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The plasmonic photothermal properties of gold nanoparticles have been widely explored in the biomed-
ical field to mediate a photothermal effect in response to the irradiation with an external light source.
Particularly, in cancer therapy, the physicochemical properties of gold-based nanomaterials allow them
to efficiently accumulate in the tumor tissue and then mediate the light-triggered thermal destruction
of cancer cells with high spatial-temporal control. Nevertheless, the gold nanomaterials can be produced
with different shapes, sizes, and organizations such as nanospheres, nanorods, nanocages, nanoshells, and
nanoclusters. These gold nanostructures will present different plasmonic photothermal properties that
can impact cancer thermal ablation. This review analyses the application of gold-based nanomaterials in
cancer photothermal therapy, emphasizing the main parameters that affect its light-to-heat conversion ef-
ficiency and consequently the photothermal potential. The different shapes/organizations (clusters, shells,
rods, stars, cages) of gold nanomaterials and the parameters that can be fine-tuned to improve the pho-
tothermal capacity are presented. Moreover, the gold nanostructures combination with other materials
(e.g. silica, graphene, and iron oxide) or small molecules (e.g. indocyanine green and IR780) to improve
the nanomaterials photothermal capacity is also overviewed.
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1. Introduction

Nanoparticle-mediated photothermal therapy (PTT) has been
widely explored as a standalone or combinatorial therapy for can-
cer because it enables to focus of the hyperthermia in the tumor
avoiding damages to the healthy tissues [1]. This therapy takes ad-
vantage of the nanomaterials’ physicochemical properties, which
confer to them tumor selectivity [2]. At the tumor site, the nano-
materials will be irradiated with a light source promoting the gen-
eration of heat [3]. This tumor localized increments of tempera-
ture can sensitize the cells to other therapeutic applications (e.g.
chemotherapy) or even induce several cellular damages that can
ultimately lead to apoptosis or necrosis when reaching tempera-
tures superior to 40°C [4,5]. In this approach, the application of
NIR radiation (700-1200 nm) to activate the nanomaterials is cru-
cial since the major components of the human body (e.g. water,
proteins, collagen, hemoglobin) present an insignificant absorption
in this region of the electromagnetic spectrum [6]. Moreover, this
optical transparency minimizes the absorption and scattering phe-
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nomena, which improve radiation penetration and photothermal
efficacy [7].

Several types of nanomaterials can be applied as photother-
mal agents, such as carbon nanotubes [8], graphene oxide [9],
polyaniline [10], and gold [11], or even conjugated with small
molecules (e.g. IR780 [12], indocyanine green (ICG) [13]) to me-
diate PTT. Among them, gold-based nanoparticles possess unique
physicochemical properties making them one of the most explored
nanoplatforms in PTT [14]. Gold is known as one of the least re-
active metals, presents a high variability in terms of shape, size
and surface chemistry, and high resistance to degradation and ox-
idation [15]. Moreover, the localized surface plasmon resonance
(LSPR) phenomenon observed in gold nanoparticles can be fine-
tuned by optimizing the size and shape to render them a strong
absorption in the NIR region increasing their efficiency as PTT
agents [16-18]. Additionally, the gold nanomaterials can also act
as contrast agents in computerized tomography (CT) and magnetic
resonance imaging (MRI), mass attenuation of gold is superior to
that of the iodinated contrast agents commonly used in the clinic,
or even prompt the photoacoustic imaging (PAI) [19-21]. Other-
wise, the gold nanoparticles affinity to interact with compounds
containing thiol or disulfide groups can be explored for modify-
ing the surface of the nanoparticles with passivating agents that
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enhance the biocompatibility and blood circulation time, target-
ing moieties that improve the selectivity towards the tumor tissue,
or even with therapeutic molecules [22,23]. Despite the promising
properties of gold nanoparticles, some limitations have been im-
pairing their utilization in biological systems. During blood circu-
lation, the gold-thiol interactions also facilitate the establishment
of non-specific interactions with different biomolecules, such as
proteins. This event can induce surface charge alterations, parti-
cle aggregation, and size increase in the nanoparticles and thus
affect their interaction with the human body (e.g. nanoparticles
uptake, blood circulation time and biocompatibility) [24,25]. Oth-
erwise, a recent analysis revealed that in general, only 0.7% of the
administered nanoparticles reach the tumor site, which greatly im-
pacts its therapeutic performance due to the sub-optimal concen-
trations of therapeutics [26]. Further, the gold nanoparticles expo-
sition to high-energy laser pulses during bioimaging or therapeutic
applications can induce the nanoparticle reshaping or degradation
and consequently decrease its therapeutic efficiency [27]. To over-
come these limitations, researchers have been exploring different
approaches for increasing the photothermal conversion efficiency
of gold nanoparticles.

In this review, the gold-based nanomaterials application in can-
cer PTT is discussed, particularly the main strategies explored
to improve the photothermal capacity of these nanostructures.
Initially, the different shapes/organizations (clusters, shells, rods,
stars, cages) of gold nanomaterials and the parameters affecting
their photothermal capacity are analyzed. Subsequently, the com-
bination of gold with other materials (e.g. silica, graphene, and iron
oxide) or small molecules (e.g. IR780, ICG) to improve the nanoma-
terial photothermal capacity is also overviewed.

2. Nanomaterials application in photothermal therapy

The PTT mediated by nanomaterials is highly dependent on sev-
eral parameters such as the capacity of the nanomaterials to gen-
erate heat and its selectivity towards the tumor tissue as well as
the laser irradiation parameters. Considering the systemic admin-
istration, the nanomaterials must be able to accumulate in the tu-
mor tissue by passive accumulation (enhanced permeability and
retention effect or vascular burst events) and/or active targeting
(receptor-ligand or antigen-antibody interactions) [28,29]. There-
fore, the nanomaterials bioavailability in tumors is closely linked to
several physicochemical parameters such as the nanoparticle size,
surface charge, corona, and surface moieties, as reviewed in detail
by [30-32]. Then, the nanomaterials PTT is triggered by irradiat-
ing the tumor zone with a light source, usually a NIR laser. Sev-
eral laser light parameters affect the heat generation by the nano-
materials, such as wavelength, power density, number of irradia-
tions, laser distance, and duration [33-36]. The biological trans-
parency windows located in the NIR region of spectra (i.e. NIR-I;
700-900 nm and NIR-II; 1000-1700 nm) decrease the off-target in-
teraction of the radiation and endow a deeper penetration in the
body [37]. Further, the laser wavelength should also match the ab-
sorption peak of the nanomaterial to maximize the heat genera-
tion (Fig. 1) [38]. Otherwise, the power density (total energy per
second delivered into a specific area) of NIR irradiation will influ-
ence the penetration depth and the heat generated by the nano-
materials [39]. The utilization of higher power densities is asso-
ciated with an increased nanoparticle excitation and heat genera-
tion [40]. Nevertheless, excessive power densities can also induce
side-effects (e.g. skin burns) due to off-target interaction [41]. Fur-
thermore, the photothermal effect can also be enhanced by opti-
mizing the duration of the laser irradiation and the application of
multiple irradiation sessions [42,43]. Upon the irradiation of the
tumor site, the radiation-to-heat conversion efficiency of nanopar-
ticles will be determinant for achieving an effective PTT. In gold-

based nanomaterials, the radiation-to-heat conversion efficiency is
dependent on the LSPR phenomenon (defined by the nanoparticle
size and shape) and can be enhanced through the combination of
gold with other materials (e.g. silica, iron oxide, and graphene) or
small molecules (e.g. IR780 and ICG) (reviewed in Section 3.3).

3. Gold nanomaterials

Gold nanoparticles have been widely explored for cancer ther-
apy applications, such as drug delivery and PTT [44]. Particularly,
in PTT different design criteria affect the gold nanomaterials per-
formance, such as the LSPR phenomenon, the radiation-to-heat
conversion efficiency, and the surface functionalization. The LSPR
phenomenon is defined by the light-induced resonant oscillation
of the free electrons on the particle’s surface, which can result
in the light scattering or absorption [45]. Upon light absorption,
the free electrons progress to an excited state and can release
the absorbed energy in the form of heat during relaxation [46].
In gold nanomaterials, the LSPR wavelength can be adjusted to
the NIR region by fine-tuning the particle size and organization
(Table 1) [47]. Additionally, the shape also plays an important role
in the LSPR phenomenon of gold nanomaterials. In this regard,
the sphere, rod, star, and cage-like shapes are the most explored
ones for the biological application of gold nanomaterials, namely
in cancer PTT. Nevertheless, it is worth to notice that there are
less explored shapes such as nanovesicles [48-50], bellflowers [51-
53], nanobipyramids [54], and nanoprisms [55-60] that can also be
explored to mediate a photothermal effect in response to irradia-
tion with a NIR laser. The optimization of gold nanostructures to
match the LSPR wavelength with the NIR laser irradiation results
in increased energy absorption and consequently an enhanced heat
generation (Fig. 1).

3.1. Optimization of the gold nanomaterials’ size and shape

3.1.1. Nanostructures based on gold nanospheres

The gold nanoparticles are usually produced by promoting the
nucleation of gold atoms upon the reduction of a gold source in
the presence of stabilizing agents [61]. The gold spheres are orig-
inated when this reaction occurs under thermodynamically con-
trolled conditions [62]. Nevertheless, the optimization of the gold
nanospheres size only leads to slight changes in the LSPR absorp-
tion band, in the 500 to 600 nm region [63]. Alternatively, the or-
ganization of gold nanospheres as clusters or shells has demon-
strated the ability to imprint in the nanosystem a PTT capacity
[64,65]. This change in the physical properties of the gold nanos-
tructures is attributed to the interactions of the near-field of one
particle with the adjacent ones in close proximity promoting the
coupling of the plasmon oscillations [66]. This phenomenon is
more pronounced when the interparticle gaps are decreased, us-
ing smaller nanospheres or reduce the space between them [67].

3.1.1.1. Gold nanoclusters. The gold nanoclusters are formed by pro-
moting the aggregation/coupling of gold nanospheres. Different
strategies have been explored to mediate this process, such as
the use of polymeric spacer-arms linking different particles, den-
drimers/polymeric matrices encapsulating the gold nanospheres,
large templates based on proteins, polymers or DNA, and the uti-
lization of organic solvents or small molecules to promote the ag-
gregation of gold nanospheres [68-70]. Chegel et al demonstrated
that the organic compounds containing amine and thiol groups
such as cysteamine, ethanolamine, and thiourea can promote the
aggregation of citrate coated gold nanoparticles originating nan-
oclusters [71]. The produced single gold nanospheres presented
a diameter of 10-15 nm and a single absorption peak at ~520
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Table 1

Overview of the shape and organization-dependent application of gold nanoparticles in photothermal therapy (N.D. - non disclosed, N.A. - not applicable).

Shape Size of gold nanostructure  Surface Modification LSPR peak  Loading Photothermal Effect Type of Study  Test Model Main Results Ref.
Laser Parameters Temperature
NCL 88 nm clusters comprised Bovine Serum Albumin Broad N.A. 808 nm, 1.5 W. ~70°C In vitro/In vivo  HCT 116 cells/HCT Reduction of the HCT 116 tumors’ [72]
of 4.5 nm GNSP absorbance cm~2, 10 min 116 tumor-bearing volume from 150 to 17.8 mm?.
from 600 mice
to 900 nm
100 nm clusters comprised PLGA, L-a-Phosphatidyl-DL- 600 nm N.A. 800 nm, fluence: ~60°C In vitro SUM-159 and Ablation of SUM-159 cancer cells. [73]
of 6 nm GNSP Glycerol, and 1,2-Distearoyl- 20 J.cm~2, pulse U87MG tumor Almost complete elimination of tumor
sn-Glycero-3- width: 400 ms, spheroids cells in U87MG tumor spheroids.
Phosphoethanolamine-N- pulse frequency:
Carboxy 1 Hz, 1 min
(PEI)-2000
53 nm clusters comprised = CRQAGFSL-5-ALA, 544 nm 5-ALA 750 nm, 2 ~51°C In vitro/In vivo  PANC1 cells/PANC1 Inhibition of tumor growth by PTT. The [74]
of 4 nm GNSP CRQAGFSL-Cy5.5, and W.cm~2, 5 min tumor-bearing combination of PTT and 5-ALA reduced
PEG-U11 mice the tumor volume for 15 days.
24 nm clusters comprised Sodium alginate 660 nm N.A. 660 nm, 2 ~50°C In vitro/In vivo KB and 293T Elevation of the tumor temperature [147]
of 4.6 nm GNSP W.cm~2, 8 min cells/KB above 50°C leading to the thermal
tumor-bearing ablation of KB tumors.
mice
150 nm clusters Hyaluronan-polycaprolactone 780 nm Verteporfin 808 nm, 1.5 ~74.1°C In vitro/In vivo MDA-MB-231 The PTT therapy induced the increase of [148]
co-polymer W.cm~2, 10 min cellsyMDA-MB-231 the tumor temperature to 60°C
tumor bearing suppressing its growth for 21 days. The
mice combination of PTT and Verteporfin
induced the complete elimination of
MDA-MB-231 tumors.
139.3 nm NPs comprised poly(2-methoxy-5-(2- 660 nm N.A. 660 nm, 1.6 AT=10°C In vitro A549 cells The PTT mediated by the NCL induced [149]
of 2 nm GNSP ethylhexyloxy)-1,4- W.cm~2, 15 min the death of 87.4+1.0% of cancer cells at
phenylenevinylene) 20 pg/mL and 100+0.2% at 30 pg/mL.
(MEH-PPV) and PEI
NSH 150 nm NPs comprised of N.A. 590 and N.A. 808 nm, 2 ~55°C In vitro/In vivo MDA-MB-231 The PTT mediated by the NSH induced [76]
a 50 nm gold core, a 30 780 nm W.cm~2, 15 min cells/yMDA-MB-231 the death of 90% of the MDA-MB-231
nm organosilica layer, and tumor-bearing cells and promoted the temperature
a 20 nm GNSH mice increase of the MDA-MB-231 tumors to
~58°C.
10 nm GNSH coated 60 Anti-HER2 modified PEG 815 nm N.A. 820 nm, ~35 N.D. In vitro SKBR3 cells The PTT mediated by the NSH induced [75]
nm silica cores W.cm~2, 7 min irreversible damages in the cells’
membrane leading to the thermal
ablation of SKBR3 cancer cells.
Hollow GNSH with 50 nm PEG 740 nm HSP70 765 nm, 4 ~48°C In vitro/In vivo  U87MG The PTT therapy induced the increase of [150]
in diameter siRNA W.cm~2, 10 min cells/U87MG the tumor temperature to 46°C, which
tumor-bearing combined with the siRNA delivery
mice decreased the U87MG tumors’ growth.
14 nm GNSH coated 120 N.A. Broad Resveratrol 808 nm, 2 ~66°C In vitro Hela cells The PTT mediated by the GNSH induced [151]
nm chitosan modified soya absorbance W.cm~2, 10 min the decrease in the cell viability to
phosphatidyl choline from 550 57.3%, which was enhanced by the
(SPC)/cholesterol to 800 nm simultaneous delivery of resveratrol
liposomes reducing the cell viability to 20%.
5 nm GNSH coated 121 PEG Broad SN-38 808 nm, 2 ~53°C In vitro/In vivo HCT116 The PTT mediated by the GNSH induced [152]
nm poly[2-(N, absorbance W.cm~2, 10 min cells/HCT116 the increase of the tumor temperature
N-dimethylamino)- ethyl from 500 tumor bearing to 53°C, which combined with the
methacrylate]-poly(e- to 800 nm mice SN-38 action decreased the growth of
caprolactone) HCT116 tumors.
micelles
GNSH coated 100 nm N.A. 800 nm DOX 808 nm, 1.5 AT~20°C In vitro/In vivo  Bel-7402 The PTT mediated by the GNSH slowed [153]

PEI-b-poly(2-
diisopropylamino/2-
mercaptoethylamine) ethyl
aspartate vesicles

W.cm~2, 10 min

cells/Bel-7402
tumor bearing
mice

the tumor growth. The combinatorial
chemo-PTT resulted in a decrease of the
tumor volume until day 6, followed by a
slow tumor growth until day 20.
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Table 1 (continued)

and RGD

W.cm~2, 5 min

tumor-bearing
mice

the blockage of the blood flow in the
tumor tissue 3 hours after NIR laser
irradiation and reduced the tumor
growth for 28 days

Shape Size of gold nanostructure  Surface Modification LSPR peak  Loading Photothermal Effect Type of Study  Test Model Main Results Ref.
Laser Parameters Temperature
L: 28 nm W: 7.5 nm AR:  PEG-modified with 510 and N.A. 808 nm, 1.56 AT=30.7°C  In vitro/In vivo  HepG2 cells/KB The PTT mediated by GNR induced the [154]
3.7 phosphorylcholine and 785 nm W.cm~2, 5 min tumor-bearing complete ablation of KB tumors,
sulfobetaine mice without being observed tumor
reoccurrence in the following 40 days.
L: 30 nm, W: 10 nm, A.R:  Human serum albumin 542 and truncated 808 nm, 0.5 ~55°C In vitro/In vivo ~ SCC7 cells/SCC7 The PTT mediated by the GNSH induced [155]
3 780 nm Evans Blue W.cm~2, 10 min tumor-bearing a 25°C increase in the tumors’
mice temperature, which combined with the
truncated Evans Blue action promoted
the complete elimination of SCC7
tumors.
L: 38 nm, W: 11 nm, AR: NA. 510 and N.A. 808 nm, 1.5 AT~35°C In vitro HSC-3 The PTT effect mediated by the different [83]
3.45 740 nm W.cm~2, 2 min GNR significantly reduced the HSC-3
L: 28 nm, W: 8 nm, A.R: N.A. 510 and N.A. AT~52°C cell viability, reaching a minimum of
3.5 770 nm 17% for the GNR with L: 28 nm.
L: 17 nm, W: 5 nm, A.R: N.A. 510 and N.A. AT~55°C
34 755 nm
L: 55 nm, W: 11 nm, AR:  Anti-HER2 antibody-modified 512 and 5-ALA 808 nm, 2 ~55°C In vitro/In vivo  MCF-7 cells and The PTT mediated by the GNR induced [86]
5 HA -containing hydrazide 800 nm W.cm~2, 10 min MCF-7 the increase of the tumor temperature
and thiol groups tumor-bearing to 46°C slowing the tumor growth. The
mice combination of the NR PTT and 5-ALA
action resulted in the complete
elimination of the MCF-7 tumors
without recurrence until day 20.
L: 28 nm, W: 7.5 nm, A.R:  Polysarcosine 510 and N.A. 808 nm, 1.6 ~90°C In vitro/In vivo ~ A549 cells/A549 The PTT mediated by the GNR promoted [156]
37 808 nm W.cm~2, 3 min tumor-bearing the increase of the tumor temperature
mice to 63.6°C inducing the complete
ablation of A549 tumors without
recurrence until day 10.
L: 8 nm, W: 2 nm, AR: 4  PEG and PLGA 60 nm N.A. 808 nm, 0.8 ~75°C In vitro/In vivo U87MG The PTT mediated by the GNR promoted [157]
vesicles: W.cm~2, 5 min cells/US7MG the increase of the tumor temperature
560 and tumor-bearing to 60°C inducing the complete ablation
830 nm mice of U87MG tumors without recurrence
until day 16.
L: ~60 W: ~17, A.R.: ~3.5 Platinum ~830 nm N.A. 808 nm, 1 ~65°C In vitro 4T1 cells The PTT mediated by the GNRs induced  [158]
W.cm~2, 5 min the decrease of the viability of 4T1 cells
to ~30%, which was enhanced by the
introduction of Platinum reducing the
cell viability to 5%.
L: 42, W:10 Polyamidoamine dendrimer 824 nm N.A. 808 nm, 24 N.D. In vitro/In vivo  A375 cells/ A375 The PTT mediated by the GNRs induced [159]
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Table 1 (continued)

Shape Size of gold nanostructure  Surface Modification LSPR peak  Loading Photothermal Effect Type of Study  Test Model Main Results Ref.
Laser Parameters = Temperature
NC 50 nm HA 796 nm DOX 808 nm, 1 ~42°C In vitro/In vivo MDA-MB-231 The PTT mediated by the GNC promoted [160]
W.cm~2, 10 min cellsyMDA-MB-231 the increase of the tumor temperature
tumor-bearing to ~44°C reducing tumor growth. The
mice combination with the DOX action
resulted in the complete elimination of
MDA-MB-231 tumors in 9 days.
47.4 nm Poly (acrylic acid) and 810 nm DOX and 808 nm, 0.5 ~46°C In vitro/In vivo  MCF-7 and A431 The PTT mediated by the GNC promoted [161]
p(NIPAM-co-AM) Erlotinib W.cm~2, 10 min cells/MCF-7 and the increase of the tumor temperature
A431 to ~46.7°C reducing tumor growth. The
tumor-bearing combination with the DOX and Erlotinib
mice action was able to suppress the growth
of MCF-7 tumors for 9 days and
promote the complete elimination of
A431 tumors in 6 days.
50.4 nm PEG and HA 785 nm N.A. 808 nm, 250 ~53°C In vitro/In vivo  4T1 cells/4T1 The PTT mediated by the GNC promoted [162]
mW.cm~2, 10 tumor-bearing the increase of the tumor temperature
min mice to ~43.5°C reducing tumor growth. The
combination of PTT with X-ray
treatment induced the regression of 4T1
tumors for 21 days.
50 nm FA modified PEG, lipoic acid, 790 nm anti-miR- 808 nm, 1.25 ~53°C In vitro/In vivo SMMC-7721 The PTT mediated by the GNC promoted [163]
and PEI 181b W.cm~2, 5 min cells/SMMC-7721 the increase of the tumor temperature
tumor bearing to ~53.6°C reducing tumor growth. The
mice combination with the anti-miR-181b
action prevented the tumor growth for
15 days.
40 nm 4T1 cell membrane vesicles 760 nm DOX 808 nm, 2.5 ~48°C In vitro/In vivo  4t1 cells[4T1 The PTT mediated by the GNC promoted [164]
W.cm~2, 8 min tumor-bearing the increase of the tumor temperature
mice to ~57°C reducing tumor growth. The
combination with the DOX action
suppressed the tumor growth for 10
days.
40 nm Anti-EpCam modified 750 nm Paclitaxel 808 nm, 2.5 ~49°C In vitro 4T1 cells The PTT effect mediated by the GNC [165]
erythrocytes membrane W.cm~2, 5 min significantly reduced the viability of the
vesicles 4T1 cells to 40%, which reached 25%
when combined with the Paclitaxel.
NS 27 nm in diameter with N.A. 550 and N.A. 808 nm, 1 AT~20°C In vitro/In vivo  PC-3 cells/PC-3 The tumors’ irradiation promoted an 8, [96]
sharp branches 700 nm W.cm~2, 10 min tumor-bearing 14, and 10°C increase in the tumors
53 nm in diameter with 790 nm AT~45°C mice treated with the 27, 86, and 151 nm
sharp branches GNS.
86 nm in diameter with 800 nm AT~42°C
sharp branches
122 nm in diameter with 900 nm AT~40°C
sharp branches
151 nm in diameter with 950 nm AT~31°C
sharp branches
60 nm in diameter with PEG 730 nm N.A. 808 nm, 2 N.D. In vitro/In vivo MCF-7 cellsyMCF-7 The PTT mediated by the GNS promoted [166]
sharp branches W.cm~2, 3 min tumor bearing a 20°C increase of the tumor’
mice temperature which mediated the
decrease of the MCF-7 tumors’ volume
during 15 days.
100 nm mean size FA-bovine serum albumin 763 nm N.A. 808 nm, 1.6 ~69°C In vitro HelLa cells The photothermal effect mediated by [167]
tip-to-tip conjugate W.cm~2, 10 min the targeted GNS promoted the death of
71% of the HeLa cells.
86 nm in diameter with PEG and TAT peptide 795 nm N.A. 808 nm, 1.5 AT~40°C In vitro/In vivo  B16-F10 The PTT mediated by the GNS prevented [168]

sharp branches

W.cm~2, 10 min

cells/B16-F10
tumor-bearing
mice

the tumor growth for 7 days followed
by a small increase in the tumor volume
until day 14.

Abbreviations: NSH-Nanoshell; NCL-Nanocluster; NR-Nanorod; NC-Nanocage; NS-Nanostar; GNSH-Gold nanoshell; GNCL-Gold nanocluster; GNR-Gold nanorod; GNC-Gold nanocage; GNS-Gold Nanostar; NPs-nanoparticles and

GNPs-Gold nanoparticles.
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Fig. 1. Representation of the main factors that affect the gold nanoparticles PTT performance. The light-to-heat conversion efficiency and consequently the thermal ablation
is directly affected by the shape and size of gold nanoparticles as well as the laser irradiation parameters, such as power laser wavelength, power density and irradiation

time.

nm. The authors observed that the increase of the thiourea con-
centration from 1 uM to 5 uM induced a decrease in the ab-
sorption peak at 520 nm with a concurrent appearance of a sec-
ond broad absorption peak in the 660-800 nm region. The au-
thors also recorded a similar behavior when cysteamine (5 ©M)
was added to the gold nanospheres, however, the shift in the
absorption peak occurred only in 623-640 nm. Otherwise, only
ethanolamine concentrations in the millimolar ranges induced al-
terations in the gold nanospheres absorption spectra, with the ap-
pearance of low intensity and a very broad shoulder in the range
of 550-800 nm. Park and colleagues explored albumin to produce
gold nanoclusters for the photothermal treatment of colon cancer
[72]. The gold nanoclusters were produced through a desolvation
process, incubating gold nanospheres (~5 nm of diameter) with al-
bumin, followed by glutaraldehyde-mediated crosslinking. The re-
sulting gold nanocluster-loaded albumin nanoparticles (size 105-
182 nm) showed a greater absorbance over the 600-900 nm re-
gion, contrasting with the single absorption peak at 520 nm of
the gold nanospheres. Additionally, the authors observed the gold

nanocluster-loaded albumin nanoparticles (200 pg.mL-!) irradia-
tion (808 nm, 1.5 W.cm~2, for 10 min) could induce a temper-
ature increase up to ~70°C. This photothermal capacity rendered
to the nanosystem the capacity to increase the tumor tissue tem-
perature to values superior to 50°C (808 nm, 1.5 W.cm~2, for 5
min), 6h after the nanoparticles injection via tail vein of HCT116
tumor-bearing mice. Further, the authors also reported that gold
nanocluster-loaded albumin nanoparticles mediated the suppres-
sion of the tumor growth and the decrease of the tumor vol-
ume to 17.8 mm?3 on day 20, contrasting with the ~1850 mm?3
registered in the control group (treated with PBS), without elicit-
ing any significant damages on major organs. Similarly, lodice and
coworkers used PLGA-based nanoparticle for promoting the clus-
tering of gold nanospheres with 6 nm in diameter [73]. With that
in mind, the gold nanospheres were resuspended in a chloroform
solution containing PLGA and allowed to dry. Then, the resulting
film was dissolved in acetonitrile and added to an ethanol so-
lution containing L-«-Phosphatidyl-DL-Glycerol and 1,2-Distearoyl-
sn-Glycero-3-Phosphoethanolamine-N-Carboxy(Polyethylene glycol
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(PEI))-2000. These authors observed that the increase in the ini-
tial amount of gold nanospheres (25-150 ug) resulted in bigger
nanoparticles (100-170 nm). Accordingly, the authors reported an
overall enhancement of the nanoparticles absorbance along the
spectra and higher initial concentrations of gold nanospheres re-
sulted in a larger shift in the absorption peak of the nanoparti-
cles, from 520 to 580 and 600 nm for the initial gold nanospheres
amount of 100 and 150 wug, respectively. Moreover, upon irra-
diation with an 800 nm laser (fluence: 20 J.cm~2, pulse width:
400 ms, pulse frequency: 1 Hz, during 1 min), the nanoparticles
formed with 150 ug of gold nanospheres mediated an increase in
the temperature of 20°C. Further, these authors also demonstrated
that this photothermal capacity induced the death of breast can-
cer cells (SUM-159) as well as the almost complete ablation of tu-
mor spheroids composed of glioblastoma multiforme cells (U87MG
cells). Alternatively, Li et al. produced gold nanoclusters using 1,9-
nonanedithiol to promote the crosslinking of gold spheres (10 nm
in diameter) previously modified with Cys-Arg-Gln-Ala-Gly-Phe-
Ser-Leu-5-ALA (CRQAGFSL-5-ALA) and Cys-Arg-Gln-Ala-Gly-Phe-
Ser-Leu-Cy5.5 (CRQAGFSL-Cy5.5) [74]. Then, PEGylated U11 target-
ing peptides were immobilized on the surface of the gold nan-
oclusters (~53 nm in diameter). The authors reported that the 1,9-
nonanedithiol-mediated aggregation of gold nanospheres provoked
an increase in the absorbance in the NIR region (i.e. 700-800 nm)
and a red-shift in the absorption peak from the 532 to 544 nm.
Further, the gold nanoclusters irradiation with a NIR laser (750
nm, 2 W.cm~2, for 5 min) induced a 30°C increase in the medium
temperature, reaching a maximum of 50°C. Such photothermal ca-
pacity inhibited the growth of orthotopic pancreatic tumors (in-
travenous administration of nanoclusters at a dose of 2 pmol per
mouse). Further, the authors observed the almost complete tumor
eradication after 15 days when the PTT effect was combined with
the 5-ALA action (photodynamic agent).

3.1.1.2. Gold nanoshells. The gold nanoshells, likewise the nanoclus-
ter, can present absorption in the NIR region of the spectra when
different gold nanospheres are immobilized in proximity. Loo and
coworkers demonstrated that the gold nanoshells absorption spec-
tra, in a predetermined inner core radius, is dependent on the shell
thickness [75]. The authors produced gold nanoshells by grafting
small gold seeds (1-3 nm) on the surface of amine-modified silica
nanoparticles (60 nm in diameter). Then, the gold modified silica
nanoparticles were incubated with a gold source (HAuCly) allowing
the growth of the seeds and the formation of the gold nanoshell.
The authors observed that the decrease in the gold nanoshell thick-
ness from 20 to 10, 7, and 5 nm induced a red-shift in the ab-
sorption peak of the nanoparticles from ~730 nm to ~820, ~910,
and ~1020 nm, respectively. Similarly, Gao and colleagues reported
the development of multilayered gold nanoshells by promoting the
growth of small gold seeds (2 nm) attached on the surface of gold-
core organosilica shell nanospheres via gold-thiol interactions [76].
The multilayered gold nanoshells were composed of a spherical
gold core with 50 nm in diameter, an organosilica layer with 30
nm, and an outer gold nanoshell with 20 nm. The authors reported
that the formation of the gold nanoshells resulted in two absorp-
tion bands located in the 590 and 780 nm region, contrasting with
the single absorption peak at 555 nm of the gold-core organosilica
shell nanospheres. Moreover, the authors observed that the size in-
crease of the spherical gold core from 30 to 50, and 70 nm in di-
ameter induces a red-shift on both absorption peaks, respectively
to 560 and 760 nm, 590 and 790 nm, and 615 and 815 nm. Fur-
ther, the photothermal experiments revealed that upon NIR laser
irradiation (808 nm, 2 W.cm~2, for 15 min), the multilayered gold
nanoshells mediated the temperature increase up to 55°C. The as-
says performed in MDA-MB-231 breast cancer cells demonstrated
that the PTT capacity of this multilayered gold nanoshells could

promote the death of 90% of the cells and the increase in the
tumor tissue temperature to ~58°C upon intravenous administra-
tion (100 pL, 4 mg.mL~') in MDA-MB-231 tumor-bearing mice and
NIR laser irradiation for 5 min. In turn, Luo et al produced a gold
nanoshell on the surface of chitosan-coated oleanolic acid lipo-
somes for mediating chemo-photothermal antitumor therapy [77].
For that purpose, small gold seeds were produced via NaBH4 re-
duction of gold salt and incubated with the previously formed
chitosan-coated oleanolic acid liposomes. The attachment of the
gold seeds occurred through the formation of Au-N bonds due to
the amine groups available in the chitosan backbone. Then, the
gold seeds modified liposomes were reacted with a growth solu-
tion containing AuCl; originating the gold nanoshell. The authors
observed that the formation of the gold nanoshell rendered to the
liposomes a broad absorption band between 600 and 850 nm, con-
trasting with the single absorption peak at 520 nm observed in the
gold seeds modified liposomes. The authors explored this absorp-
tion capacity in the NIR region of the spectra to trigger the drug
release, drug release of 92% and 69% at pH 5.5 and 7.4 after NIR
laser irradiation (808 nm, 1 W.cm~2, for 4 min) whereas in the ab-
sence of NIR laser these values decreased to 80% and ~55%, respec-
tively. Moreover, the combined action of the photothermal effect
and faster drug release resulted in an increased antitumoral effect.
The authors reported that the size of U14 tumors in the groups
treated with the gold nanoshells presented a slower growth, with
79.65% and 50% inhibition rate for the irradiated (daily NIR laser ir-
radiation 808 nm, 1 W.cm~2, for 4 min) and non-irradiated groups,
respectively. Rastinehad and colleagues reported the clinical results
of the application of silica core gold nanoshells (AuroShells®, 15
nm thickness gold shell) in the PTT of prostate tumors [78]. The
authors observed that the AuroShells administration at a dose of
7.5 mLkg~! (AuroShells concentration 4.8 mg.mL~!) followed by
the NIR laser irradiation (810 nm for 3 min) mediated the tumor
ablation in 15 of 16 patients at 3 months, with 14 of 16 patients
presenting the ablation zones negative for tumor after 12 months.

3.1.2. Gold nanorods

The rod-like shape of gold nanoparticles has been the stan-
dard for the application of the gold-based nanomaterials in pho-
tothermal therapy. This gold shape is usually produced using a
seed-mediated growth methodology in the presence of a structure-
directing agent [79]. In this process, small spherical gold spheres
(i.e. seeds) are produced by using a strong reducing agent to pro-
mote the nucleation of gold atoms [80]. Subsequently, the gold
seeds are added to a “growth solution”, which is composed of gold
salt (e.g. chloroauric acid), silver nitrate, and a stabilizing agent
(e.g. cetyltrimethylammonium bromide- CTAB) inducing the rod-
shaped growth [81]. The shape of gold nanorods renders to them
two absorption bands in the electromagnetic field due to the spe-
cific LSPR phenomenon occurring in the two different dimensions
of the nanorods (i.e. longitudinal and transversal axis) [82]. The
LSPR phenomena of the nanorod’s short axis correspond to the
transverse plasmon resonance band, which leads to an absorp-
tion peak with lower intensity at 500-600 nm region. Otherwise,
the longitudinal plasmon band that occurs along the major axis
can be tuned to the NIR region of the spectra by optimizing the
nanorods aspect ratio (i.e. rod length/width coefficient) [83]. Wang
and colleagues demonstrated that increasing the gold nanorods
aspect ratio mediated a red-shift in the longitudinal absorption
peak [84]. The authors observed that the longitudinal absorption
peaks occurred at 650, 760, 840, 920, 1000 nm for gold nanorods
with an aspect ratio of 2.2, 3.5, 4.1, 5.1, and 6.3, respectively. Fur-
ther, apart from the aspect ratio, the actual dimensions of gold
nanorods also impact its absorption spectra and photothermal ca-
pacity [83]. The authors observed that by maintaining the aspect
ratio (3.4-3.5) changes on the size of the nanorods (length and
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width) 38 x 11, 28 x 8, and 17 x 5 nm provoked shifts on the lon-
gitudinal absorption peak 740, 770, and 755 nm, respectively. Fur-
ther, the authors also registered alterations on the nanorods pho-
tothermal capacity upon irradiation with a NIR laser (808 nm, 5.8
W.cm~2, for 2 min), when compared to the 38 x 11 and 17 x 5
nm nanorods, the photothermal-to-heat conversion efficiency of
28 x 8 nm gold nanorods was 2.05 and 1.40 times superior. Ac-
cordingly, the photothermal effect on HSC-3 cells was also supe-
rior in the 28 x 8 gold nanorods group, with a cell viability of 17%
contrasting with the 100% and 29% recorded for the cells treated
with 38 x 11 and 17 x 5 nm gold nanorods. Maestro et al. stud-
ied the light-to-heat conversion efficiency of gold nanorods with
the longitudinal absorption peaks in the first (700-950 nm) and
second NIR biological window (1000-1400 nm) [85]. The authors
produced gold nanorods with 28 x 7 and 77 x 16 nm with lon-
gitudinal absorption peaks at 808 nm and 1000 nm. The authors
observed that the heating efficiency of gold nanorods with 28 x 7
nm was ~40% superior to that of 77 x 16 nm gold nanorods.
Further, the subcutaneous injection (5 pl, 1.0 x 10" nanoparti-
cles per mL) of gold nanorods in chicken breast tissues demon-
strated the upon irradiation with NIR laser (808 or 1090 nm, 1
W.cm~2), the heating generated by the 28 x 7 nm gold nanorods
(808 nm laser) is limited to the injected area, whereas the heat-
ing of 77 x 16 nm gold nanorods (1090 nm laser) spread to adja-
cent tissues. Xu and co-workers functionalized gold nanorods with
Anti-HER2 antibody-modified hyaluronic acid (HA)-containing hy-
drazide and thiol groups for the targeted PTT and photodynamic
therapy of breast cancer [86]. For this purpose, gold nanorods with
55 x 11 nm were prepared via the seed-mediated growth method
and reacted with Anti-HER2 antibody-modified HA-containing hy-
drazide and thiol groups, exploring the gold-thiol affinity. Addi-
tionally, the authors incorporated 5-Aminolevulinic acid and Cy7.5
into the coated nanorods via hydrazone and amide linkages, re-
spectively. The produced gold nanorod-based system presented a
longitudinal absorption peak at 800 nm and upon irradiation with
a NIR laser (20 pg.mL~!, 808 nm, 2 W.cm~2, for 10 min) mediated
a temperature increase up to 55°C. Moreover, the authors reported
that the intravenous administration of the gold nanorod-based sys-
tem (0.2 mL at 1 mg.mL~') in MCF-7 tumor-bearing mice mediated
the increase in the tumor tissue temperature up to 60°C upon NIR
laser irradiation (808 nm, 1 W.cm~2, for 5 min). This photother-
mal effect slowed the tumor growth and when combined with the
photodynamic therapy, the tumors were eliminated without reoc-
currence for 20 days.

3.1.3. Gold nanocages

Gold nanocages have a hollow quasi-cubic structure with
porous walls and emerged as a novel plasmonic nanoparticle
with excellent tunable optical properties [47,87]. These gold-based
nanoparticles are produced through the use of a galvanic replace-
ment reaction between a silver nanocube template and a gold salt
[88]. During this process, due to the different electrochemical po-
tentials between these two metals, silver ions will dissolve into the
solution while simultaneously a thin layer of gold is being formed
at the silver nanocube outer surface [89]. The thickness of the
gold layer is adjusted according to the amount of gold source (e.g.
HAuCl,) added to the solution. With the extension of this reaction,
the silver from the interior of the nanocube and the gold-silver
alloy walls will be removed, forming the porous gold cage-like
nanostructures. The LSPR peaks of gold nanocages can be adjusted
to the NIR region by optimizing the thickness of the gold layer, i.e.
adjusting the amount of gold source and the Ag/Au ratio. Panfilova
et al observed a red-shift in the gold nanocubes absorption peak
with the increase of HAuCl, added to the silver nanocubes [90].
The addition of 0.1, 0.2, and 0.5 mL of HAuCl, (1 mmol.L-!) pro-
voked a shift in the absorption peak from 448 to 480, 500, and

700 nm, respectively. The authors also described changes in the
structure of the nanocube, the addition of 0.1 mL of the HAuCly
solution resulted in the production of Au/Ag “alloy islands” and
the increase to 0.2 mL promoted the transition of this nanostruc-
tures to nanoboxes, which progressed to hollow gold nanocages
with the increase of HAuCl, solution to 0.5 mL. Similarly, Yang and
colleagues also demonstrated that the addition of increasing vol-
umes of HAuCl, solution (0.2, 0.4, 0.6, 0.8, 1.6, 1.8, 2.2, 4.0 and 6.0
mL at 0.5 mM) to silver nanocubes induce a gradual red-shift on
the LSPR peak from 495 to 1250 nm [91]. Moreover, the authors
also observed that excessive amounts of HAuCl, (volumes superior
to 6 mL) had a negative impact on the gold nanocubes absorption,
registering a blueshift in the LSPR peak to 530 nm (Fig. 2).

Chen and co-workers developed gold nanocages combined with
lauric acid (a phase-change material) for delivering selenous acid
(precursor of selenite) in the combinatorial therapy of lung can-
cer [92]. For that purpose, the gold nanocages with 49 nm of edge
length and 5.4 nm of wall thickness were produced using the con-
ventional galvanic replacement process. Then, the hollow cavity of
gold nanocages was loaded with lauric acid/selenous acid mixture.
The gold nanocages presented the LSPR peak at 810 nm and in-
duced a temperature increase to ~75°C and ~50°C upon irradiation
with a NIR laser (808 nm, 4 min) at a power density of 0.8 W.cm—2
and 0.4 W.cm~2. The authors also demonstrated that this heat gen-
eration could prompt the release of selenous acid, the drug con-
centration increased from 7.5 pg.mL~! when incubated at 37°C to
27 and 72 pg.mL-! upon NIR laser irradiation at a power density
of 0.4 W.cm~2 and 0.8 W.cm~2. Moreover, the photothermal effect
mediated by the gold nanocubes upon NIR laser irradiation (808
nm, 0.8 W.cm~2, for 10 min) mediated the decrease in the A549
tumor cells viability to values close to 58%, and when combined
with the simultaneous selenous acid action the viability of A549
cells decreased to 31%.

3.14. Gold nanostars

The nanostars are another anisotropic gold nanostructure that
is comprised of a small gold core and several gold tips. The gold
nanostars are commonly produced using a seed-mediated method.
This approach explores the reduction of a gold source (e.g. HAuCly)
on small gold spheres in the presence of surfactant agents (e.g.
CTAB and poly(N-vinylpyrrolidone)). The surfactant agents will di-
rect the anisotropic growth of the tips of gold nanostars, addition-
ally, silver nitrate can be added to the reaction increasing the con-
trol over the particle morphology [93,94]. The LSPR phenomenon
in gold nanostars is dependent on the core size as well as the tips
dimension, number, and shape. In general, the gold nanostars LSPR
peak red-shifts with the increase in the core size, number of tips,
tip length, and sharpness [95]. Yuan and co-workers demonstrated
that the increase of Ag* concentrations (5 pM, 10 uM, 20 pM, 30
1M) led to gold nanostars with an increased number of tips (4 to
10) as well as longer and sharper tips [93]. Accordingly, these mor-
phological changes also impacted the gold nanostars LSPR absorp-
tion peak from 600 to 1000 nm. Further, the authors showed that
the shift in the LSPR absorption peak is related to the changes in
the ratio between the length and base width of the tips, increased
ratios result in the tuning of LSPR peaks to the NIR region. Addi-
tionally, the increase in the number of tips and its length as well
as core size resulted in absorption peaks with higher intensity. Es-
pinosa et al also observed that an increase in the gold nanostars di-
ameter (25, 55, 85, 120, and 150 nm) led to a red-shift on the LSPR
absorption peak from 700 nm (25 nm gold nanostars) to 790, 800,
900, and 950 nm for the nanostars with 55, 85, 120, and 150 nm in
diameter, respectively [96]. Further, the gold nanostars irradiation
(808 nm, 1 W.cm~2, for 10 min) induced a temperature increase of
~18°C, ~45°C, and ~36°C for the 25, 85, and 150 nm nanoparti-
cles. Li and colleagues produced polydopamine (PDA) coated gold
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nanostars for mediating the PTT of cervical cancer [97]. For that
purpose, the gold nanostars were produced using the conventional
seed-mediated method and then modified with thiolated PEI, gold-
thiol affinity, and coated with PDA. The produced gold nanostars
presented a mean diameter of 74 nm and the LSPR peak at 726
nm. The authors demonstrated that the gold nanostars (Au concen-
tration 0.35 mM) upon NIR laser irradiation (808 nm, 1.3 W.cm~2,
for 5 min) could mediate a temperature increase up to 40.2°C with
a light-to-heat conversion efficiency of 40%. Moreover, the intra-
tumoral injection of the PDA coated gold nanostars (Au concentra-
tion 5.6 mM) mediated the increase of HeLa tumors to 58.7°C upon
irradiation with NIR laser (808 nm, 1.3 W.cm~2, for 10 min) pro-
moting the complete ablation at 20 days posttreatment. Wang and
coworkers developed Chlorin e6-PEG-functionalized gold nanostars
to mediate the photodynamic and PTT treatment of breast can-
cer [98]. In this approach, the gold nanostars were initially mod-
ified with a thiol-terminated PEG, which was subsequently modi-
fied with Chlorin e6 via carbodiimide chemistry. The resulting gold
nanostars presented a mean size of 54 nm and a LSPR absorption
band at 670 nm. The authors observed that the irradiation of Chlo-
rin e6-PEG-functionalized gold nanostars with a laser (671 nm, 2
W.cm~2, for 10 min) could mediate a temperature increase up to
65°C as well as induce the generation of reactive oxygen species.
Further, the authors also demonstrated that the intratumoral injec-
tion of gold nanostars in MDA-MB-435 tumor-bearing mice could
be explored to induce a 23°C increase in the tumor tissue temper-
ature upon laser irradiation (671 nm, 1 W.cm~2, for 6 min), which
decreased the tumor growth during 14 days. Otherwise, the combi-
natorial treatment mediated by the Chlorin e6-PEG-functionalized
gold nanostars significantly reduced the volume of MDA-MB-435
tumors being observed extensive cancer necrosis and a decreased
oxygen saturation.

3.2. Gold-based nanohybrid materials

Apart from the optimization of the gold nanoparticles’ size,
morphology, and organization, these nanostructures can be com-
bined with other materials to improve their therapeutic potential
(Table 2). Various multifunctional gold-based nanohybrid materials

have been prepared to improve both the gold nanostructures PTT
capacity as well as its stability and resistance to photodegradation
(Fig. 3).

3.2.1. Gold-silica nanohybrids

The silica is a chemically inert and biocompatible material that
can improve the colloidal stability of gold nanostructures [99]. The
inclusion of silica derivatives, such as mesoporous silica, can also
increase the drug loading capacity of gold nanoparticles [100]. Fur-
ther, the silica NIR light transparency does not impact the excita-
tion of gold cores during the PTT [101]. The modification of gold
nanomaterials with silica can be performed using the conventional
Stéber method or its derivations [102]. During this procedure, a sil-
ica shell is formed in the surface of the gold nanostructures by
promoting the condensation of a silica precursor (e.g. tetraethyl
orthosilicate) under alkaline conditions [11,44,62,103]. The silica
shell on gold nanostructures can be fine-tuned to optimize the
LSPR peak wavelength and intensity of gold-silica nanohybrids.
Fernandez-L6pez and colleagues observed that the introduction of
a silica shell in gold nanospheres results in a red-shift in the LSPR
absorption peak [104]. The authors observed that the red-shift in
the LSPR absorption peak was dependent on the size of the gold
nanosphere. The deposition of silica shells with 24 nm in thick-
ness resulted in a ~33 nm shift in the absorption peak, from ~680
to ~713 nm, for gold nanospheres with 142.8 nm in diameter,
whereas in gold nanospheres with 98.5 nm and 60.4 nm the red-
shift in the absorption peak was 10 and 8 nm, respectively. Simi-
larly, Zhang and co-workers reported a red-shift on the longitudi-
nal LSPR peak of gold nanorods with the formation of a silica shell
[105]. The authors observed that the growth of a silica shell on the
surface of gold nanorods induced a ~10 nm red-shift in the longi-
tudinal LSPR peak (from 799 to 813 nm) when the silica thickness
reached the 7 nm. The further growth of the silica shell to 14 nm
provoked an additional 10 nm shift in the longitudinal LSPR peak
to 823 nm (Fig. 4).

Furthermore, Khlebtsov et al reported that the increase in the
shell thickness of silica-coated gold nanocages from 10 to 120 nm
impacts both the LSPR peak wavelength and magnitude [106]. The
authors observed the red-shift in the LSPR peak with the increase
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Table 2
Overview of the main gold nanohybrids explored to mediate a photothermal effect (N.D. - non disclosed, N.A. - not applicable).
Nanohybrid Gold Shape Size Surface Modification LSPR peak  Loading Photothermal Effect Type of Study Test Model Main Results Ref.
Laser Parameters Temperature
G/S NSP 15.5, 60.5, 98.5, mPEG-SH Broad N.A. N.A. N.A. N.A. N.A. The LSPR absorption peak was [104]
and 142.8 nm absorption dependent on the size and shape
GNSP coated with from 550 GNP, and silica.
6.1,21.0, 20.9 and to 900 nm
24.2 nm silica shell
NR GNR (L: 67.4, W: ~800 nm
14.3) coated with
3.7, 9.1, 18.9 and
30.7 nm silica shell
NC Silica coated N.A. 775-817 N.A. N.A. N.A. N.A. N.A. The increase of silica shell [106]
(12-127nm) GNC nm thickness led to an increase in the
(60 nm) with 3, 4, LSPR absorption peak maxima of
and 5 nm of gold GNC.
thickness
NR GNR (L: 84 nm, W: PEG-SH 7 nm silica ICG 808 nm, 230 ~50°C In vitro HepG2 cells The PTT effect mediated by the [105]
24 nm) coated shell: 813 W.cm~2, 10 min G/S nanohybrid provoked the
with 7 and 14 nm nm; 4 nm reduction of the HepG2 cell
silica shell silica shell: viability to ~40%.
823 nm
NR GNR (L: 34 nm, D: PEG Broad N.A. 808 nm, 300 N.A. N.A. N.A. The non-coated GNR irradiation at  [107]
9 nm) coated with absorption pulses of 7 ns at fluences superior to 4 mj.cm~2
6-20 nm silica from 600 fluences of 4 resulted in absorption losses in
thickness to 900 nm mJ.cm~2 to 20 the NIR region of the spectra.
m]J.cm—2 Otherwise, the silica shell
increased the photostability of
GNR, avoiding significant changes
in the UV-vis spectra after NIR
laser irradiation.
NR GNR (L: 51.6 nm, RGD and PEG 840 nm DOX 808 nm, 3 55°C In vitro/In A549 cells/A549 tumor The G/S nanohybrids mediated the [169]
W: 13.2 nm, AR: W.cm~2, 30 s vivo bearing mice increase of A549 tumors’
3.9) coated with a temperature up to 65.9°C
25 nm silica shell presenting a final tumor weight
~0.4 g, contrasting with the ~0.9
g of the control group. The
combinatorial chemo-PTT
treatment presented an enhanced
antitumoral effect de (final tumor
weight ~0.2 g).
NR GNR (L: 40 nm, W: PEG 840 nm DOX N.D. AT=9°C In vitro/In MCF-7 cells/ Ehrlich The G/S nanohybrids mediated a [170]
10 nm) coated vivo ascites cells Balb/c 14°C increase of Ehrlich tumors’
with a 10-13 nm mice temperature, which resulted in
silica shell the reduction of the tumor
volume for 3 days followed by the
tumor regrowth until day 18.
NR GNR (A:3.4) coated 1-tetradecanol and 850 nm DOX 802 nm, 1 ~60°C In vitro KB cells The PTT effect mediated by the [171]

with a 35 nm silica FA
shell

W.cm~2, 10 min

G/S nanohybrid provoked the
reduction of KB cell viability to
~50%, which was improved when
combined with the Dox action, KB
cells viability ~30%.

(continued on next page)
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Table 2 (continued)

Nanohybrid Gold Shape Size Surface Modification LSPR peak  Loading Photothermal Effect Type of Study Test Model Main Results Ref.
Laser Parameters Temperature
G/GO NS 400 nm PEG Peak at Ce6 660 nm; 2 ~60°C In vitro/In EMT6, HeLa cells/EMT6 The PTT mediated by the G/GO [112]
nanostructure 660 nm W.cm~2, 10 min vivo tumor-bearing mice nanohybrid mediated the ablation
comprised of 40 and broad of EMT6 tumors in 14 days.
nm GNS absorbance
from 600
to 900 nm
NSP Nanostructure with Matrix Peak at Cy5.5 808 nm, 0.5 AT~25°C In vitro/In SCC7 cells/SCC7 The nanohybrid mediated a 16°C [172]
230 nm diameter metalloproteinase- ~700 nm W.cm~2, 10 min vivo tumor-bearing mice increase in the tumor temperature
comprised of GO 14 and broad under NIR laser irradiation, which
coated with 15 nm (MMP14) absorbance induced the complete ablation of
GNSP from 700 SCC7 tumors without recurrence
to 1000 nm for 14 days
NSP Reduced GO (rGO) PEG Broad N.A. 808 nm, 0.3 and 0.8 Wem~2:  In vitro/In U87MG cells/U87MG U87MG tumors treated with the [173]
(lateral size of 150 absorbance 0.8 W.cm2, 5 vivo bearing mice rGO-gold nanohybrids registered a
m) coated with from 600 min AT~65°C temperature increase to 58°C
gold superparticles to 900 nm resulting in the tumor eradication
(aggregates of 15 in 2 days, without recurrence for
nm gold particles) 14 days.
NR GNR with 31 Polystyrene ~750 nm N.A. 808 nm, 0.8 49.9°C In vitro/In SW1990 cells/SW1990 The PTT mediated by the [174]
nm x 8 nm coated sulfonate modified W.cm~2 10 min vivo tumor-bearing mice nanohybrids induced the death of
with a 1.3 nm GO 80% of the SW1190 cells in vitro
layer as well as provoked the volume
reduction of SW1190 tumors.
NR GNR (L: 53.1 nm, HA ~760 nm DOX 808 nm, 1 N.D. In vitro Huh-7 cells The PTT and chemotherapy [110]
W: 13.8 nm, W.cm~2, 5 min combination induced the death of
AR:3.8) coated 82% of Huh-7 cancer cells, which
with a 2.6 nm corresponds to a 1.5-fold and
nanographene 4-fold increase when compared to
oxide (NO) shell the stand-alone approaches, 53%
and 22% of cell death in
chemotherapy and PTT,
respectively.
NR GNR (AR: 3.8) PEG, Tat protein 814 nm N.A. 808 nm, 1 N.D. In vitro/In U87MG cells/U87MG The G/GO nanohybrids promoted [111]
coated with a 6 vector, and Cy7 W.cm~2, 10 min vivo tumor-bearing mice the increase of U87MG tumors
nm rGO shell temperature to 52.5°C, which
induced the reduction of the
tumor size from 500 mm? at day
18 to less than 100 mm? at day
33.
NS Nanostructure PDA and PEG Broad DOX 655 nm, 8.0 ~55°C In vitro/In 4T1 cells/4T1 The PTT effect mediated by the [175]
comprised of 60 absorbance W.cm~2, 2 min vivo tumor-bearing mice G/GO nanohybrids induced a 30°C
nm GNS coated from 600 increase in the tumor’s
with GO to 800 nm temperature, which reduced the

growth of 4T1 tumors. The PTT
combination with the Dox action
resulted in the elimination of the
4T1 primary tumors as well
reduced the number of metastasis
nodules found in lung sections

(continued on next page)
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Table 2 (continued)

Nanohybrid  Gold Shape

Size

Surface Modification

LSPR peak  Loading

Photothermal Effect

Laser Parameters = Temperature

Type of Study Test Model

Main Results Ref.

NR

NS

NR

NCL

NR

NR

NSP

GNR/rGO 30 s

(L:38.3 nm, W:
19.5 nm, AR: 2
nm);

GNR/rGO 1 min (L:

32.2 nm, W: 16.3
nm, AR: 2.03 nm);

GNR/rGO 3 min (L:

24.3 nm, W: 10.8
nm, AR: 2.36 nm).
Nanostructure
comprised of ~80
nm GNS absorbed
on rGO layers

Gold core (L: 31,
W: 8.0) silica shell
NPs coated with
GO (thickness
0.9-1.4 nm)

50 nm GNCL
coated with 5 nm
GO quantum dots

GNR with 50 x 10
nm absorbed on
rGO layers

GO wrapped GNR

60 nm NPs
comprised of gold
cores coated with
GO (2-3 nm)

N.A.

Chitosan and FA

PEG

FA

PVP and
hydroxyapatite

N.A.

PEG

600-700 N.A.

nm
~750 nm DOX and
protopor-
phyrin
IX

788 nm DOX

Broad DOX
absorbance

from 600

to 800 nm

871 nm 5-

fluorouracil

Broad DOX
absorbance

from 700

to 900 nm

Peak at 550 zinc

and broad  phthalo-
absorbance cyanine
from 600

to 1000 nm

808 nm, 0.5 W, AT

10 min GNR/rGO 30
s: 13.5°C;
AT
GNR/rGO 1
min:
14.8°C; AT
GNR/rGO 3
min:
17.4°C;

808 nm, 1 ~40°C

W.cm~2, 1 min

808 nm,2 AT~25°C

W.cm~2, 60 min

808 nm, 1.5 AT~40°C

W.cm~2, 10 min

808 nm, 1 66.1°C

W.cm~2, 10 min

808 nm, 0.5 ~70°C

W.cm~2, 10 min

808 nm, 0.67 In 12 min

W.cm~2, 20 min  ~35°C

N.A.

In vitro/In

vivo

N.A.

In vitro/In
vivo

In vitro

In vitro/In
vivo

In vitro

N.A.

MDA-MB-231
cells/DLA
tumor-bearing mice

N.A.

Hela and A549
cells/HeLa
tumor-bearing mice

Hela cells

Hela cells/HeLa tumor
bearing mice

Hela cells

The G/GO nanohybrids present a

higher temperature variation than
GO (3.9°C), GNR (6.8°C), and rGO

alone (12.2°C).

[176]

The PTT effect mediated by the
G/GO nanohybrids reduced the
tumor growth, which combined
with the PDT and chemotherapy
action mediated the decrease of
DLA tumors’ volume after 8 days.
The GNRs/SiO,/GO-PEGs had the
highest temperature increment
(23.5°C), comparing with
GNRs/SiO; (21°C) and GO-PEG
(~5°C) under NIR laser irradiation
(2 W.cm~2).

The PTT mediated by the G/GO
nanohybrid induced a 40°C
increase in the tumors’
temperature reducing tumor
growth. The combination with the
Dox action provoked the
elimination of HeLa tumors with
one mouse was relapsing after 18
days.

The PTT and chemotherapy
mediated by NPs led to a tumor
cell death of 72.2 %, whereas the
single PTT or chemotherapy only
induced 51.9% and 55.8% of cell
death, respectively.

The PTT and chemotherapy
mediated by G/GO nanohybrids
reduced the Hela cells viability to
5%, whereas HeLa cells treated in
the absence of laser irradiation
had a viability of 15%. In vivo, the
chemo-PTT treatment induced the
decrease of the volume of HelLa
tumors.

The PTT effect of G/GO
nanohybrids decreased the HeLa
cells viability to 29.3%, which
combined with the zinc
phthalocyanine action further
reduced cell viability to 6.8%.

[177]

[178]

[179]

[180]

[181]

[182]

(continued on next page)
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Table 2 (continued)

Nanohybrid Gold Shape Size Surface Modification LSPR peak  Loading Photothermal Effect Type of Study Test Model Main Results Ref.
Laser Parameters Temperature
NSP ~60 nm thickness  «-synuclein protein Peak at N.A. 808 nm, 1.0 AT~30°C In vitro/In MSCs cells/MSC The PTT effect mediated by the [183]
Nanostructure ~600 m W.cm~2, 5 min vivo tumor-bearing mice G/GO nanohybrids suppressed the
comprised of 37.1 and broad MSC tumor growth for 21 days.
or 47.1 nm GNSP absorbance
es coated with to 900 nm
«-synuclein
protein (~8.5 nm)
adsorbed on GO
nanosheets
NS GO sheets (lateral ~ N.A. 802 nm N.A. 808 nm, 0.75 54.4°C In vitro SKBR-3 cells SKBR-3 cells treated with 10 [184]
dimension of ~0.5 W.cm~2, 2 min pg/mL of GO-GNS under laser
pm and thickness irradiation had a viability of 19 %
of 1 nm) coated and ~0%, at 24 and 48h
with GNS respectively. The individual
treatment with GO or GNS alone
only reduced the viability of
SKBR-3 cells to 80%.
NR Nanostructure with N.A. 774 nm N.A. 808 nm, 300 56.4°C In vitro HelLa cells GO/GNR hybrids presented a [185]
173 nm diameter mW, 5 min higher photothermal efficiency
comprised of GO (72.59%) comparing with
coated with GNR individual GO nanosheets (18%)
(L: 40 nm W:13 and GNR (35%). The PTT effect
nm A.R.:3.07) mediated by the GO/GNR
mediated the decrease in the
viability of HeLa cells to 4.17 %,
whereas the GO nanosheets and
GNR groups only reached the
34.92% and 19.24%, respectively.
G/1I0 NSH 611.7 nm GO PEG Peak at DOX 808 nm, 2 AT~25°C In vitro HelLa cells The PTT effect of the nanohybrids [186]
nanostructure ~550 nm W.cm~2, 5 min induced the decrease in the
functionalized and broad viability of HeLa cells to ~15%,
with 10/gold absorbance which was further reduced to ~3%
core-shell NPs to 800 nm with the combined action of Dox.
NSP 200 nm N.A. Peak at N.A. 808 nm, 0.5 ~50°C In vitro/In HeLa and L929 The PTT mediated by [187]
nanostructure 650 nm W.cm~2, 5 min vivo cells/U14 BPs@Au@Fe;0,4 induced the
composed of Black and broad tumor-bearing mice increase of the temperature of the
phosphorus sheets absorbance tumor to values close to 60°C,
(BPs) enriched to 900 nm which induced a decrease in the
with 2 nm GNSP growth of U14 tumors.
and 6 nm Fe304
NPs
NSH 100 nm iron oxide PEG and poly ~900 nm N.A. 808 nm, 0.5 ~55°C In vivo 4T1 tumor-bearing The G/IO nanohybrids induced an  [118]

NCL coated with a
GNSH

(acrylic acid)

W.cm~2, 10 min

mice

increase in the tumor temperature
up to ~55°C, which combined
with the magnetic targeting
resulted in the ablation of cancer
cells at the primary tumor site
and lung metastases improving
the mice survival up to 60 days.

(continued on next page)
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Table 2 (continued)

Nanohybrid Gold Shape Size Surface Modification LSPR peak  Loading Photothermal Effect Type of Study Test Model Main Results Ref.
Laser Parameters Temperature

NSH 20 nm iron oxide FA Peak at N.A. 808 nm, 6 43.9°C, In vitro Human The PTT effect mediated by the [188]
cores coated with 606 nm W.cm~2, 10 min ~ 45.9°C, and nasopharyngeal (KB) G/10 nanohybrid provoked the
a GNSH (3 nm) and broad 48.5°C for cells reduction of the viability of KB

absorbance gold con- cells to 44.3%.
to 800 nm centrations

of 20, 30

and 40 ug,

respectively.

NF 12.2 nm gold /21 G5 680-730 N.A. 808 nm, 1.2 45°C In vitro/In 4T1 cells/4T1 The G/IO nanohybrids induced an [189]
nm ultrasmall 10 poly(amidoamine) nm W.cm~2, 5 min vivo tumor-bearing mice increase in the tumor temperature
nanocomplexes. (PAMAM) up to ~57°C reducing the growth

dendrimers of 4T1 tumors. Further, the PTT
and radiotherapy combination
resulted in the eradication of the
4T1 tumors after 4 days without
recurrence for 40 days.

NSH ~100 nm hollow FA 830 nm N.A. 808 nm, 4.12 63.4°C In vitro HelLa cells The PTT effect mediated by the [117]
GSP (wall W.cm~2, 5 min G/I0 nanohybrids provoked the
thickness of 4.27 death of the HeLa cells in the
nm) coated with irradiated area.

6.27 nm Fe3;04 NPs

NCL Mesoporous PEG 704 nm PTX and 808 nm, 2.5 ~55°C In vitro/In MCF-7 and 293A The PTT effect mediated by the [190]
I0/NCL coated with DOX W.cm~2, 5 min vivo cells/4T1 tumor G/I0 nanohybrids induced a
10 nm GNP bearing mice temperature increase to 49.3°C

suppressing the growth of 4T1
tumors growth. The combination
with the exposition to a magnetic
field and Dox significantly
decreased the 4T1 tumors volume
during 16 days.

NSP 120 nm Janus NPs  Polyacrylic acid, Broad DOX 808 nm, 1 42°C In vitro Hela cells The PTT effect mediated by the [191]
composed of 50 PEG, and FA absorbance W.cm~2, 5 min G/10 nanohybrid provoked the
nm GNSP and from 600 reduction of HeLa cells viability to
carbon- to 1000 nm ~50%, which was improved when
encapsulated combined with the Dox action,

Fe;04 NPs Hela cells viability inferior to 10%.

NSP Silica coated gold  N.A. 530-550 N.A. 785 nm, 4.9 71.8°C In vitro MDA-MB-231 cells The G/IO nanohybrids mediated [192]
(30 nm) and iron nm W.cm~2, 4 min the complete elimination of
oxide (20 nm) NPs MDA-MB-231 cells upon NIR
aggregates irradiation.

NSH 185 nm Streotavidin and 822 nm ICG 808 nm, 3.72 N.D. In vitro SKBR3 and The PTT effect mediated by the [193]
nanocomplexes Biotinylated W.cm~2, 10 min MDA-MB-231 cells G/10 nanohybrids provoked the

comprised of a
GNSH coated with
a silica layer doped
with 10 NPs (10
nm)

anti-HER2

death of the cancer cells in the
irradiated area.

(continued on next page)
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Table 2 (continued)

Nanohybrid Gold Shape Size Surface Modification LSPR peak  Loading Photothermal Effect Type of Study Test Model Main Results Ref.
Laser Parameters = Temperature
G/PDA NS 114 nm PDA PEG 806 nm N.A. 808 nm, 2.0 ~55°C In vitro HelLa cells The Hela cells’ viability decreased [194]
coated GNS (90 W.cm~2, 10 min from 53.57% to 19.66, 13.97,
nm) 10.43, and 10.02% with the
increase of the irradiation time
from 1 to up to 5 min,
respectively.
NS 150 nm PDA PEG 860 nm DOX 808 nm, 10 ~50°C In vitro/In CT26 cells/CT26 The PTT effect mediated by the [119]
coated GNS (55 W.cm~2, 5 min vivo tumor-bearing mice G-PDA nanohybrids induced a
nm) ~13°C increase in the tumor’s
temperature, leading to a decrease
in the tumor volume and
achieving complete eradication in
75% of the animals without
recurrence for 50 days.
NSH 296 nm I0 and Fe304, FA Broad DOX 808 nm, 0.75 ~70°C In vitro 4T1 cells The combined chemo-PTT [195]
gold cores (25-40 absorbance W.cm~2, 5 min mediated by
m) coated with from 400 Fe304/Au/PDA/FA/DOX
PDA (4 nm) nm to 1000 nanohybrids decreased the
nm viability of 4T1 cells to 18%,
whereas the treatment with free
DOX only presented a reduction in
the cell viability to 82%.
NS GNS (50 nm) PDA, PEI, FA ~800 N.A. 808 nm, 0.33 AT~20°C In vitro/In MCF-7 cells/MCF-7 The tumor mice injected with [196]
nanostructure W.cm~2, 10 min vivo tumor bearing mice APP-ICG were almost eradicated
coated with PDA after NIR irradiation, whereas no
significant alterations were
observed in the tumors treated
with APP or ICG.
G/PPy NR PPy (16.17 nm) PVP and FA 798 nm DOX 808 nm, 2 58.3°C In vitro/In HepG2 and SMMC- The PTT effect mediated by the [197]
functionalized GNR W.cm~2, 10 min vivo 7721 cells | HepG2 nanohybrids decreased the growth
(L: 57.98 nm tumor-bearing mice of HepG2 tumors (relative tumor
W: 13.9 D53nm, volume of 6 at day 13), which was
A.R:4) enriched further improved with the
with iron oxide simultaneous Dox action (relative
NPs tumor volume of ~3 at day 13).
NSP ~100 nm PPy Aptamer S2.2 810 nm N.A. 808 nm, 0.5 ~55°C In vitro/In MCF-7 cells/| MCF-7 The heat generated by the G-PPy [198]
coated GNP (~6 W.cm~2 vivo tumor-bearing mice nanohybrids induced the
nm) temperature increase of MCF-7
tumors to ~50°C, leading to a
significant decrease in the tumor
volume (10% of the control group).
NSP 82.1 nm PPy PEI and PEG Broad N.A. 808 nm, 1.5 ~55°C In vitro 4T1 and L929 cells The PPT effect of the nanohybrids  [120]
nanostructure absorbance W.cm~2, 10 min induced the decrease of 4T1 cells’
coated with GNP from 400 viability to 25%, whereas the PPy
(2 nm) nm to 800 nanostructures alone only
nm achieved a reduction in the cell
viability to 35%.
NR Nanostructure with N.A. ~800 nm DOX 808 nm, 3 AT~17°C In vivo/In CT26 cells/CT26 tumor The G-PPy nanohybrids mediated  [199]
100 nm comprised W.cm~2, 10 min vitro bearing mice the increase of the temperature in

of GNR (L: 75 nm,
W: 25 nm) coated
with PPy (20 nm)
and silica (15 nm)

CT26 tumors to above 50°C, which
resulted in the almost complete
tumor elimination after 15 days.

(continued on next page)
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Table 2 (continued)

Nanohybrid Gold Shape Size Surface Modification LSPR peak  Loading Photothermal Effect Type of Study Test Model Main Results Ref.
Laser Parameters = Temperature
G/Cu NR Core-shell and PEG 803 or 809 N.A. 808 nm, 0.9 AT core- In vitro Hela cells Core-shell and dumbbell-like G/Cu  [121]
dumbbell-like G/Cu nm W.cm~2, 10 min  shell=2.1°C; nanohybrids present higher
nanostructures AT photothermal efficiency (n=62%
(L:84.2 nm/ W: dumbell- and 56%, respectively) than pure
36.6 nm or L: 61.4 like=31.2°C GNR. (n=39%). The PTT effect
nm/ W: 20.6 nm), mediated by the gold-copper
comprised of GNR nanohybrids induced the death of
(L: 75.9 nm/ W: ~80% of the HeLa cells.
24.8 nm or L:75.9
nm / W: 14.6 nm)
coated with Cu
sulfide (5-12 nm).
NSP GNP: (27 nm) N.A. 800-1000 N.A. 808 nm, 0.75 ~60°C In vitro/In 4T1 cells/4T1 The G-CU NSPs mediated the [200]
coated with a NM W.cm~2, 10 min vivo tumor-bearing mice increase of the temperature in 4T1
Cuy«S shell with tumors to 60°C, which resulted in
13.5 nm thickness the reduction of the tumors
volume for 21 days.
G/Mo NB GNB (L:110 nm, PEG 837 nm N.D. 808 nm, 2 ~60°C In vitro Hela cells The PTT mediated by the G/Mo [122]
W: 36 nm) coated W.cm~2, 10 min nanohybrids reduced the HelLa
with Mo disulfide cells viability to 21.6%, whereas in
(1.5-2 nm) the group treated with GNB the
Hela cells viability only decreased
to 46.2%.
NR Nanosctrure with PEG 788 nm ICG 808 nm, 0.2 57°C In vitro/In HelLa cells/HeLa The PTT mediated by the G/Mo [201]
~103 nm W.cm-2, 5 min vivo tumor-bearing mice nanohybrids stalled the growth of

comprised of MoS2
coated with GNR
(L:50 nm, width:14
nm, A.R.: 3.5)

HelLa tumors for 14 days, whereas
the combined action with ICG
mediated the almost complete
tumor elimination after 14 days.

Abbreviations: NSH-Nanoshell; NCL-Nanocluster; NR-Nanorod; NC-Nanocage; NS-Nanostar; NF-Nanoflower; NB-Nanobipyramid; GNSH-Gold nanoshell; GNCL-Gold nanocluster; GNR-Gold nanorod; GNC-Gold nanocage; GNS-
Gold Nanostar; GNF-Gold nanoflower; GNB-Gold nanobipyramid; NPs-nanoparticles; G/NPs-Gold nanoparticles; G/S-Gold/Silica nanohybrid; G/GO-Gold/Graphene Oxide nanohybrid; G/IO-Gold/Iron Oxide nanohybrid; G/PPY-

Gold/Polypyrrole nanohybrid; G/PDA-Gold/Polydopamine nanohybrid; G/Cu-Gold/Copper nanohybrid and G/Mo-Gold/Molybdenum nanohybrid.
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Gold-based nanohybrid materials

Silica properties

- NIR light transparency;

Gold / Silica - Fine-tune the LSPR peak.

GO properties

- High PTT capacity;

Gold / Graphene

- Fine-tune the LSPR peak.

Iron Oxide properties

- Low PTT capacity;

Iron oxide
( core

- Responsivity to magnetic fields;

Gold / Iron Oxide

- Fine-tune LSPR peak.

- Absorbance in NIR region;
- PTT capacity;

Gold / Organic Materials - Fine-tune LSPR peak.

- PTT capacity;
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Fig. 3. Representation of the main gold-based nanohybrid materials and their contribution to improving the PTT capacity of gold nanomaterials.

of the silica shell thickness, e.g. from 775 to 802 nm with a 20 nm
shell thickness, as well as a gradual increase in the LSPR maxima.

Otherwise, the silica shell also protects the gold nanomaterials
from photodegradation phenomena. The gold nanostructures ex-
position to high energetic radiations and high temperatures has
been associated with the reshaping of the nanoparticles and loss
of the NIR absorption capacity. Nevertheless, Chen and colleagues
observed that the coating of gold nanorods with a silica shell en-
hances the thermal stability of the nanoparticles [107]. The authors
observed that the gold nanorods irradiation with 300 laser pulses
of 7 ns duration at fluences superior to 4 mJ.cm~2 resulted in al-
terations in the longitudinal LSPR peak, 10% amplitude decrease in
800 nm region upon irradiation at 8 mJ.cm~2 and a strong increase
of the absorption in the 600-650 nm range at higher fluences.
These changes on the gold nanorods absorption spectra were con-
sistent with the reshaping of the nanoparticles, namely the round-
ing of gold nanorods. However, the absorption spectra of silica-
coated gold nanorods with a shell thickness of 20 nm remained
constant, with the authors observing small changes, a 10% decrease
in the 800 nm region, only when the silica-coated gold nanorods
were irradiated at 20 mJ.cm~2.

3.2.2. Gold-graphene nanohybrids
Graphene oxide (GO) a single-atom-thick layer of sp? hy-
bridized carbon atoms and can be composed of different oxygen-

containing groups (e.g., hydroxyl, and epoxy groups) in the edges
and base of its aromatic structure [108]. The GO, particularly the
reduced GO, present the capacity to absorb in the NIR region,
which enables their application in photothermal therapy [109].
Therefore, the combination of gold nanoparticles with graphene
materials can improve the NIR absorption of nanomaterials, and
consequently their photothermal and bioimaging potential (e.g flu-
oresce imaging, PAI, Raman Imaging). Xu and co-workers produced
nano GO-modified gold nanorods functionalized with HA to medi-
ate the delivery of doxorubicin (DOX) and the PTT of liver cancer
[110]. For that purpose, the authors produced carboxylated nano-
sized GO through the modified Hummer’s method and exfoliation
processes. Then, gold nanorods with a 3.8 aspect ratio (3.1+8.2 and
13.843.2 nm) were modified with the nanosized GO via electro-
static interactions. The resulting gold-graphene nanohybrids were
further functionalized with HA exploring the carbodiimide cou-
pling chemistry between the carboxyl groups on GO and amine
groups of HA. The authors reported that the GO-modified gold
nanorods functionalized with HA despite presenting the GO char-
acteristic absorption peak at 239 nm also displayed a significant
enhancement in the intensity of the absorption band at the 760-
800 nm region. This improvement in the nanomaterials absorp-
tion capacity resulted in an enhanced photothermal effect with
the gold-graphene nanohybrids inducing an increase in the solu-
tion temperature to ~65°C upon NIR laser irradiation (808 nm, 4
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W.cm~2, for 3 min), whereas the bare gold nanorods only reached
the ~59°C [110]. Additionally, the authors observed that the pho-
tothermal treatment mediated by the HA -functionalized gold-
graphene nanohybrids (808 nm, 1 W.cm~2, for 5 min) induced the
death of 22% of the Huh-7 cancer cells, which increased when
combined with the simultaneous delivery of DOX inducing the
death of 82% of the cells. Similarly, Turcheniuk et al. also modified
gold nanorods with GO nanosheets to improve the PTT of glioblas-
toma [111]. The gold-graphene nanohybrids were produced by ex-
ploring electrostatic interactions between the positively charged
gold nanorods (aspect ratio 3.8) and carboxylated nanosized GO
and then modified via carbodiimide chemistry with an amine-
modified PEG. The authors observed that the GO nanosheets at-
tachment in the gold nanorods led to a red-shift in the longitudinal
LSPR peak from 807 to 814 nm as well as an increase in the peak
maximum absorbance. Moreover, the authors reported that the ir-
radiation (808 nm, 0.5 W.cm~2, for 10 min) of PEGylated gold-
graphene nanohybrids resulted in a temperature increase to 60°C,
whereas the gold nanorods only reached the ~50°C. Additionally,
the in vivo studies also revealed that the tail vein administration
of Tat-targeted PEGylated gold-graphene nanohybrids could be ex-
plored to mediate the increase in the temperature of U87MG tu-
mors to 52.5°C after NIR laser irradiation (808 nm, 0.7 W.cm~2, for
10 min). Such resulted in the size reduction of the tumors from
500 mm?3 to ~250 mm?3, contrasting with the 1750 mm3 observed
in the control group. Wu and colleagues combined gold nanos-
tars with GO for mediating the delivery of Chlorin e6 and the
PTT of breast cancer [112]. In this approach, the GO nanosheets
were used as supports for the gold nucleation and growth of the
gold nanostars. Then, the gold-graphene nanohybrids were func-

tionalized with a thiol-terminated PEG by exploring the gold-thiol
affinity. The resulting nanostructures presented an increased ab-
sorbance in the NIR region of the spectra, broad absorption peak at
600 to 900 nm region. The enhanced NIR absorption rendered to
the gold-graphene nanohybrids a superior photothermal potential
prompting the temperature increase up to 75°C upon laser irradi-
ation (660 nm, 2 W.cm~2, for 8 min), whereas the gold nanorods
and the GO nanosheets only reached the ~65°C and ~47°C, respec-
tively (Fig. 5). Similar data were observed in the in vivo studies
with the intratumoral administration of PEGylated gold-graphene
nanohybrids mediating the temperature increase of EMT6 tumors
to 60°C upon laser irradiation (660 nm, 3 W.cm~2, for 10 min),
which stalled the tumor growth and when combined with the si-
multaneous action of Chlorin e6 promoted the tumor eradication.

3.2.3. Gold-iron oxide nanohybrids

Iron oxide nanomaterials due to its plasmonic properties can
also mediate a photothermal effect in response to NIR laser irra-
diation. These nanomaterials can be found in different chemical
compositions, such as maghemite (Fe,03), magnetite (Fe3Q0g4), or
non-stoichiometric combinations of Fe and O [113-115]. Neverthe-
less, when compared to gold nanomaterials, the iron oxide nano-
materials demand higher energies to induce the excitation of free
electrons, which is associated with the higher free electron density
[116]. However, the production of gold-iron oxide nanohybrids can
be explored both to improve the PTT capacity of the nanomaterials
and imprint a responsivity to magnetic fields that can enhance the
tumor accumulation. Bai et al produced hollow gold nanospheres
with iron oxide nanoparticles immobilized on its surface for medi-
ating both the imaging and PTT of cervical cancer [117]. For that
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purpose, dimercaptosuccinic acid-modified iron oxide nanoparti-
cles were attached to the surface of the hollow gold nanospheres
exploring the gold thiol-affinity. Additionally, this gold-iron ox-
ide nanohybrid was functionalized with polyvinylpyrrolidone and
folic acid (FA) to confer stability and targeting capacity, respec-
tively. The authors observed that the introduction of iron oxide
nanoparticles results in a red-shift in the hollow gold nanospheres
LSPR peak, from 800 to 830 nm. Further, these gold-iron ox-
ide nanohybrids were able to induce a temperature increase up
to 63.4°C, whereas a gold nanorod (AR: 3.5) control group only
reached 56.3°C. Liang and co-workers developed a PEGylated iron
oxide-core gold shell nanohybrids for the PTT treatment of breast
cancer [118]. For that purpose, poly(acrylic acid)-coated iron ox-
ide nanoparticles were stabilized with poly(allylamine hydrochlo-
ride) and then mixed with small gold nanoseeds. Subsequently, the
seeds were grown to a gold nanoshell by promoting the reduction
of gold salt (HAuCl4) and modified with lipoic-acid-terminated PEG
via gold-thiol linkages. The authors observed that the gold-iron ox-
ide nanohybrids presented a significant enhancement of the ab-
sorbance in the NIR region of the spectra, 0.88 vs 0.1 of iron oxide
nanoparticles. Accordingly, the nanohybrid materials induced a su-
perior temperature increase upon irradiation with NIR laser (808
nm, 0.5 W.cm~2, for 10 min), 55°C and 39°C maximum tempera-
ture for the gold-iron oxide nanohybrids and iron oxide nanoparti-
cles respectively (Fig. 6). Moreover, the authors also reported that
the intratumoral injection of gold-iron oxide nanohybrids could
mediate the temperature increase of breast tumors up to 52°C

upon NIR laser irradiation (808 nm, 0.5 W.cm~2, for 10 min) im-
proving the mice survival.

3.2.4. Other gold-based nanohybrids

The development of more efficient photothermal agents can
also be achieved by combining the gold nanostructures with or-
ganic materials. Nam and colleagues coated gold nanostars with
PDA to mediate the DOX delivery and the PTT of colon carcinoma
[119]. The authors observed that the gold nanostars functionaliza-
tion with PDA induced a red-shift in the absorption spectra in a
concentration-dependent manner. The absorption peak for gold-
PDA hybrids shifted from ~780 nm to 815, 840, and 860 nm for
dopamine concentrations of 0.1, 0.2, and 0.3 mg.mL~!, respectively.
The authors also reported that the inclusion of PDA increases
the photostability of the gold nanostars since no significant alter-
ations in the relative absorbance at 808 nm were observed in the
nanohybrid materials after irradiation with a NIR laser (808 nm, 10
W.cm~2, for 30 min), whereas the gold nanostars presented a ~70%
reduction of the relative absorbance. Further, the gold nanohybrid
materials mediated a temperature increase superior to 80°C after
NIR laser irradiation (808 nm, 10 W.cm~2, for 30 min) contrast-
ing with 40°C obtained for the gold nanostars. The authors also
demonstrated that the intratumoral injection of gold nanohybrid
materials followed by NIR laser irradiation (808 nm, 1 W.cm~2, for
5 min) could induce a 13°C increase in the temperature of CT26 tu-
mors followed by tumor regression, with complete tumor eradica-
tion in 40% of the animals. Hu et al produced a PEGylated polypyr-
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role (PPy)-gold nanohybrid to improve PPT of breast tumors [120].
For that purpose, PEI-PPy nanoparticles were produced using FeCls
as the oxidant to initiate the pyrrole monomer polymerization pro-
cess. Then, these nanoparticles were PEGylated via carbodiimide
chemistry (NH, groups of PEI and COOH terminated mPEG) and
small gold spheres were grown in the interior of the PPy nanopar-
ticles by promoting the in situ reduction of HAuCl,. The authors
revealed that the inclusion of the gold spheres enhanced the light-
to-heat conversion efficiency from 35.3% to 37.1%. Accordingly, the
PEGylated PPy-gold nanohybrids mediated a temperature increase
to 55.6°C upon NIR laser irradiation (808 nm, 1.5 W.cm~2, for 10
min), even after 5 cycles of irradiation, which contrasts with the
45.4°C obtained for the PPy nanoparticles. Further, the authors re-
ported an enhancement of the 4T1 cancer cells PTT, the 4T1 cancer
cells treated with the PPy-gold nanohybrids or PPy nanoparticles
presented cell viability of 25.2% and 34.9%, respectively, after NIR
irradiation.

Otherwise, the introduction of other metals in the gold nano-
materials can also result in an enhanced photothermal capacity.
Leng et al reported a red-shift in the longitudinal LSPR peak of
gold nanorods (aspect ratio 4.2) from 770 to 803 nm as well as
an increase in the light-to-heat efficiency from 39% to 56% after
the gold nanorods coating with a layer of copper sulfide [121]. Fur-
ther, the authors also demonstrated that the gold-copper nanohy-
brids present increased photothermal stability, mediating the tem-
perature increase up to 60°C even after four irradiation cycles (808
nm, 0.9 W.cm~2, for 10 min) whereas the gold nanorods exhib-
ited a 20% decrease in the temperature elevation (from 52.5°C to
47°C) after the irradiation cycles. Similar results were reported
by Kumar and co-workers after the coating of gold bipyramids
with molybdenum disulfide via electrostatic interactions [122]. The
gold-molybdenum nanohybrids presented a red-shift in the lon-
gitudinal LSPR from 791 to 837 nm as well as an increase in
the absorption maxima. Such improved the photothermal capacity
of the gold bipyramids, registering a temperature increase up to
60.3°C, 50.6°C, and 55.6°C for the gold-molybdenum nanohybrids,
molybdenum disulfide, and gold bipyramids, respectively, upon NIR
laser irradiation (808 nm, 2 W.cm~2, for 10 min). The authors also
observed that the coating of gold bipyramids with molybdenum
disulfide improved the PTT against HelLa cells. The NIR laser irra-
diation (808 nm, 2 W.cm~2, for 3 cycles of 10 min) resulted in the
decrease of HeLa cells’ viability to 46.2% and 21.6% for the cells
treated with gold bipyramids and gold-molybdenum nanohybrids,
respectively.

3.3. Incorporation of small molecules with photothermal capacity

Among the different strategies explored to improve the cancer
PTT mediated by the gold nanomaterials, the encapsulation of NIR
responsive small molecules have been displaying promising results
(Table 3). In this regard, indocyanine green (ICG) and heptamethine
cyanines (e.g. IR780) are the most explored molecules to enhance
the optical properties of gold nanostructures, and consequently its
photothermal potential.

The ICG is a dye approved by the Food and Drug Administra-
tion for clinical fluorescence imaging, such as angiography [123].
Additionally, this molecule presents a high absorbance at 780 nm
and a good light-to-heat conversion efficiency [124]. Further, ICG
can also mediate the generation of ROS in response to NIR laser
irradiation [125]. Higbee-Dempsey et al produced small gold nan-
oclusters consisting of 2 nm gold cores coated with dodecanethiol
loaded with ICG to mediate the PTT and photoacoustic imaging of
triple-negative breast cancer [126]. For that purpose, the authors
explored the amphiphilic nature of ICG to drive the self-assembly
of the hydrophobic 2 nm gold cores in spheroid nanostructures
with ~61 nm in diameter. The authors observed that the gold nan-

oclusters only present a slight red-shift in the LSPR absorption
peak, whereas ICG loaded gold nanoclusters displayed a strong ab-
sorption in the 780 nm region, which is in agreement with the
ICG absorption spectra. Additionally, the irradiation of the ICG-
loaded gold nanoclusters with a NIR laser (808 nm, 1.2 W.cm~2,
for 10 min) was able to induce a temperature increase up to 70°C,
whereas the free ICG solutions only reached the 45°C. Further, the
authors noticed that the free ICG showed a rapid loss of its heat-
ing capacity with multiple laser irradiations (2-3 cycles), while
the ICG-loaded gold clusters maintained its photothermal capac-
ity. Such photothermal capacity was also confirmed in mice bear-
ing 4T1 tumors after intravenous administration of ICG-loaded gold
clusters induced the increase of tumors temperature up to 52.3°C
after NIR laser irradiation (808 nm, 0.7 W.cm~2 for 30 min) con-
trasting with the 45.6°C obtained in the free ICG treated group. Ac-
cordingly, the ICG-loaded gold clusters PTT induced the regression
of the 4T1 tumors until day 11 with the complete remission of the
primary tumor in two out of five mice. Otherwise, free ICG treat-
ment only slowed tumor growth without any significant changes
in mice survival. Chen and colleagues produced bovine serum al-
bumin stabilized gold nanostars loaded with ICG to mediate the
PTT of glioma [127]. The gold nanostars loading was achieved by
promoting the ICG adsorption in the surface of the nanoparticles
followed by the addition of bovine serum albumin. The produced
gold nanostars presented an LSPR peak at 680 nm, which suffered
a red-shift to 712 nm and also a pronounced absorption at 780 nm
characteristic of ICG. The authors reported that the ICG-nanostars
combination results in a more effective light-to-heat conversion ef-
ficiency and increased photostability, reaching the 63°C upon NIR
laser irradiation (808 nm, 1 W.cm~2 for 5 min). Otherwise, the
free ICG and bovine serum albumin stabilized gold nanostars only
reached 41°C and 59°C, respectively. Additionally, the authors also
demonstrated that this photothermal capacity can be explored to
mediate the photothermal ablation of U87 glioma cells, 85.1% and
94.2% of cell death for gold nanostars and ICG-loaded gold nanos-
tar after NIR laser irradiation (808 nm, 1 W.cm~2 for 5 min).

The heptamethine cyanines (e.g. IR780) in general present su-
perior optical (e.g. higher molar extinction coefficient at 780 nm)
and therapeutic capabilities, when compared to ICG [128]. Nev-
ertheless, the application of these molecules in the clinic is hin-
dered by its hydrophobic character, acute toxicity, and photodegra-
dation, which can be surpassed by promoting the heptamethine
cyanines encapsulation in nanoparticles such as gold nanomaterials
[129]. Nagy-Simon et al prepared pluronic coated gold nanospheres
loaded with IR780 for being applied in the colon carcinoma PTT
[130]. The authors observed that apart from the characteristic LSPR
peak of gold nanospheres at 522 nm, the IR780-pluronic coated
gold nanospheres also presented a second absorption peak at 780
nm due to the IR780. Further, the IR780-pluronic coated gold
nanospheres irradiation (785 nm, 170 mW for 6 min) induce a
temperature increase of 9°C, whereas the free IR780 suffered pho-
todegradation after 2.5 min of irradiation reaching a final temper-
ature variation of ~2°C. Similarly, Xia and co-workers developed
IR780-loaded gold nanostars functionalized with bovine serum al-
bumin and matrix metalloproteinases polypeptides (Ac-GPLGIAGQ)
for the PTT and photodynamic therapy of lung cancer [131]. The
IR780 loading was physically adsorbed onto the functionalized gold
nanostars via hydrophobic interactions. The authors observed that
the gold nanostars presented the LSPR peak in the 700-800 nm re-
gion and after the loading of IR780 the absorption in this region of
the spectra increased being noticed the characteristic absorption
peak at 780 nm (Fig. 7). Upon irradiation with a NIR laser (808
nm, 0.8 W.cm~2, for 5 min), the IR780-loaded gold nanostars me-
diated the temperature increase to 63°C, whereas the gold nanos-
tars alone only reached the 58.5°C. The authors confirmed the PTT
potential on A549 tumor-bearing mice after the intravenous ad-
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Table 3
Application of NIR responsive small molecules that have been explored to improve the photothermal capacity of gold-based nanomaterials (N.D. - non disclosed, N.A. - not applicable).
Small Gold Shape Size Surface LSPR peak Photothermal Effect Type of Study Test Model Main Results Ref.
molecules Modification (nm)
Laser Parameters Temperature
ICG NCL mPEG-PLGA BSA, RGD peptides, 700-850 808 nm, 1.0 AT~25°C In vitro U87-MG cells The PTT effect mediated by the [202]
nanocapsules and mPEG-PLGA, W.cm~2, 5 min nanocapsules loaded with GNP and
loaded with GNP PVA, poly (acrylic ICG induced the reduction of the
and ICG acid) viability of U87-MG cells to 35%.
NCL 61.22 nm GNCL N.A. 803 nm 808 nm, 1.2 W, 7  ~60°C In vitro/In vivo 4T1 cells/4T1 The ICG/GNCL mediated a ~15°C [126]
(GNP ~2nm) min tumor-bearing increase in the temperature of 4T1
coated with ICG mice tumors, whereas the tumors treated
with free ICG only presented a AT ~
5°C. Further, the ICG/GNCL treatment
induced the reduction of the tumor
volume until day 8 followed by the
tumor re-growth until day 20.
NCL 3.4 nm GNSP Glutathione ~700 and 808 nm, 0.5 AT~20°C In vitro/In vivo MCF-7/MCF-7 The PTT effect mediated by the G/ICG [203]
loaded with ICG 800 nm W.cm~2, 5 min tumor-bearing nanostructures increased the
molecules mice temperature of the MCF-7 tumor to
55°C, whereas the free ICG only
reached ~40°C. Further, this
combinatorial treatment resulted in
the complete elimination of MCF-7
tumors in 14 days.
NS 80 nm GNS (70 BSA 712 and 808 nm, 1.0 63.9°C In vitro U87 cells The PTT effect of GNS reduced the [127]
nm) with ICG 780 nm W.cm~2, 0-6 min U87 cell viability to 15%, which
adsorbed in the combined with the ICG reached 5% of
surface cell viability.
NS GNS (96 nm) CaCOs 800-900 808 nm, 1.0 ~60°C In vitro/In vivo MGC803 The PTT effect mediated by the G/ICG [204]
loaded with ICG nm W.cm~2, 6 min cellsyMGC80 tumor  nanomaterials induced the increase of
bearing mice the MGC80 tumors’ temperature to
~43°C, which mediated the reduction
of the tumor volume during 20 days.
NCL ICG loaded GNCL BSA and HA 700 nm 808 nm, 1.5 N.D. In vitro/In vivo 4T1 cells/4T1 The PTT effect of the G/ICG [205]
W.cm~2, 2 min tumor-bearing nanostructures promoted a 15°C
mice increase in the temperature of the 4T1
tumor, which induced the decrease of
the tumor volume during 10 days
followed by the tumor re-growth until
day 12. Otherwise, the single
treatment with free ICG or GNCL only
slowed the growth of 4T1 tumors.
NSH 151.1 nm hollow Gadolinium and Broad 808 nm, 1.5 ~60°C In vitro/In vivo 4T1 cells/4T1 The 4T1 tumors treated with G/ICG [206]
GNSH (125.3 nm) BSA absorbance ~ W.cm2, 5 min tumor-bearing nanostructures registered a
loaded with ICG from 700 mice temperature increase up to ~57°C,
to 900 nm whereas the administration of free
ICG or GNSH only reached ~48°C. This
photothermal improvement resulted
in a decrease in the 4T1 tumors’
volume during 21 days.
NR Nanosctrure with PEG 788 nm 808 nm, 0.2 57°C In vitro/In vivo Hela cells/HeLa The GNR/MoS2/ICG nanohybrid led to [201]
~ 103 nm W.cm-2, 5 min tumor-bearing higher tumor weight reduction

comprised of MoS2
coated with GNR
(L:50 nm, width:14
nm, A.R.: 3.5) and
ICG

mice

followed by GNR/ MoS2, free ICG,
GNR, and MoS2 alone.
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Table 3 (continued)

Small
molecules

Gold Shape

Size

Surface
Modification

LSPR peak
(nm)

Photothermal Effect

Laser Parameters

Temperature

Type of Study

Test Model

Main Results Ref.

NR

NR

NCL

IR780 NS

NSP

NPR

CyPT NR

ICG loaded silica
(shell:
17.34-32.43-nm)
coated GNR (L:
47.23 nm, W:
13.56 nm, A.R:
3.50)

ICG loaded silica
(shell: 21 nm)
coated GNR (L:

57.3; W: 16.2; AR:

3.47)

31.97 nm ICG
loaded GNCL (3.57
nm spheres)

121.5 nm
IR780-loaded GNS
(80 nm)

30 nm GNSP
loaded with IR780

IR780 loaded on
GNP surface (57.5
nm)

L: 48.5; W: 10.7
CyPT coated GNR

Mesoporous silica,
tLyp-1 peptide and
PEG

B-CD, RLA-Ada and
(DMA
CS(DMA)-PEG

BSA

BSA and
metalloproteinases
(MMP2)
polypeptides

Pluronic F127

Lyp-1 and PEG

Glutathione

754 nm

813 nm

760 nm

Broad
absorbance
from 600
to 1000 nm

522 and
780 nm

600-700
nm

843 nm

785 nm, 3 ~60°C

W.cm~2, 5 min

808 nm, 2
W.cm~2, 5 min

~60°C

808 nm, 0.8
W.cm~2, 4 min

~60°C

808 nm, 0.8
W.cm~2, 2 min

~60°C

785 nm, 170
mW, 30 min

AT~9°C

660 nm, 1
W.cm~2, 5 min

~50°C

808 nm; 1.5 ~50°C

W.cm~2, 5 min

In vitro

In vitro/In vivo

In vitro/In vivo

In vitro/In vivo

In vitro

In vitro/In vivo

In vitro/In vivo

MDA-MB-231 cells

MCF-7 cells/MCF-7
tumor bearing
mice

4T1 cells/4T1
tumor-bearing
mice

A549 cells/A549
tumor bearing
mice

C26 cells

MDA-MB-231
cells/MDA-MB-231
tumor bearing
mice

A549 cells/A549
tumor bearing
mice

The PTT effect mediated by the G/ICG [201]
nanostructures provoked the

reduction of the viability of

MDA-MB-231 cells to values inferior

to 20%.

The MCF-7 tumors treated with G/ICG
nanostructures registered a
temperature increase up to ~45°C,
whereas the administration of free
ICG only reached ~38°C. This
photothermal improvement resulted
in a decrease in the volume of MCF-7
tumors during 21 days, whereas the
free ICG only slowed the tumor
growth.

The PTT effect mediated by the G/ICG
nanostructures increased the
temperature of the 4T1 tumor to 53°C,
whereas the free ICG only reached
~46°C. Further, this combinatorial
treatment resulted in the complete
elimination of 4T1 tumors in 24 days
without recurrence, whereas the free
ICG only slowed the tumor growth.
The A549 tumors treated with
G/IR780 nanostructures registered a
temperature increase up to ~46°C,
whereas the administration of free
ICG only reached ~41°C. This
photothermal improvement resulted
in a decrease in the A549 tumors’
volume during 18 days, whereas the
free ICG only slowed the tumor
growth.

The combinatorial treatment mediated
by the G/IR780 nanostructures
presented a higher number of C26
dead cells than the treatment with
free ICG.

The MDA-MB-231 tumors treated with
gold-IR nanostructures registered a
temperature increase up to ~50°C
mediating the decrease of the tumor
volume with the complete tumor
ablation in 2 of the 5 animals.

The PTT effect mediated by the
G/CyPT nanostructures increased the
temperature of the A549 tumor to
60°C promoting the complete tumor
ablation in 16 days.

[207]

[208]

[131]

[130]

[209]

[210]

Abbreviations: NSH-Nanoshell; NCL-Nanocluster; NR-Nanorod; NC-Nanocage; NS-Nanostar; GNSH-Gold nanoshell; GNCL-Gold nanocluster; GNR-Gold nanorod; GNC-Gold nanocage; GNS-Gold Nanostar; NPs-nanoparticles; GNPs-
Gold nanoparticles; G/ICG-Gold-ICG; G/IR780-Gold-IR780; and G/CyPT-Gold-Heptamethine cyanine dye.

[44
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Fig. 7. Optical and photothermal characterization of GNP-Plu and GNP-Plu-IR780 nanoparticles. UV-Vis absorbance of GNP-Plu (1), GNP-PIu-IR780 (2), and IR780 (3) (A);
Temperature variation curves of GNP-Plu-IR780, GNP-Plu, and free IR780 at different concentrations under the exposure of the 785 nm laser at 170 mW for 6 min (B).
Adapted from Journal of Colloid and Interface Science, Vol 517, Nagy-Simon, T., Potara, M., Craciun, A., Licarete, E., Astilean, S., IR780-dye loaded gold nanoparticles as new
near infrared activatable nanotheranostic agents for simultaneous photodynamic and photothermal therapy and intracellular tracking by surface enhanced resonant Raman
scattering imaging, Pages No0.239-250, Copyright (2018), with permission from Elsevier.
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Table 4
Overview of the gold nanoparticles and gold nanohybrids’ biocompatibility (N.D. - non disclosed, N.A. - not applicable).
Nanomaterial Gold Shape Surface Modification Biodistribution Elimination Time Circulation Time Maximum Dose Ref.
Administered
Gold NSP Polysarcosine PEGylated and polysarcosine GNPs were The amount of polysarcosine NPs 10% of injected PEGylated 200 pug [143]
mainly accumulated in the liver (~30% in the kidney gradually decreased GNPs and 20% of the
ID), whereas the polysarcosine GNPs along the time, which indicates injected polysarcosine
presented superior retention in the that these NPs were cleared GNPs remained in blood
kidneys. No significant damage was through the urine. circulation after 24 h.
detected in major organs.
Cysteine-functionalized N.D. Most of the NPs were eliminated ~ one week 200 pL with 1 mg [144]
alginate-derived polymers after 11 days.
NSL Chitosan and anti-EGFR Predominant accumulation of NPs in the After 24h, the amount of the NPs After 24h, a residual NPs 175 pg/mL [141]
antibody tumor tissue. The amount of Au element decreased in most of the organs, amount was present (~1%
in the tumor was over 6.28% ID/g 6h after which suggests they were ID/g).
the injection of NPs, which was superior effectively eliminated.
to that found in other organs or blood.
Betulinic acid (BA) No significant damage and inflammatory N.D. N.D. 200 pL, containing [211]
liposomes reactions were detected in the major 1.4 mg/kg BA and
organs. 94.9 pg/mL Au
Macrophage cell Predominant accumulation in liver, After 48h, only 30% of membrane During the 48h, the coated 150 pL, 3 mg/mL [212]
membranes spleen, and tumor after 48 hours. Cell coated NSs were found in the NSs exhibited a significant
membrane coated NS presented lower blood, whereas the bare NSs were increase in blood retention
liver and spleen accumulation than bare almost eliminated from the blood time, compared with bare
NSs. Moreover, the Au content in the after 24h. GNS.
tumor was 7.48% ID/g after NS coating,
and bare GNS only presented 1.61% ID/g.
No significant damage was detected in the
major organs.
DOTA, biofunctional High accumulation in the liver and spleen. PEGylation increased renal PEGylation increased the N.D. [146]
PEG2K and PEG5k The PEGylation enhanced NPs tumor clearance (25.8 to 33.7% ID/organ). blood circulation half-life
uptake from 0.15 to 0.77% ID/g. from 0.54 to 12.76 h.
PEGylated SN-38-micelles No damages were detected in the major N.D. N.D. 75 ug of gold per [152]
organs. mouse
NCL Hybrid albumin The liver, kidney, heart, lung, and spleen N.D. N.D. 200 puL at 10 [72]
did not reveal significant damages. mg/mL
Captoril No significant damages and inflammatory N.D. N.D. 100 mL at 2.5 [64]
reactions were detected in the major mg/mL
organs.
BSA or GSH The BSA-Au25 NCLs were mainly After 24h, 36% of GSH-Au25 and N.D. 7.55 mg/kg [142]
accumulated in the spleen, and the 1% of BSA-Au25 NCLs were
GSH-Au25 presented low concentration in excreted by the urine, respectively.
all organs. After 24h both formulations After 28 days 94% of Au in the
induced immune responses and affected GSH-Au25 and 5% BSA-Au25 NCLs
the kidney function. After 28 days, the can be metabolized by renal
alterations observed in the GSH-Au25 clearance, respectively.
NCLs were restored, whereas
inflammatory reactions and damages in
the liver and kidney were still observed in
BSA-Au25 NCLs.
NR PEG and Rabies virus NPs are mainly accumulated in brain N.D. N.D. 200 plL at [213]
glycoprotein tissues with some significant fractions 25 x 1073 M

present in the kidney and liver. No
significant damages were detected in the
major organs.

(continued on next page)
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Table 4 (continued)

Nanomaterial

Gold Shape

Surface Modification

Biodistribution

Elimination Time

Circulation Time

Maximum Dose Ref.
Administered

NC

Pluronic F 68 and chitosan

BSA

PEG

PEI, FA, and PEG

HA, PEG, and A54 peptide

Manganese dioxide and
PEG

DOTA and PEG

H22 cancer cells
membrane

NPs are predominantly accumulated in
the liver and tumor. Particularly, chitosan
modified GNRs present higher tumor
accumulation (20%) than PEGylated GNRs
(7%).

At 24h after injection, Au concentrations
of the small BSA NRs 4.54, 2.57, and 2.14
nglg accumulated in the liver, spleen, and
kidney, respectively. In the case of larger
NRs, 3.66, 2.65, and 1.89 ug/g are
accumulated in the liver, kidney, and lung,
respectively. After 30 days the Au
concentration of small NPs in these
organs has a huge decrease, whereas Au
of larger NPs is still present in higher
concentrations. Moreover, CTAB coated
NRs present lower cell biocompatibility
compared with BSA coated NRs.

At 24h after injection, 8.6% ID/g of the
NPs accumulated in the tumor, 25.1% ID/g
in the spleen, and 13.9% ID/g in the liver.
No significant damage and inflammatory
responses were detected in the major
organs.

Higher NPs accumulation in the tumor
tissue, followed by the liver and spleen.
No significant damage and inflammatory
responses were detected in the major
organs.

No significant damages and inflammatory
responses were detected in the major
organs.

After 3h, the Au and Mn levels increased
in tumor and major organs. However,
after 21 days the values in major organs
were vestigial. No obvious damages or
inflammatory responses were detected.
55 nm GNCs presented a superior
accumulation in the liver and spleen (60%
ID/g in both organs at 1h post-injection)
than the 30 nm GNCs. The 30 nm GNCs
presented an enhanced in vivo
pharmacokinetics.

Nanoformulations had a prominent
accumulation in the liver, spleen, and
lung, which reached the higher values for
the uncoated GNCs. The modified GNCs
presented a superior tumor accumulation,
about 2 times superior to uncoated NCs.
Moreover, the inclusion of cell
membranes reduced the inflammatory
response induced by GNCs.

N.D.

Small BSA GNRs present a better

clearance and lower Au

concentration in all organs at day
30, than larger BSA GNRs. More
than 99% of the small BSA NRs
can be eliminated after 30 days.

N.D.

N.D.

N.D.

21 days

N.D.

Elimination half-life (t1/28) of
modified NCs was about 1.8-fold

superior to that recorded for
uncoated GNCs.

Up to 72 hours

30 days

PEGylated NPs present a
blood circulation half-life
of 9.2+0.6 h, whereas
uncoated NPs only present
1.840.3 h.

N.D.

N.D.

The first (t1/2(«)) and
second (t1/2(B)) phases of
circulation half-lives were
0.91 h and 19.07 h,
respectively.

The blood retention of the
30 nm GNCs was 6 times
superior to that of 55 nm
GNCs at 1 h post-injection.

N.D.

100 pug [214]

5 mg [Au]/kg [215]

150 pL at 2 mg/mL [145]

8.5 mg/kg [163]

32.6 mg/kg [216]

2 mg/Kg [217]

2.38 fmol in 100 [218]
nL

10 mg/Kg [219]

(continued on next page)
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Table 4 (continued)

Nanomaterial Gold Shape Surface Modification

Biodistribution Elimination Time

Circulation Time

Maximum Dose
Administered

Ref.

Acylsulfonamide

NS N.A.

Erythrocyte membranes

Aptamer AS1411

G/S NS PEG

NR B-cyclodextrin, and RLA
peptide

NR B-cyclodextrin, lactobionic
acid, and PEG

NS PEG

G/GO NSP Chitosan, protoporphyrin

IX and FA

Predominant accumulation of the NPs in N.D.
the spleen and liver (15% and 20%,

respectively) and ~10% in the tumor

tissue. However, comparing with PVP

GNSs, the acylsulfonamide coated GNSs

presented lower accumulation in major

organs and higher tumor accumulation.

No significant damages and inflammatory
responses were detected.

After 48h NPs injection, 30 nm NSs N.D.
present higher tumor uptake than 60 nm
NSs, 2.11%, and 0.88% respectively. NSs
with 60 nm presented higher
accumulation in the liver (~19%) and
spleen. No significant damages and
inflammatory reactions were detected in
the major organs.

NPs accumulated quickly and in large
amounts in the liver.

At 72h NPs were not completely
metabolized, being the kidney the
main via for its removal.
Predominant accumulation in the liver N.D.

(50% ID/g) followed by spleen (21%ID/g)

at 24 h. Accumulation of aptamer NPs

was 5 times higher in breast cancer

tumors than fibrosarcoma tumors.

Moreover, the accumulation in de tumor

increased along the time (2% ID/g and

9.7% 1D/g for 24 and 72h, respectively).

High uptake from liver, spleen, and lung. N.D.

The Au uptake in the tumor was 39 ng/g,

being significantly higher than in the

control group.

No significant damages were detected in N.D.

the major organs.

At 24h after injection, 50% and 30% of NPs N.D.

were accumulated in tumor and liver,

respectively. A few amounts were present

in the kidney, spleen, and heart. No

significant damage and inflammatory

responses were detected in the major

organs.

After 0.5 h NPs accumulated in the tumor. N.D.

After 24h, ~20%, ~15%, and ~2.5% of the
NPs accumulated in the spleen, liver, and
in the tumor, respectively. No significant
damage and inflammatory responses were
detected in the major organs.

Specific targeting and high fluorescence in
the tumor tissues. Heart and brain
presented minimal accumulation, while
the other organs such as the liver and
kidney presented a reduction in NPs’
accumulation over time.

Urine is the main excretion route
for the G/GO NPs.

Circulation half-life of
acylsulfonamide GNSs was
> 4-fold longer than PVP
NCLs.

30 nm and 60 nm GNSs
had a half-life of 33 and
27 h, respectively.

up to 72 h

For at least 2 days

N.D.

N.D.

N.D.

N.D.

SERS spectral analysis
demonstrated a reduction
of the amount of NPs in
the blood over time.

100 pL at 2.5
mg/mL

200 pug

200 pL at 2 mg/mL

4.8 mg/Kg

50 pl at 32 mM

20 mg/Kg

1.15 mg/kg

100 mL at 4
mg/mL

200 pg/mL

(continued on next page)
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[224]

[207]

[225]
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[177]
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Table 4 (continued)

Nanomaterial Gold Shape Surface Modification Biodistribution Elimination Time Circulation Time Maximum Dose Ref.
Administered
NR PEG, Tat protein vector, After 1h, the NPs were mainly After 20h, the amount of NPs in N.D. 150 ul of 1 [111]
and Cy7 accumulated in the liver, spleen, and the major organs decreased to mg/mL
kidney. After 20h, the amount of NPs in almost undetectable values.
major organs decreased and increases in Moreover, the results
the tumor tissues. demonstrated that NPs were
cleared from the body through the
intestine and bladder.
NSP «-synuclein protein, After 3 days, NPs had a predominant N.D. N.D. 716.5 g of AuNPs [183]
tumor-tropic mesenchymal accumulation in liver and spleen. The per mouse in the
stem cell (MSC) MSC-AuNP/GO sheet 1 x formulation MSC-AuNP/GO
presented the highest Au accumulation sheet formulation,
(41.1 pg Au/g) in the tumor tissue, being and 212.6 pug in
3.6 and 4.5-fold higher than the remain NPs
MSC-AuNP/GO sheet 0.25 x and formulations.
MSC-AuNP 1 x, respectively. No damage
was detected in major organs.
G/l0 NSP Black phosphorus sheets Predominant accumulation in spleen, The biodistribution of Au in major N.D. 100u1 at 1 mg /mL [187]
liver, and lung. No obvious damages or organs reduced over time (10 min
inflammatory responses were detected in to 10 days)
major organs.
NF G5 poly(amidoamine) NPs accumulated preferentially in the Au concentration in major organs N.D. 200 wl at 0.04 mM [189]
(PAMAM) dendrimers liver, spleen, and tumor. After 1h, the Au decreased over time, being almost [Au]
concentration in the liver, spleen, and the cleared out after 96h.
tumor was 230.0 ug g1, 209.2 ug g1,
and 38.6 png g', respectively.
G/Cu NSP and N.A. High accumulation in liver, spleen, and Almost cleared after 60 days. N.D. 200 pL at 2 mg/mL [200]
NR kidney with a decrease over time. High
levels of creatinine were observed on day
1 however, decreased to normal levels in
day 7. No damages or inflammatory
reactions were observed in the main
organs.
G/PDA NSP N.A. NPs accumulated predominantly in the NPs clearance from the blood was NPs were rapidly 20 mg/L [227]
liver (~40% ID, mainly in Kupffer cells) fast. However, 6 weeks after eliminated from the blood,
spleen (~13% ID, mainly in macrophages), injection no significant alterations only ~15% of injected NPs
and these values remain identical in day 1 in the biodistribution of NPs were remained in the blood at 5
and 42. No notable histological damages observed, which demonstrated min after injection. The
were detected in major organs. that the NPs were difficult to NPs’ half decay time was
eliminate. (t1/2) ~4.9 £1.1 h.
NSP Silica and perfluorohexane Predominant accumulation in the lung, After injection, NPs were gradually N.D. 8 mg/mL [228]
liver, and spleen. After 1h, the lung and metabolized from the tumor and
tumor had the highest Au uptake, 1000 main organs.
ug/g and ~<50ug/g, respectively. No
significant morphological changes,
inflammatory reactions, and necrosis were
detected.
NB N.A. NPs accumulate predominantly in the N.D. N.D. 100uL at 200 [229]
liver (~23 % ID/g), spleen (~17 % ID/g), pg/mL
and the tumor (=5 % ID/g). No significant
damages were detected in the major
organs.
G/PPy NSP Aptamer S2.2 No significant damage and inflammatory N.D. N.D. 1 mg/mL [198]

reactions were detected in the major
organs.

Abbreviations: NSH-Nanoshell; NCL-Nanocluster; NR-Nanorod; NC-Nanocage; NS-Nanostar; NF-Nanoflower; NB-Nanobipyramid; GNSH-Gold nanoshell; GNCL-Gold nanocluster; GNR-Gold nanorod; GNC-Gold nanocage; GNS-Gold
Nanostar; NPs-nanoparticles; G/NPs-Gold nanoparticles; G/S-Gold/Silica nanohybrid; G/GO-Gold/Graphene Oxide nanohybrid; G/IO-Gold/Iron Oxide nanohybrid; G/PPY-Gold/Polypyrrole nanohybrid; G/PDA-Gold/Polydopamine
nanohybrid and G/Cu-Gold/Copper nanohybrid.
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ministration of functionalized with bovine serum albumin and Ac-
GPLGIAGQ, observing the increase in the tumor tissue temperature
to 46°C after NIR laser irradiation (808 nm, 0.8 W.cm~2, for 5 min),
which resulted in the reduction of the tumor volume during 18
days.

4. Biocompatibility of gold-based nanomaterials

The wide application of gold-based nanomaterials in biomedical
applications raises some human safety concerns, which highlights
the necessity to better understand their interaction with the hu-
man body. In this regard, several studies still are being performed
to evaluate the biodistribution and circulation of gold nanoparticles
in the bloodstream, their pharmacokinetics and elimination from
the organism, as well as any possible toxicity, i.e. adverse side ef-
fects to the organism as a whole or at the cellular and genomic
level (Table 4). It is worth to notice that several parameters affect
the interaction of gold nanomaterials with the human body, such
as size, shape, charge, and surface chemistry (reviewed in detail by
[132-135] (Fig. 8). In a typical synthesis of gold nanorods and other
gold-based nanomaterials, the highly cytotoxic CTAB molecules are
used as a stabilizing agent impacting its applicability in humans
[136]. Therefore, the biocompatibility of these gold nanomateri-
als is ensured by replacing the CTAB molecules with non-toxic
materials such as PEG [137], chitosan [138], albumin [139], sil-
ica [140]. Manivasagan and colleagues reported that the silica-core
gold shells functionalized with chitosan and lipoic acid where bio-
compatible at concentrations up to 250 pg.mL~! (i.e. cell viabil-
ities superior to 95%), whereas a notorious decrease in the via-
bility of MDA-MB-231 cells was observed at concentrations supe-
rior to 150 pg.mL~! [141]. Zhang et al evaluated the toxicity re-
sponses of mice subjected to the intraperitoneal injection of Albu-
min or GSH coated gold nanoclusters at a concentration up to 7.55
mg.kg~1 [142]. The obtained results revealed that after 24 hours no
significant statistical differences were observed in the bodyweight
of the mice as well as no pathological lesions in major organs
were detected. Nevertheless, the authors demonstrated that after
24 hours the high dose of gold nanoclusters induces acute immune
responses (i.e. thymus index values increased from 2.3 to 4.2 in the
treated groups), increases the blood levels of white blood cells and
creatine as well as affects the kidney functions. Interestingly, these
toxicity responses were almost completely reverted in the GSH
coated gold nanoclusters after 28 days, which was attributed to the
faster metabolism and renal clearance of this nanomaterial. Other-
wise, the surface passivation of the gold nanomaterials can also en-
hance its colloidal stability and increase the blood circulation time
[143,144]. Xu and coworkers observed that the PEGylation of gold-
core silica shell nanorods increased the blood circulation half-life
from 1.8 to 9.2 hours [145]. Similarly, Xie et al reported that the
PEGylation of gold nanoshells also increased the blood circulation
half-life from 0.54 to 12.76 hours [146]. Further, the authors also
observed that increasing the blood circulation half-life resulted in
an enhanced tumor uptake from 0.15 to 0.77 %ID/g.

5. Conclusion

Gold nanomaterials exhibit desirable physicochemical, elec-
tronic, and optical properties for potential applications in the
clinic such as in cancer diagnosis and/or treatment. In par-
ticular, the capacity of gold-based nanomaterials to mediate
the cancer hyperthermia in response to irradiation with a NIR
light has demonstrated promising results even in clinical tri-
als (e.g. Aurolase®, ClinicalTrials.gov Identifier: NCT01679470 and
NCT00848042). However, until now the clinical translation of
gold-based photothermal agents has not been accomplished. Such
can be in part justified by the limitations of the NIR radiation

penetration in the human body, which restrains the application
of the photothermal agents to more superficial tumors such as
melanoma, oral cancer, and breast cancer. Further, some gold-
based nanomaterials present sub-optimal light-to-heat conversion
efficiencies that decrease its therapeutic efficiency. Therefore, the
optimization of the photothermal effect is paramount to enhance
the antitumoral efficacy of the nanomaterials. Therefore, several
strategies have been explored to maximize the photothermal effect
mediated by the gold-based nanomaterials, which vary from modi-
fications of the laser light parameters that can affect the excitation
of the nanomaterials to the optimization of the size, structure, and
organization. The determination of the optimal laser wavelength
and power density as well as the number of irradiations and du-
ration are essential for the successful activation of the gold nano-
materials and consequent heat generation. Further, in the future,
the development/validation of NIR laser devices such as fiber op-
tic coupled NIR lasers will facilitate the application of these light-
responsive nanomaterials in deep-seated tumors.

Otherwise, the gold nanostructures size, morphology, and struc-
ture organization can be optimized to fine-tune the LSPR peak to
the NIR region and increase its absorption maxima. Further, the
gold-based nanoparticles can also be combined with different ma-
terials (e.g. silica, graphene, and PDA) that can enhance the gold
optical properties and photostability or even act simultaneously
as an additional photothermal agent, which ultimately increases
the amount of heat generated by the gold nanohybrids. Similarly,
the gold nanoparticles can be loaded with small photothermal
molecules increasing the effectiveness of the cancer PTT.

Finally, considering the pharmacokinetic aspects (absorption,
distribution, metabolism, and excretion) of the nanoparticles, in
general, only ~0.7% of the administered dose reaches the tumor
tissue, the combination of the gold nanomaterials PTT optimiza-
tion with surface modifications that improve the circulation time,
target-specific accumulation, and clearance from the body will be
crucial to minimize the dosage necessary to ablate the tumor tis-
sue and prevent unwanted side effects.
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