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Gold nanoparticle-mediated
photothermal therapy:

applications and opportunities
for multimodal cancer treatment

Rachel S. Riley' and Emily S. Day'-%*

Photothermal therapy (PTT), in which nanoparticles embedded within tumors gen-
erate heat in response to exogenously applied laser light, has been well documen-
ted as an independent strategy for highly selective cancer treatment. Gold-based
nanoparticles are the main mediators of PTT because they offer: (1) biocompatibil-
ity, (2) small diameters that enable tumor penetration upon systemic delivery,
(3) simple gold-thiol bioconjugation chemistry for the attachment of desired mole-
cules, (4) efficient light-to-heat conversion, and (5) the ability to be tuned to
absorb near-infrared light, which penetrates tissue more deeply than other wave-
lengths of light. In addition to acting as a standalone therapy, gold nanoparticle-
mediated PTT has recently been evaluated in combination with other therapies,
such as chemotherapy, gene regulation, and immunotherapy, for enhanced anti-
tumor effects. When delivered independently, the therapeutic success of molecu-
lar agents is hindered by premature degradation, insufficient tumor delivery, and
off-target toxicity. PTT can overcome these limitations by enhancing tumor- or
cell-specific delivery of these agents or by sensitizing cancer cells to these addi-
tional therapies. All together, these benefits can enhance the therapeutic success
of both PTT and the secondary treatment while lowering the required doses of the
individual agents, leading to fewer off-target effects. Given the benefits of com-
bining gold nanoparticle-mediated PTT with other treatment strategies, many
exciting opportunities for multimodal cancer treatment are emerging that will
ultimately lead to improved patient outcomes. © 2017 Wiley Periodicals, Inc.
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INTRODUCTION

anoparticle-mediated PTT has been rapidly
developing as a standalone therapy for cancer
because it enables selective hyperthermia of tumor
tissue while avoiding damage to healthy tissue. In
PTT, plasmonic nanoparticles (NPs) are delivered
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into tumors and are irradiated with laser light, which
causes the NPs’ conduction band electrons to
undergo synchronized oscillations that result in either
the absorption or scattering of the applied light." The
absorbed light is converted into heat, which irreversi-
bly damages the surrounding diseased tissue
(Figure 1(a)). While NPs made of various materials
can be employed for PTT,”™* gold-based nanoparti-
cles (AuNPs), which we define here as those consist-
ing either entirely or partially of gold (such as silica
core/gold shell ‘nanoshells’), have emerged as the lead
therapeutic platform because they offer several major
benefits. First, AuNPs enable simple gold-thiol bio-
conjugation chemistry for surface functionalization
with therapeutic molecules, targeting ligands, or
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FIGURE 1 | (a) In photothermal therapy, systemically-delivered nanoparticles accumulate within solid tumors via the enhanced permeability
and retention effect, which exploits the leaky tumor vasculature. Once within the tumor, near-infrared light is applied to cause the nanoparticles to
generate heat to kill the surrounding tumor tissue. (b) Four of the most commonly employed AuNPs for photothermal therapy include silica core/
gold shell nanoshells, gold nanorods, hollow gold nanocages, and nanostars. (Nanorod, nanocage, and nanostar images reprinted with permission
from Ref 10. Copyright 2011 Wiley, Ref 11. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA, and Ref 12. Copyright 2015 Elsevier)

passivating agents that enhance biocompatibility as
described in detail below. Additionally, the optical
properties of AuNPs" can be tuned by controlling
their structural dimensions so that they maximally
absorb near-infrared (NIR) light (A ~ 650-1350 nm),
which is ideal for PTT because it can safely penetrate
deeply through healthy tissue to reach AuNPs
embedded within tumors. A third benefit of AuNPs is
that they can passively accumulate within tumors via
the enhanced permeability and retention (EPR) effect,
which exploits the inherently leaky and unorganized
tumor vasculature.’ Because of these benefits, AuNP-
mediated PTT has been thoroughly investigated for
tumor ablation in animal models and has even
entered clinical trials.»*~® However, PTT as a standa-
lone treatment is limited because it does not affect
metastatic lesions or tumor cells outside of the area
of irradiation, both of which may lead to disease

recurrence. To overcome these limitations and
enhance treatment outcome, researchers have
2 of 16

recently begun to explore the use of AuNP-mediated
PTT in combination with secondary therapeutic
approaches that take advantage of the physiological
and cellular changes within tumors afforded by PTT.
Additionally, they have begun to utilize optical ima-
ging techniques to guide and assess treatment in real-
time. In this review, we first discuss the design fea-
tures of AuNPs that are ideal for photothermal appli-
cations and then describe how PTT aids in the
success of supplemental therapies. We also highlight
the use of imaging to guide PTT. Finally, we discuss
opportunities and challenges for the use of AuNP-
mediated PTT in multimodal strategies for cancer
management.

Design of Gold Nanoparticles for
Photothermal Therapy

AuNPs used in photothermal applications must meet
several design criteria such as having plasmon

© 2017 Wiley Periodicals, Inc.
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resonance tunability, high photothermal conversion
efficiency,'®'* and simple surface functionalization
or encapsulation chemistry. Based on these design
criteria, nanoshells (NSs), nanorods (NRs), nano-
cages (NCs), and nanostars have emerged as the
most common photothermal transducers. Here, we
use these formulations as examples to discuss the
desirable properties of AuNPs for PTT as depicted
in Figure 1(b). This section is not meant to be a
comprehensive overview, as others have discussed
this topic elsewhere,"'® but we highlight key fea-
tures that researchers should consider as they plan
to use PTT in individual or multimodal therapeutic
strategies.

First, AuNPs used in PTT must be designed to
absorb light within the first (650-850 nm) or second
(950-1350 nm) NIR window because these wave-
lengths of light can safely and deeply penetrate
healthy tissue to reach AuNPs embedded within
tumors. An important feature of AuNPs is that their
structural dimensions can be tuned to yield maximal
absorption within one of these two regions of light.
The majority of AuNPs have been designed to maxi-
mally absorb within the first NIR window, which
can safely penetrate 2-3 cm of tissue. For example,
the peak plasmon resonance of NSs, which consist of
spherical silica cores with thin gold shells, can be
tuned by adjusting their core diameter-to-shell thick-
ness ratio. NSs with 120 nm diameter cores and
15 nm thick shells are typically used for PTT because
they maximally absorb 800 nm light.'®!” Likewise,
NRs have a short and long axis, thereby offering two
absorption peaks corresponding to the transverse
(A ~ 500-550 nm) and longitudinal (A ~ 650-850
nm) surface plasmon resonance (SPR).'®'? The rod
length can be shortened or elongated to achieve peak
longitudinal SPR in the NIR region.'” NRs on the
order of 10 nm X x40 nm maximally absorb
~800 nm light and are therefore the most common
for PTT. While most AuNPs have been designed to
maximally absorb within the first NIR window, more
recently novel AuNP designs have emerged for PTT
in the second NIR window. This is because these
longer wavelengths can safely penetrate up to 10 cm
of tissue to reach deeply embedded tumors.?*~** For
example, Tchounwou et al. demonstrated the use of
AuNP-coated single-walled carbon nanotubes as a
multifunctional platform for imaging and PTT within
the second NIR window.?* Although we expect that
PTT utilizing second window NIR light will gain
attention in the coming years, here we focus on PTT
within the first NIR window because it has been
more commonly studied in combination PTT
applications.

© 2017 Wiley Periodicals, Inc.

Gold nanoparticle-mediated photothermal therapy

In addition to absorbing NIR light, AuNPs
intended for use in PTT should also display high
photothermal conversion efficiency, which is dictated
by the AuNPs’ structural dimensions (i.e., size and
shape). The photothermal conversion efficiency of
AuNPs of different sizes and shapes, and how this
measurement can be determined, has been extensively
studied in literature, and we point the reader towards
these published works for more in-depth discus-
sion.'>1%232% In general, for spherical AuNPs, those
with smaller diameters have higher conversion effi-
ciency than those with larger diameters. Additionally,
non-spherical AuNP designs, including NRs, nanos-
tars, and NCs, are more efficient photothermal trans-
ducers than their spherical counterparts like NSs due
to their larger absorption cross sections.'*""”

Notably, the size and shape of AulNPs also
influence their ability to extravasate from vasculature
and penetrate solid tumors, which will ultimately
impact the success of PTT because it will influence
how evenly heat is distributed throughout the
tumor.>>*¢ For example, Perrault et al. compared the
tumor penetrating abilities of 20 nm, 60 nm, and
100 nm solid gold spheres and found that larger size
limits the distance NPs can travel away from blood
vessels and into tumors.*® However, tumor retention
of smaller AuNPs is challenging because they are rap-
idly cleared from the extracellular milieu. Therefore,
it is critical to determine the optimal size for penetra-
tion and retention based on the tumor characteristics
(i.e., the ‘leakiness’ of its vasculature, the organiza-
tion of its lymphatic vessels, and the density of the
tumor extracellular matrix). This is particularly
important given that the EPR effect is now known to
be heterogeneous in distinct tumor types.”” Intri-
guingly, PTT can be used to overcome these tumor
penetration and retention limitations by amplifying
tumor vessel leakiness and extracellular matrix per-
meability to enhance the delivery of more AuNPs or
secondary therapeutic molecules, which we discuss
later in this review.>%*’

Another important consideration for AuNP
design is their ability to encapsulate or be functiona-
lized with biomolecules or drugs to enable combina-
tion therapy. The gold exterior of AuNPs is
beneficial for bioconjugation because it enables sim-
ple gold-thiol bonding. One advantage of anisotropic
materials like nanostars, which are spiked AuNPs, is
that they offer a high surface-to-volume ratio for bio-
conjugation.”® This can be advantageous because
loading density can influence how AuNPs interact
with cells and tissues. One disadvantage of loading
molecules on the exterior of solid AuNPs, however,
is that it leaves them susceptible to immune
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recognition or degradation. Hollow, porous AuNPs,
such as NCs, offer the ability to load therapeutic
agents in the nanoparticle core.'’ Since most hollow
AuNPs destabilize upon NIR irradiation, the release
of encapsulated molecules can be triggered ‘on
demand.”' Although this photothermal reshaping is
desirable for drug delivery, it causes the AuNPs to
lose their peak SPR to preclude their repeated use for
PTT. Using NRs, researchers have demonstrated that
one way to counteract this reshaping upon irradia-
tion is by coating the NPs with a silica shell.** A sim-
ilar strategy could be employed for other AuNPs that
are known to reshape upon irradiation.

Here, we focused on how AuNPs’ size, shape,
and surface modifications can influence their heat gen-
eration and tumor penetration. In addition, these fea-
tures also impact the AuNPs’ biodistribution and
biocompatibility, as demonstrated in various cell and
animal models.'***° Similar to bulk gold, AuNPs are
generally considered to be chemically inert and bio-
compatible.>® However, upon intravenous administra-
tion, AuNPs are rapidly coated with serum proteins
that alter their biological identity and change how they
are presented to cells.>*>® Further, AuNPs are quickly
recognized by the mononuclear phagocytic system,
also known as the reticuloendothelial system (RES),
leading to their rapid clearance from the blood.
AuNPs’ surface coating largely dictates the formation
of the protein corona and clearance from the body. To
reduce non-specific protein adsorption, extend circula-
tion time, and enhance biocompatibility, AuNPs are
often coated with passivating agents, such as
poly(ethylene) glycol (PEG), in addition to targeting
agents or other therapeutic molecules. The length and
density of PEG on AulNPs is important, as it influences
how well the AuNPs are shielded from protein corona
formation and clearance from the body.>” Among the
various types of AuNPs used for PTT, NSs coated with
PEG (also known as AuroShells, which are being com-
mercialized by Nanospectra Biosciences, Inc.) are the
furthest along in development and are currently the
only AuNP for PTT being evaluated in clinical trials.
These trials are examining the safety and efficacy of
nanoshell-mediated PTT against lung, head and neck,
and prostate cancers.”~ The first publication regarding
these human trials indicates that PEG-coated NSs have
an excellent clinical safety profile,>® supporting their
continued use and providing evidence that PEG is a
viable surface coating for AuNPs intended for human
PTT. Although there are several clinical trials ongoing,
efficacy data from these trials has not yet been pub-
lished. In the Opportunities and Challenges section of
this review, we further discuss ongoing clinical applica-
tions of AuNPs for PTT.
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Overall, there are many features that contribute
to whether a specific AuNP design will work well for
PTT, and we have highlighted a few here. As previ-
ously mentioned, investigators have begun studying
PTT in combination with other therapeutic strategies
for overall enhanced therapeutic efficacy by exploit-
ing the physiological and cellular level effects of PTT
in tumors as described in the next section.

Physiological Effects of PTT and the
Mechanism of Cell Death Induced by PTT

AuNP-mediated PTT causes several physiological
and biological changes to the surrounding tumor
environment that can maximize the cytotoxic effects
of PTT itself, enhance the efficacy of secondary thera-
pies, or decrease required treatment dosages for sec-
ondary agents.**~** For example, the heat generated
by AuNPs can increase the permeability of tumor
vessels and cancer cell membranes to increase tumor
and cellular uptake, respectively, of additional
AuNPs or drugs (Figure 2(a)). We highlight some of
the benefits of combination strategies that exploit
these effects of PTT later in this review.

In addition to increasing tumor vessel and cell
membrane permeability, PTT also causes intracellular
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FIGURE 2 | Schematics demonstrating the physiological and
biological effects of photothermal therapy. (a) The heat generated by
AuNPs in response to NIR light enhances the permeability of tumor
vasculature and cell membranes to increase the accumulation of
secondary therapies, such as chemotherapeutic drugs. (b) PTT can lead
to either cellular necrosis or apoptosis, which cause different cellular
and immune responses. The mechanism of cell death depends on the
applied irradiation parameters.
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effects such as DNA damage and protein denatura-
tion. Recently, researchers have begun to study the
mechanisms of cell death triggered by PTT more
closely because the mechanism of cell death
(i.e., necrosis versus apoptosis) activates different cell
signaling pathways that may influence treatment suc-
cess and be beneficial for potential combination ther-
apeutic strategies (Figure 2(b)). Conventional PTT
uses high energy irradiation to cause rapid nanoparti-
cle heating leading to cellular necrosis; while this
strategy is effective for the ablation of established
tumors,'®!”* it can also induce undesirable effects.
For example, high energy PTT resulting in cellular
necrosis can trigger the release of cellular waste and
damage-associated molecular patterns (DAMPs) that
induce inflammation, which may lead to increased
secondary tumor growths.***  Conversely, low
energy PTT initiates cellular apoptosis, which may
lead to beneficial immunogenic responses.***’ For
example, cellular apoptosis can potentially discour-
age inflammation by causing phagocytes to produce
anti-inflammatory molecules such as TGF-.*® Fur-
ther, macrophages and dendritic cells (DCs) enter an
anti-inflammatory state when in contact with apop-
totic cells. The ability to induce apoptosis versus
necrosis with PTT depends on many factors, includ-
ing the AuNP photothermal properties, AuNP con-
centration in diseased tissue, and irradiation
conditions. Given that initiating apoptosis versus
necrosis with PTT can result in very distinct cellular
effects, researchers should carefully control PTT
parameters for their particular application. In addi-
tion, investigators should consider utilizing PTT in
combination with secondary treatment strategies to
capitalize on the tissue- or cellular- level effects
induced by PTT. Below, we review how the physio-
logical changes and mechanisms of cell death induced
by PTT can be combined with chemotherapy, gene
regulation, and immunotherapy for synergistic
approaches to cancer treatment. We then describe
how imaging can be used to guide and assess PTT in
real-time.

ENHANCING CHEMOTHERAPY WITH
GOLD NANOPARTICLE-MEDIATED
PHOTOTHERMAL THERAPY

Although mortalities due to many cancers have not
significantly improved in the past few decades, che-
motherapy remains the current standard-of-care
treatment. While cytotoxic at high doses, chemother-
apy success is often hindered by acquired drug resist-
ance and adverse side effects that limit the maximum
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administered dose. As previously mentioned, hyper-
thermia increases both vascular and cell membrane
permeability, as well as extracellular matrix permea-
bility.*® These physiological changes can amplify the
effect of subsequently applied chemotherapy by
increasing intratumoral and intracellular drug con-
tent.*>*” Further, drug cytotoxicity may be enhanced
by heat application.*® One of the early indications of
the synergy between hyperthermia and chemotherapy
was demonstrated by Hahn et al., who showed opti-
mal cytotoxicity by co-treating cells with doxorubicin
and heat at 43°C.** The clinical feasibility of wide-
spread hyperthermia, however, is limited because it
may increase drug cytotoxicity to healthy cells in
addition to tumor cells. Comparatively, PTT-
mediated by AuNPs can provide localized, tumor-
specific heating, thereby avoiding the detrimental
effects of widespread hyperthermia.

In one investigation of combined chemotherapy
and PTT, Hauck et al. demonstrated that NR-
mediated low intensity PTT initiates apoptosis in
cancer cells, which in turn sensitizes the cells to cis-
platin therapy and results in synergistic cytotoxic-
ity.>® We recently demonstrated that NS-mediated
PTT of breast cancer cells leads to enhanced cell per-
meability and therefore increased intracellular drug
content leading to decreased viability compared to
cells that do not receive PTT (Figure 3(a)).** Nota-
bly, in addition to increasing the cellular uptake of
drugs and the cellular response to drugs, hyperther-
mia can also be used to increase the amount of drugs
that infiltrate tumors. This is because PTT can both
increase tumors’ vascular permeability and alter the
expression of proteins found on cancer cell mem-
branes, thereby providing a handle for targeting of
additional therapeutic agents. In an elegant example
of this technique, Park et al. fabricated a cooperative
system that targeted drug-loaded liposomes to the
p32 protein, which is upregulated following NR-
mediated PTT, to improve tumor delivery of the
drugs and enhance treatment outcome versus PTT or
chemotherapy individually (Figure 3(b)).>* Strategies
such as this that exploit the physical effects of PTT
for enhanced treatment outcome have outstanding
promise for future applications.

While the aforementioned strategies delivered
AuNPs and chemotherapy separately, researchers
have begun to create more complex AuNP-drug con-
jugates for combination PTT and chemotherapy. This
should reduce off-target toxicity by limiting the
amount of chemotherapy that reaches normal tissues
and enabling drug release only upon irradiation.
In these systems, drugs are physically encapsulated
within AuNPs or bound to their surfaces using
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FIGURE 3 | (a) Breast cancer cells treated with silica core/gold shell nanoshells and doxorubicin (red) and exposed to NIR light display
increased drug uptake compared to cells that were not irradiated. Blue indicates nuclei, yellow arrows indicate cytoplasmic regions of cells not
irradiated, and white arrows indicate enhanced doxorubicin content in the cytoplasm following irradiation. (Reprinted with permission from Ref 42.
Copyright 2015 Dovepress) (b) Tumor tissue extracted from mice treated with nanorod-mediated hyperthermia and doxorubicin-loaded liposomes
targeted to p32, a protein, that is upregulated in response to stress, shows enhanced liposome (green) and doxorubicin (red) distribution compared
to mice treated with hyperthermia and untargeted liposomes. (Reprinted with permission from Ref 29. Copyright 2010 PNAS) (c) Schematics

showing the mechanisms of light induced release of drugs from AuNPs.

linkers that hold them in place until the heat pro-
duced during light irradiation triggers their release
(Figure 3(c)). Hollow AuNPs, such as NCs, are ideal
for drug encapsulation and light-induced release stra-
tegies.>’*1>% For example, Wang et al. developed
multifunctional NCs by encapsulating doxorubicin
and coating the particles with hyaluronic acid
(HA).> In this design, the HA acted as both a

6 of 16

targeting agent to bind CD44 receptors and as a bio-
degradable capping agent to avoid premature drug
release. Upon irradiation, the encapsulated doxorubi-
cin was released only following degradation of the
HA, which resulted in a drastic decrease in cell viabil-
ity relative to controls.’”> Additional mechanisms of
light-induced drug release include coating AuNPs
with thermally responsive drug-containing hydrogels

© 2017 Wiley Periodicals, Inc.
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or oligonucleotides that contain intercalated drugs
(Figure 3(c)). For instance, Strong et al. created NSs
coated with a thin poly(N-isopropylacrylamide-co-
acrylamide) hydrogel layer that remained swollen
under physiological conditions, but expelled water
and encapsulated drugs at higher temperatures
achieved during NIR irradiation.’® Similarly, thio-
lated ligands attached to AuNPs can be used to carry
intercalating agents that are released upon photother-
mal irradiation (Figure 3(c)).”**> Overall, strategies
for combination PTT and chemotherapy such as
those reviewed here have great promise to increase
treatment efficacy while minimizing off-target effects.

THERMALLY RESPONSIVE GOLD
NANOPARTICLES FOR GENE
REGULATION

Gene regulation is a technique that aims to treat can-
cer by using nucleic acids to inhibit the expression of
genes that drive tumor progression, and it is particu-
larly promising for targets that are considered
‘undruggable’ by small molecules due to lack of an
effective binding site. The main type of nucleic acid
used for gene regulation is small interfering RNA
(siRNA), which suppresses gene expression by trig-
gering degradation of targeted messenger RNA mole-
cules inside the cell cytoplasm, thereby halting
production of the encoded disease-associated
protein.’®~® Unfortunately, several challenges have
hindered the translation of gene regulation from the
laboratory to the clinic. First, siRNAs and other
nucleic acids are rapidly cleared from the blood-
stream and quickly degraded in the presence of
nucleases, making in vivo delivery difficult. Second,
intracellular delivery of these negatively charged
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molecules requires the use of cationic transfections
agents that display undesirable toxicity. Further,
many siRNA delivery strategies are not cell-specific,
and therefore may lead to uptake and gene silencing
in all cell types. AuNPs have been exploited as tools
for gene regulation because they offer simple biocon-
jugation chemistry, enabling them to carry siRNAs
or other nucleic acids for enhanced stability, intracel-
lular delivery, and gene regulation both i vitro and
in vivo.>>®! However, a common challenge to
achieving sufficient gene regulation with siRNA-
AuNP conjugates is that they become trapped in
intracellular compartments upon endocytosis.®”> To
improve upon this issue and enable gene regulation
only in desired tissues, PTT can be used to enable
endosomal escape and trigger gene silencing on
demand (Figure 4(a) and (b)).*™* A mechanistic
study completed by Braun et al. demonstrated that
hollow NSs conjugated with siRNA and Tat peptides
for cellular uptake become trapped within endosomes
following endocytosis. However, irradiating the sam-
ples with a pulsed NIR laser to induce NS heating
caused the endosomes to rupture, enabling the release
of the siRNA into the cytosol.®* Similarly, Huschka
et al. demonstrated that silica core/gold shell NSs
coated with GFP-silencing DNA or siRNA drastically
decreased  GFP  expression only  following
irradiation.®®

There are two proposed mechanisms for light-
induced release of oligonucleotides from AuNP sur-
faces depending on the laser power and temperature
reached during irradiation (Figure 4(b)).®” First, a
pulsed laser is used to break the gold-thiol bond
between the oligonucleotides and the AuNPs, releas-
ing the entire molecule from the AuNP surface.®* The
pitfall of this method is that the dissociation of the
molecules from the NP surface results in NP

Duplex
denaturation

FIGURE 4 | Mechanisms of light-triggered gene regulation using AuNPs. (a) Following cellular uptake, NIR-absorbing AuNPs functionalized
with gene regulation agents become trapped within endosomes, limiting their ability to deliver the payload for effective gene silencing. Upon NIR
light application, the AuNPs generate sufficient heat to rupture the surrounding endosome and release the AuNPs into the cell cytosol without
harming overall cell integrity. (b) Schematic of the mechanisms of light induced release of oligonucleotides from AuNP surfaces. Under pulsed laser
irradiation, the gold-thiol bond between the molecules and AuNPs breaks, releasing the entire duplex. Alternatively, continuous wave laser
irradiation can denature the linkage between the two strands to release only single stranded oligonucleotides.
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instability, and the free exposed thiols can be detri-
mental to live cells.” The second mechanism of
release typically uses a continuous wave laser to
denature the linkage between the sense and antisense
strands of oligonucleotides with the goal of releasing
only the unthiolated strand from the AuNP, although
this may result in the gold-thiol bond breaking as
well. This method requires longer irradiation times
and is less efficient for release compared to the pulsed
laser approach due to the lower laser powers used.
However, researchers have optimized laser para-
meters to use the pulsed laser for duplex denatura-
tion. For example, Poon et al. demonstrated that
decreasing laser powers inhibited the gold-thiol bond
breakage while still enabling duplex denaturation.®”
In addition to understanding the role that light irradi-
ation/heating conditions play in facilitating the
release of oligonucleotides from AuNPs, it is also
important to consider how particle shape may influ-
ence the delivery of gene regulatory agents. Gold
NRs, e.g., have been vastly studied for photorelease
because they melt and reshape into spherical particles
following irradiation to trigger payload release.®®~"°
Here, we have briefly reviewed the use of PTT
to trigger the release of oligonucleotides from AuNP
surfaces, as well as the use of PTT to release AuNPs
and oligonucleotides from endosomes, as both of
these strategies result in enhanced gene regulation. A
more detailed discussion of this topic can be found in
the recent review article published by Kim et al.”!
Looking forward, we encourage researchers to care-
fully study the signaling pathways that are activated
in cells in response to PTT, and to investigate
whether inhibiting these pathways via gene regula-
tion can produce synergistic effects on tumor growth.

COMBINING PHOTOTHERMAL
THERAPY WITH IMMUNOTHERAPY
FOR PROLONGED ANTI-CANCER
EFFECTS AND METASTASIS
INHIBITION

As previously discussed, PTT as a standalone therapy
faces risk of recurrence and is not suitable for treat-
ing disseminated metastatic disease. Combining PTT
with immunotherapy may prevent tumor recurrence
and inhibit metastases.”>”*~” Immunotherapy is a
rapidly emerging, promising technique in which the
host immune system is stimulated to recognize and
kill cancer cells that have adapted various means of
avoiding immune recognition.”® One way cancer cells
avoid recognition is by secreting cytokines such as
IL-10 that suppress DC maturation (mature DCs
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capture tumor antigens and present them to T cells
for activation). Cancer cells also produce factors such
as TRAIL and FasL that induce apoptosis of cyto-
toxic T cells (which find and destroy cancer cells),
and down-regulate surface antigens and co-
stimulatory molecules to decrease T-cell recognition
and stimulation. Finally, cancer cells attract immune
suppressive cells to the tumor microenvironment,
including tumor-associated macrophages, myeloid
derived suppressor cells, and T regulatory cells
(Tregs, which suppress DCs and cytotoxic T cells by
presenting inhibitory molecules such as cytotoxic
lymphocyte antigen 4 (CTLA-4) and programmed
cell death ligand 1 (PD-L1)). Immunotherapy coun-
teracts these mechanisms by delivering tumor-specific
T cells, immune checkpoint inhibitors (antibodies
against CTLA-4 or PD-L1), or CpG oligodeoxynu-
cleotides (which are recognized by toll-like receptor
9 (TLRY) on B cells and plasmacytoid DCs to stimu-
late an immune response). Each of these strategies
has been evaluated in combination with PTT
(mediated by both AuNPs and non-AuNPs), and the
results indicate that dual PTT/immunotherapy is
advantageous to either therapy alone.>>”%~"7

The rationale to combine PTT with immuno-
therapy is based on the fact that heat causes dying
cancer cells to release antigens and heat shock pro-
teins (HSPs) that are captured by antigen presenting
cells such as DCs to mediate an immune response
(Figure 5).”>”3 Further, the immunostimulatory envi-
ronment created by PTT can enhance immunothera-
pies to prolong anti-cancer effects and eliminate both
primary tumors and metastatic disease. For example,
Bear et al. demonstrated in a murine melanoma
model that PTT mediated by hollow gold NSs pro-
motes the expression of pro-inflammatory cytokines
and chemokines that induce DC maturation in
tumor-draining lymph nodes and that prime anti-
tumor CD8" effector T cells.”* Combining PTT with
adoptive T-cell transfer (ATCT) decreased tumor
recurrence by 21.8% compared to PTT alone and
also suppressed distant, untreated contralateral
tumors more effectively than either therapy alone.”*
Thus, ATCT can help prevent primary tumor recur-
rence following PTT, and PTT can enhance the abil-
ity of ATCT to eradicate distant disease.

To our knowledge, PTT mediated by AuNPs
has not yet been evaluated in combination with
immune checkpoint inhibitors, but a recent study by
Wang et al. demonstrated that PTT mediated by
single-walled carbon nanotubes (SWNTSs) is synergis-
tic with anti-CTLA-4 therapy.”> They observed that
SWNT-mediated PTT increased DC maturation in
tumor-draining lymph nodes, and the combination of
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FIGURE 5 | Schematic depicting the impact of combined photothermal therapy and immunotherapy on primary tumors and metastases.
(Reprinted with minor modifications with permission from Ref 72. Copyright 2016 World Scientific Publishing Company)

PTT and anti-CTLA-4 therapy suppressed distant
metastasis (either contralateral flank tumors or lung
metastasis) in a murine model of breast cancer better
than either therapy alone.”> Given the success of this
study, it is likely that AuNP-mediated PTT would
also result in impressive anti-tumor effects when
combined with immune checkpoint inhibitors.
Finally, CpG-mediated immunotherapy has also been
tested in combination with PTT and appears promis-
ing.>>% Tao et al., for instance, showed that NRs
coated with CpGs that were intercalated with doxo-
rubicin could enable iz vivo combination chemother-
apy, light-triggered drug release, hyperthermia, and
immunotherapy.®® This is an excellent example of
how AuNPs can be exploited for multimodal anti-
cancer therapy.

While most research combining PTT with
immunotherapy has used PTT to enhance the effect
of immunotherapy, researchers have also begun to
exploit immune cells to enhance PTT. Specifically,
since immune cells such as antigen-specific cytotoxic
T cells, cytokine-induced killer cells, and macro-
phages have a unique ability to ‘home’ to the tumor
microenvironment iz vivo, researchers have attached
AuNPs such as NRs, nanoprisms, and NSs,”* 8% as
well as non-AuNPs such as Prussian blue NPs,”” to
the surface of these cells or loaded them within the
cells’ interior to enhance tumor delivery and
improve the efficacy of PTT. This technique, which
has been referred to as ‘cellular backpacking’ or
‘Trojan horse’ delivery, capitalizes on the natural
homing ability of immune cells for enhanced treat-
ment outcomes and shows great promise for further
development.

Overall, there is great potential for combining
AuNP-mediated PTT with immunotherapy, as it can
enable treatment of both primary tumors and distant
metastases and may also prevent long-term tumor

© 2017 Wiley Periodicals, Inc.

recurrence. Given that PTT and immunotherapy are
mutually beneficial, we anticipate that the field of
photothermal immunotherapy will rapidly expand in
the next decade to result in improved patient
outcomes.

IMAGE-GUIDANCE AND ASSESSMENT
OF PTT USING GOLD
NANOPARTICLES

A key advantage of AuNPs is that their unique
photonic properties enable them to be used as optical
contrast agents, so imaging can be used to guide and
assess PTT in real-time.*™®* Two imaging modalities
that have been extensively studied for this purpose in
pre-clinical settings are optical coherence tomogra-
phy (OCT) and photoacoustic (PA) imaging, which
exploit the AuNPs’ light scattering or absorption
properties, respectively. Here, we describe each of
these in detail. We also describe the use of magnetic
resonance thermal imaging for image-guided PTT.
OCT uses a low coherence light source applied
through the depth of a sample and detects the result-
ant reflection at micrometer-level resolution.®®"”
Since AuNPs provide reflective signal beyond the
native tissue itself, tumors or other tissues containing
AuNPs display enhanced OCT signal compared to
tissue not harvesting AuNPs (Figure 6(a)).®” Using
NSs as contrast agents and photothermal transdu-
cers, Gobin et al. showed that OCT could be used to
ensure sufficient NS accumulation within tumors
prior to PTT. More specifically, they showed that
systemically-delivered NSs enhanced the OCT signal
in tumors but not in healthy tissue in a murine cancer
model, and subsequent application of NIR light led
to a reduction in tumor size.’” In this manner,
researchers can utilize OCT for image-guided therapy
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FIGURE 6 | (a) Silica core/gold shell nanoshells accumulated
within tumor tissue can be visualized with optical coherence
tomography, as depicted by increased signal throughout the tissue
depth. (b) In vivo ultrasonic and photoacoustic images demonstrate
enhanced signal from biodegradable gold-based NPs accumulated
within the tumor. NPs were composed of clusters of small gold
nanoparticles that produced an ultrastrong plasmonic coupling effect
for imaging and PTT. The arrow indicates NPs. ((a) Reprinted with
permission from Ref 87. Copyright 2007 American Chemical Society
and (b) Ref 88. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA)

to ensure ablation of the entire tumor. More recently,
researchers have demonstrated that the absorptive
properties of photothermally active NPs can be
exploited to enhance contrast of phase-sensitive OCT
(PSOCT) ex vivo. While conventional OCT generates
contrast based on light scattering, PSOCT generates
contrast based on small alterations in the sample’s
optical path length, which is influenced by tissue tem-
perature.’” Since AuNPs generate heat upon light
irradiation, they can enhance PSOCT contrast in a
technique known as photothermal OCT.*” Photo-
thermal OCT has recently been applied in vivo, and
has proven useful for analysis of highly-scattering tis-
sues because it can separate the AuNPs from the scat-
tering background.®” Overall, OCT has shown much
promise as a tool to guide PTT in ex vivo and pre-
clinical in vivo studies, but its low penetration depth
may limit its clinical utility.

An additional technique used for image guid-
ance and assessment of PTT is photoacoustic
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(PA) imaging (Figure 6(b)).>**® In PA imaging, tissue
is irradiated with a pulsed laser and light absorption
produces a temperature rise in the tissue leading to
its subsequent thermo-elastic expansion. The pressure
induced by this expansion leads to propagation of
acoustic waves, which are detected by an ultrasound
transducer at the surface of the body. AuNPs
embedded in tissue provide increased PA signal
because they convert light to heat more efficiently
than native tissue itself. Therefore, PA imaging can
be utilized to guide and assess PTT efficacy.”® Nota-
bly, since PA imaging incorporates an ultrasound
transducer, this technology readily allows for acquisi-
tion of traditional ultrasound images. Overlaying PA
images with ultrasound images can provide morpho-
logical information and reveal the distribution of
AuNPs in tumor tissue. Further, as shown in Figure 6
(b), AuNPs can inherently increase contrast of both
ultrasound and PA imaging.*® Another benefit of PA
imaging is that it can also be used to remotely moni-
tor the thermal dose applied to the tissue during
PTT. This was demonstrated by Kim et al., who
showed that PA imaging could be used to determine
the distribution of NRs within subcutaneous human
epithelial tumors in mice and to map the temperature
distribution during irradiation.** As previously men-
tioned, the temperature achieved during PTT will
influence whether the cells undergo apoptosis or
necrosis, which ultimately influences therapeutic suc-
cess. Using techniques such as PA imaging to monitor
the temperatures reached during PTT may allow
researchers to optimize irradiation parameters during
treatment to control the mechanism of cell death.
Finally, a very exciting application of PA imaging is
the analysis of micrometastases in lymph nodes.”"**
Since cancer typically spreads first to the lymph
nodes prior to distant organs, the ability to detect
this earliest stage of metastasis and provide PTT in a
single setting holds much promise as an intervention
strategy.

In addition to OCT and PA imaging, magnetic
resonance thermal imaging (MRTI) has also been
studied as a tool to non-invasively guide or assess
AuNP-mediated PTT using pre-clinical in vivo mod-
els of human cancer.”> In MRTI, a temperature
map is generated in real-time during irradiation that
can be interpreted by physicians to control the ther-
mal doses applied.”*** In one example of this tech-
nique, Rylander et al. demonstrated the use of MRTI
in prostate tumors and correlated the temperatures
reached during irradiation with expression of heat
shock proteins.” Since MRTI temperature mapping
can be used to control and optimize PTT parameters
in real time, it may be possible to use this technology

© 2017 Wiley Periodicals, Inc.
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during PTT to control the mechanism of cell death
and also to minimize any adverse impacts to adjacent
healthy tissue. It should be noted that this technology
is best applied to static tissues, as motion can easily
corrupt the accuracy of MRTI.”®

In this section, we have introduced three ima-
ging techniques that are the most commonly studied
for guidance and assessment of PTT. Confirming that
AuNPs have adequately accumulated in tumors prior
to irradiation, and that the desired temperature has
been achieved upon irradiation, is critical to ensure
success of PTT as a standalone therapy or in combi-
nation with chemotherapy, gene regulation, or immu-
notherapy. While the ability to guide PTT in humans
with OCT, PA imaging, or MRTI has not yet been
evaluated, we anticipate that this will occur in the
near future as PTT progresses through clinical devel-
opment. Indeed, MRTI is already used for tempera-
ture mapping during cryotherapy, radiofrequency
ablation, and focused ultrasound ablation, so its
implementation for clinical guidance of PTT should
be straightforward.”” For a discussion of the clinical
status and potential of each of these imaging modal-
ities, we point the reader towards several recent
papers that provide an excellent summary of the ben-
efits and limitations of each of these imaging modal-
ities in the clinical setting.”®~1°?

ADDITIONAL APPLICATIONS OF
PHOTOTHERMALLY ACTIVE GOLD
NANOPARTICLES

While this review has emphasized the use of PTT in
cancer therapy, PTT also poses opportunities for other
biological applications outside cancer management.
For example, since AuNPs can passively accumulate in
atherosclerotic plaques, they have been used for image-
guided PTT of atherosclerosis directed by intravascular
photoacoustic imaging (IVPA).!°%!9 Additionally,
PTT has been studied for the targeted ablation of
bacterial cells to treat antibiotic-resistant infections
such as methicillin-resistant Staphylococcus aureus
(MRSA).'*105 Moreover, the heat-generating photo-
thermal effect has also been investigated for global
health and environmental applications. Neumann
et al. demonstrated that specialized AuNPs designed
to absorb light across the entire solar spectrum
could produce sufficient heat in response to sun-
light to generate steam for sterilization and saniti-
zation purposes.'?®!'%”  These applications of
photothermally active AuNPs are particularly inter-
esting and important for developing countries that

© 2017 Wiley Periodicals, Inc.
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do not currently have access to clean energy and
water supplies.

OPPORTUNITIES AND CHALLENGES

Excitingly, PTT has rapidly progressed from concept
to clinical application, with PTT-mediated by NSs
already in three distinct Phase 1 clinical trials
(Figure 1(b))that focus on the treatment of lung, head
and neck, and prostate cancers.”” While efficacy
data has not yet been published, clinical trials evalu-
ating safety of NSs are promising.®” In addition, PTT
mediated by both NSs and NRs has begun to be
applied to veterinarian medicine, with a special
emphasis on treating canine and feline tumors.'%%1%?
Although we do not focus on translatability here, a
comprehensive overview of clinical trials that utilize
AuNPs for photothermal applications has recently
been published by Pedrosa et al.''® We anticipate
that the next decade will witness the commencement
of additional clinical trials of other more recently
developed AuNPs, the expansion into applications
beyond cancer, and the evaluation of multimodal
strategies.

There are several critical opportunities and chal-
lenges that should be addressed as PTT continues to
develop as a standalone therapy and as a component
of multifunctional strategies for cancer management.
Detailed studies should be performed to understand
how adjusting irradiation conditions, AuNP types,
and the temperatures achieved during PTT influence
the underlying impact to cells, including the mechan-
ism of cell death, as this is crucial for successful thera-
peutic outcome. Conventional PTT, while effective
for tumor ablation with high laser energies and tem-
peratures, is challenging as a standalone therapy
because it may result in cellular necrosis and therefore
increased inflammation and secondary tumor growth.
Further, it is difficult to ensure complete ablation of
all tumor cells, and PTT is not feasible as a treatment
for metastatic disease. However, there are increasing
opportunities to use PTT in combination with other
therapies such as chemotherapy, gene regulation, and
immunotherapy, to provide synergy for more thor-
ough cancer treatment. The combination of PTT and
these secondary techniques is mutually beneficial.
That is, PTT can enhance secondary therapies by
increasing molecular stability and tumor delivery, and
these other therapies can enhance PTT by ensuring
complete elimination of cells. Finally, PTT can be
combined with imaging strategies to guide therapeutic
application and monitor treatment success. Overall,
using PTT in combination with imaging and/or
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second therapeutic strategies offers great potential for
increasing tumor regression while decreasing off-
target effects to healthy tissue.

CONCLUSION

AuNP-mediated PTT has been thoroughly investi-
gated as a standalone therapy for cancer, but its
recent use in combination with other imaging and
treatment modalities presents improved therapeutic
results. AuNPs are ideal photothermal transducers
because their optical properties can be tuned by
adjusting their structural dimensions so that they
strongly absorb tissue-penetrating NIR light. Fur-
ther, AuNPs provide several essential features for
use in multimodal therapies including simple gold-
thiol bioconjugation chemistry and efficient tumor
accumulation and cellular uptake. PTT can exploit
these qualities of AuNPs to provide controlled
release of conjugated or encapsulated molecules
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