate-gold NPs. The particles size is estimated
to be 12 nm
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Organically dispersible dodecylamine passivated gold NPs
(DOD-gold NPs)

Brust’s two-phase method for gold NP synthesis was first
published in 1994 and had a very strong impact on the
nanoparticle field because it allowed the facile synthesis of
thermally stable and air-stable gold NPs of reduced
dispersity and controlled size for the first time (with
diameter between 1.5 and 5.2 nm) [62]. In general, to
synthesize these particles, a bright yellow HAuCl, solution
is mixed with tetraoctylammonium bromide solution. The
mixture is vigorously stirred. Phase separation occurs
immediately, yielding an orange/red organic phase on top
and a clear/slightly orange tinted aqueous phase on the
bottom. The organic phase is separated, and the aqueous
phase is discarded. Dropwise addition of NaBH, solution,
with stirring, produces an instant color change of the
organic phase, from an orange-red to a deep-red color. In
general, these particles were readily dispersible in toluene,
chloroform, and tetrahydrofuran and could be repeatedly
precipitated and redissolved. By increasing the surfactant to
precursor ratio, the SPR peak can be tuned from ~535 to
~500 nm, indicating that the particle size decreases as the
dodecylamine surfactant concentration increases (see
Fig. 5). Figure 6 shows a TEM image of the typical DOD-
gold NPs synthesized using 0.12 g of dodecylamine.

Nanoshell fabrication using gold NPs

Nanoshells are spherical nanoparticles consisting of a
dielectric core (e.g., silica or polystyrene) covered by a
thin layer of metal. These structures have a tunable SPR
that gives rise to intense optical absorption and scattering
[63]. In this core-shell morphology, the plasmon resonance
frequency of the nanoparticle can be tuned by changing the
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Extinction (a.u.)
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Fig. 5 Absorption spectra for different sizes of DOD-gold NPs; the
gold NPs size decreases as the concentration of dodecylamine
increases
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Fig. 6 TEM image of DOD-gold NPs

shell thickness relative to the diameter of the core. Nano-
shells can be fabricated with optical resonances from the
visible to the near-infrared region of the spectrum, easily
spanning the key part of the spectrum (700-1,300 nm),
where optical transmission through tissue is optimal. To
date, the usefulness of metallic nanoshells has been
demonstrated in applications ranging from photooxidation
inhibition in photoluminescent polymer films, to Raman
sensors that can be optimized to specific pump laser
wavelengths, to optically triggered drug delivery [64].
Since gold nanoshells offer the added features of high
biocompatibility and facile bioconjugation to antibodies via
general protocols adapted from gold colloid bioconjugate
chemistry, their near-infrared optical properties make them
an ideal candidate for a whole blood immunoassay.
Recently, we have reported the fabrication of silver and
gold nanoshells on polystyrene (PS) spheres of different
diameters, ranging from 145 to 543 nm, using a solution
phase synthesis technique [65, 66]. In our approach, the
carboxylate-terminated polystyrene spheres were first func-
tionalized with 2-aminoethanethiol hydrochloride to obtain
thiol-terminated microspheres. Next, a partial layer of the
citrate-gold NPs or THPC-gold NPs was attached onto the
surface of thiol-terminated microspheres. These were
further grown in the presence of excess metal ions (silver
or gold) to render a complete shell. By varying the absolute
shell thickness of the silver or gold on the polystyrene
spheres, the peak of the surface plasmon absorbance band
was tuned from the visible to the near-infrared (~500—
940 nm; see Fig. 7). Representative TEM images of gold
nanoshells with different shell coverage formed on 188 nm
THPC-gold-decorated PS NPs are presented in Fig. 8. It
was observed that the gold nanoshells fabricated using
formaldehyde as reducing agent have a more uniform
coating than those prepared using sodium borohydride or
hydroxylamine hydrochloride. In general, it is very impor-

tant that all small gold NPs grow evenly on the particle
surfaces, so that after the gold particles have grown to a few
nanometers, all particles will coalescence, and the resulting
gold shell has a uniform thickness. Also, we observed that
necklace-like chain aggregate structures of gold core-silver
shell NPs could be formed by reducing silver nitrate
directly onto free citrate-gold NPs. The plasmon resonance
absorption of these aggregates could also be systematically
tuned across the visible spectrum.

Anisotropic growth of semiconductor nanocrystals
using gold NPs

A growing array of synthetic methods has been developed
to produce nearly monodispersed spherical NCs [67-69].
Nanometer-sized particles of semiconducting materials
allow control of the electronic and optical properties by
control of the particle size [70]. Once the diameter of the
nanoparticle becomes smaller than the bulk exciton radius,
the energy levels in these nanometer sized particles become
quantized, and the transitions are locked into discrete
energy states, as opposed to the band structures in bulk
semiconductors. Under these size limits, producing quan-
tized (discrete) energy levels, the NCs are also called QDs.
They can be synthesized in organic phase followed by
surfactant exchange and additional surface functionalization
as needed for subsequent applications or to be dispersed in
aqueous systems. The use of semiconductor QDs as
luminescence probes for numerous biological and bio-
medical applications has become an area of intense research
focus over the last few years [71, 72]. These unique
luminescent materials can have significant advantages over
traditional fluorescent probes like organic dyes and fluo-
rescent proteins. For example, QDs with different emission

Extinction (a.u.)

500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Fig. 7 Absorption spectra of gold nanoshells fabricated with a
~145-nm diameter polystyrene core and ~25-nm thick gold shell.
The stable solution of gold nanoshells possesses a strong extinction
peak at ~870 nm
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Fig. 8 TEM images of gold
nanoshells with different
coverage of gold shell; the scale
bar is 200 nm

colors can be simultaneously excited with a single light
source, with minimal spectral overlap, providing significant
advantages for multiplexed detection of molecular targets.
Also, QDs have been shown to remain brightly emissive
even after long periods of excitation, whereas organic dyes
are photobleached quickly. Furthermore, QDs can be tuned
to emit in a range of wavelengths by changing the
nanoparticle size, shape, and composition, whereas new
organic dye moledcules must be designed to shift their
emission towards desirable wavelengths. This flexibility in
optical tuning allows the QDs to emit in the NIR region,
which is optimal for imaging through tissue. Thus, the size-
tunable emission from the visible to infrared wavelengths,
broad absorption spectra, and superior brightness and
photostabilty of QDs have led to their development as a new
generation of optical probes for diagnostic imaging [73].
Interesting behavior is observed when semiconductor
NC shape evolves from zero-dimensional (0D) QDs to
one-dimensional (1D) quantum rods (QRs) or nanowires
(NWs). For example, it was reported that CdSe QRs
emitted light that was linearly polarized along the c-axis
of the crystallites and that the degree of polarization was
dependent on the aspect ratio of the NCs [23]. These early
studies of anisotropic NCs show that nanostructures of
different shapes (e.g., QRs and NWs) can offer new
possibilities for tailoring material properties and offer
improved performance when they are used as functional
components in lasers or various other memory and
optoelectronic devices [74-83]. To date, two major syn-
theses methods have been found to be very useful in
tailoring the shape of semiconductor NPs. Gas-phase
syntheses such as the vapor-liquid—solid (VLS) method
and thermal evaporation are powerful tools to fabricate low-
dimensional nanocrystals [84, 85]. For example, architec-
tures including wires, tubes, ribbons, and other more
complex shapes have been produced using the gas-phase
approaches. On the other hand, the liquid phase synthesis
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approach usually provides more convenient, facile, and
reproducible routes for producing nanocrystals with con-
trollable sizes and shapes [86]. More importantly, this
technique is scalable for higher production yield [87, 88].
This technique also enables the resulting NPs to be easily
dispersed in organic or aqueous media for numerous
potential applications where solution-phase processing such
as ink-jet printing, spin-coating, and roll-to-roll coating is
beneficial. Thus, the aim of our research is to provide
general strategies to tailor the shape and size of semicon-
ductor NCs. More importantly, we have identified underly-
ing mechanisms of the anisotropic nanocrystal growth that
will provide the colloidal synthesis scientific community
with helpful guidelines for tailoring the shape of NPs for
specific technological applications.

In general, the colloidal growth of nonspherical NCs is
achieved by one of two methods [2]. In one approach, the
reaction is carried out in the presence of a mixture
containing at least two surfactants with significantly
different affinities for different NC faces, such as a
phosphonic acid and a long-chain carboxylic acid or amine
[89, 90]. In hexagonal II-VI semiconductors, the strongly
adsorbed phosphonic acid slows the growth of the nano-
crystal and results in preferential growth along the c-axis of
the wurtzite structure. In this method, a high precursor
concentration is maintained, often via multiple injections of
the precursors into the reaction pot during the growth of the
nanocrystal. Another approach is the solution—liquid—solid
(SLS) method, analogous to the (VLS) approach for
growing NWs from vapor precursors [91]. This method
uses metallic NPs as seeds to promote anisotropic crystal
growth. The metallic seed particles melt, precursor atoms
dissolve in them, and crystal growth occurs at the metal’s
liquefied surface. This provides a lower energy path to
nucleation than homogeneous nucleation in the solution
phase [92]. NC rods or wires of materials including InP,
InAs, and Si have been prepared using metallic NPs as
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seeds [93]. Growth of CdSe, CdTe, CdS, and PbSe wires by
the SLS method using bismuth-coated gold NPs has been
reported, although those experiments were carried out by
technical grade (90%) trioctylphospine oxide containing
phosphonic acids that may also promote anisotropic growth
[94, 95].

Many excellent studies on the shape control of colloidal
nanocrystals have been demonstrated. However, the ability
to predict the final form of building blocks is still not fully
understood. If a general synthesis scheme can be developed
to control the shape of the nanocrystals, we could desirably
program the reaction system to produce the final building
blocks with desired shape, size, composition, and crystal-
linity. For the past 2 years, our group has done a series of
systematic investigation on the shape control of II-VI and
IV-VI nanocrystals by seeding their growth with gold NPs
under conditions where the seed particle does not melt.
CdSe, CdS, PbS, and PbSe nanocrystals with different
morphologies such as cylinders (QRs), wires, plates,
multipods, cubes, crosses, stars, and branched structures
were produced. It was found that the most important
parameter in determining the shape, size, and structure of
NCs is the concentration of the metal NPs and the precursor
ratio. In the next few sections, we will discuss the general
synthesis approach that we have developed for fabricating
anisotropic CdSe, CdS, PbS, and PbSe nanocrystals. The
anisotropic growth mechanism of the nanocrystals will also
be addressed.

Synthesis of anisotropic CdSe NPs

CdSe has a direct band gap of 1.89 eV and a Bohr radius of
4.9 nm [96]. It is commonly used in photovoltaics and in
light-emitting diodes for flat-panel displays [1]. Various
methods to tailor the shape and size of CdSe nanocrystals
(NCs) have been reported [3]. For example, CdSe NWs
have been fabricated by a solution process [97, 98] and
high temperature evaporation [99]. CdSe quantum rods
were prepared by solution techniques using structure-
directing agents [23], micellar templating techniques [100],
and microwave techniques [101].

To date, metal NPs have been used to induce one-
dimensional nanocrystal growth in other systems including
CdSe, CdS, CdTe, and PbSe with Bi/Au core/shell material
[94, 97, 98, 102], InAs with Au, Ag, or In, and Si and Ge
with Au [103—-105]. In these cases, the growth is proposed
to occur via the SLS mechanism [106], in which the metal
NPs melt and serve as nucleation sites where a supersatu-
rated precursor solution is converted into a crystalline
product. Recently, we have developed a single pot colloidal
synthesis approach for producing CdSe multipods and rods
using DOD-gold NPs as seeds [107]. In the presence of
these gold seeds, CdSe multipods and rods were obtained

(see Fig. 9). It was found that most of the anisotropic
growth took place during the first few minutes immediately
after injection of the reaction precursors. The initial
population of the multipods decreased and that of the rods
increased significantly as the reaction time progressed.
Also, we note that a gold particle is sometimes present at
the center of the multipod structure (see Fig. 10) although
homo-multipods constitute the dominant population.
Details of the anisotropic growth mechanism will be
addressed in “Comparison of anisotropic growth mechanism
between the CdSe and PbSe system.”

Synthesis of CdS nanoplatelets

CdS is one of the most important semiconductors in the I
VI group [108]. This well-studied semiconductor has a
direct band gap near 2.4 eV (similar for both cubic and
hexagonal polymorphs) at room temperature, and it is
currently used for photoelectric conversion in solar cells, in
light-emitting diodes for flat-panel displays and other
optical devices [109, 110]. For the past several years,
various synthesis methods have been developed to control
the semiconductor nanocrystal morphology [111]. For
example, thin CdS NWs were synthesized by laser ablation
[112]. Solution-based routes with the presence of surfac-
tants were used to synthesize one-dimensional CdS nano-
structures, such as NRs, NWs, nanotubes, and nanobelts
[113—115]. Our research focused mainly on applying gold
NPs to control the shape of the CdS nanocrystals [116]. By
simply adjusting the concentration of DOD-gold NPs and
reaction temperature, CdS nanocrystals with platelet mor-
phology were obtained. Figure 11 shows a TEM image of
the nanocrystal product composed of triangular, rectangular,
pentagonal, and hexagonal CdS nanoplatelets synthesized in
the presence of gold NPs. These can form a two-dimensional

Fig. 9 TEM image of quantum rods and bipods synthesized using
gold NPs
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Fig. 10 HRTEM image of multiple CdSe quantum rods growing out
from a single gold nanoparticle

nearly close-packed array. At present, the role of gold NPs in
directing the growth of nanoplatelets is not fully understood,
but it appears that they induce nucleation of the wurtzite
phase under conditions where the zinc blend phase would
preferentially nucleate in the absence of seed particles.
Further detailed studies are needed to map out the
mechanism of formation of CdS nanoplatelets in the
presence of gold NPs.

Synthesis of anisotropic PbSe NPs

Lead chalcogenides (PbS, PbSe, and PbTe) are very
promising materials for thermoelectric applications [117—

Fig. 11 TEM image of CdS nanoplatelets synthesized using gold NPs
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119]. Especially, PbSe, an important binary semiconductor
with small room temperature band gap (~0.28 eV) and large
exciton Bohr radius (46 nm), has attracted great attention
due to its wide potential applications in optical devices as
optical switches, near-IR communication, thermal, and
biologic images, and photovoltaic solar cells [120-122].
For example, our group has demonstrated the efficient
photosensitization at ~1,550 nm of a polymeric nano-
composite with colloidally fabricated PbSe semiconductor
quantum dots as the photoactive constituent [123]. We have
demonstrated the fabrication of PbSe NCs in a variety of
shapes using DOD-gold NPs as seeds [124]. The shape and
size of the PbSe NCs strongly depend on the concentration
of the metal particles and on the Pb to Se ratio in the growth
solution. We have discovered that at low concentration of
gold NPs (~0.0005 mmol metal atoms), QRs and T- and L-
shaped particles were formed, with QRs constituting the
vast majority of the population (>80%) as shown in Figs. 12
and 13. When the gold NP concentration was increased
(=0.025 mmol metal atoms), other morphologies such as
cross-shaped PbSe NCs and gold core-PbSe shell structures
were formed (see Fig. 14). In this case, we expect that the
essential contribution of the seed particle is simply to
provide a low energy interface for heterogeneous nucleation
of the PbSe nanocrystal that promoted the anisotropic
growth. Further discussion and comparison between the
growth mechanism of PbSe and CdSe system will be made
in “Comparison of anisotropic growth mechanism between
the CdSe and PbSe system.”

Synthesis of anisotropic PbS NPs

PbS is an attractive sulfide semiconductor with a band gap
energy of 0.41 eV and large excition Bohr radius [125]. It
has been used in applications mentioned above. Recently,
an exceptional third-order nonlinear optical property of PbS

\Yﬁ
]

Fig. 12 TEM image of PbSe quantum rods. More than 80% of the
population is quantum rods
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Fig. 13 TEM image of PbSe quantum rods with higher magnification

NPs has been found, which may be useful in optical devices
such as light-emitting diodes and high-speed optical
switches [126, 127]. The synthesis of PbS particles with a
variety of morphologies has been achieved by various
methods [128]. For example, rod-like PbS nanocrystals
have been produced using a combination of surfactant and
polymer matrix as the template [129]. PbS NWs as well as
nanosheets have been prepared by a polymer-assisted
solvothermal method [130]. These results establish that it
is possible to control the morphology of semiconductor
nanocrystals using solution phase chemistry, which has
important implications for both fundamental scientific
studies and future technological application.

In our study, PbS NWs were fabricated by a hot colloidal
synthesis approach [131], upon injecting trioctylphosphine
sulfur into a hot reaction mixture containing lead oleate,
hexadecylamine, oleic acid, and DOD-gold NPs. The NWs
morphology and size were found to be dependent on the

Fig. 15 TEM image of PbS NWs using gold NPs

concentration of the gold particles, composition of stabiliz-
ing agents and the Pb to S molar ratio. Figures 15 and 16
show representative TEM and SEM images of NWs with a
median diameter of ~35 nm and lengths up to 10 um. The
TEM and SEM images demonstrate the high degree of
crystallinity and narrow diameter distribution of the NWs.
To examine whether straight NWs can be produced in the
absence of gold NPs, control experiments were performed
at the same reaction conditions without using gold NPs. In
such experiments, NWs were obtained, but these wires
displayed a very different morphology with a high degree
of polydispersity, irregular branched structures, and highly
corrugated surfaces. The effect of gold seed particles
appears to provide nucleation sites to seed one-dimensional
growth of the semiconductor nanocrystals. The method
demonstrated here provides a facile hot colloidal method of
producing high-quality high-aspect-ratio PbS NWs of con-
trolled diameter in high yield. In addition to NWs, other

Fig. 14 TEM image of star-shaped PbSe NCs; the scale bar is
200 nm

Fig. 16 SEM image of PbS NWs using gold NPs
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interesting morphologies (such as gold core-PbS cube shell
structures) can be obtained upon changing the concentration
of gold NPs and precursor concentrations and the volume of
solvent (see Figs. 17 and 18).

Comparison of anisotropic growth mechanism
between the CdSe and PbSe system

Most previous studies of metal-seeded solution-phase
growth of crystalline semiconductor NWs and NRs have
been interpreted in terms of the SLS mechanism [86].
However, in our case, the metallic seed particles used (e.g.,
~4 nm Au particles) in the experiments are too large to melt
under the growth conditions (~220 °C), even accounting for
size-dependent reduction of the melting point [132, 133]. In
the case of CdSe, significant quantities of cadmium may
dissolve in the noble metals, and this alloying would lower
the melting point. This could enable a solid-state diffusion
mechanism to occur in our system like that proposed for
vapor—solid—solid growth of GaAs and InAs under con-
ditions where the seed particles remain solid [107]. For the
PbSe system, we also observe that the semiconductor
nanocrystals cleave from the noble metal seed particles.
Even though the mechanism in that case shares common
features with the CdSe case, there are also notable differ-
ences. The concentration of seed particles found to be
effective in seeding growth of PbSe quantum rods is
roughly a factor of 100 lower than that used to seed growth
of CdSe quantum rods. Also, Cd has appreciable solubility
in gold; however, Pb does not; therefore, the solid-state
diffusion mechanism that may be operative for CdSe

Fig. 17 TEM image of hybrid PbS-Au NPs where individual gold
nanoparticle is embedded in the middle of the PbS cube particle

@ Springer

Fig. 18 HRTEM image of hybrid PbS-Au NPs where individual gold
nanoparticle is embedded in the middle of the PbS cube particle

probably is not possible in that case. Thus, we expect that
the essential contribution of the seed particle is simply to
provide a low energy interface for heterogeneous nucleation
of the PbSe nanocrystal [124].

Anisotropic nanomaterials for electronic applications

It is now established that solution-processed polymeric
devices with embedded semiconductor nanostructures
(QDs, QRs, multipods, wires) have potential as platforms
for low-cost, large-areca versatile alternatives to their
inorganic optoelectronic and photovoltaic counterparts
[134, 135]. Semiconductor QRs or NWs, with their inherent
high mobilities and large aspect ratios, are good candidates
for transporting charge carriers in such hybrid devices.
Recently, we have also integrated one-dimensional nano-

200 nm

Fig. 19 TEM image of gold NRs
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crystals (e.g., PbSe NRs and PbS NWs) into polymer
nanocomposite photodetector devices, where they serve as
an IR photosensitizer. The one-dimensional nanocrystals
exhibit significant photogeneration efficiency, enabling
infrared sensitization of a polymeric photoconductive
nanocomposite [124, 131]. Further, careful tailoring of the
nanocrystals dimensions and optimized device composi-
tions are expected to enhance the photogeneration efficiency
at the desired operating wavelength, leading to much better
photoconductive performance.

Synthesis of gold NRs

The optical properties of gold NRs have recently received
great attention for their applications in a variety of areas
including enhanced spectroscopies, molecular electronics,

Fig. 20 Light scattering images of HeLa cells following a no
treatment and b treatment with Tf-conjugated AuMLP NRs; the
wavelength selective scattering (orange/red) associated with the NRs
can be clearly distinguished from the background and corresponds to
the surface plasmonic enhancement of the longitudinal oscillation in
the red region of the optical spectra

Fig. 21 TEM images a and b of HelLa cells treated with Tf-
conjugated gold NRs (circle points out the NRs). The scale bars for
a and b are 1,500 and 500 nm, respectively

gene delivery, and photothermal cancer therapy [136—138].
Gold NRs have two distinct plasmon resonance absorption
bands, a longitudinal band corresponding to electron motion
along the axis of the particle, and the transverse band

Fig. 22 TEM image of HeLa cells with unconjugated gold NRs. The
scale bar is 1,250 nm
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corresponding to motion along the short axis of the particle.
Generally, the absorption maximum for the longitudinal
band shifts to longer wavelengths with increasing aspect
ratio. To date, many solution phase synthesis methods have
been developed for preparing gold NRs. For example, the
template-directed method [139], the electrochemical method
[140, 141], the seed-mediated growth method [142-146],
and the photochemical reduction method [147, 148] were
most commonly used for fabricating gold NRs. This review
only covers the seed-mediated growth method as this method
has been widely used to produce monodispersed gold NRs
with variable aspect ratio [149].

In our approach, CTAB was used as the primary
surfactant and formed elongated micelles where the growth
of rod-shaped gold NPs occurred. Silver nitrate was used
promote growth of NRs rather than a mixture of various
shapes of NPs (e.g., triangles and cubes) [150, 151].
Nonionic surfactants such as Tween and Triton and
electrolytes such as sodium chloride and potassium chloride
have been used as additives to tailor the shape, size, and
aspect ratio of the gold NRs [152]. It was observed that
with increasing concentrations of these additives in the
growth solution, the aspect ratio of the NRs increases to a
critical limit, after which it decreases again. Furthermore,
upon carefully controlling the content of Triton X-100 or
Tween 20 in the growth solution, these nonionic surfactants
aided in fine tuning the shape of gold NRs (e.g., producing
rectangular and “dogbone” shapes). Figure 19 shows a
TEM image of a typical monodispered gold NR sample
prepared with sodium chloride in the growth solution. The
growth pattern of the NRs fits into the soft template model
based on the micellar structures expected to form from the
mixtures of CTAB and nonionic surfactants. More specifi-
cally, we propose that gold NRs with higher yield and
aspect ratio are prone to form with more elongated CTAB
micelles which provide larger surface area for gold embryo
clusters [152]. This helps the gold embryo to attach longer
on the micelle surface, allowing the micelle template
mechanism to continue to work and prolong the growth of
the gold NR.

Application of gold NRs in bioimaging

In addition to synthesizing gold NRs, we have used gold
NRs coated with polyelectrolyte multilayers as biocompat-
ible targeted optical probes for dark-field imaging as well as
electron microscopy [153—157]. Transferrin (Tf)-conjugated
gold NRs were used to label cancer cells. HeLa cancer cells
are chosen as the target cell line. They are known to
overexpress transferrin receptors. Robust receptor-mediated
cellular uptake of the Tf-conjugated NRs is demonstrated
from the orange/red scattering images (see Fig. 20 b), as
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compared to minimal uptake in the case of unconjugated
NRs (see Fig. 20a). The orange/red scattering associated
with the NRs originates from their strong longitudinal
surface plasmon oscillation, which has a frequency in the
NIR region. In addition to dark field imaging, Tf-conjugated
gold NRs were also used for transmission electron micros-
copy. To achieve this, electron microscopy images were
collected for HeLa cancer cells treated with Tf-conjugated
and unconjugated NRs separately. From Fig. 21, it is evident
that Tf-conjugated NRs are taken up by HeLa cells, in
comparison to unconjugated NRs, which show no uptake
(see Fig. 22). The endosomal localization of the NRs within
the cells also suggests receptor-mediated endocytotic uptake.
This is a promising demonstration of developing plasmon-
enhanced scattering probes for biological applications. Most
importantly, they are highly biocompatible in comparison
with heavy metal-based quantum dots, especially for early in
vivo cancer detection (e.g., pancreatic cancer) applications.

Summary and outlook

In summary, the solution synthetic methods developed in
our group demonstrated that gold NPs can be used as a
multifunctional nanoplatform to fabricate metallic nano-
shells, anisotropic semiconductor nanocrystals, and gold
NRs at mild conditions. The ability to easily fabricate these
high quality nanomaterials in high yield will be valuable in
applications such as bioimaging and bioassay technologies,
light-emitting diodes, and photovoltaics. These studies
provide a new direction in developing facile syntheses of
different classes of NPs with unique tunable optical
properties and thereby making available new building
blocks for bionanotechnology.
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