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    Chapter 2   
 Gold Nanostructures for Cancer Imaging 
and Therapy                     

       Yongping     Gao     and     Yongsheng     Li    

    Abstract     Gold nanostructures can manipulate light at the nanoscale based on the 
optical phenomenon widely known as localized surface plasmon resonance (LSPR). 
Upon light excitation, specifi c gold nanostructures are supposed to preferentially 
absorb or scatter light in the near-infrared (NIR) region, which enable them appli-
cable as imaging and therapeutic agents. Furthermore, facile surface functionaliza-
tion via Au-S bonding makes gold nanostructures as universal substrates to attach 
functional molecules, drug cargo, and targeting ligands. Together with their easy 
synthesis and non-toxicity, gold nanostructures have emerged as a greatly promis-
ing platform in cancer diagnostics and treatment. This chapter summarizes the prog-
ress made in cancer imaging and therapy with gold nanostructures (1) as therapeutic 
components for photothermal therapy, photodynamic therapy, chemotherapy, and 
their combination; (2) as probes for various imaging techniques including dark- 
fi eld, optical coherence tomography, two-photon luminescence, photoacoustic 
imaging, computed tomography, and surface-enhanced Raman scattering based 
imaging; and (3) as a theranostic platform for imaging-guided therapy.  

  Keywords     Gold nanostructures   •   Nanoshell   •   Nanorod   •   Nanocage   •   Photothermal 
therapy   •   Contrast agents   •   Imaging-guided therapy  

2.1         Introduction 

 Gold nanostructures have emerged as a promising new platform in biomedical diag-
nostics and targeted therapeutics due to their unprecedented capability to manipu-
late light at the nanoscale and to integrate into biological systems [ 1 ,  2 ]. Most of 
these applications based on gold nanostructures come from an optical phenomenon 
known as localized surface plasmon resonance (LSPR), which is determined 
and highly tunable by the size and shape of the nanoparticle [ 3 ]. It can be tuned to 
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preferentially absorb or scatter light at specifi c wavelengths in the visible and 
near- infrared (NIR) regions of the spectrum. In the NIR “tissue window,” light 
penetration into tissue is optimal. Compared with conventional chemotherapy drugs 
or small- molecule imaging agents, gold nanostructures offer several advantages for 
biomedical applications, including high biocompatibility and noncytotoxicity [ 4 ], 
passive accumulation at tumor sites due to the enhanced permeability and retention 
(EPR) effect [ 5 ], and ease of bioconjugation via Au-S bonding to provide increased 
stability and active tumor targeting [ 6 ,  7 ]. 

 Following excitation of LSPR by NIR laser, gold nanostructures tuned to absorb 
NIR irradiation are particularly useful as mediators for photothermal cancer therapy 
[ 8 ], to enhance contrasting effects in photoacoustic tomography [ 9 ] or to trigger 
thermosensitive release in drug-delivery systems [ 10 – 13 ]. Furthermore, the NIR 
light scattering of gold nanostructures has been applied for biomedical imaging 
such as dark-fi eld microscopy and optical coherence tomography [ 14 ]. Other imag-
ing modalities have also been integrated into gold nanostructures for imaging- 
guided therapy [ 15 ]. Over the past two decades, the pace of research in this fi eld has 
advanced signifi cantly and rapidly. It has been the present authors’ best attempt to 
follow new developments in the fi eld, but, given the pace of progress, this chapter 
will be partially outdated by the time it hits the press. This chapter is designed for 
researches already in the fi eld to use it as a quick reference or “early-stage” research-
ers to gain a broader understanding of this fi eld. The fi rst section of this chapter will 
highlight the unique optical and material properties of gold nanostructures. Then, it 
will focus on the photothermal therapy based on various types of gold nanostruc-
tures. Also, the combination with other therapeutic approaches such as chemother-
apy will be discussed. In the third section, gold nanostructures for diagnostics will 
be comprehensively described. Finally, gold nanostructures developed for imaging- 
guided therapy of cancer will be discussed.  

2.2     Plasmonic Properties and Surface Functionalization 
of Gold Nanostructures 

2.2.1     Radiative Properties 

 When light interacts with gold nanostructures, conduction electrons can be driven 
by the incident electric fi eld in collective oscillations known as localized surface 
plasmon resonance (LSPR) [ 16 ]. Figure  2.1  illustrates this phenomenon for a gold 
nanosphere – the simplest type of LSPR (dipolar LSPR). This gives rise to a drastic 
alteration of electromagnetic fi elds on the gold surface with local fi eld intensities 
which can be orders of magnitude greater than those of the incident fi eld. The 
enhanced electromagnetic fi elds affect both radiative and nonradiative properties of 
gold nanostructures, resulting in absorption and light scattering following light inci-
dence (Fig.  2.2 ). By adjusting the size and shape of gold nanostructures, the relative 
absorption and scattering behaviors can be controlled [ 3 ]. Small nanoparticles 
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predominantly absorb light, while larger nanoparticles are largely scattering incident 
light. But for gold nanostructures with complex geometry, e.g., nanorods and 
nanostars, the absorption and scattering properties are dependent on their unique 
geometry greatly and their size on a small way [ 17 ]. Highly scattering gold nano-
structures are particularly utilized as contrast agents for dark-fi eld imaging [ 18 ,  19 ] 
and for computed tomographic (CT) imaging [ 20 ]. Moreover, the greatly intensifi ed 
local fi eld of gold nanostructures enhances the Raman signal of molecules in the 
vicinity of gold surface, enabling surface-enhanced Raman scattering (SERS)-based 
imaging [ 21 ].

    Besides, by engineering the size, shape, and morphology of the nanostructure 
and the interparticle distance and dielectric environment, their LSPRs can be tuned 
from visible to the NIR region (700–1,400 nm) [ 22 – 24 ]. The NIR region is the 
so- called biological window defi ned as the spectral ranges where tissues become 
partially transparent due to the simultaneous reduction in both absorption and scat-
tering [ 25 ,  26 ]. This is of particular interest for deep-tissue imaging and treatment. 

  Fig. 2.1    Schematic illustration of LSPR of an individual gold nanosphere showing the collective 
oscillation of delocalized electrons in response to an external electric fi eld       

  Fig. 2.2    Optical processes 
(radiative or nonradiative) 
resulting from the 
interaction of light with a 
gold nanoparticle       
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Figure  2.3  shows the extinction spectrum of a typical human tissue [ 17 ]. The presence 
of several absorption bands is used to defi ne two main biological windows. The fi rst 
biological window extends from 700 to 980 nm, which was fi rstly proposed in 2001 
[ 25 ] and has been extensively applied since then. In this spectral region, light 
absorption strongly vanishes but residual scattering still exists. The second biologi-
cal window ranges from 1,000 to 1,400 nm, where optical absorption does not van-
ish completely; on the other hand, optical scattering is minimized. A range of gold 
nanostructures with variable shapes and sizes are shown in Fig.  2.4 , and their tun-
able optical resonances are shown in Fig.  2.5 . Since size-dependent LSPR tenability 
of gold nanospheres is quite limited (only in the visible region), the effective ways 
to achieve NIR plasmon resonance is usually by using nanoshells and anisotropic 
nanostructures. As seen from Fig.  2.5a , the plasmon peak shifts to the NIR region as 
branch aspect ratio of gold nanostars increases [ 27 ]. The long-axis LSPR peak red-
shifts from the visible to the NIR as the nanorod aspect ratio increases (Fig.  2.5b ) 
[ 28 ]. Au nanocages (Fig.  2.5c ) and nanoshells (Fig.  2.5d ) show similar visible-NIR 
tunability of LSPR by facile control of the wall thickness and void size [ 29 ] and of 
the shell thickness (or thickness-to-core radius ratio) of the nanoshell [ 30 ], 
respectively.

     Additionally, interparticle plasmonic coupling occurs when nanoparticles are 
brought in close proximity to one another as dimers, trimmers, and other higher- 
order clusters, leading to redshifts in LSPR and enhanced local electric fi eld. 

  Fig. 2.3    Extinction coeffi cient of a representative tissue. The different effects leading to light 
attenuation (such as the presence of hemoglobin, water, and optical scattering) and the spectral 
extensions of the two biological windows are indicated (Reproduced from Ref. [ 17 ] by permission 
of The Royal Society of Chemistry)       
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Generally, the coupling does not occur until the interparticle separation is less than 
2.5 times the particle diameter [ 35 ]. El-Sayed et al. proposed a universal relation-
ship between the exponential decay of the spectral shift with respect to the interpar-
ticle separation [ 36 ]. Formation of gold nanostructure assemblies is not only 
distinguishable by clear redshift in the plasmon resonance but also by a dramatic 
change in solution color. These spectral and colorimetric changes have been har-
nessed in LSPR sensing of DNA, proteins, and biomolecules [ 37 – 40 ]. On the other 
hand, the signifi cantly intensifi ed local electric fi elds, also known as “hot spots” 
within the junctions of closely clusters, give rise to substantial enhancement in 
SERS enabling the detection of cancer cells [ 41 – 43 ].  

  Fig. 2.4    TEM and SEM micrographs of gold nanostructures with various shapes and sizes: ( a ) 
nanospheres, ( b ) nanoshells, ( c ) nanorods, ( d ) nanostars, and ( e ) nanocages (( a ) Reprinted with the 
permission from Ref. [ 31 ]. Copyright 2003 American Chemical Society. ( b ) Reprinted from Ref. 
[ 30 ], Copyright 1998, with permission from Elsevier. ( c ) Reprinted with the permission from Ref. 
[ 32 ]. Copyright 2012 American Chemical Society. ( d ) Reproduced from Ref. [ 33 ] by permission 
of IOP Publishing. ( e ) Reprinted with the permission from Ref. [ 34 ]. Copyright 2007 American 
Chemical Society)       
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2.2.2     Nonradiative Photothermal Effects 

 In addition to radiative decay, plasmons also relax nonradiatively through electron- 
electron collision or electron-lattice which generates light absorption by the 
nanoparticle [ 44 ]. Light to heat conversion has been extensively employed for pho-
tothermal therapy [ 45 – 48 ] and photothermal drug release in cancer cells [ 13 ,  49 –
 52 ], as well as for two-photon luminescence imaging [ 27 ,  53 ]. The underlying 
mechanism of photothermal process has been extensively studied with ultrafast 
laser spectroscopy [ 22 ,  54 ]. Figure  2.6  illustrates the photothermal characteristics of 
gold nanostructures [ 15 ]. Upon excitation with the resonant photons, the photoexci-
tation of the electron gas results in rapid nonequilibrium heating. The initial elec-
tronic excitation is followed by relaxation at subpicosecond timescale (~30 ps) by 
means of electron-electron scattering which results in the surface temperature 
increase of the metal [ 55 ,  56 ], leading to the ablation of the nanoparticle, desorption 
of surface capping, or melting and reshaping. Then, cooling to equilibrium by 
energy exchange happens between the electrons and the lattice phonons. At slower 

  Fig. 2.5    Tunability of plasmon resonances achieved by varying the geometry of ( a ) nanostars, ( b ) 
nanorods, ( c ) nanocages, and ( d ) nanoshells [ 30 ] (( a ) Reproduced from Ref. [ 27 ] by permission of 
IOP Publishing. ( b ) Reproduced from Ref. [ 28 ] by permission of IOP Publishing. ( c ) Reprinted by 
permission from Macmillan Publishers Ltd: Ref. [ 29 ], copyright 2007. ( d ) Reprinted from Ref. 
[ 30 ], Copyright 1998, with permission from Elsevier       
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rates, the lattice cools via phonon-phonon process (~100 ps) leading to heating of 
the local environment (surrounding medium). Thus, when gold nanostructures after 
incubation with cancer cells are illuminated, a large temperature difference between 
the hot nanoparticle surface and the much cooler surrounding biological medium 
occurs, resulting in an abrupt local temperature increment and the corresponding 
cell death.

   The nonradiative properties of gold nanostructures also manifest themselves in 
the form of two-photon photoluminescence (TPL) of gold. An electron in the sp- 
conduction band is excited by the fi rst photon from below the Fermi energy to above 
it via an intraband transition. This gives rise to a charge-separate state within the 
conduction band. An electronic transition from the  d -band to  sp -band occurs with a 
second-photon excitation, generating an electron-hole pair followed by recombina-
tion of separated charges resulting in TPL emission [ 57 ]. TPL based on variable 
gold nanostructures has been considerably investigated and applied for cancer 
imaging [ 58 – 62 ].  

2.2.3     Surface Functionalization 

 The surface chemistry of gold is closely related to a number of critical attributes that 
make gold nanostructures a promising platform for biomedical applications. The 
nonreactive and relatively bio-inert nature of gold makes this metal a good candi-
date for both in vitro and in vivo applications. The low cytotoxicity of gold nano-
structures, along with favorable clinical biocompatibility, has been demonstrated in 
a number of studies [ 63 ,  64 ]. Nevertheless, the synthetic reagent CTAB, for exam-
ple, which is so crucial in a number of preparations of gold nanorods and other 
shapes, is highly toxic to cells at micromolar concentrations on its own [ 7 ]. The 
binding of toxic CTAB to a nanoparticle surface makes it far less bioavailable than 
it would be if it were free in solution. Thus, chemical tuning of the nanoparticle 
surface is still necessary to impart biological compatibility and specifi city to gold 
nanoparticles. 

  Fig. 2.6    Schematic illustration describing the principle of incident light to heat conversion by 
gold nanostructures (Reproduced from Ref. [ 15 ] by permission of The Royal Society of Chemistry)       
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 Functional binding onto the surface of gold nanostructures for biomedical 
applications follows largely on work of self-assembled monolayers (SAMs), where 
molecules generate highly ordered monolayers once they adsorb onto a gold surface 
[ 65 ]. A rich variety of functional molecular linkers are currently employed in the 
conjugation of gold nanoparticles, and the anchoring groups utilized for attachment 
of these molecules to the gold surface generally include thiolate [ 66 – 68 ], dithiolate 
[ 69 ], dithiocarbamate [ 70 ], amine [ 71 ], carboxylate [ 71 ], selenide [ 72 ], isothiocya-
nate [ 68 ,  71 ], or phosphine [ 67 ,  73 ] moieties. Among these groups, thiolate and 
dithiolate are most well known for forming strong, stable gold-thiolate bonds (Au- 
S, ~50 kcal/mol) to molecules with thiol (-SH) or disulfi de groups (S-S) [ 65 ]. By 
carefully choosing the functional groups at the distal end of the molecule, it is pos-
sible to design and generate a well-defi ned interface for better stability and interac-
tion with cells and biomolecules in specifi c ways (Fig.  2.7 ). Apart from that, gold 
nanostructures can also adsorb biological molecules in a nonspecifi c manner. A 
variety of proteins will adsorb to a non-protected gold surface when it is transferred 
into a biological medium. The adsorbed proteins can affect the surface properties of 
gold nanostructures and thus their cellular uptake [ 7 ].

   Thiolated poly(ethylene glycol), PEG-SH, is by far the most commonly employed 
surface ligand for gold nanostructures. It is a biocompatible polymer that helps 
prevent particle aggregation, nonspecifi c protein adsorption, and the uptake of cir-
culating gold nanoparticles by the reticuloendothelial system (RES), allowing for 
longer circulation of gold nanoparticles in the bloodstream and consequently their 
greater accumulation in tumors through the enhanced permeability and retention 
(EPR) effect [ 74 ]. When the surface ligands for nanoparticle synthesis bind less 
strongly than gold thiolate interactions, their replacement with a thiol-terminated 
PEG is relatively straightforward [ 75 ]. 

  Fig. 2.7    Gold nanostructures can be conjugated with a wide variety of functional moieties       
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 Gold nanostructures can be endowed with active targeting capabilities via careful 
surface modifi cation. If nanoparticles are conjugated with a complimentary moiety 
(e.g., antibodies, peptides, and folate, among others), they will bind to cancer cells 
as they circulate, increasing their concentration in the desired region. Furthermore, 
the binding of the targeting moiety can either occur directly to the surface of the 
nanoparticle or to the terminal end of an attached PEG chain with an appropriate tail 
group [ 74 ,  75 ]. 

 It is also possible to attach a number of other functional groups to the surface of 
gold nanostructures through thiolate binding, as shown in Fig.  2.7 . For example, by 
adsorbing specifi c polymers to the surface, the charge of gold nanoparticle is sup-
posed to be controlled, which is important as surface charges have a signifi cant 
effect on both the cellular uptake and biodistribution of nanoparticles [ 76 – 78 ]. 
Inorganic complexes such as cisplatin or its prodrug forms can be bound to gold 
nanoparticle by way of appropriate ligands, which facilitate intracellular transport 
and subsequent activation of prodrug [ 79 ]. It is also simple to use the thiol group to 
attach for sensing applications, smart polymers for stealth delivery, as well as a wide 
variety of other types of molecules [ 13 ,  51 ,  71 ,  80 – 82 ]. 

 Besides, gold nanoparticles could be fully encapsulated by silica (glass) shells by 
vitreophobic surface conjugation and facile silane chemistry [ 83 – 85 ]. This is of 
particular interest for use with gold nanorods, where CTAB molecules binding on 
the surface could be completely removed or displaced. Furthermore, Raman reporter 
molecules could be entrapped onto gold nanostructures followed by silica encapsu-
lation, forming SERS probes with great potential in SERS detection [ 86 ].   

2.3     Gold Nanostructures for Photothermal Therapy 

 Thermal treatments are based on driving a part of the body above its normal tem-
perature for a defi ned period of time. Temperature plays an extremely important 
role in the dynamics and viability of biological system ranging from the simplest 
(cells) to the most sophisticated ones (tissues and organisms) [ 87 ]. In the case of 
human, any temperature increment above the normal body temperature ( circa  37 
°C) is usually regarded as a negative sign as it could indicate the presence of disease 
(fever) and even irreversible damage and fatal organ failure [ 88 ]. Nevertheless, con-
trolled temperature increments could have positive effects in patients with an ongo-
ing disease, such as cancer. In the last few years, great efforts have been put into the 
development of novel techniques for controlled and localized heating, along with 
understanding of the mechanisms on the basis of temperature-induced cell killing 
and modifi cation [ 89 ,  90 ]. It is believed that the temperature-induced changes 
caused at the cellular level are unequivocally determined by the intensity and dura-
tion of the increment [ 91 ]. Depending on the magnitude of the induced temperature 
increment, thermal treatments and related effects on tumors would be classifi ed into 
several periods, as depicted in Fig.  2.8  [ 92 ]. By increasing the tumor temperature 
above 48 °C during a period of time (a few minutes), irreversible injury treatments 
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would occur. In this case, a drastic activation of cell death is achieved as a conse-
quence of coagulative necrosis processes. As it is increased above 60 °C, an almost 
instantaneous and irreversible protein denaturation will be caused. These treatments 
are considered highly effi cient but lack selectivity accompanied by relevant collat-
eral damage to adjacent tissue. Within 41–48 °C temperature, tumor would experi-
ence hyperthermia treatments. Several processes of relevance at the cellular level 
are supposed to be simultaneously activated, including protein denaturation, tran-
sient thermo-tolerance, and cell inactivation. Temperature up to 41 °C does not 
induce relevant modifi cations at the cellular level, which is mainly applied in phys-
iotherapy favoring muscle relaxation and pain relief.

   Recently, the development of nanoparticles capable of effi cient heat generation 
with laser irradiation has attracted much attention [ 93 ]. In particular, gold nano-
structures with plasmonic properties tailored into NIR region have shown great 
promise for cancer photothermal therapy through nonradiative photothermal effect, 
demonstrating the ability to destroy cancerous lesion in vivo [ 94 ]. A diverse range 
of gold nanoparticles have been explored for use in phothermal therapy [ 95 ,  96 ]. 
Key features to consider when selecting a nanostructure for photothermal therapy 
are the plasmon resonance wavelength, the absorption cross section, and the size of 
the nanoparticle. In this section, the development of gold nanostructures including 
nanoshells, nanorods, nanocages, and other anisotropic gold nanoparticles for pho-
tothermal therapy will be discussed. Besides, as single photothermal therapy is not 
as effective as we expected, for example, caused by thermo-tolerance of cancer 

  Fig. 2.8    Schematic diagram of the variety of effects caused by the different thermal treatment as 
classifi ed by the corresponding operating temperature (Reproduced from Ref. [ 17 ] by permission 
of The Royal Society of Chemistry)       
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cells [ 97 ], the combination of photothermal therapy with other therapeutic strategies, 
mainly photodynamic therapy and chemotherapy, has received tremendous interest 
in recent years [ 98 – 102 ], which will be covered in the second section. 

2.3.1     Gold Nanoshells 

 Gold nanoshells are usually core/shell nanoparticles comprising a dielectric silica 
core surrounding by a gold shell and can be easily synthesized through the seed- 
mediated growth process [ 30 ,  103 ,  104 ]. As their LSPR can be easily tuned to NIR 
region by simply modifying the core-to-shell ratio, gold nanoshells were the fi rst 
sample used to demonstrate photothermal cancer therapy, and now the transition of 
this approach to clinical trials is currently underway [ 105 ]. In 2003, Hirsch et al. 
[ 45 ] studied the temperature distribution in tumors during thermal therapy and high-
lighted the merits of injecting nanoshells directly into the tumor interstitium rather 
than administering them intravenously. The mean change in temperature for the 
nanoshell group (37.4 ± 6.6 °C) was high enough to cause irreversible thermal dam-
age, whereas the more modest temperature increase in the nanoshell-free control 
group (9.1 ± 4.7 °C) was insuffi cient to cause any permanent damage. Interestingly, 
the heating profi le was approximately homogeneous, which indicated that the tumor 
volume contained a near-uniform distribution of nanoshells. The maximum high 
temperature was measured approximately 1 mm below the surface and not at the site 
of injection. In another study in 2004, O’Neal et al. [ 106 ] have successfully treated 
mice inoculated with tumors after injection with PEGylated nanoshell solution via 
tail vein. A complete resorption of tumors was observed within 10 days, and all 
mice were healthy and free of tumors at 90 days. By contrast, in the control groups, 
the tumors continue to grow after treatment, with a mean survival time of 10.1 days. 

 Except for silica, different materials have been used as cores of nanoshells. Liu 
and coworkers reported a new approach toward the design of nanoshells on carbox-
ylated polystyrene [ 107 ]. The tumor volumes of the treatment group by the 
nanoshells injected intraperitoneally were signifi cantly lower than those of the con-
trol groups, with an average inhibition rate over 55 %. Recently, lipid vesicles, mes-
oporous silica, and other functional nanoparticles have also been used as the 
template to prepare nanoshells as photothermal therapy agents [ 108 – 111 ]. 
Furthermore, because of the ease of surface functionalization, gold naoshells are 
often conjugated with targeting ligands for targeted photothermal therapy [ 98 ]. In 
2009, Li and coworkers investigated in vivo tumor targeting by PEGylated 
nanoshells conjugated with a melanocyte-stimulating hormone (MSH) analogue for 
selective photothermal ablation of melanoma tumors [ 112 ]. In the meantime, it is 
found that intravenous injection of RGD peptide-conjugated nanoshells could target 
glioma tumors for photothermal treatment which signifi cantly prolonged the sur-
vival of tumor-bearing mice [ 113 ]. 

 Gold nanoshells have a signifi cantly larger photothermal transduction cross sec-
tion, compared to gold nanorods on a per particle basis [ 114 ]. However, the lower 
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absorption effi ciency of gold nanoshells, usually below 60 % (much lower than that 
of gold nanorods, above 90 %) [ 114 ,  115 ], greatly limits their applications in photo-
thermal therapies. By encapsulating gold cores into gold nanoshells, a gold-silica- 
gold multilayered nanoshell structure, known as a simple “nanomatryoshka” [ 24 ], 
has been created to provide a higher plasmonic tunability. Theoretically, the relative 
absorption and scattering effi ciencies can be tuned in a wider range by controlling 
the geometry [ 116 ]. In a recent work, Halas and coworkers [ 117 ] calculated that the 
absorption effi ciency for a nanomatryoshka with plasmon resonance at about 
800 nm is 4.26, which corresponds to 77 % of the total extinction effi ciency of 5.53 
(Fig.  2.9 ). These nanomatryoshkas show a scattering effi ciency of 1.26, 23 % of 
their extinction effi ciency. For nanoshells exhibiting the similar plasmon resonance, 
the major contribution to the total extinction comes from a scattering effi ciency of 
7.25, which represents 85 % of the extinction effi ciency, with a minor contribution 
from the absorption effi ciency of 1.24, only 15 % of the total extinction effi ciency. 

  Fig. 2.9    Optical and structural properties of nanomatryoshka and nanoshells. Experimental 
ensemble extinction spectra of nanomatryoshkas ( a ) and nanoshells ( b ). Calculated extinction, 
scattering, and absorption cross-section spectra (Mie theory) of the [r 1 , r 2 , r 3 ] = [21, 31, 44] nm 
nanomatryoshka ( c ) and the [r 1 , r 2 ] = [62, 76] nanoshell ( d ) (Reprinted with the permission from 
Ref. [ 117 ]. Copyright 2014 American Chemical Society)       
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The larger absorption effi ciency and smaller scattering effi ciency of nanomatryoshkas 
will result in higher photothermal transduction effi ciency than that of the gold 
nanoshells. Furthermore, after an intravenous injection of Au nanomatryoshkas fol-
lowed by a single NIR laser dose of 2 W/cm 2  for 5 min, 83 % of the TNBC tumor- 
bearing mice appeared healthy and tumor-free >60 days later, while only 33 % of 
mice treated with nanoshells survived the same period. The combination of smaller 
size and larger absorption cross section of Au nanomatryoshkas makes this nanopar-
ticle more effective than gold nanoshells for photothermal cancer therapy. In another 
study, sub 100 nm gold nanomatryoshkas comprising concentric gold-silica-gold 
layers were demonstrated to accumulate into tumor with four- to fi vefold the amount 
of gold nanoshells following equal dose of injected gold [ 118 ]. The survival time of 
mice-bearing large (>1,000 mm 3 ) and highly aggressive triple-negative breast 
tumors is doubled for the nanomatryoshka treatment group under identical photo-
thermal therapy conditions. Li and coworkers [ 119 ] have successfully developed a 
facile but controllable approach for the fabrication of the simple nanomatryoshka, 
in which organosilica layer was chosen as the dielectric spacer layer. Upon near- 
infrared (NIR) laser irradiation, nanomatryoshka performed much better than con-
ventional gold nanoshells at the same extinction intensity and could kill cancer cells 
effi ciently both in vitro and in vivo.

   More excitingly, it is reported that gold nanoshells, as an effective class of pho-
tothermal agents, have entered clinic trails. Recently, Cancer Treatment Centers of 
America (CTCA) and Nanospectra Biosciences have carried out the fi rst clinical 
trial for the treatment of primary and/or metastatic lung tumor by Aurolase therapy 
that uses Auroshell (Fig.  2.10 ) based on gold nanoshells invented by Halas’s group 
at Rice University. The therapy begins with an intravenous deliver of Auroshell, and 

  Fig. 2.10    Individual auroshell particle ( left ) and IV bag of auroshell ( right )       
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after 12–24 h, for the tumor accumulation, a NIR laser is used to illuminate and 
destroy tumors in the patient. It is known that this clinical trial is in phase II stage 
right now [ 120 ].

2.3.2        Gold Nanorods 

 Gold nanorods, which were developed during the same period as gold nanoshells, 
are generally smaller than nanoshells. They have been extensively explored in pho-
tothermal therapy due to their strong optical extinction in the visible and NIR region 
[ 121 ]. By simple manipulation of the aspect ratio of nanorods, the strong longitudi-
nal plasmon resonance band of gold nanorods can be tuned into NIR region. Recent 
studies have investigated the photothermal heating effi ciencies of NIR-absorbing 
gold nanostructures, and both theoretical and experimental results have shown that 
nanorods could offer a superior absorption cross section versus gold nanoshells 
when normalizing for particle size differences as well as heating per gram of gold 
that is at least six times faster than gold nanoshells [ 114 ,  122 ,  123 ]. 

 There have been numerous examples of gold nanorods used for in vivo photo-
thermal cancer therapy. Van Maltzahn et al. reported that PEG-coated gold nanorods 
could be used as an effi cient photothermal nanoheater [ 123 ]. In their work, 
PEGylated nanorods exhibited a long blood half-life of ~17 h after intravenous 
injection into tumor-bearing mice and could accumulate in tumor at ~7 % ID/g at 72 
h postinjection. It was found that the tumors of the treatment group were rapidly 
heated to over 70 °C by laser irradiation (810 nm, 2 W/cm 2 , 5 min), whereas the 
control mice showed the maximum surface temperature at ~40 °C (Fig.  2.11 ). Thus, 
tumors on mice that received PEGylated nanorods through intravenous injection 
completely disappeared within 10 days after NIR laser irradiation, in marked con-
trast to the control groups with uninhibited tumor growth. Moreover, the survival 
time of mice of treatment groups was over 50 days as compared to ~33 days for 
control groups. Similar results of PEGylated gold nanorods for photothermal cancer 
treatment have also been reported by Dickerson et al. [ 124 ].

   Similar to gold nanoshells, active tumor targeting with gold-nanorod bioconju-
gates for effective in vivo photothermal therapy has also been achieved by a number 
of groups. Choi et al. loaded gold nanorods into chitosan-conjugated pluronic-based 
nanocarriers that could selectively target the tumor [ 125 ]. The nanorods showed a 
rather high tumor uptake at over 20 % ID/g as compared with ~7 % ID/g for PEG 
modifi ed nanorods. After intravenous injection and the followed NIR laser irradia-
tion, tumor thermolysis was achieved, without showing any apparent damage to the 
surrounding healthy tissues (Fig.  2.11 ). In another work, Li et al. demonstrated 
tumor targeting and photothermal treatment using dendrimer-modifi ed gold 
nanorods conjugated with arginine-glycine-aspartic acid (RGD) peptide [ 126 ]. 
The biodistribution study revealed the gradually increased tumor uptake of RGD 
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nanorods over time, and disappearance of tumors was observed after the intravenous 
injection and NIR laser irradiation. 

 On the other hand, a major challenge to the use of gold nanorods for photother-
mal therapy is their susceptibility to reshaping into gold nanospheres under intense 
laser illumination, resulting in a loss of the longitudinal NIR resonance. Horiguchi 
et al. reported that CTAB could enhance heat isolation and cause the nanorods to 
reshape [ 127 ]. Photothermal reshaping also strongly depends on the surface condi-
tions of the particle [ 128 ,  129 ,  130 ]. Chon et al. implemented a simple heat-diffu-
sion model to estimate the heat relaxation time of gold nanorods encased in silica 
shells [ 129 ,  130 ]. They found that heat dissipation in the silica shell was much faster 
than the gold-nanorod-reshaping process, resulting in the shell inhibiting nanorod 
reshaping. Thus, silica coating could render gold-nanorod higher photothermal sta-
bility, as well as the biocompatibility resulting from the elimination of CTAB by the 
coating of silica layer. This is anticipated to have wide biomedical applications in 
cancer therapy [ 11 ,  131 ].  

  Fig. 2.11    ( a ) Biodistribution of GNRs or GNR-loaded nanocarriers in nude mice at 24 h after 
intravenous (tail vein) injection. ( b ) Changes in tumor volumes and ( c ) the tumor images after 
onetime NIR laser irradiation (808 nm, 4 W/cm 2 ) for 4 min at 24 h after the i.v. injection of the 
nanomaterials (Reprinted with the permission from Ref. [ 125 ]. Copyright 2011 American 
Chemical Society)       
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2.3.3     Gold Nanocages 

 Gold nanocages represent another novel class of nanostructures fi rstly developed by 
Xia and coworkers [ 132 – 134 ]. Gold nanocages are created by hollowing out the 
interior of a sacrifi cial template of silver nanocubes (as well as silver nanocrystals 
with other shapes). When silver nanocubes are titrated with a gold salt (typically 
HAuCl 4 ), a galvanic replacement reaction occurs, causing gold atoms to be depos-
ited on the surface of the nanocube and silver atoms to be dissolved from a small pit 
in the surface. By increasing gold replacement, the LSPR peak position of gold 
nanocages is tunable through the visible and into the NIR region. 

 In 2007, Xia’s group demonstrated the selective photothermal destruction of 
SK-BR-3 breast cancer cells in vitro with gold nanocages functionalized by the 
anti-HER-2 antibody [ 47 ]. After incubation with the immune nanocages, SK-BR-3 
breast cells were irradiated with a femtosecond laser at various power densities for 
5 min. A well-defi ned area of cellular death corresponding to the laser spot was 
observed. Later in 2010, they examined the effi cacy of gold nanocages for photo-
thermal cancer treatment in mice (Fig.  2.12 ) [ 135 ]. After intravenous injection of 
PEGylated gold nanocages for 3 days, the tumor on each mouse was irradiated with 
an 808 nm continuous-wave laser at a power density of 0.7 W/cm 2  for 10 min. It is 
measured that the temperature of the tumors containing nanocages was rapidly 
heated to over 55 °C, leading to effective ablation of the tumors. In another study, 
they demonstrated that breast cancer stem calls (CSC) were targeted and eradicated 
through photothermal treatment with gold nanocages by functionalizing their sur-
face with SV 119, a synthetic small molecule capable of binding to the sigma-2 
receptor with high specifi city [ 136 ].

  Fig. 2.12    IR thermal images of nanocage-injected ( left ) and saline-injected ( right ) tumor-bearing 
mice. The  inset  shows a TEM image of the as-made gold nanocages (Reproduced from Ref. [ 135 ] 
by permission of John Wiley & Sons Ltd)       
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2.3.4        Other Gold Nanostructures 

 Another type of gold nanostructures with NIR absorption for photothermal therapy 
is gold nanostars, which were spherical nanoparticles with multiple sharp edges and 
a high absorption-to-scattering ratio in the NIR region, favorable for photothermal 
heat generation [ 137 ,  138 ]. Lu et al. reported a multifunctional nanostars-based 
SERS assay for targeting sensing, photothermal treatment, and in situ monitoring of 
the photothermal response during the therapy process [ 138 ]. When nanostars were 
attached to cancerous cells, the localized heating that occurred during NIR irradia-
tion was able to cause irreparable cellular damage. In another study, TAT-peptide 
functionalized nanostars were demonstrated to enter cells signifi cantly more than 
bare or PEGylated gold nanostars [ 58 ]. After 4 h incubation of TAT-nanostars with 
BT549 breast cancer cells, effi cient photothermolysis was accomplished using 
850 nm pulsed laser under 0.2 W/cm 2  irradiation, which was among the lowest 
power densities ever reported for pulsed lasers and below the maximal permissible 
exposure of skin. The photothermal ablation in vivo was further demonstrated using 
PEGylated gold nanostars [ 59 ]. On a mouse injected systemically with PEGylated 
nanostars for 2 days, extravasation of nanostars was observed, and localized photo-
thermal ablation was demonstrated on a dorsal window chamber with 10 min of 
irradiation (785 nm, 1.1 W/cm 2 ). 

 In addition, there are some other types of gold nanostructures with NIR absorp-
tion useful for photothermal therapy. Xia et al. synthesized gold hexapods and com-
pared them with gold nanorods and nanocages [ 48 ]. They found that gold 
nanohexapods exhibited the highest cellular uptake and the lowest cytotoxicity 
in vitro for both the as-prepared and PEGylated samples. The PEGylated nanohexa-
pods also showed signifi cant blood circulation and tumor accumulation after intra-
venous injection. More importantly, the nanohexapods could signifi cantly decrease 
the tumor metabolic activity following photothermal treatment after systemic 
administration. Another nanostructure, gold/gold sulfi de NIR-absorbing nanoparti-
cles (35–55 nm), was exploited to provide higher absorption (98 % absorption and 
2 % scattering) as well as potentially better tumor penetration [ 139 ]. The ability 
to ablate tumor cells in vitro and effi cacy for photothermal cancer therapy is 
demonstrated, and an in vivo model shows enhanced circulation and biodistribution 
and signifi cantly increased long-term, tumor-free survival after photothermal 
treatment. 

 Though intensive effort has focused on shifting the absorbance of nanoparticles 
to the fi rst biological window (650–900 nm) region for photoinduced therapy, gold 
nanostructures with plasmon absorption in the second biological window are also of 
great interest. Pelaz et al. described a novel and straightforward wet-chemical syn-
thetic route to produce biocompatible single-crystalline gold nanoprisms [ 140 ], 
which could effectively ablate Vero cells after 2 min of 1,064 nm NIR illumination 
at 30 W/cm 2 , which however was a rather high power density. Recently, Min-Fong 
Tsai et al .  reported that a Au nanorod can be designed with a rod-in-shell (rattle- 
like) structure (Fig.  2.13a ) smaller than 100 nm that is tailored to be responsive to 
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the fi rst and second NIR windows [ 141 ]. In vitro performance clearly displays high 
effi cacy in the NIR photothermal destruction of cancer cells, showing large cell- 
damaged area beyond the laser-irradiated area (Fig.  2.13b ). Then, they tailored the 
plasmon resonances of the rod-in-shell structure by changing the gap distance 
between the nanorod core and the Au/Ag nanoshell, to evaluate the therapeutic 
effect of using a 1,064 nm diode laser (Fig.  2.13c ). It was found that the mice 
injected with the 2 nm gap showed effective suppression of tumor growth under 
irradiation of 1,064 nm laser for 7 min (Fig.  2.13d ). Furthermore, regarding the fi rst 
NIR window with the use of an 808 nm laser, the photothermal ablation of solid 
tumors demonstrates that the rod in shell exhibits a more effective anticancer effi -
cacy compared to Au nanorods (Fig.  2.13e ).
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  Fig. 2.13    ( a ) A schematic representation of the approach for the development of the rod-in-shell 
structure. ( b ) LLC/LL2 lung cancer cells treated with gap 6.5 nm and gap 2 nm rod in shells were 
irradiated using a 1,064 nm laser at 3 W/cm 2  for 5 min of exposure ( top ), and LLC/LL2 lung cancer 
cells treated with Au NRs and gap 2 nm rod-in-shells were irradiated using a diode 808 nm ( bot-
tom ). The group of “cells with laser” was performed without treatment of rod in shell and exposed 
to laser. ( c ) The UV-vis-NIR spectra of Au rod in shells with different gaps and Au nanorods, and 
their corresponding TEM images. ( d ,  e ) Time-dependent tumor growth as a function of postirra-
diation days (Reprinted with the permission from Ref. [ 141 ]. Copyright 2013 American Chemical 
Society)       
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2.4          Combination of Photothermal Therapy with Other 
Therapeutic Approaches 

 Numerous preclinical and clinical studies have proved that monotherapy (e.g., 
hyperthermia, chemotherapy, radiotherapy, surgery, and some other therapeutics) is 
not as effective as we expected [ 142 ,  143 ], due to incomplete tumor eradication, 
metastasis of cancer, development of drug resistance, individual differences in can-
cer patients, and so on [ 144 – 146 ]. Combination therapy, which uses more than one 
therapeutic approach, has shown great potential for the treatment of cancer and 
some other serious diseases [ 143 ,  147 ]. Combination of photothermal therapy with 
other therapeutic strategies based on gold nanostructures, such as photodynamic 
therapy and chemotherapy, has thus received tremendous interest in recent years. 

2.4.1     Combination of Photothermal Therapy 
with Photodynamic Therapy 

 Photodynamic therapy generally falls into phototherapy, along with photothermal 
therapy. Both of them are deemed as minimal invasive and effective approaches for 
cancer treatment. Photodynamic therapy relies on the photosensitizer to transfer 
photo energy to the surrounding oxygen molecules, generating reactive oxygen spe-
cies, such as singlet oxygen (SO), to kill tumor cells [ 148 ]. Owing to the tumor 
targeting ability of appropriately designed photosensitizers or photothermal agents 
based on gold nanostructures, as well as the selective light irradiation of the lesion 
region, combination of photothermal therapy and photodynamic therapy exhibits 
remarkably reduced side effects and improved selectivity compared with traditional 
remedies. 

 Jang and coworkers demonstrated that Al(III) phthalocyanine chloride tetrasul-
fonic acid (AlPcS4)-loaded gold nanorods could contribute to a strong reduced 
tumor growth effect (95 % inhibition) after combination of photothermal treatment 
and photodynamic treatment upon their intravenous injection, while the tumor 
growth inhibition effect was 79 % for those only receiving photodynamic therapy 
[ 149 ]. In another work by Wang and coworkers, an aptamer switch probe (ASP) 
linking chlorin e6 (Ce6), a photosensitizer molecule, to the surface of nanorods was 
constructed [ 150 ]. In the presence of target cancer cells, the ASP changes confor-
mation to drive Ce6 away from the gold surface, thereby producing singlet oxygen 
for photodynamic upon light irradiation. Combined with destruction by the photo-
thermal effect of gold nanorods, a remarkable and synergistic therapeutic effect 
compared to photothermal and photodynamic alone was observed for cancer cells. 

 In the abovementioned studies, two different lasers are independently used to 
trigger photothermal and photodynamic, separately. To simplify the treatment process, 
it would be helpful to fi nd new strategies to accomplish photothermal and photody-
namic treatment under a single laser irradiation. Chen et al. fabricated gold vesicles 
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composed of Ce6-loaded plasmonic vesicular assemblies of gold nanoparticles with 
strong NIR light absorbance in the NIR region of 650–850 nm [ 151 ]. Upon their 
intratumoral injection, effective combined photothermal and photodynamic treat-
ment under a 671 nm laser irradiation was achieved. Furthermore, they constructed 
gold nanostars-PEG-Ce6 for coordinated photothermal/photodynamic therapy upon 
single CW laser irradiation both in vitro and in vivo [ 152 ]. It was demonstrated that 
the difference in photostability between photosensitizers and gold nanostructures 
could be used to modulate photothermal and photodynamic by adjusting irradiation 
time (Fig.  2.14 ), and the strategy signifi cantly improved the anticancer effect and 
greatly simplifi ed the treatment process. More recently, Kuo Chu Hwang and 
coworkers developed a unique morphology of a gold nanostructure, called nanoechi-
nus (Fig.  2.15 ), [ 153 ] which sensitized the formation of singlet oxygen as well as 
exerted in vivo photodynamic and photothermal therapeutic effects in both the fi rst 
and the second NIR biological windows for complete destruction of tumors in mice. 
The gold nanoechinus exhibits exceptionally high extinction coeffi cients at NIR 
biological window, seven to nine orders higher than conventional organic dyes and 
photosensitizers and three to four orders higher than that of gold nanoparticles, 
which are especially useful in deep-tissue-buried tumor  treatment with a much 
lower amount of nanomaterials or lower incident light intensities/irradiation time.

  Fig. 2.14    Schematic illustration for explaining coordinated photothermal and photodynamic 
treatment upon single laser irradiation (Reproduced from Ref. [ 152 ] by permission of John Wiley 
& Sons Ltd)       
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    The LSPR of gold nanostructures could be fi ne-tuned to overlap with the 
absorption of photodynamic dye with poor photostability and low quantum yield. 
Such overlap greatly increases the singlet oxygen yield by maximizing the local 
fi eld enhancement and protecting photodynamic dye against photodegradation, thus 
enhancing the effi cacy of photodynamic therapy. Very recently, Li et al. designed 
and validated a novel plasmon-enhanced photodynamic therapy for breast tumor by 
fabricating a nanoplatform composed of mesoporous silica-coated gold nanorods 
incorporating indocyanine green (ICG) [ 154 ]. The LSPR peak of the nanorod core 
has been regulated to overlap with the excitation band of ICG, thus increasing the 
absorption coeffi cient of incorporated ICG by virtue of the local enhanced fi eld 
effect. The Au NR@SiO 2 -ICG formulation dramatically increases the singlet oxy-
gen generation under laser excitation, relative to free ICG, and demonstrates 
enhanced photodynamic destruction of human breast carcinoma MDA-MB-231. 
With mild laser irradiation, the growth of orthotopic breast tumors in mice was 
greatly inhibited through a synergistic effect of photodynamic and photothermal 
treatment.  

2.4.2     Combination of Photothermal Therapy 
with Chemotherapy 

 Chemotherapy, one of the most commonly used cancer treatments, often causes 
systemic side effects due to unspecifi c drug delivery to all tissues including healthy 
ones. As a result, overall treatment effi cacy is lowered by dose-limiting drug toxic-
ity, and safe dosages may not completely eradicate tumors. In addition, half of all 

  Fig. 2.15    Schematic representation of the working mechanisms of NIR light-induced photothera-
peutic effects exerted by gold nanoechinus (Reproduced from Ref. [ 153 ] by permission of John 
Wiley & Sons Ltd)       
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chemotherapy patients develop drug resistance, a situation that also leads to treatment 
failure [ 155 ]. Temperature rise, induced by photothermal therapy, is suffi cient to 
increase vascular permeability within tumors that have ineffi cient blood fl ow through 
their newly formed immature blood vessels, leading to selective drug delivery and 
enhanced cytotoxicity [ 156 ]. The combination of photothermal therapy and chemo-
therapy has proved to be effective on optimizing the effi cacy of cancer treatment 
[ 157 ]. In recent years, various gold nanostructures with suitable surface modifi ca-
tion have been extensively explored for the combined photothermal therapy and 
chemotherapy [ 100 ]. 

 Gold nanoparticles have found various applications in the fi eld of nanomedicine, 
which can be easily prepared in a size-controllable manner [ 95 ,  158 ]. You and 
coworkers prepared drug-delivery vehicles that encapsulate doxorubicin (DOX) 
with a pH-sensitive matrix embedded with gold nanoparticles. Such a nanostructure 
exhibited a high absorption in the NIR region. After being conjugated with a target-
ing moiety (Herceptin), the obtained drug carrier could be selectively engulfed by 
cancer cells, resulting in a combined therapeutic effect under the NIR laser irradia-
tion [ 159 ]. In another study, Nam et al. designed a pH-responsive gold nanoparticle- 
based drug carrier, which could form aggregates in tumor regions by responding to 
micro acidic environment of the tumors [ 160 ]. Highly spatiotemporally concerted 
drug release and dramatically increased NIR light absorption were then observed, 
contributing to an effective synergistic tumor suppression effect in mouse 
xenografts. 

 Gold nanoshells prepared via various methods with strong NIR light absorptions 
are a useful nanoplatform for photothermal combination therapy. In 2010, Lee and 
coworkers fabricated an interesting half-nanoshell on the template of DOX-loaded 
PEG-PLGA nanomicelle, with plasmon absorption at 790 nm [ 161 ]. Under NIR 
laser irradiation upon intravenous injection, the intratumoral temperature was 
increased to 50–70 °C and DOX was rapidly released. Such a combination could 
result in the complete destruction of tumors without weight loss or tumor recur-
rence. Neither chemotherapy with a slightly higher dose of DOX nor the photother-
mal therapy alone without DOX could achieve the similar result. Recently, gold 
nanoshells consisting of a mesoporous silica nanorattle core and a thin outer gold 
nanoshell (SN@AuNSs) have been designed and synthesized by Tang et al. [ 108 ]. 
The amount of docetaxel (DOC) loaded in SN@AuNSs could reach up to 52 %. 
Both in vitro and in vivo results showed that the synergistic effi cacy was much bet-
ter than that of chemotherapy or photothermal therapy alone. By decorating SN@
AuNSs with transferrin (SN@AuNSs-Tf), they further tested the effi cacy of tar-
geted thermo-chemotherapy for breast carcinoma [ 10 ]. Under NIR laser exposure, 
MCF-7 breast tumors in mice presented complete regression with the combination 
of selective targeting, photothermal therapy, and chemotherapy. It is worth noting 
that both SN@AuNSs and SN@AuNSs-Tf could be excreted from the body with a 
slow clearance rate via feces and urine, though the diameter of SN@AuNSs was 
around 130 nm. Additionally, hollow gold nanoshells have been intensively explored 
for drug delivery and photothermal ablation of tumors by Li’s group [ 12 ,  19 ,  52 , 
 162 ,  163 ]. In 2012, they demonstrated that hollow nanoshells could be used for 
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in vivo anticancer drug delivery, which exhibited effective synergistic tumor 
suppression capability when combined with the NIR light irradiation. Further studies 
indicated that hollow nanoshells, after being conjugated with a peptide targeting 
EphB4 overexpressed on the membrane of multiple types of cancer cells, exhibited 
an improved cellular uptake for three EphB4-positive tumors both in vitro and 
in vivo. The improved tumor accumulation of peptide-conjugated hollow nanoshells 
and NIR-trigged release of DOX ultimately contributed to an effective synergistic 
therapeutic effect on EphB4-positive tumors. 

 Gold nanorods with strong NIR absorbance and suitable surface modifi cations 
have also been widely explored for the combined photothermal and chemotherapy 
of cancer. One commonly used nanoplatform is mesoporous silica-coated gold 
nanorods, which have been widely studied for drug delivery and exhibit high drug 
loading capacity attributed to their mesoporous silica shell. In 2012, Chen’s group 
fabricated mesoporous silica-coated gold nanorods for DOX delivery, observing a 
precisely NIR light-controllable drug release profi le. It was demonstrated that the 
DOX-loaded mesoporous silica nanorods could offer a synergistic therapeutic effect 
on A549 cancer cells by utilizing a 790 nm laser irradiation [ 11 ]. In another work, 
Qu’s group demonstrated that folic acid-conjugated mesoporous silica-coated gold 
nanorods with PEGylation after being loaded with an anticancer drug could realize 
a greatly enhanced treatment effect by combining photothermal therapy with che-
motherapy [ 164 ]. Almost at the same time, a similar treatment effect in mice was 
observed, in which RGD peptide was introduced as the targeting moiety to realize a 
targeted synergistic therapeutic effect in a mouse tumor model [ 165 ]. 

 In addition to the mesoporous silica layer incorporation method, a number of 
different NIR-responsive drug-delivery systems by coating gold nanoparticles with 
other thermal-responsive materials such as DNA or polymers have been developed. 
Among them, the most well known is based on gold nanocages, which was con-
structed by coating nanocages with thermosensitive polymers poly( N- 
isopropylacrylamide- co -acrylamide) (pNIPAAm- co -pAAm) as pore blockers [ 13 ]. 
As the temperature was increased above a certain threshold through NIR laser irra-
diation, the polymer coating would collapse due to a conformational change, and 
the pores of the nanocages were exposed, which allowed effectors preloaded in the 
interior to be released (Fig.  2.16 ). In 2012, Xiao and coworkers assembled DNA 
duplex strands, which consisted of sequential CG base pairs providing loading sites 
for DOX, onto gold nanorods [ 166 ]. Upon NIR laser illumination, DOX molecules 
were released at the target site for chemotherapy. The in vivo results showed that the 
DNA-based platform effectively inhibited tumor through thermo-chemotherapy 
upon NIR laser irradiation after intratumoral injection. Very recently, Chen et al. 
successfully coupled photothermal properties and thermoresponsive properties in a 
single nanocomposite by coating nanorods with a thermoresponsive polymer shell 
consisting mainly of poly( N -isopropylacrylamide- co -acrylic acid) [ 167 ]. Then, 
DOX was loaded into the nanocomposite through electrostatic interactions with 
high loading content up to 24 %. The activation mechanism was thus transformed 
from heat to NIR laser, which can be used to control the size as well as drug 
release. A synergistic effi cacy of photothermal therapy and chemotherapy was 
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observed with complete tumor inhibiting by NIR laser irradiation-induced temperature 
increase and the released drug, showing very promising potentials for cancer 
treatments.

2.5         Gold Nanostructures for Diagnostics 

 As described above, plasmonic gold nanostructures exhibit signifi cantly enhanced 
radiative properties compared with bulk gold (i.e., light absorption, scattering, and 
fl uorescence). While electromagnetic fi eld enhancement has been widely used in 
SERS, absorption, and scattering endow gold nanostructures with potentials as mul-
timodal imaging agents [ 95 ]. Here we will outline several main modalities for bio-
imaging based on the intrinsic properties of gold nanostructures, including dark-fi eld 
imaging, optical coherence tomography, fl uorescence imaging, photoacoustic imag-
ing, computed tomography, and SERS-based imaging. 

2.5.1     Dark-Field Imaging (DFI) 

 Gold nanoparticles can strongly scatter light at their plasmon wavelengths, with the 
scattering cross sections 10 5 –10 6  times stronger than that of the emission from a 
fl uorescent dye molecule [ 122 ]. Using a simple optical microscope with high- 
resolution objective lens, light scattered from gold nanostructures can be detected as 
bright spots even when the size is smaller than the diffraction limit of the micro-
scope. In addition, the light-scattering gold nanoparticles are indefi nitely photosta-
ble and do not blink, in contrast to conventional fl uorophores. These features make 
gold-based nanoparticle probes very powerful for bioimaging. Sokolov et al. showed 

  Fig. 2.16    ( a ) Schematic illustration of the controlled-release system. ( b ) TEM images of gold 
nanocages covered by a pNIPAAm- co -pAAm copolymer. The inset shows a magnifi ed TEM 
image of the corner of such a nanocage (Reprinted by permission from Macmillan Publishers Ltd: 
Ref. [ 13 ], copyright 2009)       
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that when gold nanoparticles were conjugated to anti-epidermal growth factor 
receptor (anti-EGFR) antibodies, they specifi cally bound to EGFR proteins that are 
overexpressed on the surfaces of cervical cancer cells [ 168 ]. Illumination of the 
nanoparticle-labeled cells with laser light from either a laser pointer or a confocal 
microscope lit up the gold nanoparticles and, thus, their associated cancer cells. 
Later, El-sayed et al. used dark-fi eld optical microscopy to detect gold nanoparticle- 
labeled cancer cells [ 169 ]. The key advantages of DFI are that nanoparticles are 
imaged in high contrast with true color, making the technique amenable to multi-
plexed detection schemes by using gold nanoparticles of different sizes and shapes. 
Furthermore, as demonstrated in 2006 by Huang et al. [ 46 ], gold nanorods scatter 
strongly in the near-infrared region, capable of detecting head and neck cancer cells 
under excitation at spectral wavelengths where biological tissues exhibit little atten-
uation. Currently, DFI based on gold nanostructures (spheres, rods, nanocages, and 
nanoshells) is widely used for cancer imaging through functionalized nanoparticle- 
receptor binding onto cell surface biomarkers [ 170 – 173 ]. 

 Though highly scattering cross sections of gold nanostructures have been 
exploited extensively for contrast enhancement in DFI, this diagnostic technique 
has been limited to in vitro studies. Highly scattering nanostructures of sizes over 
100 nm are needed in order to achieve good contrast, which is unsuitable for in vivo 
blood circulation and accumulation in tumor. Alternatively, a high density of smaller 
gold nanoparticles can be incubated with cells which upon agglomeration in the 
cellular environment will increase the effective size and provide enhanced contrast. 
However, this is also infeasible because of potential toxicity by high-density 
nanoparticles and its impracticability in vivo. Gold nanostructures with extremely 
high scattering cross section and small size have not yet been reported. These limi-
tations have prohibited the application of DFI in animal models.  

2.5.2     Optical Coherence Tomography 

 Another imaging modality based on scattering properties is optical coherence 
tomography (OCT). In OCT, tissue is illuminated with light of coherence, and back- 
scattering light is detected based on coherence matching between the incident and 
refl ected beams. It can produce three-dimensional images of a subject with microm-
eter resolution. Since coherence is essential for the detection process, OCT is pre-
dominantly sensitive to scattering from tissues rather than absorption. Gold 
nanostructures resonant at the OCT excitation wavelength have been used as con-
trast agents due to their ability to produce distinctive backscattered light detectable 
in highly scattering tissue [ 174 ]. In 2007, Halas and coworkers used NIR resonant 
nanoshells as OCT contrast agents for tumor tissues after their systematical injec-
tion [ 14 ]. As shown in Fig.  2.17 , a signifi cant increase in image contrast from tumor 
tissue is observed compared with normal tissue or tumor tissue injected with PBS. In 
another study, gold nanoshells were employed for deep-tissue imaging of rabbit 
epidermal tissue with high spatial-temporal resolution [ 175 ]. Nanoshells enhanced 
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the OCT signal of the different regions of the dermis as well as augmented the con-
trast of hair follicles and glands in OCT images of skin tissue. In terms of gold 
nanorods, Oldenburg et al. reported strong OCT contrast at 2 mm depth of human 
breast tissue with only 10–20 nM of nanorods [ 176 ]. OCT signal could only be 
detected within a few hundred micrometer tissue depth in the control group. In the 
same year, gold nanoparticles conjugated with anti-EGFR were used to enhance 
OCT contrast of oral dysplasia in a hamster model in vivo [ 177 ]. By using micronee-
dles, the delivery and penetration depth of gold nanoparticles into skin tissue were 
improved, and clear differences were observed in OCT images between micromor-
phologies of the carcinogen-treated and untreated epithelial tissues. As a powerful 
three-dimensional diagnostic tool for real-time imaging without the need to remove 
specimens, OCT has developed tremendously since its invention [ 178 ]. However, 
due to intense scattering from optically dense tissue, resolutions have remained low, 
and extensive applications for in vivo cancer imaging, especially deep cancer imag-
ing, merit further investigations.

  Fig. 2.17    Representative OCT images from normal skin and muscle tissue areas of mice systemi-
cally injected with nanoshells ( a ) or with PBS ( b ) and from tumors of mice injected with nanoshells 
( c ) or with PBS ( d ) (Reprinted with the permission from Ref. [ 14 ]. Copyright 2007 American 
Chemical Society)       
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2.5.3        Two-Photon Luminescence 

 In comparison to confocal fl uorescence microscopy, two-photon luminescence 
(TPL) has emerged as a powerful tool in the past two decades for cellular imaging 
and diagnostics, with the advantages of non-bleaching and stable signal, higher spa-
tial resolution, and reduced background signal [ 179 ]. Gold nanostructures present 
enhanced TPL, whose effi ciencies can now be improved by simply modifying the 
geometry [ 180 ], making them detectable at single particle levels under femtosecond 
NIR laser excitation [ 181 ,  182 ]. Durr et al. utilized gold nanorods for TPL imaging 
of cancer cells embedded in collagen matrixs with 75 μm spatial resolution [ 183 ]. 
The TPL intensity enabled by nanorods was three orders of magnitude brighter than 
that of two-photon autofl uorescence. By using TPL, single-particle tracking of tar-
geted gold nanorods was reported to investigate the mechanisms of cellular uptake 
[ 184 ]. In 2007, He et al. reported the novel detection of circulating tumor cells 
in vivo using the TPL technique [ 185 ]. CTC-mimetic leukemia cells were fi rstly 
injected into the blood stream of live mice followed by injection of folate- conjugated 
gold nanorods to target the CTC in vivo. TPL imaging with an intravital fl ow cytom-
eter detected single-circulating cells in the vasculature of the mouse ear. Apart from 
nanorods, other gold nanostructures have also been extensively exploited as TPL 
contrast agents. The TPL contrast of nanostars functionalized with wheat germ 
agglutinin was utilized to image their uptake in breast cancer cells as well as 
nanostars circulating in the vasculature in vivo in mouse models [ 27 ]. With 
nanostars, tissue vasculature was visible under 5 % transmission with minimal 
background fl uorescence, while it required 20 % transmission to observe the vessels 
without nanostars injected. The feasibility of using nanoshells for single-particle- 
based in vivo imaging has been validated by Gao et al. [ 186 ]. They developed gold 
nanoshells with plasmon resonance at 800 nm and used them for in vivo blood ves-
sel imaging using two-photon excitation microscopy at an excitation wavelength of 
750 nm. They successfully imaged single nanoshell particle in blood vessels and 
generate optical contrast for blood vessel structure using luminescent signals. 
Nanocages, nontargeted or targeted, have also been utilized for TPL imaging to 
probe the dynamical processes of cellular uptake [ 62 ,  75 ]. 

 In particular, due to their large multiphoton absorption capabilities, nanocages 
have been demonstrated to generate three-photon luminescence (3PL) when excited 
at 1,290 nm with a femtosecond laser at 4 mW [ 187 ]. 3PL exhibited the detection of 
the distribution of intravenously injected nanocages in the liver of a mouse with 
minimal autofl uorescence from the background and negligible photothermal toxic-
ity. While 3PL contrast agents based on gold nanostructures have not been substan-
tially investigated, these initial results demonstrate the effi cacy of this imaging 
modality and provide a great potential in in vivo diagnostics.  
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2.5.4     Photoacoustic Imaging 

 Optical imaging, as described previously including DFI, OCT, and TPL, provides 
rich contrast in biological tissues based on their distinct chemical components. 
However, the incident photons in tissue, after optical transport mean free path 
(~1 mm), severely suffer from strong diffusion and thus lose optical coherence and 
focusing properties. Consequently, the shallow penetration depth of optical imaging 
in scattering medium fundamentally hampers their application in biomedicine. 
Nonetheless, photons in tissues can be thermoelastically converted to ultrasonic 
pressure waves through the photoacoustic (PA) effect, and photoacoustic tomogra-
phy (PAT) generates images by detecting these ultrasonic waves in tissues. The 
principle is illustrated in Fig.  2.18  [ 9 ]. When a pulsed (or intensity-modulated) laser 
beam irradiates a biological tissue, a small temperature rise Δ T  in the tissue leads to 
a pressure rise  ρ  0  due to thermoelastic expansion that will produce ultrasonic waves. 
This pressure is given by  ρ  0  =  β Δ T / κ , where  β  is the thermal expansion coeffi cient 
and  κ  is the isothermal compressibility. Theoretically, only 1 mK temperature leap 
can generate about 800 Pa pressure rise that is far beyond the noise level of a typical 
ultrasonic transducer [ 188 ]. The acoustic pressure, after propagating in the tissue 
and coupling medium, can be received by an ultrasonic transducer to reconstruct a 
PA image. By converting the incident photon into ultrasonic emission, PAT can 
break through the optical diffusion limit in biological tissue, which hybridizes both 
the merits of rich optical contrast and high ultrasonic resolution, but alleviates their 
shortcomings in a single modality, permitting anatomical, functional, molecular, 
and genetic imaging.

   Since PA effect is dependent on temperature rise in the tissues, gold nanostruc-
tures capable of photothermal heating have great potential as PAT contrast agents in 
cancer diagnosis. Nearly a decade ago, gold nanostructure-mediated PAT was fi rst 
realized by gold nanoshells [ 189 ]. Three successive injections of nanoshells were 
administrated to the rat through intravenous injection. The PAT image acquired 
20 min after the third administration of contrast agent showed the brain vasculature 
with enhanced contrast. With the exogenous contrast agent, the optical absorption 
of blood was increased and the contrast between the vessels and the background 
tissues was also enhanced. The differential PAT image mapped the exogenous 

  Fig. 2.18    Schematic 
illustration of laser-induced 
photoacoustic effect in 
biological tissue 
(Reproduced from Ref. [ 9 ] 
by permission of The 
Royal Society of 
Chemistry)       
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nanoshell distribution in the rat brain. With photothermal conversion effi ciency 
higher than nanoshells, gold nanorods enabled PA signal increasing on a wide vari-
ety of ovarian tumor types including 2008, HEY, and SKOV3 cell lines after their 
intravenous injection [ 190 ]. In addition, silica coating of gold nanorods provides a 
simple method to enhance their performance as contrast agents, producing about 
threefold higher PA signals than bare nanorods [ 191 ,  192 ]. As shown in Fig.  2.19 , 
silica coating endows nanorods with reduced interfacial resistance and a sharper 
profi le peak and, thus, increased PA signal amplitude. However, silica at a further 
larger thickness leads to a decrease in the PA signal. Therefore, silica-coated gold 
nanorods are very promising as a multifunctional platform for enhanced PAT imag-
ing and photothermal therapy of cancer with good photothermal stability, as dis-
cussed in the previous section.

   Gold nanocages are also excellent contrast agents for PAT, due to the large 
absorption cross sections [ 193 ]. Xia’s group demonstrated PAT of cerebral cortex in 
a rat brain by using nanocages as intravascular contrast agents [ 194 ]. A maximum 
of 80 % PA signal enhancement in the brain cortex was observed after 4 h injection 
of nanocage solution. In an animal model, sentinel lymph nodes (SLN) containing 
gold nanocages were identifi ed as deep as 33 mm below the skin surface with good 
contrast [ 195 ]. Nanocage-mediated PAT may potentially eliminate the invasive axillary 
staging procedures for SLN identifi cation and imaging. In a further study, they 
investigated nanocages bioconjugated with melanocyte-stimulating hormone in vivo 

  Fig. 2.19    Schematic mechanism of the proposed thermal transport processed from the nanopar-
ticle to the environment and the resulting temporal profi les of the temperature ( T ) near the surface 
and the amplitude of the photoacoustic signal ( P ) far from the surface of the nanoparticle for ( a ) a 
bare nanorod, ( b ) a thin silica shell coating nanorod, and ( c ) very thick shell coating nanorod 
(Reprinted with the permission from Ref. [ 191 ]. Copyright 2011 American Chemical Society)       
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for molecular PAT of melanomas, and 300 % enhancement was achieved relative to 
non-conjugated nanocages [ 196 ]. Like nanocages, gold nanostars also have great 
absorption-to-scattering ratio, favorable for photoacoustic imaging. Wang et al. 
demonstrated that plasmon-resonant gold nanostars could be used with volumetric 
spectroscopic PAT for noninvasive in vivo mapping of lymphatic systems [ 197 ]. 
In another study, RGD-conjugated gold nanostars targeted the tumor for tumor 
angiogenesis mapping and monitoring the response of photothermal treatment 
[ 198 ]. Meanwhile, other gold nanostructures with NIR absorption like nanotripods 
[ 199 ] and nanovesicles [ 151 ] have also been reported as PAT contrast agents in vivo. 
All these studies demonstrate the potential of gold nanostructures for contrast 
enhancement of PAT, and with development of new nanostructures and molecular 
targeting strategies, the spatiotemporal resolution of PAT can be improved even 
further.  

2.5.5     Computed Tomography 

 Computed tomography (CT) is one of the most commonly used noninvasive clinical 
imaging modalities due to its wide availability, high effi ciency, and low cost. Owing 
to the high atomic number ( Z  = 79) and k-edge value (80.7 keV), gold nanoparticles 
generally provide greater contrast than widely used iodinated contrast agents. In 
addition, X-ray attenuation of gold nanoparticles was not signifi cantly reduced in 
water or water containing calcium phosphate, in contrast to iodine with contrast 
effect sensitive to the environment [ 200 ]. In 2006, gold nanoparticles with an aver-
age size of 1.9 nm from Nanoprobes Inc. were initially studied as X-ray contrast 
agents [ 201 ]. After intravenous injection, in vivo X-ray imaging revealed detailed 
anatomic structures such as tumors and blood vessels less than 100 μm in diameter. 
Later, PEGylated gold nanoparticles with diameter of 30 nm were demonstrated to 
show a high contrast (~2-fold) between hepatoma and normal liver tissue after their 
intravenous injection into rats [ 202 ]. In other studies, gold nanoparticles prepared 
within the phytochemical gum-arabic (GA) matrix were used as CT contrast agents 
in pigs, which have physiological and anatomical characteristic similar to those of 
humans [ 203 ,  204 ]. The GA-gold nanoparticles showed excellent biocompatibility, 
and signifi cant CT contrast effects were observed at the liver and spleen. The 
dendrimer- entrapped gold nanoparticles with properties controlled via modifi cation 
of terminal groups of dendrimers were also successfully used for in vivo blood pool 
and tumor CT imaging after intravenous injection [ 205 ]. With the larger gold 
nanoparticles entrapped in the dendrimer, greater CT contrast effects could be 
achieved [ 206 ]. In addition to spherical gold nanoparticles, various gold nanostruc-
tures can be used as CT contrast agents because the CT contrast effect is not affected 
by the shape nanoparticles [ 20 ,  123 ,  131 ]. 

 To acquire information on cellular and molecular processes using CT, contrast 
agents with targeting ability are required. Tobi Reuveni et al. intravenously injected 
anti-EGFR-conjugated gold nanoparticles (30 nm) into nude mice implanted with 
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human squamous cell carcinoma head and neck cancer [ 207 ]. The results clearly 
demonstrated that a small tumor, which was undetectable through anatomical CT, 
was clearly visible by the molecularly targeted gold nanoparticles. It was further 
shown that active tumor targeting was more effi cient and specifi c than passive tar-
geting. In another work, gold nanoparticles were modifi ed with glycol chitosan 
(GC) polymers (GC-Au NPs), which exhibited excellent stability and tumor- 
targeting ability [ 208 ]. Tumor tissue was able to be delineated from the surrounding 
tissues after 2 h postinjection at high concentration (200 μL, 300 mgkg −1 ). In par-
ticular, after 24 h postinjection, the HU value in the tumor tissue increase about 
fi vefold (HU = 254) relative to normal tissue. Furthermore, detailed anatomical 
information could be acquired from the three-dimensional reconstructed images in 
which the exact shape of the tumor tissue was clearly visualized. In addition to 
tumor, gold nanoparticles conjugated with anti-CD4 antibodies were used for 
in vivo CT studies of peripheral lymph nodes [ 209 ]. Larger and targeted nanoparti-
cles showed the highest contrast enhancement compared to nontargeted nanoparti-
cles and smaller nanoparticles because they could deliver more gold atoms.  

2.5.6     Surface-Enhanced Raman Scattering (SERS) 
Based Imaging 

 Surface-enhanced Raman scattering (SERS) is an ultrasensitive vibrational spectro-
scopic technique to detect molecules on or near the surface of plasmonic nanostruc-
tures, greatly extending the role of standard Raman spectroscopy. Since its discovery 
in the late 1970s, SERS has been applied to many analyses, especially in biochem-
istry and life sciences. Particularly, by designing novel nanoprobes named “SERS 
tags,” the past decade has witnessed a plethora of clinical SERS-based studies dem-
onstrating the effi cacy of gold nanostructures conjugated with Raman active mole-
cules for molecular imaging in cells and animal model [ 86 ]. Raman scattering 
enhancement of vicinal molecules based on gold nanostructures is primarily attrib-
uted to two mechanisms: electromagnetic (EM) and chemical enhancement (CE). 
EM arises from intense EM fi elds generated on surface of gold nanoparticles when 
illuminated at the plasmon resonance. CE is based on dynamical charge transfer 
where photoexcitation of the metal creates a hot-electron-hole pair which can transfer 
into the lowest unoccupied molecular orbital of the nearby molecule. The electron 
subsequently transfers back to the metal with some changed internal molecular 
vibrations, which gives rise to CE [ 210 ,  211 ]. Together, the two primary mecha-
nisms contribute to the total enhancement. Though eminent progress has been made 
on SERS-based in vitro bioanalysis [ 86 ,  212 – 216 ], SERS-based imaging in vivo 
has yet to reach the status of its counterpart, fl uorescence imaging, mainly due 
to the expensive instrumentation and weak signal of Raman scattering. However, 
compared with fl uorescence imaging as a clinical diagnostic tool, SERS has many 
advantages including high signal-to-noise ratio, non-photobleaching feature, 
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subpicomolar level sensitivity, excellent multiplexing capability, and single photo-
excitation. Owing to these advantages, SERS-based imaging in vivo has aroused 
increasing attention with some remarkable achievements over the past several years. 

 Early in 2008, Nie’s group investigated SERS-based in vivo tumor targeting 
using functionalized gold nanoparticles (GNPs) [ 217 ]. In this study, diethylthiatri-
carbocyanine (DTTC), a commercial NIR Raman reporter, was adsorbed onto the 
surface of 60 nm colloidal GNPs. Then, mixed PEG was applied to conjugate 
single- chain variable fragment (ScFv) antibodies, which thereby formed targeted 
SERS nanoprobes. After 5 h of their injection into tumor-bearing mice, clearly dis-
tinguished signal intensities were observed on the Raman spectra from targeted 
nanotags in the tumor region (Fig.  2.20 ), confi rming successful delivery of targeted 
nanotags to a specifi c tumor and the capability of noninvasive spectroscopic detec-
tion. This highly sensitive technique opens up a new opportunity for the detection 
of targeting tumors. Then, Park et al. investigated PEGylated Cy7-taged gold 
nanorods for SERS detection by a passive mechanistic pathway, indicating the clear 
differentiation between the tumorigenic area and normal skin after their intravenous 
injection [ 218 ]. In 2011, Young-Tae Chang et al. prepared a lipoic acid-containing 
NIR-active CyNAMLA-381 as a highly sensitive NIR SERS reporter molecule and 
further applied it to the preparation of ultrasensitive SERS probes for in vivo cancer 
imaging by conjugating CyNAMLA-381-Au NPs to ScFv anti-HER2 antibodies 
[ 219 ]. Furthermore, Gambhir and coworkers fabricated a unique triple-modality 
MR-photoacoustic-SERS imaging nanocomposite (termed MPR nanoparticles) to 
accurately help delineate the margins of brain tumors in living mice both preopera-
tively and intraoperatively [ 220 ]. Specifi cally, Raman imaging was used for guid-
ance of intraoperative tumor resection. Cancerous foci, not visible to the naked eye, 
were successfully detected after the tumor resection seems to be completed (Fig. 
 2.21 ). Later, they employed SERS probes based on gold nanorods to visualize the 
margin of ovarian cancer tumors, followed by tumor debulking under guidance of 
SERS imaging. These two studies highlight the extremely high sensitivity of Raman 

  Fig. 2.20    ( a ) Photographs showing a laser beam focusing on the tumor site or on the anatomical 
location of liver. ( b ) SERS spectra obtained from the tumor and the liver locations by using 
targeted nanoparticles (Reprinted by permission from Macmillan Publishers Ltd: Ref. [ 217 ], 
copyright 2008)       
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imaging and open up a new avenue of SERS-tagged gold nanoparticles for clinical 
translation. More recently, gold-silica SERS nanoparticles combined with a handheld 
Raman scanner, which is easy to handle in the operating room and allows real- time 
scanning, to provide SERS image-guided surgical resection of brain tumor was 
demonstrated, a bigger stride into clinical translation [ 221 ].

    Specially, multiplexing is the distinctive feature of SERS due to the narrow band-
widths of the vibrational Raman spectra of the reporter molecules. The recent high 
demand for a sensitive and simultaneous detection of multiple targets in vivo has 
made SERS technique highly favorable. Gambhir et al. demonstrated multiplexing 
in vivo with ten different SERS nanotags with distinct spectral characteristics [ 222 , 
 223 ]. A mixture of multiple SERS nanotags were administrated intravenously, and 
their uptake in the liver was imaged 24 h postinjection. Clear distinguishable 
spectral characteristics were observed in vivo for each individual SERS nanotag 
at picomolar sensitivity. In another study, molecule-coded gold nanorods as a 
platform for multiplexed NIR detection were synthesized [ 224 ]. It was found that 
under a NIR excitation source, three unique Raman-coded nanorods might be 

  Fig. 2.21    Living tumor-bearing mice underwent craniotomy under general anesthesia. Quarters of 
the tumor were then sequentially removed as illustrated in the photographs ( a ), and intraoperative 
Raman imaging was performed after each resection step ( b ) until the entire tumor had been 
removed, as assessed by visual inspection. After the gross removal of the tumor, several small foci 
of Raman signal were found in the resection bed. ( c ) A subsequent histological analysis of sections 
from these foci showed an infi ltrative pattern of the tumor in this location, forming fi nger-like 
protrusions extending into the surrounding brain tissue. As shown in the Raman microscopy image 
( right ), a Raman signal was observed within these protrusions, indicating the selective presence of 
MPRs. The Raman signal is shown in a linear  red  color scale (Reprinted by permission from 
Macmillan Publishers Ltd: Ref. [ 220 ], copyright 2012)       
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distinguished  effi ciently within ~6 nm of spectral bandwidth, in contrast to ~30 nm 
of semiconductor quantum dots. Highly sensitive novel NIR Raman reporters, such 
as Cy7LA, Cy7.5LA, and CyNAMLA-381, were also used to construct SERS nano-
tags for in vivo multiplexed targeted detection [ 225 ]. In addition, Homan Kang et al. 
developed novel NIR SERS dots consisting of Au/Ag hollow shell assemblies on 
the surface of silica nanospheres [ 226 ]. The signals were detected effectively from 
deep tissue of up to 8 mm depth and three kinds of NIR SERS dots produce strong 
SERS signals from deep tissues without spectral overlap after their injection into 
live animal tissues, demonstrating their potential for in vivo multiplexed detection 
of specifi c target molecules. More recently in 2014, “schizophotonic” all-in-one 
gold nanoparticles were designed by integrating various SERS reporters into bio-
compatible polymeric surface coating [ 227 ]. This technique allows the synthesis of 
very small (<20 nm) SERS probes, which is crucial for the design of excretable and 
thus highly translatable imaging agents, and the all-in-one nanoparticles were dem-
onstrated to be capable for multiplexed lymph-node imaging. 

 SERS imaging has tremendous potentials to deliver accurate diagnosis from the 
single cell level to subcutaneous tumors. When coupled with other imaging tech-
niques, multimodal SERS can simultaneously achieve high sensitivity and spatial 
resolution. Gold nanostructures enabled SERS imaging probes from a promising 
platform for combining SERS imaging with a therapeutic response to generate plas-
monic theranostic agents.   

2.6     Gold Nanostructures for Imaging-Guided Therapy 

 To improve the treatment effi ciency, combining imaging ability or introducing 
imaging modalities during therapy within single nanoscale platform, namely, 
imaging- guided therapy or theranostics, has been proposed. In terms of photother-
mal theranostics, the exact tumor location, size, and shape should be visualized by 
imaging initially to ensure that the whole tumor is effectively exposed to the laser 
during the treatment. Advanced imaging techniques would then allow real-time 
monitoring of therapeutic responses to achieve optimized effi ciency. Nearly a 
decade ago, before the term theranostics or imaging-guided therapy was coined, the 
theranostic potential of nanoshells was demonstrated with simultaneous dark-fi eld 
imaging and photothermal therapy [ 14 ,  170 ,  174 ]. This was soon followed by the 
use of nanorods and other core-shell nanostructures for the imaging and therapy of 
malignant cells in vitro [ 46 ,  228 ,  229 ]. The past several years have witnessed a tre-
mendous increase in theranostic agents based on gold nanostructures either by com-
bining a single imaging and therapeutic technique or by integrating dual-modality 
diagnostics with multiple therapeutic functionalities. 

 Intrinsically, NIR resonant gold nanostructures are theranostic agents without 
introducing other imaging or therapeutic modalities. As discussed in the previous 
sections, gold nanoparticles like nanoshells, nanorods, and nanostars with NIR 
absorption have been widely used in cancer photothermal therapy. Meanwhile, 
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imaging capabilities based on these gold nanoparticles have also been demonstrated, 
such as PAT and CT. For example, hollow gold nanoshells have been shown to gen-
erate intense photoacoustic signals and induce effi cient photothermal treatment. Li 
et al. used PAT to assess the intravenous delivery of hollow nanoshells targeted to 
integrins that are overexpressed in both glioma and angiogenic blood vessels in a 
mouse model of glioma [ 113 ]. Mice were then treated with NIR laser, which ele-
vated tumor temperature by 20.7 °C. It was found that photothermal therapy under 
PAT guidance signifi cantly prolonged the survival of tumor-bearing mice. Recently, 
cyclic RGD peptide-conjugated plasmonic gold nanostars (RGD-GNS) were 
designed to specifi cally target overexpressed integrin  α   v   β   3   on tumor neovasculature 
[ 198 ]. By using RGD-GNS, PA signal was signifi cantly boosted for neovasculature 
visualization, offering high imaging specifi city and nanomolar sensitivity. 
Furthermore, the high absorption-to-scattering ratio of RGD-GNS in the NIR region 
allows photothermal ablation to neovessels in tumor by laser irradiation, whose 
therapeutic effect can be noninvasively monitored by PAT. Thus, combining PAT 
with RGD-GNS makes it possible to image and inhibit tumor angiogenesis and 
monitor the tumor response in one “on-spot” theranostic platform. 

 Though gold nanostructures with NIR absorption are greatly promising as ther-
anostic agents, introducing other imaging and therapeutic modalities is nevertheless 
necessary because of intrinsic drawbacks of these optical imaging methods and 
single photothermal treatment, as described in Sect.  2.4 . Ballistic imaging methods 
such as OCT, TPL, and SERS suffer from shallow penetration and low spatial reso-
lution, undermining their application in in vivo diagnosis, while for clinical CT, 
radiation risk is rather a serious concern. As a hybrid imaging modality, PAT man-
ages to break through the optical diffusion limit in biological tissue, but its imaging 
sensitivity is mainly hampered by surrounding thermal noise and acoustic inherence 
of the medium itself in the form of black body. Thus, integrating other imaging and 
therapeutic modalities with advantages compensating for the existing weak points 
can provide comprehensive information and enable more accurate cancer imaging. 
In the clinic, magnetic resonance imaging (MRI) is one of the most powerful and 
noninvasive diagnostic techniques based on the interaction of protons with the sur-
rounding molecules of tissues. MRI can offer high spatial resolution and the capac-
ity to simultaneously obtain physiological and anatomical information. By 
combining MRI and the above imaging modalities, it is possible to obtain multiple 
imaging data using the advantages of both methods. Together with therapeutic 
approaches, gold nanostructures are supposed to fi nd wide applications in imaging- 
guided therapy. 

 Recently, Halas group synthesized theranostic nanoshells by encapsulating them 
in a thin silica epilayer doped with Fe 3 O 4  nanoparticles and ICG molecules and 
targeted HER-2 receptors in breast cancer cells via antibodies [ 109 ,  230 ,  231 ]. In 
this design, nanoshells enabled enhancement of ICG quantum yield from ~1 % to 
nearly ~85 %, and simultaneously, the porous silica layer enabled rapid water diffu-
sion enhancing the MRI relaxivity of the Fe 3 O 4  nanoparticles. These theranostic 
nanoshells provided dual modal MRI and NIR fl uorescence imaging capabilities in 
breast cancer cells in vitro and simultaneous photothermal therapy when excited 
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with a 200 mW NIR laser overlapping the nanoshell plasmon resonance. The effi -
cacy was also extended in vivo to mouse modals with breast cancer xenografts. 
Nanoshells were administrated intravenously, and the animals were imaged between 
4 and 72 h postinjection. MRI and fl uorescence imaging in vivo revealed that the 
maximum nanoshell accumulation in tumors occurs within 4 h of injection, and 
within 72 h, nanoshells clear from the tumors to the liver. By using gold-shelled iron 
oxide nanoclusters, Liu et al. designed a multimodal imaging-guided, magnetic 
targeting-enhanced photothermal ablation cancer treatment strategy [ 232 ]. Such 
nanocomposites after intravenous injection could be effectively attracted to the 
tumor, nearby which an external magnetic fi eld was applied. Under the guidance of 
MRI and PAT, photothermal ablation with excellent therapeutic outcomes (100 % of 
tumor elimination after NIR laser treatment) was achieved in our animal experi-
ments. In another study, ultrasmall superparamagnetic Fe 3 O 4  nanoparticles were 
adsorbed on the surface of NaYF4-based upconversion nanoparticles, on top of 
which thin gold shells were formed by seed-mediated reduction growth [ 233 ]. The 
multifunctional nanoparticles were successfully used for in vivo MR and upconver-
sion luminescence imaging-guided and magnetically targeted photothermal therapy. 
Very recently, West et al. tethered gadolinium to NIR resonant nanoshells, impart-
ing high  r  1  relaxivity [ 234 ]. MRI- and CT-based modalities with gadolinium- 
nanoshell enhancement could be used to initially identify suspicious lesions within 
tissue. Afterwards, optical imaging including OCT and TPL with low-power NIR 
light could then be performed within appropriate fi elds of view to obtain molecular 
information regarding disease state. Finally, under the guidance of the multimodal 
imaging, NIR laser could be applied site specifi cally to locally ablate tumor. This 
class of core-shell nanoparticles is expected to be an attractive theranostic agent for 
imaging-guided tumor ablation. 

 Apart from nanoshells, nanorod-mediated theranostics have also rapidly 
increased within the past few years. Recently, Chen et al. designed theranostic 
nanorods coated by a mesoporous silica layer loaded with DOX for simultaneous 
TPL imaging with dual chemo-photothermal therapy in human lung cancer cells 
[ 11 ]. Maximum DOX release was observed with NIR laser treatment at a low pH 
(4.5) and solution temperature of 48 °C. A cell viability assay clearly indicated that 
enhanced therapeutic capability was achieved with dual treatment mechanisms 
rather than hyperthermia or chemotherapy. In another work, He’s group developed 
silica-coated gold nanorods with an additional layer of PEG and loaded the two lay-
ers with 3,3′-diethylthiatricarbocyanine iodide (DTTC) and protoporphyrin IX 
(PpIX), a photosensitizer molecule [ 235 ]. The multifunctional nanorods success-
fully demonstrated diagnosis via SERS and fl uorescence imaging in vivo in mice- 
bearing Hela tumors and treatment via photodynamic treatment mediated by 
PpIX. In 2011, Cui et al. synthesized folic acid-conjugated silica-modifi ed gold 
nanorods with highly selective targeting, enhanced radiation therapy effects and 
excellent photothermal treatment effects on the gastric cancer cells, and strong 
X-ray attenuation for in vivo X-ray/CT imaging. The nanoprobe is claimed to be a 
promising candidate with excellent imaging and targeting ability for X-ray/CT 
imaging-guided targeting dual-mode-enhanced radiation and photothermal therapy.  
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2.7     Concluding Remarks 

 Because of their unique features and great potential for a variety of biomedical 
applications, gold nanostructures represent a major achievement in nanotechnology. 
The synergy of ideal chemical, physical, and optical properties in a single particle is 
a resounding affi rmation of the promise of nanotechnology in general. 

 Gold nanostructures have opened new frontiers in medicine. As they are biocom-
patible, optically tunable, and bind to antibodies, nanogold have a great potential as 
agents for photothermal cancer therapy, as confi rmed by their success in multiple 
animal studies. Clinical trials, spearheaded by gold nanoshells and currently under 
way, will most likely establish their effi cacy for the treatment of human forms of 
cancer. Gold nanoparticles are also highly suitable for in vivo imaging studies based 
on their intrinsic optical and physical properties or through introducing other imag-
ing modalities, with the added benefi t of serving as agents for cancer therapy. 
Likewise, because they accumulate within tumors due to passive and active mecha-
nisms, they hold great promise for revolutionizing cancer detection and therapy. 

 However, there are several problems, which are yet to be investigated. One of the 
most important issues is the potential long-term safety concerns of the gold nanopar-
ticles since they are not biodegradable and would retain inside the body for long 
periods after administration. Another major challenge both in phototherapy and 
optical imaging is the limited light (even NIR light) penetration depth of no deeper 
than 1 cm, a great obstacle for tumors located deeply inside the body. Other basic 
mechanism questions like the response of immune system to photothermal treat-
ment and tumor residues after photothermal ablation merit further investigation. It 
is hoped that, in the near future, these problems will be addressed and the novel 
properties of gold nanostructures will continue to be exploited in a growing number 
of applications. Clearly, it will be very exciting to see many existing applications 
make the successful transition from the laboratory bench to the clinic.     
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