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Cancer photothermal therapy (PTT) has captured the attention of researchers worldwide due to its loca-
lized and trigger-activated therapeutic effect. In this field, nanomaterials capable of converting the energy
of the irradiation light into heat have been showing promising results in several pre-clinical and clinical
assays. Such a therapeutic modality takes advantage of the innate capacity of nanomaterials to accumu-
late in the tumor tissue and their capacity to interact with NIR laser irradiation to exert a therapeutic
effect. Therefore, several nanostructures composed of different materials and organizations for mediating
a photothermal effect have been developed. In this review, the most common inorganic nanomaterials,
such as gold, carbon-based materials, tungsten, copper, molybdenum, and iron oxide, which have been
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explored for mediating a tumor-localized photothermal effect, are summarized. Moreover, the physico-
chemical parameters of nanoparticles that influence the PTT effectiveness are discussed and the recent
clinical advances involving inorganic nanomaterial-mediated cancer photothermal therapy are also
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1. Introduction

Cancer is one of the major health problems since it is associ-
ated with high incidence and mortality rates." The convention-
al therapies (e.g. surgery, chemotherapy, and radiotherapy) cur-
rently used in the clinic present several disadvantages, such as
low solubility and selectivity, which hinder their therapeutic
effectiveness.” This reality has been pushing researchers to
develop new and more effective therapeutic approaches, such
as immunotherapy, gene therapy, and hyperthermia.*~
Hyperthermia-based cancer treatments explore the expo-
sition of the target tissue to high temperatures that can induce
the death of cancer cells (i.e. thermal ablation, induced by
temperatures higher than 45 °C) or increase the sensitivity of
cancer cells to other therapeutic modalities (mild hyperther-
mia, temperatures between 40 and 45 °C).° In conventional
hyperthermia, the temperature increase in the target tissue is
often achieved through outside-in approaches (e.g. superficial
hyperthermia, regional hyperthermia, and whole-body
hyperthermia based on the utilization of a thermal bath,
microwaves, and radiofrequency).” This creates a temperature
gradient that peaks in the body surface and decreases with the
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distance from the external heat source.® Therefore, the healthy
tissues will also be affected by the temperature increase
leading to undesired side-effects.’

With this in mind, researchers have been focused on the
development of more efficient hyperthermia approaches, par-
ticularly those capable of inducing a localized (i.e. tumor con-
fined) temperature increase.'® In this field, nanoparticles
capable of generating heat in response to outside stimuli have
been used to overcome the limitations of conventional
hyperthermia approaches (Fig. 1).'" In fact, the nanoparticle
size confers to them the innate capacity to accumulate on the
tumor by taking advantage of the defective vasculature in the
tissue (the enhanced permeability and retention effect and/or
vascular bursts)."®> Then, the nanoparticles can mediate the
localized thermal destruction of the cancer cells triggered by
external stimuli, minimizing the damage on the surrounding
healthy tissues.'® Such features allowed the development of
several nanomedicine-based hyperthermia approaches that
can be classified according to the external trigger used for the
activation of nanoparticles such as photothermal, magnetic
hyperthermia and ultrasound hyperthermia therapies.'**®

Among them, the nanomaterial-mediated photothermal
therapy promotes the selective death of cancer cells by irradiat-
ing the target area with laser light."” In the literature, several
materials have already been explored to mediate this effect,
such as gold, carbon, copper, tungsten, iron, and
molybdenum.'®>* Moreover, in this approach, the utilization
of near-infrared (NIR) radiation is essential, particularly the

Biomater. Sci.


www.rsc.li/biomaterials-science
http://orcid.org/0000-0002-0604-2506
http://orcid.org/0000-0003-1613-9675
http://crossmark.crossref.org/dialog/?doi=10.1039/d0bm00222d&domain=pdf&date_stamp=2020-04-30
https://doi.org/10.1039/D0BM00222D
https://pubs.rsc.org/en/journals/journal/BM

Published on 15 April 2020. Downloaded by University of Beira Interior on 5/3/2020 12:43:48 AM.

Review

Conventional Hyperthermia

Whole-body
Hyperthermia
(e.g. hot blankets and
thermal chambers)

Temperature

ST
High Low

Regional
Hyperthermia
(e.g. perfusion with
hot liquids)

Tumor

View Article Online

Biomaterials Science

Localized Hyperthermia

) External
Hyperthermia
(e.g. focused ultra-
sounds and infrared
\ radiation)
NS

anoparticle-based
Hyperthermia

(e.g. magnetic and
laser activated)

Fig. 1 Representation of the conventional and localized hyperthermia. Conventional hyperthermia creates a heat gradient from the surface region
of the body to the interior. The localized hyperthermia approaches promote the specific heating of the tumor tissue, avoiding damage in the sur-

rounding areas.

NIR-I and NIR-II radiation, since the major biological com-
ponents (e.g. proteins, melanin, hemoglobin, collagen, and
water) present minimal or insignificant absorption in this
region of the spectra.”*® In this way, the utilization of radi-
ation in the 750-1200 nm region guarantees the reduction of
the off-target interactions and the maximum penetration in
the human body, enhancing the therapeutic outcome."”

In this review, the most common inorganic nanomaterials
explored for cancer photothermal therapy are presented, sum-
marizing the parameters affecting the photothermal capacity.
Furthermore, practical examples of their application in cancer
therapy and the clinical advances based on the inorganic
nanomaterial-mediated cancer PTT exploring both NIR-I and
NIR-II stimuli are also presented.

2. Nanoparticle-mediated
photothermal therapy
2.1. General properties

The nanomaterial cancer PTT involves the irradiation of a
specific area with a NIR laser that leads to the activation of the
nanostructures accumulated within the tumor.?® Then, the
local conversion of the NIR laser energy into heat mediated by
nanoparticles induces a localized hyperthermia effect.””
Therefore, the tumor selectivity of the nanomaterials is essen-
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tial for PTT effectiveness.”® The accumulation of the nano-
particles in the tumor tissue can occur through passive or
active targeting phenomena.>® The passive targeting arises due
to the high proliferative rate of cancer cells, leading to the for-
mation of defective vascular capillaries with fenestration sizes
greater than 200 nm, and lymphatic vessels.*® This abnormal
vasculature facilitates the extravasation and retention of the
nanoparticles in the tumor tissue.*" Furthermore, more
recently, it has also been described that the enhanced per-
meability in tumors can be the result of transient vascular
bursts that allow the diffusion of blood to the tumor intersti-
tium.>> On active targeting, the accumulation of the nano-
particles on the tumor can be mediated by receptor-ligand or
antigen-antibody interactions, which favor the interaction of
the nanoparticles with the cancer cells.”® Usually, in active tar-
geting the nanomaterials are modified to explore the specific
recognition of molecules overexpressed at the tumor site, such
as the folate and biotin receptors.***’

Nevertheless, independently of the process that mediates
the accumulation of the nanoparticles in the tumor tissue, a
prolonged blood circulation will increase the probability of the
nanoparticles to accumulate/interact with the cancer cells.*® In
this way, there are several physicochemical parameters (e.g
nanoparticle size, surface charge, and corona) that have an
impact on the nano-bio interaction and consequently on the
blood circulation time (reviewed in detail in the studies in ref.
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37-39). For example, the development of nanoparticles with
sizes from 100 to 200 nm has been described as optimal for
the intravenous administration in the human body."? This size
range avoids the rapid clearance by the kidneys (nanoparticle
size <5 nm), and the accumulation in the liver (nanoparticle
size <50 nm) and spleen (nanoparticle size >200 nm), while
maintaining the capacity to extravasate through the tumor
fenestrae (nanoparticle size <200 nm).>" Despite these ideal
size values, Li and co-workers demonstrated that by increasing
the size of gold nanoparticles (6.2, 24.3, 42.5 and 61.2 nm) a
higher nanoparticle uptake by the liver and spleen (44-55 %ID
g~' and 30-40 %ID g, respectively) occurred after 24 h of
administration.?® Similarly, Larsen and co-workers also
observed an ~8-fold increase in the uptake of PEGylated iron
oxide nanoparticles by macrophage cells by increasing the size
from 20 to 40 nm.*' Moreover, Liu et al. reported that
PEGylated gold nanoparticles with a size of 30 nm present an
increased tumor uptake when compared to their counterparts
with 60 nm size (2.11 + 0.64 vs. 0.88 + 0.46 %ID g ').*
Additionally, Perrault and colleagues observed that PEGylated
gold nanoparticles with 20 nm size presented an enhanced
diffusion in the tumor interstitial space when compared to
other equivalents with higher size, 60 and 100 nm.*?

On the other hand, the nanoparticle surface charge can
favor the uptake by the reticuloendothelial system (surface
charge <—10 mV) and the interaction with serum proteins
(surface charge >10 mvV).** Therefore, nanoparticles with
neutral surface charge (+10 mV) often present the longest cir-
culation time.** Additionally, the adsorption of proteins on the
surface of the nanoparticles can induce changes in the surface
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charge, prompt the aggregation of the particles, or even facili-
tate the recognition of the nanoparticles by the reticuloen-
dothelial system.*® This can be overcome by the introduction
of hydrophilic and antifouling materials (e.g. polyethylene
glycol (PEG) and polyoxazolines) or even self-membranes on
the surface of the nanoparticles (Fig. 2).*” Sharker and col-
leagues demonstrated that the functionalization of tungsten
oxide nanoparticles with hyaluronic acid increased their bio-
compatibility even at high doses (1 mg mL™").*® Furthermore,
Xuan and coworkers reported that a gold nanoshell coating
with self-macrophage membranes improved the blood circula-
tion time and tumor accumulation from ~1.6 to x7.5 %ID
g—1'49

Nonetheless, when the nanomaterials are aimed for cancer
PTT applications, the initial focus of the researchers is the
nanoparticle light/heat conversion efficiency. In nano-sized
photothermal agents the photothermal capacity is closely
related to the surface plasmon resonance (SPR) that corres-
ponds to the light-induced resonant oscillation of the free elec-
trons on the surface of the particles.®® In this process, the
nanomaterials can mediate the light scattering or absorp-
tion.”" The light absorption induces the excitation of the free
electrons on the surface of the particles and the subsequent
relaxation of the electrons can release the absorbed energy in
the form of luminescence or heat.’> In PTT, nanoparticles with
high absorption efficiency and low luminescence capacity are
required to guarantee the most effective light/heat conversion.
In addition, a localized temperature increase will only occur
when the laser irradiation time is longer than the nanoparticle
relaxation time, since for shorter irradiation times the gener-
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Fig. 2 Representation of the main factors that affect the PTT mediated by nanomaterials. The thermal effect induced by nanoparticles has a direct
impact on their photothermal conversion efficiency (i.e. capacity to convert the energy absorbed into heat) and the irradiation parameters, such as
the irradiation time and the power density. Furthermore, the accumulation of the nanomaterials in the tumor tissue will affect the therapeutic

effectiveness.

This journal is © The Royal Society of Chemistry 2020

Biomater. Sci.


https://doi.org/10.1039/D0BM00222D

Published on 15 April 2020. Downloaded by University of Beira Interior on 5/3/2020 12:43:48 AM.

Review

ated heat is only confined to the nanoparticle and does not
diffuse to the external medium.® Therefore, both the nano-
particle light/heat conversion efficiency and laser parameters
(e.g. irradiation time and power) have to be optimized for an
efficient PTT to be accomplished (reviewed in detail in the
studies in ref. 11, 53 and 54). Nevertheless, it is worth noting
that the NIR light can only penetrate a few centimeters in the
human body, which will hinder the biological performance of
the PTIT mediated by nanomaterials in deep-seated
tumors.>"*® Therefore, researchers have developed different
approaches to enhance the antitumoral performance of nano-
materials, such as the application of tissue implanted NIR
light sources or even by combining PTT with chemotherapy,
immunotherapy and photodynamic therapy.*>>™>®

In the following sections, the most explored inorganic
nanomaterials (such as gold, carbon-based materials, tung-
sten, copper, molybdenum, and iron oxide) for mediating a
tumor-localized photothermal effect (Table 1) and their combi-
nation with other therapeutic approaches are described, high-
lighting the physicochemical parameters of nanoparticles that
influence the PTT effectiveness.

2.2. Gold nanomaterials

Gold nanostructures are one of the most explored nano-
materials to mediate a photothermal effect, as already reviewed
in detail in the studies in ref. 54,59 and 60. This is attributed
to the localized SPR of gold nanomaterials that can mediate a
strong light absorption and/or scattering.®® These nano-
structures are usually produced by promoting gold nucleation
upon reduction of gold salts, using stabilizing agents to avoid
nanoparticle aggregation.®>®® Furthermore, the optimization
of the synthesis process allows the tuning of the resonance
wavelength to the NIR region of the spectra endowing a strong
PTT capacity to the gold nanomaterials.®® In fact, several
works have already demonstrated that the PTT capacity of gold
nanomaterials is dependent on the particle size, shape (e.g.
spheres, nanorods, nanostars, and nanocages), and
organization.>*%%¢

2.2.1. Gold nanosphere-based structures. Gold nano-
spheres present a typical absorption band in the 500 to
550 nm region that can suffer a red-shift, on increasing the
particle size.®” Nevertheless, the gold nanosphere size increase
does not allow the fine-tuning of the absorption peak to the
NIR region (i.e. usually only up to 600 nm).***® When PTT
applications are envisioned, the application of gold nano-
spheres occurs when organized in nanosphere shells and/or
clusters. The localized SPR of gold nanosphere-based shells
and clusters presents a shift in the absorption peak from the
visible to the NIR region of the spectra, when interparticle
gaps are decreased.”’” This is attributed to the interparticle
interactions that result in the coupling of the plasmon oscil-
lations due to interactions of the near-field of one particle with
the adjacent ones in close proximity.”*’* Li et al. produced
U11 targeted gold nanoclusters containing a cathepsin E sensi-
tive PDT therapy prodrug (5-ALA) and a cyanine dye (Cy5.5) for
the pancreatic ductal adenocarcinoma photothermal and
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photodynamic therapy.”® For this purpose, gold spheres with a
10 nm diameter were initially modified with Cys-Arg-GIn-Ala-
Gly-Phe-Ser-Leu-5-ALA (CRQAGFSL-5-ALA) and Cys-Arg-GIn-
Ala-Gly-Phe-Ser-Leu-Cy5.5 (CRQAGFSL-Cy5.5). Then, the gold
nanoparticles were crosslinked using 1,9-nonanedithiol (i.e.
exploring) gold-thiol interactions to form spherical gold clus-
ters with an ~53 nm diameter, which were further functiona-
lized with PEGylated U11 targeting peptides. The resulting
gold nanoclusters presented a red-shift of the absorption peak
of the gold spheres from 532 nm to 544 nm, as well as an
increased absorption capacity in the 700-800 nm region.
Additionally, the authors reported that the gold nanoclusters
could mediate a temperature increase from 20 °C to around
50 °C after being irradiated with a NIR laser (750 nm, 2 W
em~? for 5 min). Moreover, the U11 targeted gold nanoclusters
were found to be biocompatible at concentrations as high as 5
nM (i.e. PANC1 CTSE cell viability was greater than 80% after
24 hours of incubation with gold nanoclusters) and showed a
preferential accumulation on the tumor tissues. The authors
also demonstrated that the intravenous administration of U11
targeted gold nanoclusters containing 5-ALA and Cy5.5 (2
pmol per mouse) could mediate an antimoral effect. In fact, an
inhibition of the tumor growth has been reported when only
PDT or PTT treatments were performed, whereas the combina-
torial PDT/PTT treatment resulted in the almost complete era-
dication of the tumors, after 15 days. In a similar approach,
Park and colleagues produced albumin nanoparticles contain-
ing gold nanoclusters and Cy5.5 for cancer fluorescence
imaging and PTT.”® The particles were produced by mixing the
gold nanospheres (~4.4 nm in diameter) with different
amounts of albumin in order to promote their agglomeration.
A close entrapment of the gold nanospheres on the albumin
particles resulted in a greater absorbance over the 600-900 nm
region. Moreover, nanoparticles formulated with 10 mg mL ™"
of albumin were able to mediate an increase in the tempera-
ture up to 70 °C after irradiation with a NIR laser (808 nm, 1.5
W cm™? for 10 min). Additionally, the in vivo assays demon-
strated that the intravenous administration of albumin/gold
nanoclusters (200 pL at 10 mg mL™") remarkably suppressed
the tumor growth. A reduction of the tumor size from
150 mm? to 17.8 mm?® upon NIR laser irradiation (808 nm, 1.5
W cm™? for 10 min) was observed. Wang and coworkers devel-
oped gold nanoshell coated chitosan modified liposomes
loaded with resveratrol for the chemo-PTT of cancer.”” For that
purpose, small-sized gold spheres were attached to the surface
of chitosan modified liposomes (formation of Au-N bonds)
and subsequently reacted with a growth solution (gold precur-
sor and reducing agent). The growth solution allows the
assembly of new gold atoms on the surface of the small-sized
gold spheres forming large gold nanoparticles and a uniform
shell at the liposome surface. The authors reported a red-shift
in the absorption peak with the growth of the gold nano-
particles in the liposome surface, exhibiting a broad absorp-
tion band in the 550-800 nm region. In addition, the authors
also observed that the photothermal effect generated by these
nanomaterials remained constant during 5 cycles of

This journal is © The Royal Society of Chemistry 2020
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irradiation with the NIR laser (808 nm, 2 W ¢cm™> for 5 min),
reaching the maximum temperature of 66.7 °C. Furthermore, a
temperature-responsive drug release from the gold shell coated
liposomes was observed. In fact, the resveratrol release
increased upon irradiation with the NIR laser due to the phase
change of the liposomes. In the in vitro studies, the photother-
mal effect mediated by the gold nanoshell coated chitosan
modified liposomes (54 pg mL™") induced a reduction of the
HeLa cell viability up to 57.3%. This cytotoxic effect was
further enhanced when the heat generated by these nano-
materials was combined with the resveratrol action, leading to
cell viability values less than 20%. Similarly, Manivasagan
et al. developed anti-EGFR paclitaxel loaded-thiol chitosan-
layered gold nanoshells for the fluorescence/photoacoustic
imaging and chemo-PTT of cancer (Fig. 3).”® In this approach,
gold nanoshells composed of gold spheres with a 9 nm dia-
meter were created on the surface of silica cores (120 nm).
Then, the surface of this material was functionalized with thio-
lated chitosan through gold-thiol interactions and further con-
jugated with an anti-EGFR antibody. The resulting nano-
particles presented a strong absorption band in the
700-1200 nm region with a peak of absorption at 799 nm. This
absorption peak resulted in heat generation upon the
irradiation of the chitosan-layered gold nanoshells with a NIR
laser (808, 1.2 W em™” for 5 min), reaching 52.7 °C when a
nanoparticle concentration of 175 pg mL™' was used.
Additionally, these authors also observed that the heat gener-
ated could be used to trigger the paclitaxel release from the
chitosan layer present on the surface of the gold nanoshells, in
fact after 48 h, at pH 5, the group subjected to 5 irradiation
cycles released 91.09% of the drug, in contrasting to 53.83%
recorded for the non-irradiated group. The in vivo assays
demonstrated that the tumor irradiation with a NIR laser (808,
1.2 W em ™2 for 5 min) 5 h after the intravenous administration
of the anti-EGFR paclitaxel loaded-thiol chitosan-layered gold
nanoshells (175 pg mL™") caused an increase in the tumor
temperature, reaching a maximum of 61.9 °C. Furthermore,
the authors also observed that the combinatorial action of the
paclitaxel and PTT resulted in the eradication of the tumors
(97.43% tumor inhibition rate).

2.2.2. Gold nanorods. Gold nanorods have been one of the
most explored morphologies to develop gold nanostructures
for photothermal applications.”” The gold nanorods present
two absorption bands, a weaker one in the visible region of the
spectrum (ie. transverse resonance, surface electron oscil-
lation along the nanorod width) and a more intense band that
can be fine-tuned to the NIR region (i.e. longitudinal reso-
nance, surface electron oscillation along the nanorod
length).>"®° The absorption band corresponding to the longi-
tudinal resonance is dependent on the nanorod aspect ratio
(i.e. rod length/width coefficient), and nanorods with aspect
ratios between 3 and 6.6 were applicable in PTT.®' Mackey and
colleagues studied the photothermal potential of nanorods
with different dimensions (length x width: 38 x 11, 28 x 8, and
17 x 5 nm).*” The obtained results demonstrated that despite
the similar aspect ratios (3.4-3.5), the different gold nanorods
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Fig. 3 Evaluation of the antitumoral capacity of anti-EGFR-PTX-TCS gold nanoshells. Thermal images (A) and temperature variation curves (B) of

tumors after irradiation with the NIR laser (808 nm, 1.2 W cm™). Analysis

of the mouse body weight changes (C), tumor volume evolution (D) and

mouse survival (E) after different treatments. Reprinted from P. Manivasagan, S. W. Jun, G. Hoang, S. Mondal, H. Kim, V. H. M. Doan, J. Kim, C.-S.
Kim, J. Oh, Anti-EGFR antibody conjugated thiol chitosan-layered gold nanoshells for dual-modal imaging-guided cancer combination therapy, J.
Controlled Release, 311-312, 26—42, Copyright (2019), with permission from Elsevier.

presented longitudinal absorption peaks at 740, 770 and
755 nm for 38 x 11, 28 x 8, and 17 x 5 nm nanorods, respect-
ively. This difference resulted in an increased heat conversion
capacity for the 28 x 8 nanorods after irradiation with a NIR
laser (808 nm and 5.8 W cm™?) for 2 min, and the photother-
mal heat conversion factor was 2.05 and 1.40 times higher
than that recorded for the 38 x 11 and 17 x 5 nm nanorods.
Moreover, the authors also reported an increased cytotoxicity
towards HSC-3 cells (oral squamous cell carcinoma) based on
the photothermal effect of the 28 x 8 nm gold nanorods, with
the cell viability values of %100, ~17, and ~29% for nanorods
with dimensions of 38 x 11, 28 x 8, and 17 x 5 nm. Zhang and
coworkers developed PEG-biotin functionalized DNA conju-

Biomater. Sci.

gated gold nanorods for the targeted chemo-PTT of breast
cancer.® The produced gold nanorods presented an aspect
ratio of 3.5 with a length x width of 50 x 14 nm. The authors
modified the nanorod surface by using thiolated-PEG modified
with biotin and thiolated-DNA enriched with doxorubicin
(DOX) for promoting the establishment of gold-thiol inter-
actions. The produced nanomaterials presented the character-
istic absorption peaks of gold nanorods at 512 nm (transversal
surface plasmonic resonance) and 806 nm (longitudinal
surface plasmonic resonance), which could be exploited to
mediate a strong photothermal effect reaching ~45 °C after
irradiation with a NIR laser (808 nm, 5 W cm™> for 30 min,
gold nanorods at 5.82 pug mL™"). On the other hand, the gold
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nanorods presented a pH and NIR responsive drug release due
to the DOX intercalation with the DNA grafted on the particle
surface; ~60% drug was released when irradiated with a NIR
laser (808 nm, 5 W em™ for 30 min) and ~50% after being
incubated at pH 5.0. In the in vitro assays, the authors
observed that the combinatorial treatment mediated by the
gold nanorods (gold nanorods at 5.82 pg mL~" and DOX 2 uM,
NIR laser 808 nm, 5 W cm ™2 for 30 min) inhibited the MCF-7/
ADR cell growth in 81% of the cases.

2.2.3. Gold nanostars. The gold nanostar absorption band
is dependent on the core size and tip length, width, and
number.®* In general, an increase in the gold nanostar core
size, tip length and sharper tips promotes a shift in the
absorption peak to the NIR region.®® Espinosa et al. produced
gold nanostars with 25, 55, 85, 120, and 150 nm diameters
and observed that the samples with 25 nm diameters pre-
sented two absorption peaks at 550 and 700 nm, whereas the
samples with 55, 85, 120, and 150 nm diameters presented a
single absorption band at 790, 800, 900, and 950 nm, respect-
ively.®¢ Furthermore, the authors also reported that upon
irradiation with the NIR laser (808 nm, 1 W ¢cm™?) for 10 min,
the nanostars with diameters of 25, 85, and 150 nm mediated
an increase in temperature of ~18 °C, ~45 °C, and =36 °C. Xia
and colleagues developed IR-780 iodine-loaded gold nanostars
functionalized with matrix metalloproteinases (MMP2), poly-
peptides (Ac-GPLGIAGQ) and bovine serum albumin (BSA) for
lung cancer imaging and photothermal/photodynamic
therapy.®” For that purpose, the gold nanostars were conju-
gated with BSA via gold thiol interactions. Then, MMP2 poly-
peptides were grafted on the nanostar surface through carbodi-
imide chemistry and loaded with the IR-780 molecules. The
resulting nanoparticles presented a mean diameter of 80 nm
and a strong absorption band in the 700-800 nm region. The
data obtained revealed that the irradiation of the gold nano-
stars (20 pg mL ") with a NIR laser (808 nm, 0.8 W cm > for
5 min) could mediate a temperature increase up to 63 °C. In
the in vivo studies, the intravenous administration of the
IR-780 iodine-loaded gold nanostar functionalized MMP2 and
BSA (IR-780, 1 mg kg™ ') mediated an increase in the tumor
temperature up to 46 °C (808 nm, 0.8 W cm™> for 5 min),
which combined with IR-780 action led to a 93% reduction of
the tumor volume.

2.2.4. Gold nanocages. Gold nanocages, nanostructures
where gold is only present at the particle surface, present an
absorbance band that can be tuned to the NIR region by opti-
mizing the wall thickness.®® In fact, the increase in the
amount of the gold source during the synthesis procedure is
linked to a red-shift in the absorption peak.®® Huang and co-
workers developed polyethyleneimine (PEI)-modified and
folate receptor-targeted PEGylated gold nanocages enriched
with a microRNA-181b inhibitor aimed for the cancer gene
and PTT.”® The gold cages had a 50 nm size, a hollow struc-
ture, and pores with 5 nm. Then, thiol-PEG-folic acid (FA)
chains were attached on the particle surface via gold-thiol
interactions and the PEI was conjugated using lipoic acid as a
linker. The resulting nanoparticles presented an absorption

This journal is © The Royal Society of Chemistry 2020
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peak at 802 nm and upon irradiation with a NIR laser
(808 nm, 1.25 W c¢cm™? for 10 min) induced a temperature
increase up to ~55 °C, when a concentration of 9.7 pg mL™"
was used. In the in vivo studies, the intravenous administration
of gold nanocages (gold content at 8.5 mg kg™ ') resulted in an
increase in the temperature up to 53.6 °C, which combined
with the action of the anti-microRNA-181b inhibited the liver
tumor progression and increased the mouse median survival
times from 36 to 60 days. In turn, Sun and colleagues devel-
oped DOX-loaded gold nanocages coated with 4T1 cancer cell
membranes for the chemo/PTT of breast cancer.”’ For that
purpose, DOX-loaded gold nanoshells with 70.5 nm diameter
were extruded with 4T1 cell membrane vesicles through a
100 nm polycarbonate membrane. The resulting nano-
materials presented an absorption peak at 760 nm and could
mediate a temperature increase of ~25 °C upon irradiation
with a NIR laser (808 nm, 2.5 W cm > for 8 min). Moreover, in
the in vivo studies the combinatorial treatment (intravenous
administration of 91 mg kg™ of gold nanoshells) suppressed
the tumor progression and decreased the number of lung
metastases by 98.5%.

2.3. Carbon-based nanomaterials

Carbon-based materials, principally carbon nanotubes and
graphene, have been widely explored for cancer photothermal
applications.”””® The graphitic structure of carbon-based
materials endows them with a strong optical absorption in the
NIR region of the spectra and high photothermal conversion
efficiencies.”®®” In these materials, after the light interaction,
the energy is transferred to the lattice by electron-
phonon coupling generating heat.”” Furthermore, the intrinsic
properties of the sp® and sp® lattices of the carbon-
based materials also endow them with high thermal
conductivity.®%°

2.3.1. Carbon nanotubes. Carbon nanotubes were initially
described by Iijima in 1991'°° and are the most explored
carbon-based nanomaterials in the literature for biomedical
applications.”>'?* 1% These materials are usually synthesized
using methodologies based on arc discharge or chemical
vapor deposition of graphite.'® The carbon nanotubes are
cylindrical tubes of sp> graphite sheets with diameters within
the nanoscale, which can be organized in single-walled or
multi-walled carbon nanotubes.'°®°” Moreover, the electronic
and optical properties of these nanomaterials depend on the
diameter and the relative orientation of the graphene basic
hexagons with respect to the axis tube, and the latter is
usually identified by the so called “chiral vector” - two inte-
gers (n,m).”>'°%1% The synthesis procedures for single-walled
carbon nanotubes usually result in a mixture of nano-
structures with different chiral vectors.''® Therefore, the
absorption spectra of these samples comprise several absorp-
tion peaks superimposed, according to the different chiralities
of carbon nanotubes.’*! On the other hand, the multi-walled
carbon nanotubes present a simpler absorption spectrum, in
which the absorbance monotonically decreases with the wave-
length increase.'™'"® This characteristic of the multi-walled
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carbon nanotubes prompted their application in cancer PTT.
Marangon and colleagues developed m-tetrahydroxyphenyl-
chlorin loaded multi-walled carbon nanotubes for the photo-
dynamic therapy and PTT of ovarian cancer.'** The produced
multi-walled carbon nanotubes presented a mean diameter of
39 nm and a length of 400 nm as well as the typical absorp-
tion spectra (i.e. constant decrease in the absorbance when
progressing to the NIR region of the spectra). Furthermore,
the authors observed that the multi-walled carbon nanotubes
at 20 ug mL~" could mediate an increase in the temperature
of 10 °C upon 80 seconds of NIR laser irradiation (808 nm
and 2 W ecm™?), whereas at a concentration of 100 pg mL™" a
temperature increase of 50 °C could be achieved after 60
seconds of irradiation. Additionally, the authors observed that
the multi-walled carbon nanotubes could induce the photo-
thermal ablation of SKOV3 cancer cells, and only 10% of
SKOV3 cells remained viable after NIR laser irradiation
(808 nm, 2.3 W cm™2, 200 seconds, and 20 pg mL™"). The cyto-
toxic effect of nanotubes was further improved by combining
them with the m-tetrahydroxyphenylchlorin action. Similarly,
Wang et al. produced DOX loaded multi-walled carbon nano-
tubes functionalized with poly(N-vinyl pyrrole), PEG and Fa
for the combined chemo-PTT of cancer.'’> The authors
reported that the carbon nanotubes presented 8 to 15 nm dia-
meter and less than 1 pm length. These materials were modi-
fied by promoting the oxidative polymerization of N-vinyl
pyrrole on their surface, followed by the addition of Fa-termi-
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nated PEG (FA-PEG-SH) through thiol-ene click chemistry.
The resulting nanostructures were able to induce an increase
in the temperature up to ~45 °C at a concentration of 50 pg
mL™", after NIR laser irradiation (808 nm, 1.5 W cm > for
6 min). This capacity was maintained even after five on/off
cycles. In the in vitro studies, the authors demonstrated that
the administration of the functionalized multi-walled carbon
nanotubes at 50 ug mL™" induced the reduction of the HelLa
cell viability to ~#40% after NIR laser irradiation (808 nm, 1.5
W em™? for 6 min). Moreover, an increased cytotoxic effect
was observed with the combined action of DOX and multi-
walled carbon nanotube photothermal effect, and only ~20%
of cells remained viable.

Zhang and coworkers developed PEGylated multi-walled
carbon nanotubes modified with CREKA for the targeted
PTT.'"® The nanomaterials presented 10 nm diameter and 50
to 150 nm length and the characteristic multi-walled carbon
nanotube absorption spectra. Furthermore, the authors
observed that 24 hours after the intravenous administration of
these targeted carbon nanotubes at a dose of 4 mg kg™ in
A549 tumor xenograft-bearing mouse models, the NIR laser
irradiation (808 nm, 3.5 W c¢cm™> for 1 min) induced an
increase in the temperature up to 55.17 °C within the tumor
microenvironment. Furthermore, the single intravenous
administration followed by four irradiation cycles resulted in
the almost complete eradication of the tumor xenografts,
without eliciting noticeable side-effects (Fig. 4).
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Fig. 4 Evaluation of the multi-walled carbon nanotube (CMWNTs-PEG) photothermal effect. Temperature variation curves of tumors after injection
doses of 2 mg kg™ (A) and 4 mg kg™* (B) and NIR laser irradiation (808 nm, 3.5 W cm™2). Thermal images of tumor-bearing mice treated with a
MWNT dose of 4 mg kg~™. (C) Reprinted from B. Zhang, H. Wang, S. Shen, X. She, W. Shi, J. Chen, Q. Zhang, Y. Hu, Z. Pang, X. Jiang, Fibrin-targeting
peptide CREKA-conjugated multi-walled carbon nanotubes for self-amplified photothermal therapy of tumor, Biomaterials, 79, 46—55, Copyright
(2016), with permission from Elsevier.
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2.3.2. Graphene-based materials. Recently, graphene-based
materials captured the attention of researchers for being
applied in cancer PTT."**""'® Graphene is the building block of
other graphite materials, such as 3D graphite, carbon nano-
tubes and fullerenes."'® This material presents a honeycomb
lattice formed by a single-atom-thick layer of sp® hybridized
carbon atoms and can be classified according to the oxygen
content, the number of layers in the sheet, or their chemical
composition."*® Among the most common graphene materials,
the graphene oxide and reduced graphene oxide have been
one of the most explored for biomedical applications.'*! These
graphene derivatives are characterized by presenting various
oxygen-based groups such as epoxide, carbonyl, carboxyl, and
hydroxyl groups.'?* Nevertheless, the reduced graphene oxide
presents an enhanced absorbance in the NIR region of the
spectrum, which makes it a better candidate for photothermal
applications."® Lima-Sousa and colleagues functionalized the
reduced graphene oxide with hyaluronic acid (HA) for mediat-
ing the targeted PTT of cancer."** These authors promoted the
reduction of graphene oxide using ascorbic acid and the
surface functionalization was achieved through hydrophobic
interactions between the carbon lattice and a HA-based amphi-
philic polymer (HA grafted onto poly(maleic anhydride-alt-1-
octadecene)). The obtained nanomaterial presented a mean
size of 108 nm and an absorbance in the NIR region superior
to that of graphene oxide. Furthermore, the authors also
reported that the functionalized reduced graphene oxide
(75 pg mL™") induced an increase in the temperature up to
33 °C after NIR laser irradiation (808 nm, 1.7 W cm™> for
5 min). Moreover, in the in vitro studies the heat generated
upon the irradiation of the reduced graphene oxide-based
nanomaterials induced the reduction of the MCF-7 cancer cell
viability to ~6%.

Cheon et al. developed reduced graphene oxide modified
with serum albumin and loaded with DOX for the chemo-PTT
of brain tumors."* The authors conjugated the serum
albumin with the graphene oxide by promoting the simul-
taneous reduction of these nanomaterials, and subsequently
performing the encapsulation of DOX on the surface of gra-
phene oxide sheets. The obtained nanomaterials presented an
enhanced absorption in the NIR region of the spectra, when
compared to the non-reduced graphene oxide, and upon NIR
laser irradiation (808 nm, 5.5 W ¢cm™> for 3 min) the serum
albumin coated reduced graphene oxide (30 pg mL™") induced
a temperature increase up to ~60 °C. Moreover, these authors
also demonstrated that this increase in the temperature could
be exploited to trigger the drug release and induce the death
of U87MG cancer cells, with 21.8% and 1.76% of viable cells
for the groups treated with only photothermal or chemo-PTT,
respectively.

Roy and coworkers modified reduced graphene oxide
nanosheets with poly(allylamine hydrochloride) for mediating
the chemo-PTT of breast cancer.'”® The functionalized
reduced graphene oxide presented an average size of 115 nm
and a broad absorption throughout the visible and NIR
regions of the spectra. Moreover, the authors also demon-
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strated that the irradiation of the functionalized reduced gra-
phene oxide (150 pg mL™") with a NIR laser (808 nm, 6 W
cm™? for 6 min) could induce a temperature increase to values
greater than 45 °C. Furthermore, in the in vitro studies, a com-
binatorial therapeutic modality mediated by the DOX delivery
and photothermal effect resulted in an enhanced cytotoxicity
towards MCF-7 cells, with 70% and 6% of viable cells in the
groups treated by photothermal or chemo-PTT (nanomaterial
dose: 5 ug mL™"), respectively.

2.4. Tungsten nanomaterials

Tungsten-based nanomaterials for PTT can be produced by
using methodologies such as solution-phase synthesis,"*”
vapor-phase synthesis,'® precipitation routes'** and hydro-
thermal methods."*° Among them, the hydrothermal pathway
has been associated with a higher control over the mor-
phology of the particles.'*' Furthermore, the tungsten nano-
materials due to their outer-d valence electrons present a
localized SPR, similar to the nanoparticles of noble metals,
which can be exploited for enabling a photothermal effect.**?
The localized SPR will be dependent on the doping or stoi-
chiometry of the tungsten nanomaterials and on the optimiz-
ation of the size and shape of the nanoparticles."***** Among
the different doped tungsten nanocrystals, tungsten oxide
nanomaterials have been one of the most explored in the lit-
erature for biomedical applications.">>™"*” This transition
metal oxide exhibits a wide band gap of 2.62 eV and a loca-
lized SPR.">"*® Particularly, nonstoichiometric WO, compo-
sitions, such as W,,0s5, W;3040 and W,,04g (Obtained
mainly by reduction processes), present a strong NIR absorp-
tion, which makes them strong candidates for photothermal
applications.”® Tian and coworkers developed W;5040
nanorod coated lentinan for the PTT of breast cancer.'*® The
tungsten nanomedicines were produced using a one-pot
solvothermal approach mixing tungsten chloride and lenti-
nan. The resulting W,;30,9 nanorods presented a length and
width of 180 and 40 nm, respectively, as well as an increased
absorbance in the 600 to 1200 nm region. These authors
demonstrated that the irradiation (980 nm, 1 W ecm™> for
10 min) of the lentinan coated W;3049 nanorods (500 pg
mL™") resulted in a temperature increase to ~55 °C, which
could be maintained after 5 on/off irradiation cycles. In the
in vitro studies, the photothermal effect mediated by the len-
tinan coated W;304 nanorods (200 pug mL™') led to the
reduction of the MDA-MB-231 cellular viability to 24%.
Similarly, Zhou and colleagues produced PEGylated nonstoi-
chiometric WO, , nanorods for the PTT and imaging of
tumors.'*! For that purpose, WO, o nanorods were produced
with a length of 13.1 nm and a width of 4.4 nm via a high-
temperature pyrolysis method. Subsequently, nanorod
PEGylation was performed by exploring the coordination
interactions between PEG carboxylate groups and the tung-
sten oxide surface. Furthermore, the PEGylated WO, 4 nano-
rods present a strong absorption in the NIR region and upon
irradiation (980 nm, 0.25 W cm™> for 10 min) a temperature
increase of 20.1 °C could be achieved at a dose of 100 pg
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mL™'. In the in vitro assays, the WO, o, nanomaterials
remained biocompatible at concentrations up to 500 pg
mL™", whereas the NIR laser irradiation (980 nm, 0.35 W
em~? for 8 min) induced a reduction in the HeLa cell viability
to values less than 20%, even at a dose of 50 pg mL™".
Moreover, the intra-tumoral administration of PEGylated
WO, o nanorods (200 pL at 20 mg kg™ ') resulted in a tempera-
ture increase (20 °C) and a consequent growth inhibition of
HeLa tumors after NIR laser irradiation (980 nm, 0.35 W
cm™? for 10 min). Sharker et al. created dopamine-conjugated
HA tungsten oxide nanoparticles for the targeted PTT of
breast cancer.® In this approach, the HA was conjugated with
dopamine via carbodiimide chemistry and then assembled
on the tungsten oxide nanoparticles at a mild alkaline pH.
The resulting nanomaterials presented a mean diameter of
176.25 nm and an absorption peak in the 800 to 1100 nm
region. The heat generated by the tungsten oxide nano-
particles (1 mg mL™") irradiated with a NIR laser (808 nm
laser, 2 W cm ™ for 5 min) led to a temperature increase up to
44 °C and the reduction of the MDA-MB-231 and A549 cellu-
lar viability to 3%. Moreover, the intravenous administration
of the dopamine-conjugated HA tungsten oxide nanoparticles
(30 mg kg™') to MDA-MB-231 tumor-bearing mice resulted in
the increase of the tumor temperature up to 50 °C after NIR
laser irradiation and the reduction of the tumor volume from
400 to 275 mm® in 10 days post-injection (Fig. 5).

O min 5 min
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2.5. Molybdenum nanostructures

Molybdenum-based nanoparticles similar to other transition
metal semiconductor nanostructures (e.g. tungsten, copper, or
iron-based materials) present interesting properties that allow
their use in photothermal applications.** In fact, these nano-
materials possess a high photothermal conversion efficiency
and a SPR that can be fine-tuned to display strong absorption
in the NIR region of the spectra."*® In the literature, it is
reported that the doping or stoichiometry of the nanomaterials
will affect the physicochemical properties of the molybdenum
nanomaterials."** In this field, the molybdenum disulfide
(MoS,) and oxygen-deficient molybdenum oxide (MoO;_,) are
the most explored for mediating an anticancer photothermal
effect‘145,146

2.5.1. Molybdenum disulfide materials. The MoS, struc-
ture and electrical properties are analogous to graphene and
these nanostructures can be obtained by exfoliation or syn-
thesized with various morphologies such as nanosheets,
quantum dots, and nanodots."*”"**® The MoS, crystals are
composed of S-Mo-S layers, in which the unit cell presents a
honeycomb structure containing each Mo atom enclosed by six
S atoms.”™" Liu and colleagues modified MoS, nanosheets
with FA conjugated PEG aiming to use them in the chemo-PTT
of breast cancer.'® In this study, the MoS, nanosheets were
obtained by chemical exfoliation processes and then functio-
nalized with the heterobifunctional lipoic acid-PEG-Fa by

Day
2 10

PESTR aniddmmm
mwmuggc s

=
WO,;-HA+NI R I' Ii "= '

b.

ﬂlf‘ﬁ @

—e— PBS

700 { —o— WONIR
600 | 7 WOrHASNIR
500
400

300 1

Tumor volume(mma)

200 1

100 v v v v v

Treatment days

Fig. 5 Evaluation of the photothermal capacity of WOs-HA nanoparticles. Digital photographs of tumor-bearing mice after treatment with phos-
phate buffered saline (PBS), free WO3, and WO3—HA nanoparticles under 5 min of NIR laser irradiation (808 nm, 2 W cm™2) for 20 days (A). Analysis
of the mouse tumor volume during 10 days of treatment (B). Histological images of the tumor tissue with hematoxylin & eosin (H & E) staining after
10 days of treatment (C). Reprinted from S. M. Sharker, S. M. Kim, J. E. Lee, K. H. Choi, G. Shin, S. Lee, K. D. Lee, J. H. Jeong, H. Lee, S. Y. Park,
Functionalized biocompatible WOz nanoparticles for triggered and targeted in vitro and in vivo photothermal therapy, J. Controlled Release, 217,

211-220, Copyright (2015), with permission from Elsevier.
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exploring hydrophobic interactions. Additionally, the loading
of DOX was also achieved by exploring the establishment of
n-n stacking and hydrophobic interactions between the drug
and the MoS, nanosheet lattice. The resulting nanomaterials
presented a mean diameter of 50 nm and a thickness of 2 nm.
Furthermore, the authors also reported that the PEGylated
MoS, nanosheets possess a strong NIR absorbance and can
mediate a temperature increase up to 60 °C upon NIR laser
irradiation (30 pg mL™", 808, 1 W cm™? for 5 min). On the
other hand, the in vivo assays revealed that the intra-tumoral
administration of DOX-loaded PEGylated MoS, nanosheets
(20 pL at a dose of 0.34 mg kg™") followed by irradiation with a
NIR laser (808 nm, 0.35 W ¢cm™> for 20 min) caused a tempera-
ture increase up to 45 °C and inhibited the growth of 4T1
tumors.

Wang et al. produced MoS, nanosheets functionalized with
a hyperbranched polyglycidyl group and loaded with DOX for
the combinatorial therapy of melanoma.'>® For that purpose,
MoS, nanosheets were prepared through a hydrothermal
method and then the hyperbranched polyglycidyl group was
physically adsorbed on their surface. The authors reported
that the functionalized MoS, nanosheets presented a mean
diameter of 90 nm (thickness of 3 nm) and an increased absor-
bance in the NIR region of the spectra, when compared with
bare MoS, nanosheets. Additionally, the irradiation with a NIR
laser (180 ug mL™", 808 nm, 2 W cm ™ for 10 min) induced an
increase in the temperature of 34 °C, which mediated the
decrease of the B16 cell viability to less than 30%. The authors
also demonstrated that the intra-tumoral administration of
functionalized MoS, nanosheets (40 pL at 2 mg kg™") followed
by irradiation with a NIR laser (808 nm, 1 W em > for 10 min)
decrease the tumor growth, which was more efficient when
combined with the simultaneous action of DOX.

2.5.2. Molybdenum oxide materials. Molybdenum oxides
can be found in various stoichiometries from full MoO; to
more oxygen deficient molybdenum oxide (MoO;_,) or even
semi-metallic M0O,.">* Liu and colleagues produced MoO,
nanoparticles with a bow-tie morphology, through a hydro-
thermal reaction, for mediating the cancer PTT.'>> The result-
ing nanomaterials presented a strong absorption from the
visible to NIR region of the spectra and could mediate a temp-
erature increase up to 63.2 °C upon irradiation with a NIR
laser (100 pg mL™", 980 nm, 2 W cm > for 3 min).
Additionally, the in vivo assays demonstrated that the adminis-
tration of MoO, nanoparticles (50 pL at 1 mg kg™) in mice
bearing cervical tumors could cause the increase of the tumor
temperature up to 66.3 °C, thus mediating a decrease in the
tumor volume from ~165 to ~65 mm?®. Bao and coworkers
functionalized MoO;_, hollow nanospheres with PEG for the
chemo-PTT of pancreatic cancer.'”® The MoO;_, hollow nano-
spheres were produced though the hydrothermal process,
mixing [(NH4)sMo0,0,,-4H,0] and PEG, and then these nano-
spheres were loaded with campothecin. The resulting nano-
materials presented an average size of 90 nm and a cluster-like
structure composed of ultra-small dots with 6 nm diameter.
Additionally, the authors reported a strong absorption band in

This journal is © The Royal Society of Chemistry 2020
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the 700 to 1000 nm region of the spectra and upon NIR laser
irradiation (808, 1 W cm ™2 for 10 min), the PEGylated MoOj;_,
hollow nanospheres (200 ug mL™') mediated a temperature
increase of %20 °C. Moreover, in the in vivo assays, the authors
observed that the intravenous administration of PEGylated
MoO;_, (200 uL at 1 mg kg™') followed by irradiation with a
NIR laser (808 nm, 1 W ¢cm™> for 10 min) increased the tumor
temperature up to 48 °C, which combined with the action of
the campothecin induced an almost complete tumor eradica-
tion with no recurrence at day 15 (Fig. 6).

2.6. Iron-based nanomaterials

Iron oxide nanomaterials have been widely explored to gene-
rate hyperthermia effects in the presence of magnetic fields
and more recently in response to NIR radiation."®” Despite the
iron nanomaterials (e.g. iron oxide) can exhibiting plasmonic
properties, they require high energy to induce the excitation of
free electrons due to the higher free electron density, when
compared to gold nanomaterials. The iron oxide nanoparticles
can present different chemical compositions, such as magne-
tite (Fe;0,), maghemite (Fe,0;), or non-stoichiometric combi-
nations of the two.?® These nanomaterials can be synthesized
through different methodologies such as co-precipitation,
thermal decomposition, and hydrothermal and solvothermal
synthesis.">® Hu and colleagues developed porous hollow
Fe;0, nanoparticles modified with polyacrylamide for the
combined chemo-PTT of cancer.'® These nanostructures were
produced through a hydrothermal process in a one-pot syn-
thesis including the polyacrylamide. The resulting nano-
particles presented a spherical shape with a diameter of
260 nm and pores of 10 nm size. Moreover, the authors
observed a broad absorption peak from the UV to the NIR
region of the spectra and upon irradiation with NIR light
(808 nm, 1 W ecm > for 10 min) the porous hollow Fe;0, nano-
particles (200 ug mL™") could mediate a temperature increase
of 31 °C. Additionally, the authors also reported that the
photothermal effect mediated by the hollow Fe;O, nano-
particles caused a reduction in the 4T1 cellular viability to
values lower than 20% (Fig. 7). In turn, Yang and coworkers
produced superparamagnetic iron oxide nanoparticles coated
with HA for the targeted PTT of breast cancer.'® The super-
paramagnetic iron oxide nanoparticles were prepared by a co-
precipitation method in alkaline media, followed by modifi-
cation with 3-aminopropyltrimethoxysilane, and then conju-
gated with HA via carbodiimide chemistry. The nanoparticles
presented a mean diameter of 17 nm and upon irradiation
with a NIR laser (200 pg mL™", 808 nm, 1 W cm ™2 for 9 min)
they mediated a temperature increase of ~18 °C. Moreover, in
the in vitro studies the heat generated by the superpara-
magnetic iron oxide nanoparticles caused a ~70% decrease of
the MDA-MB-231 cellular viability. Furthermore, the authors
also observed that the intravenous administration and
irradiation (20 mg kg™, 808 nm, 2 W cm™? for 10 min every
24 hours for 8 days) of mice bearing MDA-MB-231 tumors
stalled the tumor development with no significant growth
being observed for 12 days.
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Fig. 6 Evaluation of the MoOs_,-campothecin nanosphere antitumoral capacity. Thermal images (A) and temperature variation curves (B) of tumors
after treatment with MoOs_, nanosphere formulations and irradiation with the NIR laser (808 nm, 10 min, 1 W cm™2). Analysis of the mice’s body
weight (C), tumor volume (D) and tumor weight (E) during the 15 days of treatment. Photographs of mice (F) and tumor H&E stained histological
images (G) after 15 days of treatment with MoOs_,-campothecin nanoformulations. Reprinted from S. M. ST. Bao, W. Yin, X. Zheng, X. Zhang, J. Yu,
X. Dong, Y. Yong, F. Gao, L. Yan, Z. Gu, One-pot synthesis of PEGylated plasmonic MoOs_, hollow nanospheres for photoacoustic imaging-guided
chemo-photothermal combinational therapy of cancer, Biomaterials, 76, 11-24, Copyright (2016), with permission from Elsevier.
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nanoparticles (C). Temperature variation curves of porous hollow FesO, nanoparticles at different concentrations under NIR laser irradiation
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Oxide Nanoagents for MRI and Photothermal/Chemo Synergistic Therapy, Bioconjugate Chem., 29, 1283-1290, Copyright (2018), with permission

from ACS Publications.

2.7. Copper nanomaterials

Copper is a transition metal and its nanomaterials can be
engineered to be applied in cancer therapy.'®' The synthesis of
copper nanoparticles is usually performed through a wet
chemical synthesis involving the reduction of copper salts
(such as CuSO,, copper(u) acetylacetonate, etc.)."®"'°> Among
the different copper nanomaterials (copper selenide, copper
telluride, and copper oxide), copper sulfide has been the most
explored for the photothermal treatment of cancer. Copper
sulfide and its copper-deficient structures (Cu,_,S) present a
NIR absorption compared to gold nanostructures, due to the
d-d energy band transition of Cu®" ions, which makes them
promising photothermal materials. Hou et al. developed iron-
dependent artesunate loaded hollow porous copper sulfide
nanoparticles modified with transferrin for the chemo-PTT of
cancer.'® The resulting nanostructures presented a mean dia-
meter of 205 nm and an increased absorption in the 700 to
1000 nm region of the spectra. Additionally, the authors
demonstrated that the NIR laser irradiation (808 nm, 2 W
em~? for 5 min) of the hollow porous copper sulfide nano-
particles (100 pg mL™") can induce a temperature increase of
~40 °C, which combined with the iron-dependent artesunate
action caused the death of 92.6% of the MCF-7 cancer cells.
Moreover, the in vivo studies also demonstrated that the com-
binatorial therapy mediated by the intraperitoneal injection of

This journal is © The Royal Society of Chemistry 2020

the hollow porous copper sulfide nanoparticles (100 mg kg™,
808 nm, 2 W cm ™2 for 30 s) resulted in a tumor inhibition rate
of 74.8% (Fig. 8). Wang and colleagues produced DOX loaded
hollow copper sulfide nanoparticles enclosed in a hybrid
coating formed by the fusion of the membranes of red blood
cells and B16-F10 cells for the combinatorial therapy of mela-
noma.'® The nanoparticles presented an average size of
200 nm and a strong absorption at 1064 nm. Furthermore,
upon NIR irradiation (1064 nm, 1 W cm™> for 10 min), the
hollow copper sulfide nanoparticles mediated a temperature
increase up to 75.4 °C. This photothermal capacity remained
constant even after four on/off cycles of irradiation. The
authors also reported that the combined action of the DOX
and the photothermal effect (1064 nm, 1 W cm™> for 10 min)
mediated by the fusion membrane coated DOX loaded hollow
copper sulfide nanoparticles caused the eradication of mela-
noma tumors in mice, after an intravenous administration of
the nanoparticles at a concentration of 5 mg kg ™.

3. Clinical trials

Currently, there are a wide number of nanomedicines that
have been approved for cancer treatment.'®® Nevertheless,
despite the promising properties and therapeutic potential

Biomater. Sci.


https://doi.org/10.1039/D0BM00222D

Published on 15 April 2020. Downloaded by University of Beira Interior on 5/3/2020 12:43:48 AM.

Review

>

o o
i J

>
Y

N
i

Ralative tumor volume(V/V0)
- “

v )

laser 748
without laser

8
X

g 3
A A

:

>

Tumor inhibition rate(%)
¥ s 8

10 4

View Article Online

Biomaterials Science

C Without 808nm laser With 808nm laser

\

4 Y :
e A

PR Lo o
R fé‘,f; =

Fig. 8 Antitumor activity of artesunate-loaded hollow porous copper sulfide nanoparticles. Analysis of the tumor volume (A) and tumor inhibition
(B) after treatment with different hollow porous copper sulfide nanoformulations and irradiation with the NIR laser (808 nm, 2 W cm™2). Histological
images of H&E stained tumor samples (C) after treatment with the different porous copper sulfide nanoformulations. Reprinted from L. Hou, X.
Shan, L. Hao, Q. Feng, Z. Zhang, Copper sulfide nanoparticle-based localized drug delivery system as an effective cancer synergistic treatment and
theranostic platform, Acta Biomater., 54, 307—-320, Copyright (2017), with permission from Elsevier.

demonstrated by the approaches based on hyperthermia
mediated by nanomaterials, their translation into the clinic is
still poorly investigated. In fact, most of the nanomaterial-
mediated hyperthermia approaches under clinical develop-
ment are based on the utilization of magnetic fields for pro-
moting heat generation."®®

For example, NanoTherm® (MagForce AG) is applied in the
treatment of glioblastomas and consists of an aqueous suspen-
sion of FeO nanoparticles that produces heat in the presence
of alternating magnetic fields."*”"'®® The nanoparticles possess
an average size from 10 to 15 nm and are injected into the
tumor or in the cavity wall during the tumor resection. The
FeO core (~111 mg ml™' Fe concentration) is coated with
amino silanes to ensure that the nanoparticles remain stable
in the tumor tissue. After reaching the tumor site, the iron

Biomater. Sci.

oxide nanoparticles are activated by an external alternating
magnetic field, for six one-hour sessions (magnetic hyperther-
mia). Thus, the tumor thermal ablation is performed, usually
at temperatures ~44-45 °C, which can also sensitize the cells
to other therapeutic approaches such as chemotherapy or
radiotherapy.'®®'®® In fact, the efficacy of Nanotherm® shows
improvements when combined with other therapies.'”®'"*
This approach was approved by the European Medicines
Agency for the treatment of brain tumors and is currently
under clinical investigation in the United States of America.'®

Magnablate I is another iron oxide nanoparticle-based mag-
netic treatment under clinical trials for the treatment of pros-
tate cancer.'””> A clinical phase 0 study (ClinicalTrials.gov
Identifier: NCT02033447, data still not available) has been
developed to test where the nanoparticles are located after the

This journal is © The Royal Society of Chemistry 2020
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intratumoral injection and if any prostate-related side effects
or irreversible damage can occur. Otherwise, Aurolase®
(Nanospectra) remains as the unique nanoparticle under clini-
cal evaluation for the PTT of cancer.'”® In fact, two clinical
trials are currently being performed using this technology, a
study to evaluate the efficacy of the Aurolase® therapeutic
approach in primary and/or metastatic lung tumors
(ClinicalTrials.gov Identifier: NCT01679470) and the determi-
nation of the antitumoral capacity in patients with refractory
and/or recurrent tumors of the head and neck (ClinicalTrials.
gov Identifier: NCT00848042).

Aurolase® uses PEGylated gold nanoshells with a diameter
of approximately 150 nm and exhibits a high absorption peak
at 800 nm, which allows its application in PTT. When the
nanoparticles are intravenously injected, they explore the EPR
effect to passively accumulate in the tumor site. The posterior
NIR laser radiation may result in cellular death and tumor
regression.'®>"’* In the first clinical trial (ClinicalTrials.gov
Identifier: NCT01679470), a single dose of gold nanoparticles
was administered in patients with primary and/or metastatic
tumors of the lung (with airway obstruction). Then, the PTT
effect was triggered via bronchoscopy using optical fiber emit-
ting NIR light (testing the irradiation of an escalating
dose).””*'”> In the second PTT Aurolase® clinical study,
patients with acute and/or chronic neck and head tumours
received a single dose of gold nanoparticles through intrave-
nous administration and were subjected to one or multiple
doses of laser irradiation (808 nm). Three groups of 5 patients
each, testing variations in the laser’s power density, were
studied and monitored during 6 months after treatment. Both
clinical trials were already completed in 2014, but results
have not yet been published (ClinicalTrials.gov Identifier:
NCT00848042).""*17>

4. Conclusion

Over the last few years, the utilization of nanomaterial-
mediated hyperthermia in cancer therapy has been showing
promising results. In this field, a wide number of nano-
materials have been developed, particularly those that can
mediate a localized hyperthermia in response to NIR light
irradiation. These nanostructures are able to convert the
energy of the photons into heat, which allows the spatiotem-
poral control over the therapeutic effect.

In this review, the main inorganic nanomaterials (e.g. gold,
carbon, tungsten, molybdenum, iron, and copper) developed
for mediating cancer PTT were described and their general
properties were summarized. In general, the data available in
the literature demonstrate that the photothermal capacity of
these nanomaterials can be optimized by adjusting their size,
shape and doping with other elements. Moreover, it is worth
noting that the therapeutic efficacy of the nanomaterial-
mediated PTT is also dependent on other external parameters
such as tumor localization, NIR laser conditions (e.g. potency
and irradiation time), and accumulation within the tumor
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tissue. Additionally, researchers must also take into consider-
ation the relationship between the high photothermal
efficiency and biosafety of the nanostructures. For instance,
several works have explored the functionalization of nano-
materials with polymers (e.g. PEG) and targeting agents (e.g.
Fa, antibodies, and RGD peptide) for improving the materials
stability, biocompatibility, and specificity for tumors (Table 2).
Furthermore, the integration of the photothermal effect in
combinatorial therapies can further improve the therapeutic
potential of these nanostructures, leading to a decrease of the
dose required to attain the eradication of tumor cells and treat-
ment side-effects.

In conclusion, the PTT mediated by nanomaterials holds
potential for improving the therapeutic outcome of cancer.
Nevertheless, most of these nanomaterials remain at the pre-
clinical stage and additional studies to characterize the short-
and long-term fate of the nanomaterials in the body, their bio-
degradation, and their safety are of paramount importance to
prompt their translation from the lab to the clinic. Moreover,
the development of simple production methods and their
scale-up will increase the reproducibility of the nanomaterials
and their therapeutic effects.
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