Chapter 3
Anisotropic Gold Nanoparticles:
Preparation, Properties, and Applications

Chenming Xue and Quan Li

Abstract Anisotropic metal nanoparticles with a catalog of promising anisotropic
electronic, optical, and chemical properties have been regarded as enabling building
blocks in the bottom-up fabrication of functional materials and devices.
Specifically, anisotropic gold nanoparticles are currently emerging as fascinating
materials due to their unique shape-, size-, and surface-dependent properties. In this
chapter, we present the synthesis, properties and applications of different one-, two-
and three-dimensional anisotropic gold nanoparticles (AuNPs). The most widely
adopted top-down and bottom-up synthesis approaches have been discussed in
addition to some of the recently introduced new methods for the fabrication of
differently shaped anisotropic AuNPs. The optical property, photothermal effect,
surface enhanced Raman scattering, fluorescence enhancement and quenching,
surface modification, toxicology, and supramolecular organizations of anisotropic
AuNPs have been highlighted. Various practical and potential applications of
anisotropic AuNPs in catalysis, sensing, photothermal therapy, drug and gene
delivery, and biological and biomedical areas are briefly outlined.

3.1 Introduction

Since medieval period, gold nanoparticles (AuNPs) have been used to decorate
church glasses and Lycurgus cup [1]. However, they were beyond comprehension
due to the then scientific limitations. In the early part of 20th century, scientists
began to investigate these extremely small particles, and several theories were
developed to explain their unusual and unique physical properties compared to the
bulk materials. For example, the famous Mie theory [2] of which the most special
one is localized surface plasmon resonance (LSPR), e.g. the free electrons trapped
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in the particle surface show the collective oscillation (Fig. 3.1) frequency, resulting
in a plasmon absorption band in the visible to near infrared (NIR) and even to
infrared (IR) region. A solution of well-dispersed AuNPs shows a typical deep-red
color [3]. In the past decades, the AuNPs were systematically studied, nevertheless
sophisticated synthesis methods and attractive applications based on their unusual
properties are under intensive investigation. In this context, the spherical (isotropic)
AuNPs are so far the most studied class of metal nanoparticles.

In contrast to isotropic AuNPs, anisotropic AuNPs have caught a broad interest
due to their appealing and unprecedented properties. The existence of anisotropic
AuNPs was noticed in the beginning of the twentieth century by Zsimondy, who
discovered colored solutions of anisotropic AuNPs. He also invented the ultrami-
croscope to visualize the shapes of gold particles, and received the 1925 Nobel Prize
for “his demonstration of the heterogeneous nature of colloidal solutions and for the
methods he used”. It was not until the past decade that anisotropic AuNPs became a
research endeavor at its own right and has been drawing great attention because the
structural, optical, electronic, and catalytic properties are different from, and most
often superior to those of spherical AuNPs. All these fascinating applications are
based on their size- and shape-dependent electronic and optical properties that also
vary in individual state and self-assembled state. For example, isotropic AuNPs
exhibit one relatively simple LSPR, while anisotropic gold nanorods (AuNRs)
exhibit two LSPR signals: longitudinal (along the long axis) and transverse (across
the long axis) LSPR (Fig. 3.1b). Owing to their unusual properties, anisotropic
AuNPs have qualified for broad and interesting applications in different areas such as
sensors, biological and biomedical treatments, optical devices and metamaterials.

During the past two decades, the explorations of anisotropic AuNPs including
their properties and applications have become accessible and been extensively
expanded. The anisotropic AuNPs show interesting light absorption and scattering
phenomena, resulting from extraordinary shape dependent collective electronic
resonances. According to their anisotropic shape and self-assembled state, they can
absorb light from visible to IR region. For example, depending on the AuNRs’
tunable aspect ratio (length/diameter), the longitudinal LSPR varies from visible
frequency (small aspect ratio) to NIR and even IR frequencies (large aspect ratio).
The wavelength region between 800 and 1300 nm, the so-called “biological win-
dow” can penetrate tissue and cells without causing cell damage. Moreover, the
self-assemblies of AuNRs can further alter LSPR due to plasmon coupling between
neighboring AuNRs. Based on these unusual plasmonic effects of anisotropic
AuNPs, they show attractive properties such as light absorption and scattering,
fluorescence, photothermal effect, and optical tuning, leading to promising appli-
cations in medicinal diagnostics and photothermal therapy (“theranostics™) [4-7],
and optical devices [8].

The fabrications of anisotropic AuNPs are based on two different well-developed
methods: top-down physical nanofabrication approach and bottom-up wet chem-
istry approach. Both approaches have their own pros and cons. The top-down
methods are easy to produce AuNPs in a well-organized fashion and with controlled
narrow size distribution, but the sizes are usually relatively large. The bottom-up
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Fig. 3.1 Schematic
depictions of the LSPRs of
a isotropic AuNP and

b anisotropic AuNR
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wet-chemistry methods have advantages in preparing small size colloidal AuNPs
with good yields and controllable polydispersity. However, organizing them into
well-ordered arrays is challenging. For the chemistry methods, during the past two
decades scientists have discovered and improved the seed-mediated growth method
to prepare AuNPs with high efficiency and excellent size distribution. This method
is very successful in synthesizing AuNRs, the most representative anisotropic
AuNPs. There are also other wet-chemistry synthesis methods, e.g. photochemistry,
electrochemistry, sonochemistry, templates, galvanic replacement, for anisotropic
AuNP synthesis. With these methods, fascinating shapes of anisotropic AuNPs
including one-dimensional (1D) (nanowires, nanotubes, and nanobelts), two-
dimensional (2D) (stars, pentagons, squares/rectangles, dimpled plates, hexagons,
and truncated triangles), and three-dimensional (3D) (nanotadpoles, nano-urchins,
nanodentrites, nanocubes and core-shell structures) have been realized.

It is interesting to note that anisotropic AuNPs show special properties according
to their different shapes such as optical property, photothermal effect, surface-
enhanced Raman scattering (SERS) effect, fluorescence enhancement and
quenching phenomena, toxicology, and self-assembly behaviors. Surface coating is
an important issue after synthesis, providing stability as well as compatibility.
Especially for biological and biomedical applications, it is utmost important to
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passivate the surface of nanoparticles with biocompatible groups in order to
introduce AuNPs into biosystem for functionalization and to provide necessary
intermolecular interactions to combine AuNPs with demanding materials for drug
delivery or gene transfer. Furthermore, anisotropic AuNPs have shown other
interesting applications in diverse areas such as catalysis, sensing and molecular
recognition, nanoelectrodes and optical tuning.

Although anisotropic AuNPs are relatively new building blocks, they have
become a rapidly emerging research field due to their promising applications. This
chapter covers an overview of this interesting research subject. Various synthesis
approaches for preparing and stabilizing anisotropic AuNPs with an emphasis on the
representative and most commonly used seed-mediated wet-chemistry approach are
introduced. The typical properties of different anisotropic AuNPs are highlighted
based on the AuNPs’ morphology and supramolecular assemblies. Finally, the
functionalization and attractive applications of the anisotropic AuNPs in optics,
photonics, catalysis, materials science, biological and biomedical areas are presented.

3.2 Methods and Techniques for Synthesis of Anisotropic
Gold Nanoparticles

3.2.1 Top-Down Method

Top-down physical lithography methods are direct ways to produce anisotropic
AuNPs, which have typical polycrystalline structures. Among them, the most widely
used method is electron-beam lithography (EBL) [9]. In the typical procedure, an
electron-sensitive resist is initially coated on the substrate. Followed by the exposure
to an electron beam, the area will dissociate into smaller polymer segments that can be
selectively removed by washing with a developing agent. Then, gold can be deposited
onto the opening patterns written by the electron beam. This lift-off technique can
offer anisotropic AuNPs with controllable shapes and sizes in tens of nanometers’
length-scale. Focused ion beam (FIB) lithography [10] is another lithography tech-
nique which sputters away unwanted portions of a continuous film by a raster ion
beam (typically gallium), creating nanostructures of the desired shapes. Anisotropic
AuNPs have been produced using both EBL [10] and FIB techniques [11]. FIB
produced Au nanodisks [12]. EBL and FIB techniques were also combined to prepare
anisotropic AuNPs arrays of Au microholes [13], grooves, nanowire circuits [14],
hexagonal arrays of Au triangles [15] and Au nanorings [16]. Mirkin’s group has
discovered another lithography method called on-wire lithography (OWL) [17, 18],
which can make gapped cylindrical structures on a solid support with gaps and
segment length controlled on a length scale under 100 nm by the template-based
electrochemical process (Fig. 3.2) [19]. Although the top-down lithography tech-
niques can produce AuNPs with controllable size, shape, and alignment, their scaling
up is limited and smaller AuNPs with sizes less than 10 nm are not easily accessible.
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(a) (b)

Fig. 3.2 Synthetic strategy for preparing sub-100 nm diameter nanostructure arrays with on-wire
lithography (OWL). a Schematic depiction of method beginning with (1a) release of template-
synthesized multisegmented metal nanowires from anodic aluminum oxide (AAO) membranes
into solution by dissolving the membrane and metal backing. (1b) Vacuum filtration of nanowires
on to larger pore AAO membranes. (2) Electron beam evaporation of a thin (5-10 nm) SiO,
backing layer (blue coating). (3) Sonication in ethanol to release half-coated wires into solution.
(4) Selective etching of sacrificial material (typically Ni, black segments) to produce 1D
nanostructure arrays with geometry matching the original nanowire. b Schematic showing the
decreased interaction area (solid black lines) between the nanowires and the porous substrate,
decreasing the van der Waals attraction between the surfaces. c-e SEM images of 55 nm Au-Ni
nanowires after steps 1, 2, and 4 (c, d, and e, respectively). ¢ The 55 nm diameter Au-Ni
nanowires codeposited with 270 nm Au-Ni nanowires, highlighting the increased resolution
available with this new method compared to the previous smallest OWL structure. Scale bar is
350 nm. d Au-Ni nanowires filtered on to a porous AAO substrate, depicting the decreased
interaction area shown schematically in (b). Scale bar is 300 nm. e SEM image of 55 nm Au
nanorods arrays with varying gap sizes after etching away the Ni segments. Scale bar is 165 nm
[19]. Copyright 2011 American Chemical Society

3.2.2 Bottom-Up Method

To prepare anisotropic AuNPs, the bottom-up solution based method has been well
developed and widely used. The simplest and most easily accessible 1D anisotropic
AuNRs have drawn great attention from scientists. Conditions of seed-mediated
growth method, photochemistry, electrochemistry, sonochemistry, templates,
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galvanic replacement have been discovered and developed. During the earlier
research, different methods have been attempted to produce anisotropic AuNPs. In
early 1960s, vapor—liquid—solid (VLS) method has been demonstrated [20]. In
1989, Wiesner and Wokaun reported the first example of AuNRs by adding Au
seeds into the solution of HAuCl,. The seeds were created by reduction of HAuCl,
with phosphorus (as in Faraday’s synthesis) and these seeds further grew up to
AuNRs by reduction of Au*t with H,O, [21]. Until 1990s, seed-mediated growth
approach for AuNRs was discovered and after continual improvement, it has
become the method of choice [22]. It offered a convenient and versatile wet-
chemistry way to synthesize AuNRs with excellent yield, monodispersity and
controllable aspect ratio and size, and also reproducibility. A typical procedure is
shown in Fig. 3.3. Accompanying the progress of this seed-mediated growth
method that provides feasible access to AuNRs, fundamental optical properties
were recognized. AuNRs with the sizes of ~150—180 nm x 25 nm
(length x width), which exhibit the aspect ratio between 8 and 20, have been
synthesized [23]. It is worthwhile to mention that the modifications from the El-
Sayed research group improved the yield and polydispersity of the AuNRs by
replacing sodium citrate with the stronger cetyltrimethylammoniumbromide
(CTAB) stabilizer during the formation of the seeds, as well as using AgNO; to
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Fig. 3.3 Three-step seed-mediated growth approach for making gold and silver nanorods with a
controlled aspect ratio [29]. Copyright 2005 American Chemical Society
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direct the formation and to control the aspect ratio of the AuNRs [24]. The role of
Ag™ is also critical in formation of other shapes of AuNPs, for example, high-index
concave cubic Au nanocrystals have been synthesized by the reduction of HAuCl,
with ascorbic acid in the presence of a chloride-containing surfactant and small
amounts of AgNO; [25]. The yield of such a procedure is about 99 % with aspect
ratios between 1.5 and 4.5. Higher aspect ratios up to 10 or 20 were obtained upon
the addition of a cosurfactant (benzylhexadecylammonium chloride (BDAC) [24]
or Pluronic F-127 [26]) to the original growth solution and by varying the con-
centration of AgNO;. The synthesized single crystal AuNRs have a penta-twinned
structure with Au {111} lattice at the end-caps and the Au {100} or {110} along
the longitudinal faces [27]. Besides, AgNOj has been found to play a critical role in
the formation of long AuNRs [28].

AuNRs with low aspect ratio (aspect ratio: 2-5, size: ~20—60 nm x 12 nm)
have been developed by a modified seed-mediated growth protocol [24, 30]. In this
method, smaller AuNP seeds (ca. 1.5 nm) stabilized with CTAB are added to the
growth solution with the assistance of a small amount of AgNO; and the mild
reducing agent ascorbic acid. AgNOj3 used herein is crucial in controlling AuNR
shapes. The AuNRs produced by this method display different crystal faces com-
pared to the earlier ones [31]. Later, the seed-mediated growth procedure has been
modified as a “seedless” version which uses small organic additives to control
AuNR sizes and aspect ratios (between 2 and 5). In such a new way, the standard
silver-assisted growth method is employed and seeds are generated in situ by
adding a small amount of the strong reducing agent sodium borohydride, instead of
using preformed AuNP seeds [32]. The control of aspect ratio is based on the
sodium borohydride concentration rather than the AgNO; concentration.
Interestingly, although the size of AuNRs (~25 nm X 6 nm) prepared through this
“seedless” method is quite smaller than the formal procedures, the yield is poorer
and the size distribution is broader.

Having been developed in the past years, the seed-mediated growth approach
and its modified ones have become the most popular for synthesizing anisotropic
AuNRs with aspect ratios from 2 to 20 with desirable yield and monodispersity.
They have advantages of simple procedure, high yield, scale-up quantity, feasible
size/shape control, and flexible for further structural modifications [33]. Similarly,
AuNRs themselves can be used as seeds in the synthesis of more complex struc-
tures, for instance, Pt nanodots can form on AuNR surface which possesses more
complex properties [34]. Based on this method, now commercially available
AuNRs have appeared in market. This greatly promotes the research in anisotropic
AuNPs and their fascinating applications.

With different additives (e.g. foreign metal ions, iodide ions), the overgrowth of
colloidal AuNRs can be tuned affecting their shape, facet, aspect ratio and com-
position, e.g. forming dumbbell-like AuNR nanostructures [35]. Shape transfor-
mation from rod to octahedron is observed under sonication in dimethylformamide
(DMF) in the presence of poly(vinylpyrrolidone) (PVP) [36]. Similarly, overgrowth
of AuNRs can induce nanopeanut and octahedra structures by glutathione and
cysteine [37].
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However, the mechanism of AuNR growth during synthesis is one unsolved
challenge to date. Even though large efforts have been devoted to this subject, it is
still not fully understood. Fixing this can improve the efficiency and versatility of
the synthesis of AuNRs in the future [38]. Two AuNR growth mechanisms were
brought up and studied [39]. The growth is governed either by binding the head
group of a cationic surfactant to the {100} face of the AuNP seed preferentially,
instead of the less-favored rod end [29], or by the electric field of the double layer
between the positively charged seed and negatively charged AuCl*~ on the CTAB
micelle. Different from multiply twinned crystalline citrate-capped seeds growing
into multiply twinned structures, single-crystalline CTAB-capped seeds lead to
single-crystalline AuNRs with {110} faces on the side and {100} faces on the end.
Ag deposits on the {110} sides faster than that on the {100} ends, and in this way
the seeds grow into rods. A hybrid mechanism involving diffusion of AuCI*~ on the
CTAB micelles to CTAB-capped seed spheres resulting from electric-field inter-
actions has been proposed by Murphy and co-workers. Silver ions preferentially
deposit onto the {110} facets, where CTAB molecules are preferentially bound and
providing bromide counter ions forming an AgBr solid layer thereon, which results
in particle growth into AuNRs along the {110} direction. There is a critical [Br ]/
[Au3+] ratio around 200 that leads to the maximum aspect ratio of the AuNRs,
however beyond such ratio, Br acts as a poison.

3.2.3 Other Methods

3.2.3.1 Photochemistry

Photoreduction was an alternative method for generating anisotropic AuNPs. For
instance, UV light can reduce HAuCl, to form AuNRs with the aid of rod shaped
cationic micelles. The pioneer work of this method was introduced in 1995 by
Esumi et al. [40]. Different from the seed-mediated procedure where the micelle
surfactant molecules stabilize a specific crystal face resulting in AuNRs, in the
photoreduction procedure, Au>* ions bound to rodlike cationic micelle surfactant
molecules to form ion pairs. After excited by UV light with 235 or 300 nm [41], the
Au’" ions were reduced to Au’. This process includes the aggregation of metal
nuclei to form primary particles, and these particles assemble to form AuNRs
resulting from the stabilization of a specific crystal face by surfactant micelles [42].
One prominent advantage of this photocatalyzed procedure is that high yield of
AuNRs can be obtained in a single step [32], rather than the typical two-step seed-
mediated growth method. In the presence of poly(vinylpyrrolidone) (PVP) and
ethylene glycol [43], or TiO, colloids [44], the photochemical method could be
used to synthesize other anisotropic AuNPs such as platelet-like shape with an
asymmetric five-twinned structure and six-star shape.
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3.2.3.2 Electrochemistry

The electrochemical method to produce AuNPs was first reported by Svedberg in
1921. During 1990s chemists modified the electrochemical reduction method using
organic surfactant (CTAB) and porous aluminum oxide membrane templates for
shape control [45], and arrays of AuNRs with micrometer scale dimensions
(~100 nm by 100-200 um) were created [46]. Those sizes are too large, but
smaller AuNRs (60 nm x 12 nm) can be prepared with modified synthesis approach
by using surfactant mixtures as soft templates [47]. In this approach, an Au plate
anode and a Pt plate cathode were immersed into an electrolyte containing CTAB
and co-surfactant tetradodecylammonium bromide (TOAB). Binding to the CTAB
micelle, Au**Brj first formed from the Au anode due to electrolytic oxidation, and
then migrated to the cathode and reduced to Au’. By the assistance from Ag*
cations from redox reaction between Au’* and an Ag plate, AuNRs were formed
with controllable aspect ratios. These AuNRs were separated from the cathode by
sonication [47]. As shown by high-resolution transmission electron microscopy
(HRTEM) and diffraction studies, AuNRs produced by this way are single crystals
having no stacking faults, twins, or dislocations, with aspect ratios of 3—7 [48].
With the advantages of simplicity, efficiency and applicability, electrochemical
method is continually developed for the synthesis of other anisotropic AuNPs, for
example dendritic AuNPs [49]. The photochemistry and electrochemistry methods
have limitations of expensive synthesis and significant amount of byproducts:
spheres, rods, cubes, plate, and prisms AuNP mixtures.

3.2.3.3 Sonochemistry

Ultrasonication is another useful approach for the synthesis of small nanoparticle,
which can control both their shapes and sizes by the use of surfactants and alcohols
[50]. With this method, single-crystalline flexible Au nanobelts with a width of 30—
50 nm and a length of several micrometers have been synthesized [51].

3.2.3.4 Template

One successful well-known template for the synthesis of AuNPs is silica nano-
spheres. Around such templating cores, Au layers can be coated. This powerful
strategy allows the control over the size and thickness of the Au nanoshells by
changing the reaction time and the concentration of the plating solution [52].
Anisotropic AuNRs were generated on substrates from colloidal solution using
catalytic seed nanospheres to directly grow [53]. However, only 15 % of seeds are
converted to rods while the rest seeds promoted a myriad of shapes including
spherical, triangular and hexagonal. To improve this method, nanoporous track-
etched polycarbonate or anodized alumina membrane was used as the templates
where gold atoms are deposited by electrochemical reduction [54]. To tune the
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AuNR aspect ratio, the pore diameter (5-200 nm) in the membrane template was
adopted to control the width, while the amount of the deposited gold determines the
length. Various templates have been used for synthesizing different anisotropic
AuNPs: porous membranes [55], mesoporous silica [56], Si(100) wafers [55],
pyrolytic graphite [57], polymers [58], nanoparticles [59], carbon nanotubes [60],
inorganic clusters (e.g. LiMozSes) [61], surfactants organized in micelles [27, 47]
as well as biomolecules (e.g. plant extracts) [62], microorganisms [63], polypep-
tides, and DNA [64].

3.2.3.5 Galvanic Replacement

Galvanic replacement is another approach for making anisotropic AuNPs. Without
external current sources, Au cations in the plating bath are reduced by a metal in a
spontaneously thermodynamically and kinetically favorable reaction [65]. The
driving force of this reaction is the difference of the redox potential between the
reducing metal and the Au**/Au® system. Intensively developed by Xia group, the
reduction of Ag nanostructure has been used as a sacrificial template to fabricate
hollow Au nanostructures [66, 67]. Starting from Ag nanocubes, anisotropic gold
nanocages have been synthesized. These reactions proceed in two steps: formation
of seamless hollow structures with the walls made of Au—Ag alloys by galvanic
replacement; and subsequent formation of hollow structures with porous walls by
dealloying [68]. In addition, aluminium is also used as the metal source since
aluminium foil is inexpensive and has a very low oxidation potential which can
reduce many transition-metal cations [69]. As fluoride forms stronger bonds than
chloride, NaF and NH4F were used to dissolve the alumina layer to allow the
galvanic displacement, resulting in anisotropic Au dendrites [70]. The galvanic
technique has some advantages such as no need of template, surfactant, or stabi-
lizer, and can be conducted simply at room temperature, compared to the former
methods.

3.2.4 Other Shapes of Anisotropic AuNPs

3.2.4.1 One-Dimensional (1D) AuNPs

Except for the widely investigated 1D anisotropic AuNRs, there are various
remarkable shapes of anisotropic AuNPs. Among 1D structures, there are nano-
wires (NWs), nanotubes (NTs), and nanobelts (NBs). If the AuNRs continually
grow to an extremely large aspect ratio, they become AuNWs, which generally
show some mechanical flexibility. For example, the AuNRs stabilized by CTAB
and pentahedrally twinned were used for preparing AuNWs by the tip-selective
growth [71], generating crystalline AuNWs with 12-15 pm in length and
90 = 10 nm in diameter. UV irradiation, photoreduction, and thermal reduction
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were also used to make AuNWs [72]. With other metal elements such as Pt and Cu
combining with Au, the bimetallic NWs can be fabricated [73]. Interestingly, the
method of fabrication of AuCuNWs can also lead to the formation of AuCu
nanotubes (AuCuNTs). Therefore, CuNWs were used as templates, and the
AuCuNWs were formed as intermediates that ultimately led to the AuCuNTs [74].

Both AuNWs and AuNTs can be prepared by electroless deposition onto the
pore walls of porous polymer membranes working as a template, and long Au
deposition time leads to AuNWs while short time leads to AuNTs [75]. 4-
(Dimethylamino)pyridine is a powerful auxiliary reagent for the electroless depo-
sition method to yield AuNTs (Fig. 3.4) [76]. In other ways, hollow AuNTs with
highly ordered Au arrays were synthesized by the galvanic replacement reaction
using an anodized aluminum oxide template [77], a polymer NT as a sacrificial core
[78], and thiol-functionalized nanoporous films as a scaffold [79].

Gold nanodumbbells (AuNDs) were synthesized by a modified seed-mediated
method [80, 81]. The presence of tiny amounts of iodide stimulated tip growth
prominently, resulting in well-defined dumbbell structures. Hybrid AuNDs were
attractive according to their multiple functions. The Au/Ag core/shell structures
have been created either by silver deposition onto AuNDs [82], or by galvanic
replacement and reduction [83]. There are other metals for hybrid AuNDs,
including CdSe [84], CoPt;, FePt and Pt [85].

3.2.4.2 Two-Dimensional (2D) AuNPs

Beyond 1D structures, anisotropic AuNPs have 2D structures with well-defined
specific shapes, such as stars, pentagons, squares/rectangles, dimpled plates,
hexagons, and truncated triangles [86]. One widely used approach is using polymer
templates, since the versatile polymers can act as stabilizers, templates, and

Fig. 3.4 SEM images of free-standing AuNTs [76]. Copyright 2010 American Chemical Society
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reductants [72, 87-89]. For example, PEO,,PPO;o(PEO,, (PEO = poly(ethylene
oxide), PPO = poly(propylene oxide)) was used as both the reductant and stabilizer
to prepare large gold nanosheets (10 um in width and 100 nm in thickness) [72].

The morphology could be finely adjusted through control of the reactant ratio
and the reaction conditions. A large-scale synthesis of micrometer sized Au
nanoplates was carried out [90]. Triangular and hexagonal gold nanoplates in
aqueous solution were synthesized by thermal reduction of HAuCl, with trisodium
citrate and CTAB, yielding gold nanoplates with the width as small as 10 nm to
several hundreds of nanometers [91].

A mild and relatively environmental friendly one-pot biomimetic method was
developed to fabricate gold nanoplates having hexagonal and truncated triangular
structure with a thickness less than 30 nm [92]. The use of a biological reductant
such as brown seaweed Sargassum [93], tannic acid [94], serum albumin protein
[95], and glycine [96] was explored over the last decade. There is a type of special
gold nanoplates having triangular nanoprisms morphology. These nanostructures
show three congruent edge lengths in the range from 40 nm to 1 pm and a thickness
ranging from 5 to 50 nm [97-99]. They can be prepared in high yields, which
exhibit visible and IR LSPR.

3.2.4.3 Three-Dimensional (3D) AuNPs

For 3D anisotropic AuNPs, gold nanotadpoles have an interesting tadpole-like
structure. They have special optical and electrical properties leading to unique
potential applications in second-order nonlinear optics, nanoelectronics. Gold
nanotadpoles were synthesized via a simple chemical procedure, i.e. in aqueous
solution reducing chloroauric acid with trisodium citrate in the presence of sodium
dodecylsulfonate as a capping agent, and the 3D crystalline structures were char-
acterized by TEM, AFM, and HRTEM (Fig. 3.5) [100]. Tadpole-shaped AuNPs
later were synthesized in high yield by a temperature-reducing seeding approach
without any additional capping agent or surfactant [101]. The formation mechanism
was ascribed to an aggregation-based growth process. A 3D hybrid nanostructure
consisting of Au heads and Pd tails has been demonstrated, these 3D nanotadpoles
were expected to display properties of both Pd nanorods and AuNPs [102].

Since branched gold nanostructures, such as monopods, bipods, tripods, tetra-
pods, hexapods, and multipods like nanoflowers, nanostars, and urchins have sharp
edges and corresponding high localization of surface plasmon modes [103], they
are anticipated for applications in nanocircuits and nanodevices, and in vivo tests,
including biosensing [104], imaging [105], targeting [106], and photothermal
therapy [107]. The branched AuNPs in aqueous solution was first synthesized by
Carroll and co-workers in 2003 [108], using triangular Ag platelets as seeds and
reducing Au®* with ascorbic acid in the presence of CTAB leading to anisotropic
Au monopods, bipods, tripods, and tetrapods. The dimension and number of
branches were varied under combinations of the [seed]/[Au3+] ratio in a seed-
mediated synthesis approach [109]. There are other routes to produce branched
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(a)

Fig. 3.5 a TEM and b AFM images of tadpole-shaped AuNPs. ¢, d HRTEM images of the ¢ head
and d tail of a gold nanotadpole. Insets The corresponding Fourier transform patterns [100].
Copyright 2004 American Chemical Society

AuNPs [110], with a high yield up to 90 % [111]. Generally, the branched AuNPs
have poorer monodispersity than other shapes.

For the branched nanoparticles, they have complicated LSPR consisted of
multiple sharp peaks in the visible and NIR region. The study showed the resulting
LSPR energies can be considered as a hybridization of the core and tip plasmons
(Fig. 3.6) [112].

Interestingly, another type of anisotropic AuNP dendrites exhibits the hierar-
chical tree-type architecture with trunks, branches, and leaf components. With such
hyperbranched architectures, they have attracted much attention for their fascinating
fractal growth phenomena and their potential applications in functional devices,
plasmonics, biosensing, and catalysis [113, 114]. They are mainly synthesized by
electrochemical deposition. For example, Au dendrites are synthesized on a glassy
carbon electrode by electrodeposition with a square-wave potential from a solution
of HAuCl, containing cysteine as the blocking molecule [113]. Shape-controlled
synthesis of Au dendrites was achieved in the presence of supramolecular



82 C. Xue and Q. Li

(b)

(c) (6) AntiBendiug (d)

Core .~

T -

Bonding

Fig. 3.6 Principle of the plasmon hybridization of the LSPR of a gold nanostar. Panel a shows an
experimental scanning electron micrograph. The scale bar is 100 nm. Panel b shows the theoretical
model, consisting of a truncated spherical core, (¢) and tips, consisting of truncated prolate
spheroids (d). Panel e illustrates the concept of plasmon hybridization in the nanostar. The core
plasmons interact with the tip plasmons and form bonding and antibonding nanostar plasmons.
The polarization angle is defined in the upper right corner [112]. Copyright 2007 American
Chemical Society

complexes formed from dodecyltrimethylammonium bromide (DTAB) and S-
cyclodextrin (5-CD) (Fig. 3.7) [115].

A typical core/shell nanostructure contains a supporting core and a thin Au
nanoshell, for example, SiO,@Au NPs exhibit a strong plasmon resonance, and
core radius and shell thickness dependent SERS effect [116]. The plasmon wave-
length could be tuned by varying the relative size of the inner and outer shell layer
over a wide range from visible to IR spectrum, of which the NIR region between
700-1100 nm is particularly useful in biomedical applications, such as therapy and
diagnostics [117]. There are other metal or metal oxide cores used to replace SiO,
[118]. For example, Fe;0,@Au core/shell NPs modified with antibodies and
fluorescent dyes work as contrast probes for the multimodal imaging of tumors
[119]. In a more complicated system, covering a magnetic Co@ Au core/shell NPs
with a pure Co core and an intermediate Au shell, a compact outer cobalt oxide
shell was further coated on it [120].

A layer of hard inorganic nanomaterials is used for surface modification of
AuNRs, showing advantages of increasing stability, facilitating surface chemistry,
and tunable properties. Silver coating on AuNRs is successfully accomplished
whose thickness can be controlled through the concentration of silver precursors
and reducing agents [121]. The silver coated AuNRs have practical application in
enhancing Raman scattering [122]. Silicon coatings can be achieved by simple
addition of aqueous sodium silicate to the AuNR solution, which is then mixed with
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Fig. 3.7 SEM images of Au nanodentrites grown in mixed DTAB/B-CD solution,
[DTAB]=5.0mM; [B-CDJ/[DTAB] =0.5. From [115]. Copyright 2009 American Chemical Society

3-mercaptopropyl trimethoxysilane (MPTMS) or 3-mercaptopropy! triethoxysilane
(MPTES) solution, forming mesoporous silicon shell on AuNR surface resulting in
red-shifted longitudinal LSPR [123]. Other hard inorganic coating layers on AuNRs
have been explored such as iron oxide coating [124], platinum coating [125], and
silver sulfide or selenide [126]. These inorganic layers coated AuNRs have
promising applications of magnetic separation, imaging, catalysis, and optical
nonlinearities.

Hollow gold nanospheres (HAuNSs) were synthesized by layer-by-layer (LbL)
assembly [52, 127]. Through the size-controllable LbL technique, HAuNSs were
deposited on a sacrificial template of polyelectrolyte-modified polystyrene (PS)
nanospheres. Afterwards, the PS core was removed by either calcination or dis-
solution [128].

Recently, there is a novel class of remarkable nanostructures gold nanocages
(AuNCs) possessing hollow interiors and porous walls synthesized by galvanic
replacement [129], which have potential in colorimetric sensing and biomedical
applications. During synthesis, HAuCl, solution was added to a boiling suspension
of Ag nanocubes which act as both template and reducing agent in a controlled
manner. Due to the difference of electrochemical potential between Au and Ag (the
reduction potential of AuCI*”/Au: 0.99 V, of AgCl/Ag: 0.22 V versus the standard
hydrogen electrode), there happened galvanic replacement and thereby Au depos-
ited on Ag nanocube surface. The resulting hollow, porous cage-like Au nano-
structures were characterized by SEM and TEM [129]. For a representative process
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and structure (Fig. 3.8), nanoboxes derived from 50 nm Ag nanocubes were first
converted into nanocages. Then by increasing the amount of the etchant Fe(NOj3);
during the dealloying process, only porous cubic nanoframes were left [130].

Fig. 3.8 TEM and SEM (inset) images of a 50-nm Ag nanocubes; b Au/Ag alloy nanoboxes
obtained by reacting the nanocubes with 4.0 mL of 0.2 mM HAuCl, aqueous solution; and ¢~
f nanocages and nanoframes obtained by etching the nanoboxes with 5, 10, 15, and 20 pL of
50 mM aqueous Fe(NOj3); solution. The inset in (f) was obtained at a tilting angle of 45°, clearly
showing the 3D structure of a nanoframe. The scale bars in all insets are 50 nm. EDX analysis
indicates the atomic ratio of Au:Ag was 15:85, 30:70, 45:55, 60:40, and 100:0 for the samples in
panels b, c, d, e, and f, respectively [130]. Copyright 2007 American Chemical Society
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3.3 Properties
3.3.1 Morphology

For the AuNPs synthesized by seed-mediated growth approach [109], AuNPs gen-
erally show morphologies of tetrahedron (four triangles) [131], hexahedron (cube, six
squares) [132], octahedron (eight triangles) [133], dodecahedron (twelve pentagons)
[134], and icosahedron (twenty triangles) [135], which are characterized by low-
index facets ({111} for tetrahedron, octahedron, dodecahedron and icosahedron, and
{100} for the cube. AuNPs also showed rhombic dodecahedral shape [133], which
could further transform into other nonplatonic shapes such as rhombic cuboctahedron
and then truncated octahedron in the presence of PVP at a low water content [109].

3.3.2 Optical and Photothermal Property

One characteristic property of AuNPs is that they exhibit LSPR, an optical phenomenon
leading to confined resonant photon within the dimensions of the AuNPs when a AuNP
interacts with incident photons, which results in an oscillation of the conduction band
electrons back and forth on its surface and further induces a charge separation between
the free electrons and the ionic metal core, and thereby generates a dipole oscillation
[136]. The LSPR oscillation of the colloidal AuNPs usually results in a certain color of
the solution that has a strong absorption signal in the visible region. The LSPR is
dependent on the particle material, size, shape and the dielectric properties of the
surrounding medium [137]. For spherical AuNPs, both light absorption and scattering
are enhanced by AulNPs, which cause light extinction [138]. Based on Mie theory and
relative Gan theory [139], quantitative description of the cross-sections of absorption
(Caps), scattering (Cgc,), and total extinction (Cey,) are derived [140].

Different from those of spherical AuNPs, anisotropic AuNPs have their own
particular LSPR. Normally, AuNPs with core diameters between ~3 and 200 nm
display a LSPR with a maxima intensity at approximately 520 nm. AuNRs are well
known for their characteristic LSPR signals: once the symmetry of the gold core is
altered to the anisotropic AuNRs, two distinct LSPR modes corresponding to the
different axes across the AuNRs emerged, i.e. a transverse LSPR along the short
axis and a longitudinal LSPR along the long axis. Typically, the longitudinal LSPR
peak will red shift when the aspect ratio increases, which has been investigated by
simulation and demonstrated in experiments [138]. A representative experimental
example is displayed in Fig. 3.9 [141]. Quantitatively, it has been discovered that
there is a linear relationship between the peak position and aspect ratio [47]:

Amax = 95R + 420
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Owing to the interesting photothermal effect of AuNRs, they show promising
biological and biomedical applications. When AuNRs are exposed to the laser light
resonant with their surface plasmon oscillation, they can strongly absorb the light
and rapidly convert it into heat via a series of photophysical processes. The
mechanism was investigated and explained by El-Sayed group [142]. When the
heating rate is much faster than the cooling rate, heat is accumulated within the
lattice causing a temperature rise of the AuNRs in a short time which is sufficient
enough to lead to structural changes, such as shape transformation and particle
fragmentation. For example, when a colloidal AuNR solution was exposed to
femtosecond laser pulses (100 fs, 52 pJ) [143], the shape transformation is observed
as shown in Fig. 3.10. The wavelength of the exciting laser (800 nm) coincides with
longitudinal plasmon absorption of AuNRs. In Fig. 3.10b, all the AuNRs have
transformed into spheres. For the UV-vis spectrum in Fig. 3.10c, only one LSPR
band at about 520 nm exists for typical spherical AuNPs and the longitudinal
plasmon band has totally disappeared. In Fig. 3.10d, the volume of the resulting
spherical particles is similar to the original AuNRs, which concludes that AuNRs
melt into spherical AuNPs under the intense laser irradiation based on photothermal
effect. From more exploration, it was discovered that the shape transformation of
AuNRs depends on laser’s energy and pulse-width [143], and the unusual photo-
thermal melting process and its mechanism were investigated [144]. Also there are
other related spectral properties such as the aspect ratio dependent fluorescence
[145], shape-dependent electron-photon relaxation [146] and LSPR line width (for
sensing local environmental changes for biomolecular recognition) [147].

Since AuNRs have important applications in sensing, plasmon-enhanced spec-
troscopies, biomedical imaging, and photothermal therapy for cancer, controlling
the shapes (aspect ratio) and sizes of AuNRs with desired physical and chemical
properties are required, which are crucial for their performances [148]. For exam-
ple, AuNRs with larger aspect ratio have response to NIR light and therefore are
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Fig. 3.10 Effect of laser heating on AuNRs, shown in TEM images of a colloidal AuNR solution
having a mean aspect ratio 3.8 before (a) and after (b) irradiation with 100 fs laser pulses centered
at 800 nm. ¢ UV-vis absorption spectra of this colloidal gold solution before (solid line) and after
(dotted line) irradiation with laser pulses. d The volume of the AuNRs before and after this laser
irradiation is compared [143]. Copyright 1999 American Chemical Society

excellent candidates for photothermal therapy. At a fixed aspect ratio, larger AuNRs
having larger extinction coefficients due to stronger light scattering provide better
performance in optical imaging applications, whereas smaller AuNRs provide
improved efficiency in photothermal therapy applications due to their higher
absorption efficiency [149]. The plasmon bands of other anisotropic AuNPs with
different shapes have been also explored [129, 150]. Typically, there are bands from
separate parts and ensemble structure. For example, gold nanostars show a plasmon
band of the core and variant plasmon bands relating to the tips and core-tip
interactions [111].

3.3.3 Surface Enhanced Raman Scattering (SERS)

Because of the plasmon resonance, the Raman signals depending on the power of
the local electric field is very high at the AuNP surface. Originating from the
dramatic amplification of electromagnetic fields in the AuNP ensembles, AuNPs in
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close proximity to each other will result in near-field interparticle interactions,
creating a collective extinction response that is quite different from the individual
ones [151]. Excitation of the LSPR produces a strong electromagnetic field at the
surface of the AuNP that can interact with materials in close proximity to the AuNP
surface [22, 152]. The plasmon electromagnetic field can therefore be used to
enhance the scattering spectra of chemical species adsorbed on AuNPs, a phe-
nomenon known as surface enhanced Raman scattering (SERS) or to detect changes
of specific analytes in the local chemical environment. For anisotropic AuNPs, the
Raman scattering signal of molecules is enormously enhanced by contributions
from the strong absorptions in the NIR regime and the extremely high electric field
intensities at the tip or hollow structures [153]. Therefore, it is necessary to control
the size, shape, and structure of anisotropic AuNPs to effectively enhance the
sensitivity of effective molecular detection [77, 154]. The most attractive ones are
AuNRs because of their easily accessible anisotropic shape and tunable size. There
are two coupling fashions for AuNRs: side-by-side and head-to-head configurations
which result in different shifts of LSPR signals: the one with side-by-side geometry
shows a blue-shift in the longitudinal LSPR and a red-shift in the transverse LSPR,
while the other with head-to-head geometry shows a red-shift in the longitudinal
LSPR with little change in the transverse LSPR [155]. Such plasmonic coupling
effect is an emerging field which is of great interest to SERS applications for
molecular detecting as the SERS effect of AuNRs is much higher (e.g. 10° times)
than spherical AuNPs [156]. On the aspect of biomedicine, AuNRs aligned by oral
cancer cells showed excellent sensitivity in detecting the cancer cells [157]. Acidic
cancer cells and healthy cells are distinguished by monitoring changes in the Raman
spectrum induced by pH changes of carboxy groups in a mercaptobenzoic acid
layer on HAuNSs which have activity in NIR region [158].

3.3.4 Fluorescence Enhancement and Quenching

The interaction between AuNPs and a fluorophore results from a change in the
electromagnetic field and the intensity of the photonic mode near the fluorophore.
For AuNP-fluorophore distances less than 4 nm, the fluorescence is strongly
quenched. At larger distances, the fluorescence intensity is increased. For fluores-
cence quenching, characteristic fluorescence of organic dyes such as perylene and
porphyrin attaching on AuNP and AuNR surface via Au-S linkage with distance
less than 4 nm were significantly quenched (Fig. 3.11) [159, 160]. In another
experiment, the simple inert short n-C alkyl chain protected AuNPs with different
size and AuNRs could quench the perylene diimide dyes (PDIs) close to their
surface, from which the mechanism of such quenching effect was investigated and
ascribed to energy transfer [161]. The fluorescence enhancement originates cou-
pling with far-field scattering. For example, the quantum yield of indocyanine green
(ICG), a NIR fluorophore, was increased by up to 80 % near the surface of an Au
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nanoshell. Such conjugates have been used for enhancing sensitivities in fluores-
cence imaging in vitro and in vivo [162].

3.3.5 Toxicology

In general from in vitro studies, AuNP cores are nontoxic for cells, which are in
contrast with other nanoparticles such as carbon nanotubes, asbestos, and metal
oxides causing drastic damage to cells. Anisotropic AuNPs have an enormous
potential in theranostics and addressing the in vivo nontoxicity of these AuNPs are
essential to convince drug administration. In vitro and in vivo toxicology studies
have been undertaken to examine the damage of cells, tissues, and organs of
animals upon loading AuNPs for biomedical applications [22, 163].

In vitro studies have shown that the toxicity of AuNRs is ascribed to the CTAB
ligands, rather than the Au core itself. Researchers successfully found biocompat-
ible materials such as polyacrylic acid or poly(allylamine) hydrochloride to coat
AuNPs, resulting in almost no death of cells [164]. For citrate-capped AuNPs, a
study in mice by Chen et al. showed that small (3—5 nm) and large AuNPs (30 and
100 nm) were not toxic, but medium-sized AuNPs (8, 12, 17, and 37 nm) provoked
severe sickness, loss of weight, change in fur color, and shorter life spans due to
injury of the liver, spleen and lungs [165].

For the stability issue of AuNPs in biosystems, it is also an important subject to
be investigated, since AgNPs are as intrinsically toxic for their relative easy
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oxidation to Ag*. On contrary, Au’ is much more difficult to oxidize than Ag’,
which guarantees the safety issue of AuNPs. The AuNP cores of isotropic AuNPs
larger than 5 nm are biologically inert [22, 166]. However, for the anisotropic
AuNPs with highly exposed AuNP surface areas and defects, more studies are
required aiming at the toxicology in biosystems.

3.3.6 Surface Modification

Surface modification not only provides stability to the AuNPs, but also introduces
foreign functions. In addition, to introduce AuNPs into biosystems, it requires
surface modification for desirable compatibility with the systems.

A number of organic materials are used to functionalize AuNPs and introduce
multiple functions. This has been realized by the exchanging process in which the
surface grafted surfactant molecules exchange with functional organic molecules,
usually a type of organic thiols (RSH) or a mixture of two kinds of organic thiols.
Owing to the strong covalent Au-S bondings, this is a relatively simple and
effective procedure that can completely remove the original surfactants and replace
with organic functional thiols on the entire surface. For the organic thiol monolayer
protected anisotropic AuNRs, the solubility, surface chemistry and related prop-
erties are dominated by the organic shell. Simple n-alkyl thiols [167], and other
functional materials such as photoresponsive azo thiols [168], chiral-azo thiols
[169], organic dyes (porphyrin, perylene) [159, 160] and polymers terminated with
thiols (poly2-(dimethylamino)ethyl methacrylate, poly(acrylic acid), polystyrene)
have been used [170].

Different from isotropic AuNPs, AuNRs have unique properties in thiol
exchange process and the resulting AuNRs have more shape-dependent properties.
For example, the seed-mediated growth approach prepared AuNRs coated by
CTAB with open positions on the two heads where there are no CTAB surfactant
molecules covering [29]. Therefore, the thiols will first bind on the open tips of
these AuNRs and then replace the CTAB surfactants on sides, leading to sequential
surface modification of AuNRs which induce more functions such as directed self-
assemblies, including side-by-side and head-to-head types [171].

Another effective way to functionalize the surface of AuNR is covering the sur-
factant layer (e.g. CTAB) with materials having intermolecular interactions such as
electrostatic and ionic interaction to CTAB molecules. With the presence of the
CTAB layer on the surface imparting a net positive charge, alternate adsorption of
anionic and cationic polyelectrolytes on these positively charged AuNRs leads to the
formation of polyelectrolyte multilayers around the AuNRs [172, 173]. One repre-
sentative example of AuNRs coated by polyelectrolytes multilayers [poly acrylic acid
sodium salt (PAA) and polyallylamine hydrochloride (PAH)] is displayed in
Fig. 3.12, which briefly indicates the process of layer-by-layer coating on AuNRs and
encapsulating of functional small Rhodamine 6G molecules.
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Fig. 3.12 AuNR coated with layer-by-layer polyelectrolytes where and R6G is wrapped in
different types of polymer layers [173]. Copyright 2012 American Chemical Society

The critical prerequisite to introduce AuNRs into the biosystem is to function-
alize AuNRs with biocompatible materials, because for potential clinical trials,
AuNRs should be friendly to human health and the environment. With the widely
used seed-mediated synthesis approach, AuNRs are coated by a CTAB layer. Free
CTAB molecules are detrimental to human cells but surface bound CTAB mole-
cules are not toxic [174] and AuNRs are supposed to be safe for in vivo and clinical
studies. However, although free CTAB molecules can be separated by centrifu-
gation or dialysis membrane, CTAB surfactants could leave AuNR surface because
they are dynamically unstable. The charge interactions that adsorb CTAB on AuNR
surface are much weaker than Au-S covalent bonds. Therefore, a better way is to
modify the AuNR surface that CTAB is either replaced or covered by biocom-
patible molecules. For example, by coating phosphatidylcholine on AuNRs, there
was much lower cytotoxicity than the twice-centrifuged CTAB-AuNRs [175]. Poly
(diallyldimethylammonium chloride)-AuNR, poly(4-styrenesulfonic acid)-AuNR
even showed no observable toxicity [176]. Another simple approach to prepare
biocompatible AuNRs is using polyethylene glycol polymers (PEG), via mixing
PEG-SH with the CTAB-AuNR in solution undergoing thiol exchange for hours
[177]. More experiments have been carried out to conjugate biomolecules to
AuNRs and mainly four different methodologies have been developed: (a) direct
ligand exchange, (b) electrostatic adsorption, (c) the use of a biofunctional linker,
and (d) surface coating [148].

The thiol exchange reaction is effective for small biofunctional molecules such
as 3-mercaptopropionic acid (MPA) [178], but challenging for large molecules such
as antibodies and proteins that are too large to reach the AuNR surface because of
the densely packed CTAB layer.
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3.3.7 Supramolecular Organizations (Self-assembly
and Alignment)

The functional molecules providing attractive intermolecular interactions on the
surface of AuNPs could work as molecular “glue” to assist anisotropic AuNP
assemblies. For anisotropic AuNPs, the LSPR allows them to concentrate and
manipulate light depending on their size, shape and proximity and assemblies in
specific patterns. For example, AuNRs having head-to-head or side-by-side
assembly fashions exhibit distinct collective properties due to plasmon coupling
between them, which are different from those of both individual AuNRs and bulk
materials [109, 179]. Controlling and tuning anisotropic AuNP self-assemblies are
highly interesting and vital. The AuNR self-assembly might potentially contribute
to the preparation of metamaterials with unusual electromagnetic properties [180].
To achieve AuNR self-assemblies, intermolecular interactions offered by functional
materials on AuNR surface can be exploited. So far, promising AuNR self-
assembly nanostructures have been developed. Bifunctional small molecules with a
thiol on one end for binding onto AuNRs and another functional group on the other
end providing intermolecular interaction are used to promote head-to-head AuNR
assemblies. The first chemically driven assembly of AuNRs by DNA was reported
by Dujardin et al. who assembled AuNRs in parallel stacks by DNA hybridization
[181]. Appropriate choice of the thiolate ligands (e.g. 1,2-dipalmitoyl-sn-glycero-3-
phophothioethanol) [182] or mercaptopropylsilane [183]) and solvent evaporation
are joint to prepare side-by-side assembly of AuNRs. Recently, prominent results
have been found. For example, with hydrophobic favoring effect, AuNRs with PS
on AuNR tips resulted in impressive linear chain like head-to-head assemblies
(Fig. 3.13) [171]. Functional groups, providing streptavidin bridging, hydrogen
bonds and DNA hybridizations, are good candidates. For example, AuNRs are
functionalized with thioacetic acid at the ends and further conjugated to anti-mouse
IgG [184]. Mouse IgG having two binding sites with the AuNRs is added and
initiated AuNR head-to-head assemblies forming linear chains up to 3 mm.

Apart from thiols, Pan et al. [185] showed that the AuNRs can be directly
assembled into 1D and 2D architectures via the electrostatic interaction between
DNA and AuNRs. Such assemblies via ionic interaction were also demonstrated
using adipic acid [186], citrate molecules [187], and dimercaptosuccinic acid [182].
By using Gemini surfactants replacing CTAB during AuNR growth, the resulting
AuNRs can self-assemble even into standing superlattices formed during drying
[188]. This method has also been applied to inorganic Ag layer coated AuNRs,
which form similar 3D super lattices of AuNR side-by-side assemblies, demon-
strating highly efficient SERS [189].

Furthermore, inducing AuNR alignment in thin film is of particular importance
for their practical applications [190, 191]. In early work, an electric field was tested
to induce AuNR alignments in solution [192]. Recently, Lavrentovich group has
applied electric field to align colloidal AuNRs in a concentric fashion to
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Fig. 3.13 a Schematics of the
side view of the long face
(left) and the edge (right) of
the AuNR carrying CTAB on
the long side and thiol-
terminated PS molecules on
the ends. (b and ¢) Darkfield
TEM images of the AuNR
chains after 2 (b) and 24

(c) hours assembly.

[M]o = 0.84 x 10~° (mol/L).
Scale bar, 100 nm (both
panels) [171]. Copyright
Science 2010

demonstrate cloaking effect, which is similar to the simulated prediction model
[193]. LCs provide a long range orientational order to assist AuNR alignments
which also respond to external field such as mechanical, electric and magnetic field.
Lyotropic LC hosts that form nematic and hexagonal phases can be quite advan-
tageous in aligning a high loading of AuNRs which are functionalized with micelles
on surface [194]. Recently, organo-soluble thermotropic LCs were also used for
such purpose [195]. In solid medium, polymer engineering is an attractive strategy
to assemble AuNRs. AuNRs dispersed poly(2-vinyl pyridine) (P2VP) polymer
films exhibit controllable optical properties through AuNR self-assembly and per-
colations [196]. There are other polymers such as poly(N-isopropylacrylamide) and
its acrylic acid derivative [197, 198 ], poly(vinyl alcohol) (PVA) [191, 199], poly
(styrene-b-methylacrylate) [200] enable fabrication of anisotropic arrangements of
AuNPs. For example, colloid AuNRs were embedded during the polymer prepa-
ration. The alignment of AuNRs can be confirmed by polarized light: with the
electric field of the incident light parallel or perpendicular to the alignment direction
of AuNR, only the longitudinal or the transverse LSPR band can be excited and
detected [191]. In another way using patterned channels, translational ordered
AuNR arrangements have been fabricated by the synergetic self- and directed-
assembly processes and lithography [201].
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3.4 Applications

Unlike spherical AuNPs, there are more remarkable plasmonic phenomena of
anisotropic AuNPs. Among them, particularly for AuNRs with exceptional optical
properties, a variety of applications have emerged including biological and bio-
medical applications such as biosensing, biomedical imaging, gene and drug
delivery, disease detection, diagnosis, plasmon-enhanced spectroscopy, and
photothermal cancer therapies [22, 142, 202].

3.4.1 Catalytic Application

The catalytic activity and sensitivity of metal NPs (MNPs) are dependent primarily
on their size and shape. As a consequence of the presence of sharp edges and
corners, the number of active surface sites in anisotropic AuNPs is very high
compared to spherical AuNPs. Therefore nano-engineering is crucial in tailoring
NP properties.

A breakthrough in catalysis research that opened up a wide area of AuNP-
catalyzed oxidation reactions [203] is carbon monoxide (CO) oxidation by dioxy-
gen at low temperature catalyzed by small (<5 nm) AuNPs on titanium oxide [204].
It is widely accepted that CO molecules are preferentially adsorbed at edges and
steps on the surface of AuNPs rather than on the facets. For example, it was shown
that the perimeter interfaces around AuNPs are the sites for CO oxidation [205].
Thus, research interests in such catalysts began to focus on anisotropic AuNPs
[206], which show higher catalytic efficiency than simple AuNPs due to more edges
and steps on anisotropic ones [207]. Some hybrid bimetallic anisotropic AuNPs
also exhibit high activities in various catalytic reactions [208-210], e.g. for the
tandem reaction of alcohols and nitrobenzenes to generate N-alkyl amines and
imines [209].

3.4.2 Sensors and Molecular Recognition

Since the strong affinity between anisotropic AuNPs and heavy metal cations can
alter the position of the plasmon band of AuNRs or the fluorescence of targeted
ions, it allows detecting heavy metal cations in aqueous solutions with ultrahigh
sensitivity without sample pretreatment. Since the LSPR frequency of AuNRs
depends on the dielectric constant of the surrounding medium, the shift of LSPR
band provides an opportunity to monitor the changes of the local environment,
which can be used for sensors [211]. There are many examples of functionalized
AuNRs for devices including multiplex colorimetric detection [212, 213]. Heavy
metal ions are widely distributed in biological systems that play an important role in
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many biological and environmental processes. The analytical determination of toxic
metals is an important issue in both environmental monitoring and clinical research
[214]. Currently, AuNRs are the most widely used anisotropic AuNPs for detecting
heavy metal ions. A multiplex biosensor assay using different responses of AuNRs
relating to different targets is developed [215], in which human, rabbit, and mouse
immunoglobulin G (IgG) were conjugated to AuNRs with different aspect ratios via
a MUDA linker. Variant shifts of the LSPR wavelength of AuNRs were monitored
when binding to their respective complements (anti-IgGs). Except for the absorp-
tion spectrum shift of AuNRs, the scattering wavelength shift from individual
AuNRs was also reported in biomolecular protein sensing [213]. Single molecular
DNA detection is achievable by using AuNR sensors linked to F1-ATPase motors
in dark field microscopy [216].

In recent years, AuNRs as SERS probes in biological applications were inten-
sively investigated [156, 217]. The reasons are: they have strong SERS enhance-
ment; their LSPR bands can be tuned by the aspect ratio to match with the
excitation laser (especially in the harmless red to NIR region); and they have proper
size (length scale of 20-100 nm) with optimal enhancement [217]. Although using
SERS effect for sensing was first discovered based on spherical AuNPs [218],
AuNRs show much stronger SERS enhancement with the factors on the order of
10*-10° due to the lightening-rod effect [156]. One representative example is
peptide-conjugated AuNRs for molecular cancer diagnosis [219].

The AuNRs with various functionalized ligands on the surface exhibit the varia-
tion in the characteristic longitudinal plasmon absorption when in contact (coordi-
nation) with metal ions. Cysteine (Cys) modified AuNRs have been used as
colorimetric probes in the titration of Cu”* ions. The strong coordination of Cu®* ions
with cysteine results in a stable Cys-Cu-Cys complex and induces the aggregation of
the AuNRs along with a rapid color change from blue-green to dark gray [214].
Dithiothreitol (DTT) modified AuNRs were used as a LSPR sensor of Hg”* ions. In
this case, the DTT molecules were strongly adsorbed on the surface of the AuNRs
through thiol groups and induced the aggregation of AuNRs. The induced aggre-
gation of AuNRs was inhibited in the presence of Hg** ions, and the aggregation level
was dependent on the concentration of Hg** ions. The degree of aggregation could be
determined by the change in the intensity of the longitudinal plasmon absorption in
the UV/Vis spectrum [220]. The detection of some other metals such as Cr®* and Pb**
was recently reported by using a similar method [221].

Besides the change of longitudinal plasmon absorption signal, fluorescence is
another effective method for ion detection, for example for the detection of Hg?*
ions in a homogeneous medium, with AuNRs used as a fluorescence quencher
[222]. Nanowires are required for applications such as ultrasensitive and multiplex
DNA detection through SERS and other biomedical SERS-based techniques [223].
Bimetallic AuPtNWs are useful electrochemical sensors for glucose with increased
selectivity, sensibility, and repeatability compared to monometallic nanowires [73].

Besides AuNRs, other shapes of anisotropic AuNPs also have advantages for
biosensors [224]. Au nanopyramids, nanotubes, nanocages, nanowires, nanostars
and Au@Ag NRs have been reported as biosensors and bioprobes [225]. These
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anisotropic AuNPs functionalized with specific molecules (small molecules, DNA,
antibodies, and biotin) can recognize particular nano-objects (protein, DNA, drugs,
and streptavidin) based on the change in the plasmon absorption, or the SERS
intensity. Conical AuNT/pores can be advantageous to avoid unwanted plugging
and are ideally suited to detect protein-type bioanalytes [226]. Au nanoplates
exhibit a wide range of unique electrical and optical properties. For example, they
show significant SERS [227], tip-enhanced Raman scattering (TERS) [228], and a
shape- and size-dependent surface plasmon absorbance in the visible to IR region,
which have potential applications in sensors and probes [228]. Dendritic AuNPs
exhibited significant catalytic activities, and the good SERS sensitivity for the
detection of biomolecules also indicated their potential applications in biosensing
and nanodevices. Si0, @ Au NPs were applied to optical imaging [229], biomedical
detection [230], and photothermal cancer therapeutic ability [231], and may enable
a new class of infrared materials, components, and devices to be developed. AuNCs
and Au nanoframes were investigated in catalysis [232] and biosensing in view of
their controllable LSPR properties that depend on the size and, most importantly,
the thickness of the walls [233].

Similar to biosensors described above, with the same principle of showing LSPR
shifts, anisotropic AuNPs are used for molecular recognition. For example, func-
tionalized AuNRs and Au nanoplates have been used for organic solvent recog-
nition, toxin recognition and glucose recognition, respectively [94, 234, 235].

3.4.3 Nanoelectrodes

Anisotropic AuNPs have also been used in electrochemistry applications. Au
nanotubes were applied as nanoelectrodes showing a much higher sensitivity (more
than twice) than the embedded Au nanoelectrodes, which could be used in appli-
cations like molecular detection [236]. The AuNWs and AuNTs synthesized in this
way can be used as nanoelectrodes, molecular filters, and chemical switches [75].

3.4.4 Biomedical Applications: Imaging, Diagnostics
and Therapy

3.4.4.1 Imaging

AuNRs, HAuNSs, AuNCs, and Au nanostars are remarkable anisotropic AuNPs for
biomedical applications because: (1) they have a large absorption in the NIR
window for photothermal therapy; (2) they can selectively accumulate at sites of
interest through the enhanced permeability and retention (EPR) effect or by surface
modification with specific coatings; (3) their simple functionalization (e.g. with
PEG) and structural features allow their use as nanocarriers for drugs, DNA, or
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RNA; and (4) they have long body circulation times [129, 237]. The emerged term
“theranostic” of AuNP nanocomposites combines functionalities of both contrast
agent and therapeutic actuators within a single nanoparticle. Au nanoshells were the
first AuNPs to be used as efficient theranostic agents that combine imaging and
phototherapy functions [162].

The development of new techniques to diagnose cancer early is contributing to
increase the cancer survival rate. To detect the cancer cells, AuNPs such as
spherical Au nanoshells [162], AuNPs [238], AuNRs, Au nanocages, and Au
nanostars are photoresistant and stable, thus offering long-time operation for optical
imaging, owing to their unique interaction process with light particles showing
efficient contrast in optical imaging. The most important factors in vivo diagnostic
techniques include light scattering imaging, two-photon fluorescence imaging, and
photothermal/photoacoustic imaging [22]. The Au nanoshells developed by Halas
and co-workers that scatter light in the NIR physiological “water window” have
been used as contrast agents for dark-field scattering [162, 229], photoacoustic
imaging [162], and optical coherence tomography (OCT) [162, 231].

AuNPs strongly scatter light of their plasmon wavelengths. AuNRs having
strong scattering in the NIR region are capable of detecting cancer cells under
excitation at spectral wavelengths where biological tissues absorb only slightly
(Fig. 3.14) [141]. For other imaging techniques, AuNRs can greatly enhance the
contrast in the photo acoustic tomography (PAT) technique due to the high

HaCaT nonmalignant HSC malignant cells HOC malignant cells

Fig. 3.14 Cancer diagnostics using AuNR-enhanced light scattering. Optical dark-field micros-
copy of normal HaCaT cells and cancerous HSC and HOC cells incubated with anti-EGFR
antibody conjugated gold nanospheres (top panels, left to right). Bottom, as above, but with
AuNRs. Anti-EGFR-conjugated gold nanoparticles specifically bound to cancer cells, thereby
resulting in strong scattering under dark-field microscopy and thus enabling detection of malignant
cells. a Light scattering images of anti-EGFR/Au nanospheres after incubation with cells for
30 min at room temperature. b Light scattering images of anti-EGFR/Au nanorods after incubation
with cells for 30 min at room temperature [141]. Copyright 2006 American Chemical Society
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efficiency of the surface plasmon absorption in the NIR region for opto-acoustic
imaging [239]. For example, Etanercept-conjugated AuNRs were able to show PAT
imaging of a rat tail joint [240] and this technique can be used for detecting prostate
cancer [241]. Currently, dark-field imaging based on the light-scattering properties
of anisotropic AuNPs (shells, spheres, rods, and cages) is widely used for cancer
imaging through functionalized nanoparticle-receptor binding to cell-surface bio-
markers [22, 242]. Compared with Au nanoshells, the AuNCs appear to be more
effective contrast enhancement agents [243].

3.4.4.2 Photothermal Therapy

Using photothermal effect, there are applications of AuNPs for thermal therapy, drug/
gene delivery. Thermal therapy involves the destruction of cancer cells by heating.
Taking AuNRs as an example, they can release heat during relaxation after irradiated
by laser pulse [141, 244]. When activated by a NIR laser which can penetrate cells or
tissues without damage, AuNRs with low aspect ratio can be used as therapy agents to
treat tumor cells in vitro based on such photothermal effect [141]. Various energy
sources have been applied, including radio frequencies, high-intensity focused
ultrasound, microwaves, and lasers. The heat energy can be delivered by external or
internal manners, through interstitial, intraluminal, or intracavitary approaches.
However, because of absorption by normal tissues, the amount of energy delivered to
the treatment volume is limited, which reduces the potency of the thermal effect. To
improve the efficacy and tumor selectivity, light-absorbing materials (known as
photothermal contrast agents) are introduced into tumor cells to mediate the photo-
thermal effect. A temperature increase of 30-35 °C provokes cell death. Various Au
nanostructures, including nanoshells [245], NRs, NCs, and nanostars that absorb NIR
light (wavelength 700-850 nm), have been shown to be effective in photothermal
therapy [246]. The first use of anisotropic AuNPs in targeted photothermal therapy
was conducted by the Halas research group by using silica@Au nanoshells func-
tionalized with antibodies such as anti-HER2. The antibodies directed the AuNPs
toward the cancer cells because they could conjugate with surface cell markers that
were overexpressed by cancer cells. These antibodies were linked to orthopyridyl
disulfide-PEG-n-hydrosuccinimide (OPSS-PEG-NHS) that was bound to the Au
surface through strong Au-S bonds. The advantage of the PEG linker is that it
provides an enhanced permeability and retention effect which involves the new blood
vessels formed at the tumor site. This photothermal therapy was first demonstrated in
mice with subcutaneous tumors of 1 cm size. Analysis showed that photothermal
treatment resulted in tissue damage over a similar sized area as that was exposed to
laser irradiation. Magnetic resonance thermal imaging (MRT]I) revealed an average
temperature increase of 37 °C after 5 min irradiation, which is sufficient to induce
irreversible tissue damage. Nanoshell-free samples showed an average increase of 9 °
C, which was considered to be safe for cell viability [247].

AuNRs have been extensively applied in this research recently. El-Sayed and co-
workers pioneered strategies in utilizing AuNRs in photothermal therapy. In an
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example of preferential AuNR binding to human oral cancer cells, conjugation of
AuNRs to anti-EGFR antibodies could enable selective photothermal therapy [141].
In more-recent studies, they linked macrolide to PEG-functionalized AuNRs, which
preferentially delivered AuNRs into inflamed tumor tissues via tumor-associated
macrophage cells (TAMs) [248]. AuNRs coated by mPEG-SH 5000 could be
activated by 808 nm laser with an energy of 1 W/cm? for 10 min and then effec-
tively stopped the growing of mice tumors [249]. The photothermal heat generated
by laser irradiated AuNRs in cells can be calculated [250]. In addition, it is note-
worthy to point out in the case of pulse laser irradiation, it could induce cell death,
while successive irradiation causes reshaping of the nanorods into nanospheres,
thereby preventing the cell death [251]. Their promising function in photothermal
therapy has the potential to replace conventional surgery and chemotherapy [252].

AuNCs with large absorption cross-sections also show a large photothermal
effect. The absorbed photons are converted into phonons (lattice vibrations), which
in turn produce a localized temperature increase. Xia and co-workers demonstrated
the photothermal destruction of breast cancer cells in vitro through the use of
immuno-AuNCs. AuNCs with an edge length of 45 nm were selected because of
their predicted large absorption cross-section. SK-BR-3 cells were treated with
these immuno-AuNCs, and then irradiated by a laser with a wavelength of 810 nm
and a power density of 1.5 Wem ™2 for 5 min. The treated cells were stained with
calcein-AM and ethidium homodimer-1, so that live cells showed green fluoresce
and dead cells showed red fluoresce. This analysis revealed a well-defined zone of
cellular death consistent with the size of the laser spot [253]. Au nanostars were
successfully conjugated with anti-HER2 nanobodies and demonstrated specific
interaction with HER2t and SKOV3 cells and the conjugates resulted in specific
photothermal destruction of tumor cells in vitro. Exposing the cells to either only
NIR light or nanoparticles did not affect cell viability. Nonspecific NPs conjugated
with anti-PSA nanobodies did not result in any cell death upon laser irradiation,
thus demonstrating the high specificity of these anti-HER2-conjugated Au nano-
stars [107]. Hybrid nanomaterials composed of two unique components not only
retain the beneficial features of both, but also show synergistic properties. Hybrid
AuNCs were also investigated in photothermal therapy. Single-wall carbon nano-
tubes (SWCNTs) were functionalized and attached to AuNCs through a thiol
group. The as-prepared AuNC-decorated SWCNTSs were then modified with RNA
aptamer A9, which is specific to human prostate cancer cells. The photothermal
response for the hybrid nanomaterial is much higher than that for single nanoma-
terials [254].

3.4.4.3 Drug and Gene Delivery

Anisotropic AuNPs have recently been used as nanocarriers for effective drug or
gene delivery systems [255, 256 ]. Generally, surface functionalized AuNRs work
as plasmonic carriers that simultaneously exhibit carrier capabilities, improved
colloidal stability, plasmonic properties, and non-cytotoxicity under physiological
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conditions. Critically, the surface of AuNRs can adsorb cargos such as DNA oli-
gonucleotides, RNA oligonucleotides, and siRNA [238]. For the mechanism that
how this system works, since there is shape transformation of AuNRs under
exposure to NIR laser pulses, AuNRs are used to release DNA or drugs [257]. The
AuNRs assisted gene delivery approach has caught much attention in recent years
because they can replace the conventional virus-mediated gene delivery to avoid the
risk of cytotoxicity and immunologic responses. For example, thiolated gene having
enhanced green fluorescence protein (EGFP) was covalently conjugated to AuNRs
and exposed to Q-switched Nd:YLF laser. The laser induced both of AuNR shape
transformation and DNA release due to Au-S bond breakage (Fig. 3.15) [257].
During laser irradiation, the intensity of the longitudinal LSPR absorption peak at
782 nm decreased and the transverse LSPR at 520 nm increased, suggesting the
transition from rod shape to spherical shape. The irradiated cells showed strong
gene expression after 1-2 days, whereas in nonirradiated cells there was no gene
expression. Besides thiols, Plasmid DNA was adsorbed to phosphatidylcholine
(PC)-modified AuNRs by electrostatic interaction which was release by Q-switched
Nd:YAG laser illumination [258]. For the result, 1 % of the DNA molecules was
released and 0.5 % was active [255].

With AuNRs, the remote control of gene expression with an optical switch is
accomplished. Drug delivery can also be activated under NIR laser irradiation based
on AuNRs functionalized with polymer materials, such as typical poly(N-isopro-
pylacrylamide) (PNIPAM) as well as its acrylic acid forms [259], due to their
prominent thermal responsive properties. When temperature increases above the
lower critical solution temperature (LCST), the polymer layer undergoes shrinkage.
Laser irradiation induces the AuNRs to produce heat that affects the surface tem-
perature-responsive polymer materials. By electrostatic interactions, both AuNRs
and drug molecules are loaded inside the particles. When irradiated by laser, the
heating energy by AuNRs triggers the microgel to deswell and release drug mole-
cules. Further when the laser is turned off, the microgel will swell back to its original
volume, thus the drug release can be controlled. Figure 3.16 illustrates the process of
such laser irradiation controlled volume phase transition of AuNRs embedded
PNIPAAM-hydrogels [260]. In the system, PEG modified AuNRs were first prepared
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Fig. 3.15 Schematic illustration demonstrating that the cells containing EGFP-AuNR conjugates
within a spot (3.5 mm in diameter) are irradiated by NIR laser (leff). After laser irradiation, the
gold nanorods of EGFP-AuNR conjugates undergo shape transformation that resulted in the
release of EGFP DNA (right) [257]. Copyright 2006 American Chemical Society
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N-isopropylacrylamide gel

A

Fig. 3.16 Top The collapse of polymer with temperature above its LCST when under IR laser.
Bottom a—g Fluorescence microscopic images of the polymer containing AuNRs and R-Dex-1
which has fluorescence during NIR irradiation. Scale bars 100 pum [260]. Copyright 2007
American Chemical Society

and then dispersed in PNIPAAM hydrogels, with concentration more than 100 uM.
When stimulated by the NIR irradiation with power >490 mW, cylindrical shape gel
(original diameter: 140 pm) showed shrinkage at the irradiated spot which further
grew along the gel. This induced gel shrinking occurred much more rapidly by NIR
irradiation than by temperature increasing. The process was monitored by the fluo-
rescence microscope as the drug molecules (R-Dex-1) showing fluorescence pictured
deformation of the gel. With the advantage of the high spatial resolution and rapid
release at the irradiated spot, controlled release at the specific point of the drug was
successfully achieved [260]. One attractive aspect of functional AuNRs is that they
can have these applications simultaneously with proper surface materials. This is also
a field for future research. In another example, AuNR/poly(N-isoproylacrylamide)
core/shell can release norvancomycin under NIR laser irradiation [261].

Halas and co-workers described a SiO,@Au nanoshell system that released
single-stranded DNA from its surface when illuminated with plasmon-resonant
light. This system allowed examination of DNA dehybridization induced by
excitation of localized surface plasmons on the NPs [262]. In another study, the
light-triggered release of the fluorescent molecule DAPI (4,6-diamidino-2-phenyl-
indole) inside living cells was investigated from a host—guest complex with DNA
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bound to SiO,@Au nanoshells [263]. Diagnostic and therapeutic drug delivery
based on SiO,@Au nanoshells was also investigated recently for the treatment of
ovarian cancer [264]. With their hollow structures, AuNCs serve as “pockets” that
are appropriate for drug release. PEG-coated AuNCs have been used as nanocar-
riers for doxorubicin and triggered drug release under irradiation with NIR light.
This drug delivery system was considered to be a dual-modality cancer therapy that
combined both photothermal therapy and chemotherapy. An in vivo study of this
delivery system indicated greater antitumor activity than either doxorubicin or
AuNCs alone [246]. In another example, AuNCs coated with a thin monolayer of
temperature sensitive PNIPAAm and acrylamide (Am) precursors with disulfide
groups have been used for triggering release with NIR light. The IR light can be
absorbed by the nanocage and converted into heat, triggering the smart polymer to
collapse and release the drug payload. When the laser is turned off, the polymer
chains will revert to the extended conformation and terminate the release (Fig. 3.17)
[265]. The surface of AuNCs was functionalized with thermally responsive poly-
mers to control the release through NIR laser irradiation or high-intensity focused
ultrasound. Another system to achieve the controlled release was obtained using a
phase-change material (PCM) loaded in the hollow interiors of AuNCs. An increase
in temperature uncaps the pores and releases the guest molecules from the AuNCs.
The release is controlled by varying the power or duration of the ultrasound
treatment [266]. Very recently, Wan and co-workers reported a bioresponsive
controlled-release AuNC system. The AuNC was selected as a support and an ATP
molecule was used as the target [267].

3.4.5 Optical Tuning

Since AuNRs can provide intensive local electromagnetic fields and large field
enhancements [268], there are impressive nonlinear properties leading to applica-
tions such as optical devices [269]. AuNRs show important potential in metama-
terials, e.g. negative index materials for super lenses and invisible cloaking. For
example, the well-organized AuNRs including self-assembly and orientations are
demanded [270]. According to the design based on coordinate transformation,
AuNRs self-assemble in head-to-head fashion forming continuous strips are good
candidate for an optical cloak in visible frequency (Fig. 3.18). The AuNR strips are
all perpendicular to the cylinder’s inner and outer interfaces. For easier material
generation, AuNR spatial position does not have to be periodic and can be random,
and for large-scale cloaks the wires can be broken into smaller pieces that are
smaller in size than the incoming wavelength. In addition, to accomplish the above
materials, the fabrication techniques with controls over spacing, aspect ratio, and
orientation are also important [11].

AuNWs have potential applications as nanoscale optical waveguides in the
visible and NIR regions [271]. AuNWs are indeed an ideal platform to produce
surface plasmon waves by direct illumination of one end of the nanostructure. They
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<« Fig. 3.17 Schematic illustration and characterization of controlled-release system by AuNCs.
a How the system works. A side view of the Au nanocage is used for the illustration; b atom-
transfer radical polymerization of NIPAAm and AAm monomers (at a molar ratio of m = n) as
initiated by a disulphide initiator and in the presence of a Cu(l) catalyst; ¢ TEM images of Au
nanocages for which the surface was covered by a pNIPAAm-co-pAAm copolymer with an LSCT
at 39 °C. The inset shows a magnified TEM image of the corner of such a nanocage [265].
Copyright 2009 Nature group

(a)

(b)  Dielectric host ~_

Metal wires

Fig. 3.18 Coordinate transformation and structure of the non-magnetic optical cloak. a The
coordinate transformation that compresses a cylindrical region r < b into a concentric cylindrical
shell a <r <b. r; and r, define the internal and external radius of a fraction of the cylindrical cloak.
There is no variation along the z direction. b A small fraction of the cylindrical cloak showing
well-organized AuNR wires [270]. Copyright 2007 Nature Group

can thus be used as tools for fundamental studies of subwavelength plasmon-based
optics of wave propagation. This strategy was pioneered by Halas and co-workers,
who used Ag- and Au-NWs with longitudinal dimensions of more than 10 pm. The
addition of an adjacent NWs, substrate, or other symmetry-breaking defect enables
direct coupling with the guided waves in a NW. Networks of plasmonic AuNWs
can serve as the basis for optical devices such as interferometric logic gates, which
can lead to nanorouters and multiplexes, light modulators, and a complete set of
Boolean logic functions [272]. For AuNPs with branched structure such as
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nanostars, it greatly increases the overall excitation cross-section and field
enhancement of the nanostar tips. The antenna effect of the nanostar core may be
responsible for the relatively bright and narrow scattering spectra of nanostars in the
single particle measurements [273].

3.5 Conclusions and Outlook

After an extensive research in spherical AuNPs in last decades, enabled by versatile
synthesis method the anisotropic AuNPs have emerged as a hot topic in recent years
showing an impressive potential in applications including catalysis, sensors, bio-
medical uses (bioimaging, therapy, drug delivery), and optical devices. Bottom-up
chemical and top-down physical approaches have been effective to provide
anisotropic AuNPs with different shapes and sizes based on the knowledge of the
key roles of some stabilizers such as CTAB, Ag*, and halide ions. However, large-
scale reproducible production of AuNPs of specific shapes and sizes remains a
crucial challenge although such controllability has been envisioned to open up
numerous opportunities for these intriguing anisotropic functional nanoscale
building blocks.

Anisotropic AuNPs exhibit superior and unique optical and catalytic properties
compared to their isotropic spherical counterparts [206]. They display tunable
LSPR depending on their size, shape, the dielectric properties of the surrounding
medium, and the self-assembly state. The LSPR band of anisotropic AuNPs can
shift to the NIR region (usually 800-1300 nm) while that of spherical isotropic
AuNPs position in the visible region. In the NIR region, the absorption by cells and
tissues is lower, therefore the biomedical applications, including cell imaging,
sensing, cancer diagnosis and treatment, and optical controlled drug and gene
delivery become possible. Through suitable surface modifications, anisotropic
AuNPs have been rendered biocompatible thus significantly widening their scope.
Another important aspect is the emergence of metamaterials that can be fabricated
from the assemblies of anisotropic AuNPs. Moreover, the applications of AuNRs
and AuNWs have been demonstrated in plasmon waveguides and optical devices.
Development of methods toward dynamic ordered assemblies of anisotropic AuNPs
could furnish reconfigurable functional materials and devices which exploit their
electronic and optical properties. Judging from the research and development
progress of the anisotropic AuNPs, it can be optimistically anticipated that they will
play a greater role in the nanoscience and nanotechnology of twenty-first century
besides their biological and biomedical applications.
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