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Abstract: With the development of nanotechnology, many
novel nanomaterials with unique properties such as mag-
netic, electronics, and photonics are increasingly being ex-
ploited. Gold nanorods, which are rod-shaped nanomate-
rials, show powerful potential in biological/biomedical
fields, especially photothermal therapy, biosensing, imag-
ing, and gene delivery for the treatment of cancer. Many
scientific groups have shown strong interests in gold nano-
rods and have attempted to push them towards possible

clinical applications. However, owing to the quantum-size
effects of nanomaterials, people have also raised some
concerns about the potential toxicity hazards. Therefore,
it is becoming urgent to study and exploit the biological
effects of gold nanorods for benefit in the near future.
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1. Introduction

Gold nanords (GNRs), as one important member of the
noble-metal nanoparticles(Au, Ag, Cu),'! are attracting in-
tensive scientific interest for their unique properties and po-
tential applications such as photothermal therapy,*® bio-
sensing,’”! molecular imaging,'">'?! and gene delivery!>
for cancer treatment. Owing to surface plasmon reso-
nance,>!! gold nanorods show greatly enhanced absorption
and Rayleigh scattering of light. In a sense, GNRs are elon-
gated gold nanoparticles with unique optical properties de-
pending on their size and shape.['"®! However, unlike spher-
ical gold nanoparticles, GNRs possess two absorption bands
owing to the surface plasmon collective oscillation of free
electrons.'>?” One is called the transverse plasmon band, re-
lating to the absorption and scattering of light along the
short axis of rods, located in the visible region at about
520 nm; the other is called the longitudinal plasmon band,
relating to the absorption and scattering of light along the
long axis of the rods, located in the near-infrared (NIR)
region of the electromagnetic spectrum, which is tunable by
changing certain aspects of GNRs.”!! It has been thought
that biological tissues are relatively transparent in the
NIR™ region, where there are many exciting applications
for photodynamic®™ and photothermal therapy of
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cancer.”?! Based on this, GNRs are extremely attractive
candidates with essential properties as optical sensors for
biological and medical applications, for example, photother-
mal therapy,®*! optical imaging,”! and biosensing.””) More-
over, GNRs can greatly enhance the surface Raman scatter-
ing of adsorbed molecules,”! and therefore can act as the
substrate of Raman probe design.”® Although GNRs dis-
play promising prospects, there are still some concerns on
their synthesis,*>*" surface modifications,"® biocompatibility
and toxicity,"!! and so on. Herein, we review the main pro-
gresses made over the past few years in the synthesis, sur-
face modification, molecular assembly, and biological effects
of gold nanorods, exploring their application prospects in
photothermal therapy, biosensing, molecular imaging, and
gene delivery, with the aim of stimulating a broader atten-
tion to GNRs and improving the development of GNR-
based nanotechnology.

2. Synthesis and Optical Properties

There is wide interest in synthesizing different shapes of
gold nanomaterials.?? So far, gold nanomaterials such as
gold nanospheres,* gold nanobelts,* gold nanocages,**!
gold nanoprisms,®”! gold nanostars,**! and gold nanorods™”
have been successfully fabricated, and their formation mech-
anism and important physical and chemical properties are
being investigated.

Among these gold nanomaterials, GNRs have received
more attention, and a lot of references are associated with
them. In comparison with other shapes of gold nanomateri-
als, GNRs possess several advantages: different synthetic
methods can be chosen,!'® mild reaction conditions can be
used,™ high yields and narrow site distribution!**) can be
gained through judicious choice of experimental parameters.
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Furthermore, GNRs have a higher efficiency of light absorp-
tion at their longitudinal plasmon resonance site than any
other known nanomaterials, including gold nanoshells.***!

To date, the main methods to synthesize GNRs include
porous aluminum template methods,” electrochemical
methods,*! photochemical methods,*® and the seed-mediat-
ed growth method.” Of all these methods, the seed-mediat-
ed growth method has the longest history, which dates back
to the 1920s,"¥ and is especially appealing and widely adopt-
ed because it is very simple and flexible in fabricating differ-
ent aspect ratios of GNRs and keeping a relatively high
yield. Generally, the seed-mediated growth method includes
two steps: synthesis of seeds and the growth of seeds.*”! The
former is done by using a strong reducing agent to reduce a
metal salt solution in aqueous medium so as to get a certain
size of spherical gold nanoparticles, which are defined as
gold seeds. After the gold seeds are formed, the next step is
to add them into the surfactant, which acts as a soft tem-
plate to direct seed growth. During the growth, another
weak reducing agent is necessary to guarantee the reduction
of gold salt. To get a high yield of tailored GNRs by this
method, several parameters such as the seeds themselves!
(size and aging time), use of AgNO,,""*! use of cetyltrime-
thylammonium bromide (CTAB),*! pH,*! temperature,”
among others must be carefully considered before prepara-
tion because the formation mechanism of GNRs is very
complicated; a slight variation will affect the size and shape
of the GNRs. The Murphy group”*? performed some pio-
neering work on the seed-mediated growth of GNRs. The
formation mechanism of GNRs has so far still not been well
clarified,”"*">¥ though Perez-Juste et al.'®> provided an ex-
cellent overview to discuss this problem in detail.

Gold nanoparticles show a strong absorption band in the
visible region owing to the collective oscillations of metal
conduction band electrons in strong resonance with visible
frequencies of light, which is called surface plasmon reso-
nance (SPR).* There are several parameters to influence
the SPR frequency. For example, the size and shape of the
metal nanoparicles, surface charges, dielectric constant of
the surrounding medium, and so on.’>* Upon changing the
shape of gold nanoparticles from spheres to rods, the SPR

Abstract in Chinese:
BHRIE, (Fy KX BHIKM R
HIFFHITCFPENT, /LT 96T WEFREY
FYHTT A 72 NI AR VT L, ok
B Z BT 2 IF HEB) 2 H ] ) 5 ST 1) e %
K o KT KBE I e ZETETEN 7720
FEFN LB S S T7 IBIHEAT T 4570, i 2l
T AEERGEIT s ERYEST IR AT 632 77 [T
HIM AT 5%, H B2 SE T i - B I A7
Vil

D.-P. Yang and D.-X. Cui

spectrum exhibits two absorption bands: a weaker short-
wavelength in the visible region owing to the transverse
electronic oscillation and a stronger long-wavelength band
in the NIR region owing to the longitudinal oscillation of
electrons. The aspect ratio of GNRs can markedly affect
their absorption spectra.'”) In the same vein, increasing the
aspect ratio can lead to longitudinal SPR absorption band
red-shifts. This interesting phenomenon will benefit us enor-
mously in practical applications.

3. Surface Modifications

To obtain a high yield of GNRs, CTAB, an important cat-
ionic surfactant, is frequently used, which acts not only as
an inducing agent but also a capping agent.®! CTAB forms
the bilayer structure on the surface of GNRs, whereby the
trimethylammonium head groups of the first monolayer are
facing the surface of the GNRs, while the absorbed second
layer of CTAB extends outside the groups with positive
charges through van der Waals interactions between the sur-
factant tails.””) The CTAB molecule has a long alkyl chain,
which makes it difficult to further modify GNRs in the pres-
ence of abundant CTAB.P® Furthermore, removing excess
CTAB will cause GNRs to undergo irreversible aggrega-
tion.® Therefore, it is imperative to implement surface
modifications before further biological applications. For ex-
ploring applications, there are three kinds of molecules
mainly used for the surface modifications of GNRs: small-
molecule compounds, polymers, and inorganic silica.
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Yamada et al.’) demonstrated an extraction technique
using phosphatidylcholine (PC) to modify GNRs, in which
CTAB was successfully extracted into a chloroform phase
while PC adsorbed onto the GNRs. Zeta potential indicated
that some CTAB molecules were still retained on the face
of the GNRs, but the cytotoxicity was reduced to a negligi-
ble degree. For further biological applications, both long-
term stability and facile modification methods are essential.
Instead of partial modification, Irudayaraj et al.”® reported
a chemical method to replace CTAB on the surface of
GNRs. They synthesized two types of biocompatible small
organothiols, one positively charged and the other negative-
ly charged. Both compounds have SH groups, which show a
strong affinity for gold atoms. In this approach, they empha-
sized that a series of factors are pivotal to the successful ac-
tivation of GNRs. It seems that CTAB is prone to bind
tightly onto the Au surface so that small-molecule com-
pounds cannot easily replace them. In comparison to poly-
mer modifications, small linker molecules are more available
for biosensing applications. Since the plasmonic electromag-
netic field around GNRs decays exponentially from the sur-
face, polymer coating creates a thicker layer which is less
sensitive to surface-binding events than small-molecule
counterparts.

Polymers are very efficient and widely used mediums for
surface modifications. Murphy and co-workers®? first sug-
gested a layer-by-layer (LbL) approach to modify the entire
surface of GNRs by electrostatic self-assembly, in which the
positively charged CTAB facilitated absorption of an anion
polyelectrolyte, poly(sodium-4-styrenesulfonate) (PSS). Sub-
sequently, a cationic polyelectrolyte, poly(diallyldimethylam-
monium chloride) (PDADMAC) was further utilized. The
process could alternately be repeated to deposit polyelectro-
lyte multilayers. Boyes and co-workers®®! provided another
technique called reversible addition-fragmentation chain
transfer (RAFT) to modify GNRs with different polymers.
RAFT is a versatile controlled “living” free-radical polymer-
ization technique which has played a key role in polymers
synthesis. In comparison to the LbL method, several advan-
tages are evident: stronger binding to the substrate surface,
control over the thickness, and more than just polyelectro-
lyte materials. Using this technique, they modified the sur-
face of GNRs with both hydrophilic polymers poly(2-(dime-
thylamino)ethyl methacrylate) (PDMAEMA), poly(acrylic
acid) (PAA), and the hydrophobic polymer polystyrene
(PS). The thickness of polymers attached to the surface of
GNRs was tunable from 3 nm to 14 nm. The maximum
shifts of both PDMAEMA and PS corresponded well with
the TEM results. But, for PAA, it caused aggregation. Ni-
idome et al.””) added MPEG-SH into the GNR solution sta-
bilized by CTAB to achieve PEG modification. PEG-modi-
fied GNRs reduced cytotoxicity significantly and showed a
stealth character invivo. PEG-modified GNRs were as-
sumed to be well suited for biomedical applications. In addi-
tion, some groups also utilized PVP® lipids® copoly-
mer,®! bovine serum albumin (BSA), and polyethlenimine
(PED*! to modify the surface of GNRs.
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Since great efforts were made on silica-coated works by
the Mulvaney,”®” Philipse,”® and Iler™™ groups in the past
decades, recently the inorganic silica-coating method has
become of increasing interest for the surface modification of
nanomaterials, for example, of Au," Fe,0,"! Ag™ and
quantum dots.™® There are several main reasons for this.
Firstly, silica surface chemistry has been well established;
one can easily covalently introduce functional groups to the
silica surface. Secondly, coating a shell of pure transparent
silica has little influence on the physical properties of nano-
materials including optical, magnetic, and catalytic perform-
ances. More importantly, silica coating enhanced the colloi-
dal stability. Murphy et al.” successfully reported the use of
v-methacryloxypropyltrimethoxysilane(MPS) to coat the
high-aspect-ratio GNRs (aspect ratio 13). However, their
method was not available specifically for short-aspect-ratio
GNRs which often exhibited poor reproducibility and parti-
cle aggregation. Later, Perez-Juste et al.*! brought forward
a new silica-coating profile to overcome this defect using a
combination of the LbL technique and hydrolysis and con-
densation of tetraethoxy silane (TEOS), leading to a homo-
geneous coating (Figure 1).

Figure 1. TEM images of GNRs with controlled silica shell thickness.
From (a) to (d), the shell thickness gradually increases. Reprinted with
permission from reference [63].

A silica shell not only can control the dipolar interactions
between GNRs, but also can enhance the versatility of the
particles. Ma and co-workers™ prepared the Au,,,/SiO,
composites through an improved Stober method. The uni-
form shell thickness was about 9 nm. To avoid the nuclea-
tion of free silica in solution, they adopted vortex mixing
rather than mechanical mixing and magnetic stirring. This is
because vortex mixing can afford more homogeneous
mixing. Here, it must be pointed out that obtaining a de-
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fined homogeneous layer of silica is not as easy as described
in most papers; one must be cautious about operation and
dosage during the process of coating.

4. Molecular Assembly

Assembling one or more molecular entities may produce
novel physical properties which are very useful in nanoscale
electron device fabrication. GNRs with unique optical prop-
erties play an important role in nanomaterial assembly and
are attracting more and more attention. Electrostatic, hydro-
philic-hydrophobic, and specific interactions (antigen-anti-
body, oligonucleotides, biotin-streptavidin, aptamer—pro-
tein) are often involved in the GNR assembly.["®

El-Sayed et al.”! showed that simple solvent evaporation
results in the organization of 1D, 2D, and 3D structures of
GNRs. Zubarev and co-workers™ described a simple

method to spontaneously assemble hybrid gold—polymer
core-shell nanorods into ringlike arrays (Figure 2).

Figure 2. a-d) TEM images of rings formed by GNR-(PS), from a solu-
tion of CH,Cl, (1 mgmL™"). Reprinted with permission from refer-
ence [78].

The mechanism of developing ringlike structure is as fol-
lows: Polystyrene (PS) chains are covalently attached to
GNRs, then the hybrid core-shell materials are dissolved
into CH,Cl, solvent. When highly volatile CH,Cl, is evapo-
rated quickly and cooled so that its surface is below the dew
point, the numerous water droplets of air start to condense
and drop onto the substrate and are surrounded by the
CH,(I, solution of GNRs/PS. The increasing water droplets
gather to develop a template. Since GNRs/PS are highly
soluble in CH,Cl,, they remain in the solution until the last
portion of CH,Cl, is concentrated around the impervious
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walls of the water droplets. After being dried at the lower
temperature, the sample starts to return to room tempera-
ture, thus causing evaporation of the water templates and
development of ringlike arrays of the GNRs.

Some research groups have utilized the well-known
biotin—streptavidin specific recognition mechanism to assem-
ble GNRs. Murphy and co-workers™ reported that short-
aspect-ratio GNRs treated with biotin were assembled pref-
erentially in an end-to-end fashion when mixed with strepta-
vidin (Figure 3). This is because biotin disulfide failed to re-

Figure 3. TEM imagines of GNRs, surface-derivatized with either biotin
disulfide, after addition of streptavidin. Scale bars from (a) to (d):
100 nm, 20 nm, 100 nm, and 500 nm, respectively. Reprinted with permis-
sion from reference [79].

place all CTAB, and thus biotin preferentially binds to the
faces at the ends of the rods.”” Then, they examined the
effect of biotin-streptavidin on the long gold nanorods."®!
Firstly, GNRs were uniformly biotinylated. Subsequently,
streptavidin was added into the biotinylated GNRs, leading
to nanorod aggregation. This phenomenon revealed that the
GNRs preferentially underwent side-to-side assembly when
forming 3D aggregates. Otherwise, through oligonucleotide
matching and antigen—antibody recognition, The Tan
group!” and our group®! discovered that GNRs preferen-
tially assembled themselves in an end-to-end fashion in the
presence of CTAB (Figure 4). These assembled GNRs can
reach as long as the micrometer scale through control of the
concentrations.

Several investigators®™*! also showed that cysteine and/or
glutathione as molecular bridges possessed the same capa-
bility to assemble GNRs in preferential end-to-end fashion.

Chem. Asian J. 2008, 3,2010-2022
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Figure 4. TEM images of a) di-, b) tri-, c) tetragold nanorods assembly.
The antimouse IgG provides an anchoring site at the end surface of
nanorod and interacts with mouse IgG for assembly. d) GNRs were as-
sembled into successive chains by stepwise increasing concentration of
mouse IgG. Reprinted with permission from reference [76].

Electrostatic interaction®™®! is in general a facile method to
carry out nanomaterial assembly. Liz-Marzan et al.*
aligned GNRs along multiwalled carbon nanotubes to devel-
op stringlike structures through static interactions. Murphy
et al.® immobilized GNRs onto 2D surfaces through elec-
trostatic interaction between the positively charged CTAB
and negatively charged SAMs (self-assembled monolayers
of 16-mercaptohexadecanoic acid). Using the same princi-
ple, our group® carried out formation of DNA-templated
ordered arrays of GNRs in one and two dimensions. Before
this, Mann et al.”"! reported that GNRs organized into ani-
sotropic 3D aggregates under the drive of DNA hybridiza-
tion. More recently, Kumacheva and co-workers”™ reported
the assembly of GNRs end-terminated with multiple poly-
mer arms (pom-poms). Interestingly, they showed that
through changing two anticorrelating parameters, the molec-
ular weight of the polymer tethered to GNR end and the
fraction of water in the system, shape transitions can be con-
trolled (Figure 5).

In summary, 1D, 2D, and 3D assembly of GNRs can pro-
duce some interesting structures which are useful in the
design of nanodevices. Exploration on the mechanism of as-
sembly of GNRs will enhance the understanding of mole-
cule assembly.

5. Biological Effects

As-prepared GNRs contain a large amount of free CTAB
molecules in the solution, which exhibit high cytotoxici-
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Figure 5. Top: a) Schematic illustrations of the relative location of PS
molecules with varying molecular weight (left), and illustrations of the
self-assembled structures of triblocks (right). b-d) SEM images of the
self-assembled structures of triblocks carrying different molecular
weights. Scale bars: 100 nm. Bottom: a) Schematic illustrations of the rel-
ative location of PS molecules with varying water content (left), and illus-
trations of the self-assembled structures of triblocks with 50 K PS (right).
b-d) SEM images of corresponding assembled structures of triblocks
with 50 K PS in different water/DMF mixture. Scale bars: 100 nm. Re-
printed with permission from reference [92].

ty.%2%1 As mentioned previously, CTAB molecules develop
bilayers on GNRs and are dynamic. That is to say, the solu-
tion always contains free CTAB from rod surfaces even if
one can remove all of unbound CTAB from the original so-
lution.® Furthermore, repeated centrifugation results in ir-
reversible aggregation of the GNRs. It is now considered
that CTAB-bound GNRs are nontoxic; the cytotoxicity is at-
tributed to free CTAB.” Therefore, the existence of CTAB
and following surface modification raise big concerns. Wyatt
and co-workers”™ studied the uptake and acute toxicity to
human leukemia cells of several different diameters of
spherical gold nanoparticles with a variety of surface modifi-
ers. Their results show that nanoparticles themselves are not
necessarily detrimental to cellular function. However, more
and more evidence shows that the uptake and toxicity of
nanomaterials depend on size, shape, and surface modifica-
tions (charges, functional species).”” Yamadal®! et al. used
PC-passivated GNRs to suppress the desorption of CTAB
and showed lower cytotoxicity than the twice-centrifuged
CTAB-capped GNRs. Nevertheless, PC-modified GNRs are
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unstable and do not facilitate further biofunctionalization.
Chan et al.” investigated the uptake of transferrin-coated
gold nanoparticles of different sizes and shapes in fibroblast
cells, ovarian cancer cells, and brain tumor cells. The results
showed that transferrin-coated gold nanopartilces were
taken up by a clathrin-mediated endocytosis pathway, while
GNRs had a lower uptake than spherical gold nanoparticles.
With increasing aspect ratio, the rates of uptake were
slower. The fraction of rod-shaped nanoparticle exocytosis
was higher than that of spherical-shape nanoparticles. Re-
cently, this group has systemically assessed PE-coated GNR
uptake, toxicity, and gene expression.’'! Their results show
that a series of factors (surface functional groups, charge,
and PEs) may affect the uptake of GNRs. Gene expression
analysis confirms that indicators of cell stress are not signifi-
cantly up- or down-regulated even if large quantities of
GNR uptake occur. Among 10000 genes assessed, only 35
appeared down-regulated as shown!! (see the list of genes
in Table 1). Therefore, GNRs are suited for biological appli-
cations.

D.-P. Yang and D.-X. Cui

With the help of real-time TPL microscopy, they found that
photothermolysis of KB cells was particularly effective
when folate-GNRs were localized on the cell membrane fol-
lowing fs-pulsed excitation (Figure 7). Folate-GNR-mediat-
ed cavitation disrupted membrane integrity, leading to cell
death. Their results are quite distinct from traditional as-
sumptions of nanoparticle-mediated hyperthermia which are
only based on systemic temperature changes. Besides aiming
at cancer cells with photothermal effects of targeted GNRs,
two groups also found some interesting applications in fight-
ing against pathogenic bacteria® and parasites.'""! GNR
photothermal therapy may also open a new avenue to treat-
ing infections diseases.

6.2. Molecular Imaging

In modern medicine, multimodal imaging!"™ is increasingly
pursued so that doctors can predict and diagnose diseases
more accurately. No single molecule can play this role.

Table 1. Names of genes exhibiting significant change following treatment with GNRs. Reproduced with per-

mission from reference [31].

6. Biological Application

Gene name

Prospects Accession uGh! Fold
P number change
6.1. Photothermal Effects R80235 Hs.567303 533
GNRs are a novel photother-  Aag65265 — Hs437060 2.40
mal agent that can absorb NIR  R32833 Hs.487510 8.18
light efficiently to transfer into N20989 Hs.165859 477
heat to destroy biological tis- R06452 Hs.642603 1.7
7] Theref th ffi R25583 Hs.533262  2.60
sues. crefore, they are €= Aa421819  Hs171054 1.77
cient exogenous agents to the H94063 Hs.44235  4.55
therapy of cancer.”’) In particu- CD300603 Hs.501149 1.87
lar, targeted GNRs® are man- AA931818 Hs.602357 3.66
datory so as to avoid the photo- 2028927 Hs460109 1.5
y : PROLO 170481 Hs260041 1.72
thermal ablation to health tis- A A4562909  Hs444558 1.48
sues resulting from an unspecif- AA031420 Hs.244139 1.40
ic uptake. El-Sayed etal’ AA001870  Hs598312 151
conjugated GNRs to anti- ngégg gs'igggf; i‘ég
. . S.: .

EGFR monoclonal antibodies
(many solid tumors overexpress R99627 Hs.486084 2.11
EGFR) and incubated them in N64604 Hs.97997 1.58
a nonmalignant epithelial cell 95348 Hs.159437 231
hne.and two mghgnant oral epy H10192 Hs.594542 2.06
thelial cell lines. The anti- T79127 Hs.486228 3.07
EGFR/GNRs themselves were — AA938900 Hs.403857 2.03
not cytotoxic and destroyed the —Al122680 Hs.314263 7.25
tumor cells without harming AAG83077 Hs431850 2.04
health IIs af licht irradi AA018457 Hs.420036 5.20
ealthy cells after ight wrradia-— spp76134  pe2s49 226
tion (Figure 6). AA922903  Hs466910 4.11
The important finding is that BG698959 Hs.489051 1.57
the threshold energy of killing 35’7919:5906 g&iﬁggg ;gi

. S.: B

cancer cells is l(?wer than.other NS0729 Hs597002 2.13
core-shell particles. Wei and 74161 Hs29189  2.96
co-workers®™! investigated pho- AA621535  Hs.522895 2.67
tothermal effects of folate-con- AA427621  Hs.632728 1.69

Mdm?2, transformed 3T3 cell double minute 2, p53 binding protein
(mouse)

Cytochrome ¢, somatic

Carbohydrate (N-acetylglucosamine 6-O) sulfotransferase 6
Anthrax toxin receptor 1

Vasodilator-stimulated phosphoprotein

Anaphase-promoting complex subunit 2

Cadherin 6, type 2, K-cadherin (fetal kidney)

Chromosome 13 open reading frame 1

PDZ domain containing 8

Transcribed locus

Myosin, heavy polypeptide 11, smooth muscle

CASI1 domain containing 1

KH domain containing, RNA binding, signal transduction associated 3
Fas (TNF receptor superfamily, member 6)

Phosphoglucomutase 3

Mitogen-activated protein kinase-activated protein kinase 3
FERM, RhoGEF (ARHGEF), and pleckstrin domain protein 1 (chon-
drocyte-derived)

Chromosome 6 open reading frame 203

Ribonuclease III, nuclear

Transcribed locus, strongly similar to NP 002754.2 prospero-related ho-
meobox 1 (Homo sapiens)

Transcribed locus

Hypothetical protein LOC643749

Lymphocyte antigen 9

Bromodomain adjacent to zinc finger domain, 2A
Mitogen-activated protein kinase 1

Glutamate decarboxylase 1 (brain, 67 kDa)

Adrenergic, beta-3 receptor

Cytidine deaminase

Six transmembrane epithelial antigen of the prostate 2

Exosome component 1

RADS1 homologue C (Saccharamyces cerevisiae)

Transcribed locus

ATPase, Class VI, type 11A

Ras association (RaIGDS/AF-6) domain family 4
Transmembrane protein 19

jugated GNRs to KB cells. [a] Unigene (UG) cluster.
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Figure 6. Selective photothermal therapy of cancer cells with anti-EGFR/GNRs incubated. The circles show
the laser spots on the samples. The HSC and HOC malignant cells are obviously injured while the HaCat
normal cells are not affected at 80 mW (10 Wem™2). The HaCat normal cells start to be injured at 120 mW
(15 Wem™2) and are obviously injured at 160 mW (20 W cm™2). Reprinted with permission from reference [26].

Figure 7. Site-dependent photothermolysis mediated by folate-GNRs (red). A,B) Cells with membrane-bound
folate-GNRs exposed to cw NIR laser irradiation experienced membrane perforation and blebbing at 6 mW.
The loss of membrane integrity was indicated by EB staining (yellow). C,D) At 60 mW. E,F) Folate-GNRs in-
ternalized in KB cells labeled by folate-bodipy (green) were exposed to laser irradiation at 60 mW, resulting in
both membrane blebbing and melting of the folate-GNRs. G,H) NIH-3T3 cells did not suffer photoinduced
damage upon 60 mW laser irradiation. I,J) Cells with membrane-bound folate-NRs exposed to fs-pulsed laser
irradiation produced membrane blebbing. K,L) Cells with internalized folate-GNRs remained viable after fs-
pulsed irradiation.Reprinted with permission from reference [99].

Chem. Asian J. 2008, 3, 2010-2022 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

AN ASIAN JOURNAL

Nanomaterals may represent
the chance to realize this goal.
GNRs have several marked ad-
vantages such as enhanced scat-
tering signal, no occurrence of
photobleaching, and tunable
longitudinal plasmon absorp-
tion, which can be used in mul-
timodal contrast agents. GNRs
exhibit highly efficient single-
and two-photon-induced lumi-
nescence,'” which attribute to
their ability to keep resonating
surface plasmons with minimal
damping.'™ Owing to the
strong scattering of light from
GNRs, El-Sayed et al.'" used a
laboratory dark-field micro-
scope to clearly visualize and
distinguish the malignant cells
from the nonmalignant cells.
GNRs can aslo simultaneously
serve as multimodal contrast
agents for optical and electron
microscopic imaging. Prasad
etal."™ combined dark-field
imaging as well as electron mi-
croscopy imaging to study the
uptake and orientation of tar-
geted GNRs in vitro HeLa cell
lines (Figure 8).

Cheng et al.'%/ first reported
the two-photon luminescence
imaging of single GNRs. They
found that TPL intensities from
single GNRs are many times
brighter than the TPL intensi-
ties from a single rhodamine
molecule and demonstrated a
cos’ dependence on excitation
polarization. They monitored
the flow of single GNRs using
TPL through mouse ear blood
vessels in vivo (Figure 9).

Ben-Yakar and co-workers!'”!
explored deep-tissue imaging
utilizing TPL of GNRs. In con-
trast, the TPL intensity from
GNR-labeled cancer cells is
three orders of magnitude
brighter than the two-photon
autofluorescence emission in-
tensity from unlabeled cancer
cells.
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Figure 8. Top: Dark-field images of HeLa cells following a) no treatment,
b) treatment with non-Tf-conjugated GNRs, and c) treatment with Tf-
conjugated GNRs. The orange/red scattering corresponding to the GNRs,
as seen in (c), originates from the strong longitudinal surface plasmon os-
cillation of the GNRs. Bottom: a) TEM image of HeLa cells with Tf-
AuMLPs NRs (the circle points out GNRs). b) The circle in part (a) is
magnified, showing the individual GNRs inside the cell cytoplasm. Re-
printed with permission from reference [102].
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Figure 9. Imaging of single GNRs in mouse ear blood vessels in vivo.
a) Transmission image with the two blood vessels indicated. Dotted con-
tour lines are provided to guide the eye. b) TPL image of GNRs (red
dots) flowing through the blood vessels. The bright signal beneath the
lower blood vessel is the autofluorescence from a hair root. The streaking
is due to sample drift during imaging. c) Overlay of the transmission
image (light blue) and a single-frame TPL image. Two single nanorods
(red spots) are superimposed by a linescan (white). d) TPL intensity pro-
file from the linescan in (c). The background is due to autofluorescence
from the blood vessel and the surrounding tissue. The similar intensities
of the red spots indicate the detection of single GNRs. Reprinted with
permission from reference [103].

6.3. Biosensing

Utilizing GNRs for biosensing has been reported. GNRs are
sensitive to the dielectric constant of the surrounding
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medium owing to surface plasmon resonance. Therefore, a
slight change of the local refractive index around GNRs will
result in an observable shift of plasmon resonance frequen-
cy. Yu and Irudayarajl” fabricated GNRs of different aspect
ratios with targeted antibodies to detect three targets (goat
antihuman IgG1 Fab, rabbit antimouse IgG1 Fab, rabbit an-
tisheep IgG (H+L)). In this study, they showed that GNRs
can be used for a multiplexing detection device of various
targets. Then, they designed and fabricated multiplex GNRs
probes to identify up to three cell surface markers simulta-
neously with the aid of dark-field microscopy integrated
with a special image system. In another study, they exam-
ined the quantification of the plasmonic binding events and
estimation of ligand-binding kinetics for ligands tethered to
GNRs by building up a mathematical method.!'"® The
GNR-based sensors were found to be highly specific and
sensitive with the dynamic response in the range 10~° to
10°m. For higher-target affinity pairs, one can expect to
reach the femtomolar levels of detection, which is promising
for developing sensitive and precise sensors for biological
molecular interactions. Chilkoti and co-workers miniatur-
ized'"”! the biosensors to the dimensions of a single gold
nanorod. Based on the proof-of-concept experiment of
streptavidin and biotin, they tracked the wavelength shift
using a dark-field microspectroscopy system. GNRs bound
with 1 nMm streptavidin could cause a 0.59 nm mean wave-
length shift. Furthermore, they also indicated that the opti-
cal setup could reliably measure wavelength shifts as small
as 0.3 nm. Using the fluorescence properties of long-aspect-
ratio GNRs (aspect ratio>13), Luong et al.l% exploited
GNRs as a novel sensitive probe for DNA hybridization. In-
terestingly, recently Frasch and co-workers have set single-
molecule DNA detection in spin by linking F;-ATPase
motors and GNRs (Figure 10).

The biosensing nanodevice overcomes the defects inher-
ent to polymerase chain reaction (PCR) or ligase chain reac-
tion (LCR), is faster, and reaches zeptomole concentrations
(600 DNA molecules), which is greatly superior to tradition-
al fluorescence-based DNA detection systems which have
detection limits of only about 5 picomolar. At present, nano-
particle-based surface-enhanced Raman tags have gained
much attention as a valuable tool for ultrasensitive detection
for biological cells."® ") GNRs are thought to be attractive
candidates for SERS.'"'Yl El-Sayed et al.'%! found that can-
cers cells assembled and aligned anti-EGFR/GNRs homoge-
neously owing to the overexpression of EGFR on the
cancer cell surface. Molecules near the GNRs on the cancer
cells give a greatly enhanced, sharp, and polarized Raman
spectrum and can be used as diagnostic signatures for
cancer cells. Ma and co-workers® prepared a composite
material which is composed of GNR-embedded silica parti-
cles and organic Raman molecules as Raman label. In an
immunoassay, the novel Raman label showed potential use
for multiplex and ultrasensitive detection of biomolecules.
Additionally, some groups also utilized functionalized
GNRs as chemical sensors to detect Hg",""? Fe' '] and
other ions.
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Figure 10. Self-assembly of the single-molecule biosensing device.
a) Components of the nanodevice include: F;-ATPase biomolecular
motor modified to contain a 6xHis tag on each a subunit for immobiliza-
tion to a Ni-NTA-coated slide; a biotinylated ¢ subunit bound to avidin;
the target-dependent 3',5'-dibiotinylated DNA bridge; and an avidin-
coated 80 x30 nm gold nanorod. b) Sequential steps in nanodevice assem-
bly: i) Binding of 3',5'-dibiotinylated-DNA bridges to immobilized avidi-
nated F;-ATPase; ii) avidin-coated gold nanorod binding to immobilized
DNA bridges; iii) Mg**-ATP-dependent rotation of nanorods for positive
identification of the presence of target DNA. Reprinted with permission
from reference [108].

6.4. Gene Delivery

The use of nanomaterials such as dendrimers, liposomes,
magnetic nanoparticles, and carbon nanotubes for gene de-
livery has been of great interest."'"*''7 GNRs, an emerging
nanomaterial with anisotropic and rod-shaped characteris-
tics, are attracting much attention in the field of gene deliv-
ery. Leong and co-workers!"” fabricated bifunctional Au/Ni
nanorods through a template synthesis. Plasmids are bound
to the Ni rod part while transferrin is bound to the Au rod
part (Figure 11).

Although their transfection experiments in vitro and
in vivo provided promising applications in genetic vaccina-
tion, the synthesis method is subtle and the yield is low. It is
interesting that a pulsed NIR laser can induce the shape
change of GNRs from rod to spherical and enhance the lo-
calized gene expression efficiency greatly. Yamada and co-
workers!""®! have examined the controlled release of plasma
DNA from PC-capped GNRs. When a pulsed NIR laser ir-
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Figure 11. Schematic illustrations of multifunctional Au—Ni nanorods for
gene delivery. Plasmids are bound by electrostatic interactions to the sur-
face of the nickel segment. Rhodamine-conjugated transferrin is selec-
tively bound to the gold segment of the nanorods. Reprinted with permis-
sion from reference [13].

radiated the PC-GNR-DNA complexes, morphological
change™! occurred from rod into spherical. During this pro-
cess, binding plasma DNA was released. Since PC-capped
GNRs are not well-dispersed, recently the group has adopt-
ed a layer-by-layer technique to study GNR gene delivery.®!
The surface of the GNRs was modified with bovine serum
(BSA)," which enhanced stabilization, and polyethyleni-
mine (PEI), which strengthened transfection -efficiency.
However, the transfection efficiency was lower than that of
PEI/DNA complexes. Future work should be directed
toward obtaining a “fine-tuned” surface for successful gene
delivery.

Chen and co-workers!"¥ systematically examined near-in-
frared light-triggered release of DNA bonded to GNRs.
They attached GNRs to the gene of enhanced green fluores-
cence protein (EGFP) for remote control of gene expression
in living cells (Figure 12). DNA-SH was linked to the sur-
face of GNRs through Au—S bonds. The resulting conjugates
showed very good water solubility without precipitation or
aggregation. When the conjugates were exposed to femto-
second NIR irradiation, the group also observed the same
phenomenon, which was in agreement with Yamanda’s ob-
servation""®! that GNRs changed their shapes and sizes(Fig-
ure 13). They proposed thermal and electron heating as two
possible kinetic mechanisms to explain the Au—S bond
cleavage. Owing to their IR-controllable character, GNRs
have also some potential in exploring intelligent capsu-
les'2*121 which can be triggered by exposure of light irradia-
tion to open and release their contents.

Figure 12. TEM images of the PC-GNRs before laser irradiation (rod; a)
and the PC-NR-DNA complexes after laser irradiation with 1064 nm
light (spherical; b). Reprinted with permission from reference [14].
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Figure 13. Schematic illustration of cells containing EGFP-GNR conjugates within a spot (3.5 mm in diameter)
when irradiated by an NIR laser (left). After laser irradiation, EGFP-GNR conjugates undergo shape transfor-
mation that result in the release of EGFP-DNA (right). Reprinted with permission from reference [14].

7. Conclusions

GNRs have shown numerous desirable physical, chemical,
electronic, and optical properties. Aside from other possible
applications, currently, their biological applications are
being widely and deeply pursued,'” especially in photother-
mal therapy, molecular imaging, biosensing, and gene deliv-
ery. Compared with another important nanomaterial, CNTs
(carbon nanotubes),'”12l GNRs have raised less debate
and concerns regarding their toxic nature. But this does not
mean that this material is safe to human health and the en-
vironment in the long term. There are still extensive issues
remaining to be addressed, for example, how to optimize
the surface of GNRs elegantly to reduce CTAB negative ef-
fects, how to scale up GNRs to industrial production, and
how to clearly elucidate the interaction mechanisms be-
tween GNRs and biological molecules, cells, and tissues as
well as organs. So far, no groups have undertaken efforts to
examine a detailed preclinical evaluation process referring
to absorption, distribution, metabolism, excretion, and toxic-
ity (ADMET) profiling. Future work needs to proceed
along these lines before this material can be widely accepted
in the public so that real biomedical application will be ach-
ieved as soon as possible.
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