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Abstract: Photothermal therapy (PTT) has attracted extensive research attention as a noninvasive
and selective treatment strategy for numerous cancers. PTT functions via photothermal effects in-
duced by converting light energy into heat on near-infrared laser irradiation. Despite the great ad-
vances in PTT for cancer treatment, the photothermal therapeutics using laser devise only or non-
specific small molecule PTT agents has been limited because of its low photothermal conversion
efficiency, concerns about the biosafety of the photothermal agents, their low tumor accumulation,
and a heat resistance of specific types of cancer. Using nanomaterials as PTT agents themselves, or
for delivery of PTT agents, offers improved therapeutic outcomes with fewer side effects through
enhanced photothermal conversion efficiency, accumulation of the PTT agent in the tumor tissue,
and, by extension, through combination with other therapies. Herein, we review PTT’s current clin-
ical progress and present the future outlooks for clinical applications. To better understand clinical
PTT applications, we describe nanomaterial-mediated photothermal effects and their mechanism of
action in the tumor microenvironment. This review also summarizes recent studies of PTT alone or
in combination with other therapies. Overall, innovative and strategically designed PTT platforms
are promising next-generation noninvasive cancer treatments to move closer toward clinical appli-
cations.

Keywords: photothermal therapy; photothermal agent; photothermal effect; clinical application;
cancer therapy; nanomaterials

1. Introduction

Cancer is among the leading causes of morbidity and mortality worldwide, and there
are about 18 million new cancer patients, and 9.5 million cancer-related deaths each year
[1]. For many decades, efforts have concentrated on searching for effective therapeutics
for cancer. Currently, the available cancer treatments involve surgery, chemotherapy, and
radiotherapy, in which the cancer patients may suffer from severe side effects and unsat-
isfactory results after these treatments [2,3]. However, with the increasing understanding
of oncology, many advanced cancer therapies, such as immunotherapy, gene therapy,
photodynamic therapy, and photothermal therapy (PTT), have drawn attention as prom-
ising and effective anticancer treatments [4-7].

Among these different therapies, PTT is attractive therapeutics in oncology because
of its noninvasive and selective therapeutic potential. In general, PTT uses photothermal
effects induced by photothermal agents that convert light energy into heat, thus increas-
ing the temperature of surrounding tissue and triggering cell death [8,9]. PTT is a prom-
ising treatment because cancer cells typically show poor endurance to heat. Further, ex-
ternal laser irradiation with an adjustable dosage allows the selective elimination of vari-
ous types of cancers and minimizes the damage to the surrounding nonmalignant tissue.
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Nevertheless, PTT using non-specific, small molecule PTT agents or an external laser
device, only without PTT agents has intrinsic limitations: non-selective cell death because
of accumulation of small molecule PTT agents and endogenous biological chromophores
in nonmalignant tissues; the need for a high power density to achieve a therapeutic effect.
However, using the high-power lasers required for efficient tumor ablation also raises
concerns about the safety and the cost of the equipment required. These constraints have
slowed the clinical application of PTT devices.

Extensive research has been conducted to improve the photothermal effects and tu-
mor targetability of PTT agents and remove the biological barriers to cancer treatment.
Specifically, an ideal photothermal agent would have the specific tumor-targeting ability
and high photothermal conversion efficiency (PCE) without absorption disturbance from
the chromophores in biological tissue. The development of photothermal agents that meet
these requirements has accelerated with the advancement of PTT research [10,11]. Among
them, the development of nanosized photothermal agents (NPA) that can accumulate in
tumors via enhanced permeability and retention (EPR) effects and active targeting has
drawn attention [12,13]. NPAs can not only achieve a higher PCE and tumor accumulation
than small-molecule photothermal agents but also integrate multiple imaging modes and
therapeutic functions into one platform for advanced PTT applications [14,15]. Thus,
NPA-mediated PTT has been highlighted as a standalone therapy for cancer treatment
given its selective cancer cell-targeting ability, i.e., avoiding damage to healthy tissue. To
date, diverse NPAs have been developed for enhanced PTT-based cancer treatment, such
as metal nanomaterials (platinum and gold), semiconductor nanomaterials (copper), car-
bon nanomaterials (carbon nanotubes and graphene), and conducting polymers (polyan-
iline and polypyrrole) [9,16,17].

The NPA-mediated PTT exhibited improved therapeutic effects. However, an inher-
ent problem facing PTT remains, such as the limited light penetration depth, leading to
incomplete tumor ablation. Moreover, if the target-specificity of the NPAs is low, unnec-
essary damage to normal tissue can occur by overheating outside of the tumor area. The
overexpression of heat shock proteins is another hurdle for PTT because it can cause re-
sistance to PTT in some types of cancers [8].

Many innovative strategies have been developed to improve the practicality of the
PTT approach for anticancer therapy. The strategies include: (i) the identification of ap-
propriate irradiation conditions, such as power density and time [16,17]; (ii) monitoring
and optimization of the accumulation of NPA in tumor tissue [18]; (iii) improvement in
PCE or targeting ability of NPA by controlling morphological properties or functionaliza-
tion via surface engineering [19]; and (iv) development of NPAs with absorption in the
near-infrared (NIR) II region (1000-1700 nm) [20,21] (Figure 1). PTT was also combined
with different therapeutic methods, such as photodynamic therapy (PDT), immunother-
apy, chemotherapy, or radiotherapy, to exploit each therapy’s advantages, and offset their
limitations. Combined PTT treatment with other therapies has shown significant treat-
ment outcomes by improving drug delivery efficiency, triggering drug release, controlling
the tumor microenvironment (TME), or eliciting tumor-specific antigen release [22].
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Figure 1. Schematic illustration for developing new PTT platforms with rational, technological
innovations, and strategic improvements for clinical applications.

Unlike other comprehensive review articles covering a wide range of studies on
NPA-mediated photothermal tumor therapies [23-26], in this review article, we highlight
the clinical progress of PTT-based approaches. Furthermore, to achieve a better under-
standing of current clinical PTT approaches, we elaborate on the different types of NPAs
and their photothermal effects and mechanisms of action in the TME, as well as concisely
present examples of combined strategies involving PTT and other therapies. In addition,
we discuss the importance and potential of NPA-mediated PTT and, by extension, suggest
directions for the expansion of PTT to achieve substantial clinical anticancer effects. Fi-
nally, the points to be considered for future clinical applications are discussed.

2. Photothermal Agents and Their PTT Effects in the Tumor Microenvironment

Anideal photothermal agent should possess a high PCE at the treatment wavelength,
excellent biocompatibility that includes minimal dark toxicity outside of the light-exposed
tissue, and robust photostability. Generally, photothermal agents are divided into the fol-
lowing types: (i) organic dyes, such as indocyanine green and heptamethine cyanine; (ii)
organic nanoparticles, including organic semiconducting polymeric nanoparticles and
porphyrin-lipid conjugate porphysomes; (iii) gold nanomaterials; (iv) carbon-based nano-
materials such as carbon nanotubes and graphene oxide; and (v) other inorganic materials
such as metal oxide nanoparticles and quantum dots (Figure 2).

Organic dyes Organic nanoparticles Gold nanomaterials
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- Indocyanine green, = Semiconducting polymeric nanoparticle = Gold nanosphere, nanorod,
- Heptamethine cyanine - Porphysome nanocage, nanoprism, nanoshell
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Figure 2. Different types of photothermal agents used for PTT.
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Among the various photothermal agents, organic nanomaterials often have good bi-
ocompatibility and biodegradability; however, they also have inherent limitations such as
low photothermal conversion efficiency, poor photothermal stability, and complicated
synthesis. In contrast, inorganic nanomaterials usually show excellent NIR light absorb-
ance; high photothermal efficiency and photostability owing to their intrinsic optical
properties, such as localized surface plasmon resonance (e.g., gold nanomaterials), narrow
emission spectra, and structural features that offer advantages such as ease of synthesis
and surface modification with different functional groups, including carboxylic, hydroxyl,
and epoxy groups (e.g., carbon-based nanomaterials). However, their non-biodegradable
nature and potential long-term toxicity remain unsolved issues [27].

In terms of the mechanism of action, photothermal agents act as an enhancer to heat
up target cells or tissues. Specifically, on irradiation by light of a specific wavelength, the
agents absorb energy, and are excited from the ground singlet state to an excited singlet
state. The excited PTT agent then undergoes nonradiative vibrational relaxation, return-
ing to the ground state by a collision between the excited photothermal agents and the

surrounding molecules. As a result, the increased kinetic energy heats the surrounding
tumor microenvironment (Figure 3).
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Figure 3. Mechanism of action for nanomaterial-mediated PTT effects in the tumor microenviron-
ment. Nanomaterials accumulate within solid tumors that have a leaky tumor vasculature via the
EPR effect. The nanomaterials have strong absorbance in the NIR window and can efficiently con-
vert the laser energy to heat. For tumor ablation, the heat (> 42 °C) generated during the excited

PTT agents’ vibrational relaxation induces the photothermal effect, which results in the necrosis,
apoptosis, and necroptosis of tumor tissue.

PTT results in several physiological and biological changes in the tumor tissue that
can maximize the therapeutic effects of PTT and enhance the efficacy of secondary thera-
pies. For example, the localized heat generation enhances the permeability of the tumor
vasculature and cell membranes, which can increase the accumulation of secondary ther-
apies, such as chemotherapy [28-30]. PTT also causes changes in the intracellular tumor
environment, such as DNA damage and protein denaturation [31]. PTT’s cell death mech-
anisms may influence successful and potential combination therapies integrating PTT,
chemotherapy, and immunotherapy.

Cell death via PTT is generally accompanied by two different cell signaling pathways
when cells are exposed to temperatures greater than 42 °C: necrosis or apoptosis [32,33].
Moreover, recent studies have reported a new cell death mechanism in PTT, named
necroptosis, which is very similar to passive, non-regulated necrotic cell death but, in con-
trast, is a tightly controlled cell death process [34-36]. When the temperature reaches 41

°C, a series of rapid changes in gene expression patterns, such as the generation of heat-
shock proteins, is initiated to mitigate the effects of the initial thermal damage [37]. At 42
°C, irreversible tissue damage occurs, and heating of tissue at approximately 46 °C in-
duces necroptosis and apoptosis [36], whereas heating of tissue above 49 °C results in cell
necrosis [38]. During necrosis, heat disrupts the cell membrane, causing cytoplasmic com-
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ponents to leak out, and resulting in inflammation. Above 46 °C, cell death is rapidly ac-
celerated owing to microvascular thrombosis and ischemia, finally resulting in protein
denaturation and cell membrane destruction [38]. However, for apoptosis, the cell death
pathway is highly regulated; inflammation is not induced, making it a suitable route to
eliminate cancer cells. This distinction in the mechanism of cell-death is widely recognized
in cancer treatment by PTT. Additionally, recent reports have demonstrated that necrop-
tosis increases the sensitivity of tumor cells to antitumor treatments and results in the
death of drug-resistant tumor cells via the malfunction of cell apoptosis [39]. Therefore,
although there have been only a few reports on tumor cell death by necroptosis via heat
treatment to date, necroptosis may be an alternative mechanism for PTT-induced cancer
cell death [40—42].

Conventional PTT employs high-energy irradiation to cause rapid photothermal heat
generation, leading to cellular necrosis. Although this strategy is sufficient for the ablation
of established tumors, it can also produce undesirable effects such as unavoidable damage
to the normal tissue near the tumor [43-45]. Recent studies have demonstrated that PTT
can be modulated to trigger apoptosis, rather than necrosis by modifying experimental
parameters such as laser power, exposure time, and the concentration of photothermal
agents [46]. Specifically, high-energy PTT that induces necrosis can accelerate the cellular
waste release and trigger damage-associated molecular patterns (DAMPs) that cause in-
flammation, which may induce increased secondary tumor growth. Conversely, low-en-
ergy PTT can promote cellular apoptosis, which can lead to beneficial immunogenic re-
sponses [46,47].

Interestingly, an appropriate thermal dose also generates an immune response to
eliminate tumors and induces a “vaccine-like” immune response and T-cell infiltration
[48]. Moreover, PTT has been used to treat local metastasis in lymph nodes and trigger
the immune response for metastasis inhibition, promoting antitumor T-cell responses
[49,50]. Given that the initiation of apoptosis versus necrosis with PTT can result in dis-
tinct cellular effects, researchers should carefully consider modulating the PTT parame-
ters and utilizing PTT combined with secondary treatment strategies to maximize the
therapeutic effects. Overall, modulating PTT to trigger apoptosis is a favorable option be-
cause it does not cause a pro-inflammatory response or the formation of secondary tu-
mors.

3. PTT in Combination with Other Cancer Therapies

The combination of PTT with other therapeutic modalities provides opportunities to
exploit the advantages and offset the disadvantages of each therapeutic modality, leading
to additive or even synergistic therapeutic effects (Figure 4). Further, cooperative interac-
tion between different therapies can result in antitumor effects at low doses of photother-
mal agents or low laser powers, thus minimizing the potential toxicity to nonmalignant
tissues. Multimodal therapies incorporating PTT could also help overcome multi-drug re-
sistance (MDR) and hypoxia-related resistance to cancer therapy. Recent reports have
demonstrated the benefits of combining PTT with other therapeutic modalities such as
PDT, chemotherapy, radiotherapy, and immunotherapy [51-54]. Various nanomaterials
have been used as photothermal agents in combination therapies (Table 1).
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Table 1. Representative nanomaterials used as PTT agents in combination therapies.

Nanomaterials Combination Mechanism Ref.
Therapy

CP-IPP/AWPEG nano- prp b 7 (808 nm) and ROS (630 nm)  [55]

spheres

GNc-HyNA PTT+PDT  LTH (808 nm) and ROS (690 nm)  [56]
GNS-PEG-Ceb PTT+PDT  LTH (671 nm) and ROS (671 nm)  [57]
Te-NDs PTT + PDT LTH and ROS (785 nm) [58]
UCNPs-NGO/ZnPC PTT+PDT  LTH (808 nm) and ROS (630 nm)  [59]
CDAuNs PTT+CT LTH (808 nm) and CDR [60]
DINPs PTT+CT LTH (808 nm) and CDR [61]
HPSN-Pax/PdPc PTT+CT LTH (730 nm) and CDR [62]
Polydopamine-rGO-MSN PTT+CT LTH (808 nm) and CDR [63]
Polypyrrole@MIL-100/DOX  PTT +CT LTH (808 nm) and CDR [64]

LTH (900 nm) and
HCuSNPs-CpG PIT+IT SI using small-molecule inhibitors [63]
OVA-ICG PTT +IT LTH (808 nm) and [66]

SI as cancer vaccine
PCN PTT +IT LTH (808 nm) and [67]

SI as immune agonists

LTH (808 nm) and
PEGylated SWNT PIT+IT SI as immune checkpoint blockades [68]
piTRLs PTT +IT LTH (808 nm) and [69]

SI using immunostimulant

CSA PTT +RT LTH (808 nm) and X-ray [54]
Dox-HGNP PTT +RT LTH (800 nm) and X-ray [70]
mPEG@HGNPs PTT +RT LTH (808 nm) and X-ray [71]
PtNP PTT +RT LTH (808 nm) and X-ray [72]
WSQDs PTT +RT LTH (808 nm) and X-ray [73]

Abbreviations: CDAuNS: cancer cell membrane-coated doxorubicin-incorporated gold
nanocages, CDR: chemo drug release, CpG: cytosine-guanine, CP-TPP: poly(cyclotriphosphazene-
co-tetraphenylporphyrin-co-sulfonyldiphenol) nanospheres, CSA: dumbbell-shaped heterogene-
ous copper selenide-gold nanoparticles, CT: chemotherapy, DINP: PLGA-lecithin-PEG NPs con-
taining DOX and ICG, DOX: doxorubicin, Dox-HGNP: doxorubi-cin-loaded hollow gold nanopar-
ticle, GNc-HyNA: gold-nanoclustered hyaluronan nanoassembly, GNS-PEG-Ce6: chlorin e6-conju-
gated gold nanostars, GO-PEG-PEI-Ure B: PEG and PEI modified graphene oxide containing ure-
ase B, HCuSNPs: hollow Cus nanoparticle, HGNP: hollow gold nanoparticles, HPSN: hollow
structured polymer-silica nanohybrid, ICG: indocyanine green, IT: immunotherapy, LTH: light-
triggered hyperthermia, NGO: nanographene oxide, OVA: ovalbumine, Pax/PdPc: paclitaxel and
palla-dium phthalocyanine, PCN: CpG-integrated OVA@Au nanorod, PEG: polyethylene glycol,
PEG-[64Cu]CuS NPs: Copper 64 tagged PEG-coated copper sulfide nanoparticles, piTRLs: poly
I:C- and ICG containing thermal responsive liposomes, PLGA: poly(lactic-co-glycolic acid), PtNP:
platinum nanoparticles, PTT: photothermal therapy, RT: radiotherapy, ROS: reactive oxygen spe-
cies generation, SI: stimulation of immune system, SWNT: single-walled carbon nanotubes, Te-
NDs: tellurium nanodots, TNP-1: copper-palladium alloy tetrapod nanoparticles, UCNPs: upcon-
version nanoparticles, WS2QDs: tungsten sulfide quantum dots, X-ray: X-ray irradiation, ZnPc:
zinc phthalocyanine.
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Figure 4. Beneficial effects of combining PTT with other cancer therapies, such as photodynamic
therapy (PDT), chemotherapy (CT), immunotherapy (IT), and radiotherapy (RT). These strategies
demonstrate synergy by incorporating the merits and offsetting the drawbacks of individual ther-
apies. Abbreviations: ICD: immunogenic cell death, MDR: multi-drug resistance, NIR: near-infra-
red, ROS: reactive oxygen species.

In particular, the combination of PTT and PDT can induce a potential synergistic
therapeutic effect compared to PDT or PTT alone. The heating effect of PTT can enhance
the delivery of the PDT agent into the intracellular environment and increase the oxygen
concentration in tumor tissue by improving local blood flow, thus resulting in a higher
PDT efficacy [56,74-76]. Additionally, reactive oxygen species (ROS) generated by PDT
can obstruct heat-shock proteins, thereby hindering the protective effects of the proteins
in cancer cells during PTT [77]. However, combined PTT and PDT requires sequential
irradiation with lasers of different wavelengths because of the mismatched absorption
spectra for the activation of the PTT agent and PDT agent, which may cause a prolonged
and complicated treatment process. To overcome these drawbacks, researchers have de-
veloped simultaneous PTT and PDT using a PTT agent coupled with a PDT agent or a
dual-mode PTT and PDT agent using single-laser irradiation [57,58]. Although these ap-
proaches provide a simple treatment process and improved therapeutic outcomes com-
pared to the single-mode treatment, it requires a relatively high PTT laser power density
of >1 W/cm? and irradiation time of more than 5 min to trigger synergistic PTT and PDT
effects. In this regard, the use of simultaneous PTT and PDT with a low NIR power density
for a short irradiation time is needed to maximize the therapeutic outcome and minimize
laser-induced toxicities [78].

Chemotherapy, the most common cancer treatment, still faces challenges, such as
drug resistance and adverse side effects that limit the maximum administered dose. In
this respect, the heating effect induced during PTT can improve the permeability of blood
vessels, cell membrane, and extracellular matrix [79]. These physiological changes can
boost the chemotherapeutic effect by increasing the anticancer drug content in tumor tis-
sue or metastatic tumor tissue [80,81]. In addition, the combined use of PTT agents and
chemotherapeutic agents can provide synergistic therapeutic effects; for example, the use
of chemotherapy could help resolve the problems related to the limited penetration depth
of light in PTT and improve the sensitivity of cancer cells to hyperthermia; further, the use
of PTT could increase the therapeutic sensitivity of multidrug-resistant (MDR) cancer cells
[82,83]. The combination of PTT and chemotherapy can also produce synergistic activity
in hypoxic tumors owing to the increased blood flow and oxygen saturation. In a recent
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report, PTT combined with chemotherapy based on gold-coated nanocages containing
doxorubicin showed an obvious reduction in tumor size of the pulmonary metastatic tu-
mor models through hyperthermia-triggered drug release [60]. Besides, combined PTT
and chemotherapy using polydopamine-coated spiky gold nanoparticles successfully
elicited antitumor immune responses, and eliminated tumors in CT26 colon carcinoma
and TC-1 lung metastasis models [51].

In addition to its combination with PDT or chemotherapy, PTT could induce a sys-
temic anticancer immune response through localized eradication of a given tumor. Spe-
cifically, combining PTT with immunotherapy has attracted significant attention owing to
its ability to elicit immune responses by immunogenic cell death (ICD), thereby augment-
ing the immunotherapeutic efficacy [84]. The enhanced immunotherapeutic responses in-
duced by PTT can be explained through the following mechanisms: (i) effective destruc-
tion of the tumor tissue by local immune cells, (ii) release of tumor-specific antigen as an
in situ vaccine, and (iii) activation of the immune system by pro-inflammatory cytokines
[85]. Based on these mechanisms, combined PTT and immunotherapy using immunologic
adjuvants can increase tumor immunogenicity and reduce immunosuppression in the
TME via immune-checkpoint inhibitors, resulting in an enhancement in the tumor infil-
tration of cytotoxic CD8+ T-cells and effector memory T-cells. A recent report has shown
that immune-checkpoint inhibition can have dramatic anticancer effects when combined
with PTT and molecular adjuvants [48].

Furthermore, combining PTT with immunotherapy can modulate the immunosup-
pressive TME, inhibiting general obstacles such as tumor recurrence and metastasis facing
single-mode PTT treatment. In one study, combined PTT treatment based on single-
walled carbon nanotubes with anti-CTLA-4 effectively inhibited the growth of the sec-
ondary tumor or lung metastasis in a mouse model [68]. In another study, combined local
PTT and immunotherapy using glycated chitosan induced a systemic immune response
against primary tumors and metastasis in pancreatic tumor models upon direct laser irra-
diation [86].

Moreover, PTT can improve the therapeutic effects of RT [87,88]. Although over 50%
of patients with cancer receive curative or palliative RT, in single radiation treatment, it is
challenging to control the dose of ionizing radiation required to eradicate the cancerous
tissue because of the radioresistance of tumor cells and the need to protect normal tissues
from the radiation [89,90]. In this regard, the combination of low-energy long-wavelength
NIR light and high-energy short-wavelength radiation acts in a complementary way; for
example, NIR light has a limited penetration depth, but X-rays and y-rays radiation do
not have depth restrictions [91]. As mentioned earlier, studies have shown that PTT in-
creases the temperature of tumor tissue, leading to increased tumor oxygenation, thereby
sensitizing the tumor to X-ray radiation [73]. In addition, PTT can enhance the effect of RT
by attenuating the repair of double-strand breaks (DSBs) in cancer cells caused by RT
[92,93]. Therefore, the combination of PTT and RT can reduce the required dose of anti-
tumor irradiation while simultaneously providing enhanced therapeutic effects [70].

4. Progress toward Clinical PTT Applications

To date, many types of nanomedicines have been approved for clinical use or are in
clinical trials for cancer treatment. Despite the fascinating properties and therapeutic po-
tential of nanomaterial-mediated PTT, clinical implementations are still lacking and face
obstacles that must be overcome (Figure 5). Clinical PTT therapies are currently based on
laser devices because they can achieve thermal ablation simply by exciting endogenous
tissue chromophores. This strategy reduces the complexity of regulation and develop-
ment costs of PTT agents. For example, endobronchial tumors can be treated with endo-
scopic Nd:YAG laser treatment via photocoagulation. Laser photocoagulation specifically
affects the blood vessels surrounding and supplying nutrients and oxygen to the tumors
and results in thermal destruction of the tumor tissue [94]. Laser treatment has also been
used as a safe and effective approach for several solid tumors, such as liver and prostate
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tumors, under magnetic resonance imaging (MRI) guidance. For example, Nd:YAG laser
treatment demonstrated therapeutic effects in 603 patients with metastatic liver from col-
orectal carcinoma (<5 cm in diameter) and 500 patients with hepatocellular carcinoma (<3
cm in diameter), yielding a 2% recurrence rate for tumor metastasis, and 81% ablation
efficacy for primary liver cancer [95,96]. Laser treatment also resulted in minimal compli-
cations (<1% of patients) in 899 patients with malignant liver tumors [97].
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Figure 5. Schematic highlighting the factors crucial to achieving effective clinical PTT applications. Current research di-
rections involve alternating the light exposure parameters to control PTT effects in tumor tissue or the use of alternative
delivery methods such as intravenous or local sustained delivery in PTT.

In the late 2000s, the US Food and Drug Administration (FDA) approved two devices
involving MRI guidance for the stereotactic laser ablation of high-grade glioma using Vis-
ualase Thermal Therapy © (150 W, 980-nm laser) and NeuroBlate ® laser ablation system
(12 W, 1064-nm laser).

Indocyanine green (ICG), an FDA-approved medical contrast agent for intravenous
administration, has received considerable attention as a phototherapeutic agent given its
photothermal effect and cytotoxic ROS generation upon NIR laser irradiation [98,99]. In
particular, ICG has been used as an effective NIR-absorbing PTT agent with excellent
light-to-heat conversion efficiency for cancer treatment [100,101]. In 2011, a pilot clinical
study showed the feasibility of ICG for the treatment of metastatic breast cancer. A total
of 10 patients with advanced-stage metastatic breast cancer received laser immunother-
apy consisting of the local injection of ICG and glycated chitosan, followed by 805-nm
laser irradiation at a power density of 1 W/cm?2. NIR laser-based immunotherapy achieved
an objective response rate of 62.5% and a clinical benefit response rate of 75%. There were
no significant adverse events after treatment, aside from limited local thermal injury [102].

Although laser-based PTT has low regulatory hurdles and development costs, PTT-
agent-enhanced thermal ablation offers significant improvements, including better selec-
tivity to the target tissue and simple device design by using lower-power lasers. However,
most studies using PTT agents, such as gold-based nanomaterials and light-absorbing na-
nomaterials, have only involved preclinical research, and there are only a few early-phase
pilot clinical trials of PTT agent-enhanced thermal ablation, as discussed below.

Aurolase ©, the most prominent PTT system, is developed based on a 150-nm gold
nanoshell by Nanospectra Biosciences. Aurolase ® is a nanomaterial-enhanced PTT
method that exploits 150-nm gold nanoshells comprised of a 120-nm silica core as the di-
electric core, a 15 nm gold shell for NIR light-responsive thermal ablation, and a polyeth-
ylene glycol (PEG) layer for stable particle stability. AuroShell ® absorbs energy from near-
infrared light and converts it to heat, resulting in selective hyperthermic cell death with
minimal damage to the adjacent nontumor tissue. For clinical trials, gold nanoshells are
intravenously injected into the bloodstream and are passively accumulated in the tumor
via the EPR effect. Under NIR laser irradiation, Aurolase ®-based therapy leads to cell
death and tumor regression through PTT-induced thermal ablation. To date, there have
been four recorded clinical studies based on this PTT platform on ClinicalTrials.gov. The
two clinical trials involving metastatic lung tumors (NCT01679470) and head and neck
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tumors (NCT00848042) were completed, and two clinical studies are being carried out to
investigate the therapeutic efficacy for prostate cancer (NCT02680535 and NCT04240639)
(Table 2).

Table 2. A clinical trial of nanomaterial-mediated PTT for cancer therapy.

Name Particle Type Indication Clinical State on
(Company) yp Clinical Trial. Gov Identifier
Solid primary 2016
and/or metastatic (NCT01679470-
lung tumors terminated)
PEG-coated silica- Refractory and/or 2017
recurrent tumors of (NCT00848042-
AuroLase®  gold nanoshells
the head and neck completed)
(Nanospectra (AuroShell ®) for
Biosciences)  NIR-facilitated 2019
. (NCT02680535-
thermal ablation . .
Neoplasms of the active, not recruiting)
prostate 2020
(NCT04240639-
recruiting)

In the first clinical trial (NCT01679470), AuroShell ® was intravenously administered
to patients with primary and metastatic lung tumors, followed by NIR laser irradiation
using bronchoscopy to trigger NIR-triggered thermal ablation. In the second clinical study
(NCT00848042), patients with head and neck tumors received AuroShell ® through intra-
venous administration and were given one or multiple 808-nm laser irradiation. These
clinical trials were not completed, and side effects were noted in patients with refractory
or recurrent head and neck cancers. However, in prostate cancer treatment, efficient focal
ablation of clinically significant prostate lesions with minimal damage to healthy tissue
was achieved using MRI/US-guided laser irradiation (NCT02680535). Focal laser ablation
has been successfully carried out in 94% of patients without significant complications and
marked changes in the International Prostate Symptom Score or Sexual Health Inventory
for Men questionnaire. The most recent trial involved recruiting patients to perform a se-
quential extension study for the focal ablation of the prostate tumor under MRI/US-
guided laser irradiation (NCT04240639) [103].

5. Conclusions and Future Outlooks

Various approaches based on PTT have been tested in preclinical studies and have
shown promising results for certain cancer treatments. In this field, a large number of
nanomaterials have been developed to achieve localized hyperthermia in response to NIR
light irradiation. These nanomaterials can convert photon energy into heat, which allows
spatiotemporal control over the therapeutic effect. It is worth noting that the PTT ability
of the nanomaterials can be optimized by adjusting external parameters, such as laser lo-
calization at the tumor site, laser operating conditions (power density and irradiation
time), and accumulation of PTT agent within the tumor tissue, as well as morphological
parameters such as the size and shape of the nanomaterials. Furthermore, the combination
of PTT with various conventional therapies can potentially treat tumors outside the laser
irradiation scope and achieve better therapeutic outcomes than PTT alone, thereby reduc-
ing the dose of PTT agents required to eradicate tumors, as well as potential side effects.

Photothermal ablation based on an external laser device has been successfully em-
ployed for tumor ablation throughout the body. However, it is difficult to effectively treat
lesions near large vascular structures using laser treatment without PTT agents because
of the heat-sink effect that results in heat dissipation and, thus, reduced photothermal
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efficiency [104]. In addition, laser light-induced thermal ablation is limited to the treat-
ment of superficial tumors because human tissue has a strong absorption coefficient in the
visible light range, and, hence, damage to non-cancerous tissues is a potential risk
[105,106].

To enhance the clinical utility of PTT by improving the efficacy and selectivity of
laser-induced photothermal ablation, nanomaterial-mediated PTT has emerged as an in-
novative approach. For example, a few clinical studies have demonstrated promising out-
comes in MRI/US-guided prostate cancer ablation (NCT 04240639). Nevertheless, most
nanomaterials remain in the preclinical stage and require additional biosafety characteri-
zation before clinical use, such as understanding the fate of the injected nanomaterials in
the short and long term, as well as their biodegradation and toxicity. Moreover, PTT re-
search using these nanomaterials should find ways to improve the limited selectivity of
PTT agents to tumor tissue because the low tumor concentration of PTT agents requires
high PTT doses to ensure their therapeutic effect. Some studies have explored nanomateri-
als” functionalization with PEG and targeting ligands, such as antibodies and RGD pep-
tides to improve the structural stability, biocompatibility, and specificity for tumor tissue
[107-109]. Even though developing functionalized nanomaterials might delay their clini-
cal translation, these new-generation technologies have great potential as innovative ma-
terials with improved selectivity, site-specific activation, and image-guiding therapeutic
functions.

In addition to advances in the PTT agents themselves, advances in light delivery are
also crucial for successful clinical translation. For example, challenges facing the clinical
translation of PTTs include the limited penetration depth of laser light in biological tissues
(less than 1 cm), which causes ineffective treatment for deep-tissue tumors. Thus, using
NIR lasers is highly recommended for PTT because of its lower scattering and absorption
by the tissues, thereby enabling deeper penetration than visible light. Therefore, current
strategies involve the following new generation technologies, such as (i) the use of fiber-
optic NIR lasers to reach tumors, (ii) combinational PTT with surgery on a surgical bed
exposed to laser irradiation, and (iii) development of PTT agents with high extinction co-
efficients in the NIR II (1000-1700 nm) region, which has even deeper penetration depth
and higher maximum permissible exposure than NIR I (700-1000 nm), to enable the treat-
ment and imaging of deep-tissue tumors.

In summary, by innovating next-generation technologies, such as improved laser fi-
ber devices (multiple interstitial fibers) and suitable PTT agents with safety, optimized
optical properties, and tumor-specific targeting, better cancer treatments can be achieved.
Careful consideration of combining PTT with secondary treatment is required to maxim-
ize the therapeutic effects. In this way, there is a substantial possibility of transferring new
PTT platforms from the laboratory to clinics and widening their clinical application with
innovative design and strategic improvements.

Author Contributions: H.S.H. investigated published materials, wrote sections of the manuscript,
and edited it, as well as draw the figures. K.Y.C. conceptualized concepts and wrote the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Basic Science Research Programs through the National
Research Foundation of Korea (NRF), funded by the Ministry of Science and ICT
(2015R1A6A3A04059033 and 2017R1D1A1B03034888) and a Korea Institute of Science and Technol-
ogy (KIST) intramural research grant.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.



Biomedicines 2021, 9, 305 12 of 16

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Bray, F.; Ferlay, J.; Soerjomataram, I; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA A Cancer J. Clin. 2018, 68, 394-424, doi:10.3322/caac.21492.
Pérez-Herrero, E.; Fernandez-Medarde, A. Advanced targeted therapies in cancer: Drug nanocarriers, the future of
chemotherapy. Eur. |. Pharm. Biopharm. 2015, 93, 52-79, doi:10.1016/j.ejpb.2015.03.018.

Baumann, M.; Krause, M.; Hill, R. Exploring the role of cancer stem cells in radioresistance. Nat. Rev. Cancer 2008, 8, 545-554,
d0i:10.1038/nrc2419.

Zou, L.; Wang, H.; He, B.; Zeng, L.; Tan, T.; Cao, H.; He, X.; Zhang, Z.; Guo, S.; Li, Y. Current Approaches of Photothermal
Therapy in Treating Cancer Metastasis with Nanotherapeutics. Theranostics 2016, 6, 762-772, d0i:10.7150/thno.14988.

Fan, W.; Huang, P.; Chen, X. Overcoming the Achilles' heel of photodynamic therapy. Chem. Soc. Rev. 2016, 45, 6488-6519,
d0i:10.1039/C6CS00616G.

Hu, Q.; Sun, W.; Wang, C.; Gu, Z. Recent advances of cocktail chemotherapy by combination drug delivery systems. Adv. Drug
Deliv. Rev. 2016, 98, 19-34, d0i:10.1016/j.addr.2015.10.022.

Ribas, A.; Wolchok, J.D. Cancer immunotherapy using checkpoint blockade. Science 2018, 359, 1350, doi:10.1126/science.aar4060.
Abadeer, N.S.; Murphy, C.J. Recent Progress in Cancer Thermal Therapy Using Gold Nanoparticles. . Phys. Chem. C 2016, 120,
4691-4716, d0i:10.1021/acs.jpcc.5b11232.

Chen, J.; Ning, C.; Zhou, Z.; Yu, P.; Zhu, Y.; Tan, G.; Mao, C. Nanomaterials as photothermal therapeutic agents. Prog. Mater.
Sci. 2019, 99, 1-26, doi:10.1016/j.pmatsci.2018.07.005.

Lovell, J.F,; Jin, C.S.; Huynh, E.; Jin, H.; Kim, C.; Rubinstein, J.L.; Chan, W.C.W_; Cao, W.; Wang, L.V.; Zheng, G. Porphysome
nanovesicles generated by porphyrin bilayers for use as multimodal biophotonic contrast agents. Nat. Mater. 2011, 10, 324-332,
d0i:10.1038/nmat2986.

Lin, H.; Wang, Y.; Gao, S.; Chen, Y.; Shi, ]J. Theranostic 2D Tantalum Carbide (MXene). Adv. Mater. 2018, 30, 1703284,
d0i:10.1002/adma.201703284.

Matsumoto, Y.; Nichols, ] W.; Toh, K.; Nomoto, T.; Cabral, H.; Miura, Y.; Christie, R.J.; Yamada, N.; Ogura, T.; Kano, M.R.; et al.
Vascular bursts enhance permeability of tumour blood vessels and improve nanoparticle delivery. Nat. Nanotechnol. 2016, 11,
533-538, d0i:10.1038/nnano.2015.342.

Setyawati, M.L; Tay, C.Y.; Chia, S.L.; Goh, S.L.; Fang, W.; Neo, M.].; Chong, H.C.; Tan, S.M.; Loo, S.C.J.; Ng, K.W.; et al. Titanium
dioxide nanomaterials cause endothelial cell leakiness by disrupting the homophilic interaction of VE—cadherin. Nat. Commun.
2013, 4, 1673, d0i:10.1038/ncomms2655.

Xu, Y,; Liang, X.; Bhattarai, P.; Sun, Y.; Zhou, Y.; Wang, S.; Chen, W.; Ge, H.; Wang, J.; Cui, L.; et al. Enhancing Therapeutic
Efficacy of Combined Cancer Phototherapy by Ultrasound-Mediated In Situ Conversion of Near-Infrared Cyanine/Porphyrin
Microbubbles into Nanoparticles. Adv. Funct. Mater. 2017, 27, 1704096, doi:10.1002/adfm.201704096.

Wang, Z.; Huang, P.; Jacobson, O.; Wang, Z.; Liu, Y.; Lin, L.; Lin, J.; Lu, N.; Zhang, H.; Tian, R.; et al. Biomineralization-Inspired
Synthesis of Copper Sulfide-Ferritin Nanocages as Cancer Theranostics. ACS Nano 2016, 10, 3453-3460,
do0i:10.1021/acsnano.5b07521.

Ali, M.R.K,; Rahman, M.A; Wu, Y.; Han, T.; Peng, X.; Mackey, M.A.; Wang, D.; Shin, H.].; Chen, Z.G.; Xiao, H.; et al. Efficacy,
long-term toxicity, and mechanistic studies of gold nanorods photothermal therapy of cancer in xenograft mice. Proc. Natl. Acad.
Sci. USA 2017, 114, E3110-E3118, d0i:10.1073/pnas.1619302114.

Zhu, X.; Feng, W.; Chang, J.; Tan, Y.-W.; Li, J.; Chen, M.; Sun, Y.; Li, F. Temperature-feedback upconversion nanocomposite for
accurate photothermal therapy at facile temperature. Nat. Commun. 2016, 7, 10437, doi:10.1038/ncomms10437.

Chen, Q.; Wen, J; Li, H.;; Xu, Y.; Liu, F.; Sun, S. Recent advances in different modal imaging-guided photothermal therapy.
Biomaterials 2016, 106, 144-166, doi:10.1016/j.biomaterials.2016.08.022.

Zhang, S.; Guo, W.; Wei, ].; Li, C; Liang, X.-J.; Yin, M. Terrylenediimide-Based Intrinsic Theranostic Nanomedicines with High
Photothermal Conversion Efficiency for Photoacoustic Imaging-Guided Cancer Therapy. ACS Nano 2017, 11, 3797-3805,
doi:10.1021/acsnano.6b08720.

Li, A.; Li, X; Yu, X,; Li, W.; Zhao, R.; An, X,; Cui, D.; Chen, X.; Li, W. Synergistic thermoradiotherapy based on PEGylated
Cu3BiS3 ternary semiconductor nanorods with strong absorption in the second near-infrared window. Biomaterials 2017, 112,
164-175, d0i:10.1016/j.biomaterials.2016.10.024.

Han, X;; Huang, J.; Jing, X.; Yang, D.; Lin, H.; Wang, Z.; Li, P.; Chen, Y. Oxygen-Deficient Black Titania for Synergistic/Enhanced
Sonodynamic and Photoinduced Cancer Therapy at Near Infrared-II Biowindow. ACS Nano 2018, 12, 4545-4555,
doi:10.1021/acsnano.8b00899.

Liu, Y.; Bhattarai, P.; Dai, Z.; Chen, X. Photothermal therapy and photoacoustic imaging via nanotheranostics in fighting cancer.
Chem. Soc. Rev. 2019, 48, 2053-2108, d0i:10.1039/C8CS00618K.

Melancon, M.P.; Zhou, M.; Li, C. Cancer Theranostics with Near-Infrared Light-Activatable Multimodal Nanoparticles. Acc. of
Chem. Res. 2011, 44, 947-956, d0i:10.1021/ar200022e.

Gai, S.; Yang, G.; Yang, P.; He, F.; Lin, J.; Jin, D.; Xing, B. Recent advances in functional nanomaterials for light-triggered cancer
therapy. Nano Today 2018, 19, 146-187, d0i:10.1016/j.nantod.2018.02.010.

Vankayala, R.; Hwang, K.C. Near-Infrared-Light-Activatable Nanomaterial-Mediated Phototheranostic Nanomedicines: An
Emerging Paradigm for Cancer Treatment. Adv. Mater. 2018, 30, 1706320, doi:10.1002/adma.201706320.



Biomedicines 2021, 9, 305 13 of 16

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Shanmugam, V.; Selvakumar, S.; Yeh, C.-S. Near-infrared light-responsive nanomaterials in cancer therapeutics. Chem. Soc. Rev.
2014, 43, 6254-6287, d0i:10.1039/C4CS00011K.

Bao, Z.; Liu, X,; Liu, Y.; Liu, H.; Zhao, K. Near-infrared light-responsive inorganic nanomaterials for photothermal therapy.
Asian ]. Pharm. Sci. 2016, 11, 349-364, d0i:10.1016/j.ajps.2015.11.123.

Day, E.; Fay, B.; Melamed, J. Nanoshell-mediated photothermal therapy can enhance chemotherapy in inflammatory breast
cancer cells. International Journal of Nanomedicine 2015, 10.2147/ijn.s93031, 6931, doi:10.2147/ijn.s93031.

Gormley, AJ,; Greish, K, Ray, A.; Robinson, R.; Gustafson, J.A.; Ghandehari, H. Gold nanorod mediated plasmonic
photothermal therapy: A tool to enhance macromolecular delivery. Int. ] Pharm. 2011, 415 315-318,
doi:10.1016/j.ijpharm.2011.05.068.

Gormley, A.J.; Larson, N.; Banisadr, A.; Robinson, R.; Frazier, N.; Ray, A.; Ghandehari, H. Plasmonic photothermal therapy
increases the tumor mass penetration of HPMA copolymers. . Control. Release 2013, 166, 130-138,
doi:10.1016/j.jconrel.2012.12.007.

Riley, R.S.; Day, E.S. Gold nanoparticle-mediated photothermal therapy: Applications and opportunities for multimodal cancer
treatment. WIREs Nanomed. Nanobiotechnol. 2017, 9, €1449, doi:10.1002/wnan.1449.

Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495-516, doi:10.1080/01926230701320337.
Golstein, P.; Kroemer, G. Cell death by necrosis: Towards a molecular definition. Trends Biochem. Sci. 2007, 32, 37-43,
doi:10.1016/j.tibs.2006.11.001.

Christofferson, D.E.; Yuan, J. Necroptosis as an alternative form of programmed cell death. Curr. Opin. Cell Biol. 2010, 22, 263
268, doi:10.1016/j.ceb.2009.12.003.

Galluzzi, L.; Kroemer, G. Necroptosis: A Specialized Pathway of Programmed Necrosis. Cell 2008, 135, 1161-1163,
doi:10.1016/j.cell.2008.12.004.

Zhang, Y.; Zhan, X,; Xiong, J.; Peng, S.; Huang, W.; Joshi, R.; Cai, Y.; Liu, Y.; Li, R.; Yuan, K; et al. Temperature-dependent cell
death patterns induced by functionalized gold nanoparticle photothermal therapy in melanoma cells. Sci. Rep. 2018, 8, 8720,
doi:10.1038/s41598-018-26978-1.

Richter, K.; Haslbeck, M.; Buchner, J. The Heat Shock Response: Life on the Verge of Death. Mol. Cell 2010, 40, 253-266,
doi:10.1016/j.molcel.2010.10.006.

Knavel, E.M.; Brace, C.L. Tumor Ablation: Common Modalities and General Practices. Tech. Vasc. Interv. Radiol. 2013, 16, 192—
200, doi:10.1053/j.tvir.2013.08.002.

Su, Z.; Yang, Z.; Xie, L.; DeWitt, ].P.; Chen, Y. Cancer therapy in the necroptosis era. Cell Death Differ. 2016, 23, 748-756,
doi:10.1038/cdd.2016.8.

Parida, S.; Maiti, C.; Rajesh, Y.; Dey, K.K.; Pal, I; Parekh, A.; Patra, R.; Dhara, D.; Dutta, P.K.; Mandal, M. Gold nanorod
embedded reduction responsive block copolymer micelle-triggered drug delivery combined with photothermal ablation for
targeted cancer therapy. Biochim. Biophys. Acta (BBA) Gen. Subj. 2017, 1861, 3039-3052, doi:10.1016/j.bbagen.2016.10.004.
Thompson, S.M.; Callstrom, M.R.; Butters, K.A.; Knudsen, B.; Grande, ].P.; Roberts, L.R.; Woodrum, D.A. Heat stress induced
cell death mechanisms in hepatocytes and hepatocellular carcinoma: In vitro and in vivo study. Lasers Surg. Med. 2014, 46, 290—
301, doi:10.1002/1sm.22231.

Mouratidis, P.X.E.; Rivens, I.; ter Haar, G. A study of thermal dose-induced autophagy, apoptosis and necroptosis in colon
cancer cells. Int. J. Hyperth. 2015, 31, 476488, doi:10.3109/02656736.2015.1029995.

Bernardi, R.J.; Lowery, A.R.; Thompson, P.A.; Blaney, S.M.; West, ].L. Inmunonanoshells for targeted photothermal ablation in
medulloblastoma and glioma: An in vitro evaluation using human cell lines. ]. Neuro Oncol. 2008, 86, 165-172,
d0i:10.1007/s11060-007-9467-3.

Day, E.S.; Thompson, P.A.; Zhang, L.; Lewinski, N.A.; Ahmed, N.; Drezek, R.A_; Blaney, S.M.; West, ].L. Nanoshell-mediated
photothermal therapy improves survival in a murine glioma model. J. Neuro Oncol. 2011, 104, 55-63, doi:10.1007/s11060-010-
0470-8.

Lowery, A.R,; Gobin, A.M.; Day, E.S.; Halas, N.J.; West, ].L. Inmunonanoshells for targeted photothermal ablation of tumor
cells. Int. |. Nanomed. 2006, 1, 149-154, doi:10.2147/nano.2006.1.2.149.

Melamed, J.R.; Edelstein, R.S.; Day, E.S. Elucidating the Fundamental Mechanisms of Cell Death Triggered by Photothermal
Therapy. ACS Nano 2015, 9, 6-11, doi:10.1021/acsnano.5b00021.

Pérez-Hernandez, M.; del Pino, P.; Mitchell, S.G.; Moros, M.; Stepien, G.; Pelaz, B.; Parak, W.J.; Galvez, EM.; Pardo, J.; de la
Fuente, ].M. Dissecting the Molecular Mechanism of Apoptosis during Photothermal Therapy Using Gold Nanoprisms. ACS
Nano 2015, 9, 52-61, d0i:10.1021/nn505468v.

Chen, Q.; Xu, L,; Liang, C.; Wang, C.; Peng, R.; Liu, Z. Photothermal therapy with immune-adjuvant nanoparticles together
with checkpoint blockade for effective cancer immunotherapy. Nat. Commun. 2016, 7, 13193, doi:10.1038/ncomms13193.

Bear, A.S.; Kennedy, L.C.; Young, J.K,; Perna, S.K.; Mattos Almeida, J.P.; Lin, A.Y.; Eckels, P.C.; Drezek, R.A.; Foster, A.E.
Elimination of Metastatic Melanoma Using Gold Nanoshell-Enabled Photothermal Therapy and Adoptive T Cell Transfer. PLoS
ONE 2013, 8, €69073, d0i:10.1371/journal.pone.0069073.

Okuno, T.; Kato, S.; Hatakeyama, Y.; Okajima, J.; Maruyama, S.; Sakamoto, M.; Mori, S.; Kodama, T. Photothermal therapy of
tumors in lymph nodes using gold nanorods and near-infrared laser light. J. Control. Release 2013, 172, 879-884,
doi:10.1016/j.jconrel.2013.10.014.



Biomedicines 2021, 9, 305 14 of 16

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Nam, J.; Son, S.; Ochyl, L.J.; Kuai, R.; Schwendeman, A.; Moon, ].J. Chemo-photothermal therapy combination elicits anti-tumor
immunity against advanced metastatic cancer. Nat. Commun. 2018, 9, 1074, doi:10.1038/s41467-018-03473-9.

Liu, T.; Wang, C.; Cui, W.; Gong, H.; Liang, C.; Shi, X,; Li, Z.; Sun, B.; Liu, Z. Combined photothermal and photodynamic therapy
delivered by PEGylated MoS2 nanosheets. Nanoscale 2014, 6, 11219-11225, doi:10.1039/C4NR03753G.

Peng, J.; Xiao, Y.; Li, W.; Yang, Q.; Tan, L.; Jia, Y.; Qu, Y.; Qian, Z. Combined Photothermal Therapy and Immunotherapy:
Photosensitizer Micelles Together with IDO Inhibitor Enhance Cancer Photothermal Therapy and Immunotherapy. Adv. Sci.
2018, 5, 1870031, doi:10.1002/advs.201870031.

Huang, Q.; Zhang, S.; Zhang, H.; Han, Y.; Liu, H.;; Ren, F.; Sun, Q.; Li, Z; Gao, M. Boosting the Radiosensitizing and
Photothermal Performance of Cu2—xSe Nanocrystals for Synergetic Radiophotothermal Therapy of Orthotopic Breast Cancer.
ACS Nano 2019, 13, 1342-1353, d0i:10.1021/acsnano.8b06795.

Wei, X.; Chen, H.; Tham, H.P.; Zhang, N.; Xing, P.; Zhang, G.; Zhao, Y. Combined Photodynamic and Photothermal Therapy
Using Cross-Linked Polyphosphazene Nanospheres Decorated with Gold Nanoparticles. ACS Appl. Nano Mater. 2018, 1, 3663—
3672, doi:10.1021/acsanm.8b00776.

Han, H.S.; Choi, K.Y.; Lee, H.; Lee, M.; An, ].Y,; Shin, S.; Kwon, S.; Lee, D.S.; Park, ].H. Gold-Nanoclustered Hyaluronan Nano-
Assemblies for Photothermally Maneuvered Photodynamic Tumor Ablation. ACS Nano 2016, 10, 10858-10868,
doi:10.1021/acsnano.6b05113.

Wang, S.; Huang, P.; Nie, L,; Xing, R,; Liu, D.; Wang, Z,; Lin, J.; Chen, S.; Niu, G.; Lu, G; et al. Single Continuous Wave Laser
Induced Photodynamic/Plasmonic Photothermal Therapy Using Photosensitizer-Functionalized Gold Nanostars. Adv. Mater.
2013, 25, 3055-3061, doi:10.1002/adma.201204623.

Yang, T.; Ke, H.; Wang, Q.; Tang, Y.a.; Deng, Y.; Yang, H.; Yang, X.; Yang, P.; Ling, D.; Chen, C.; et al. Bifunctional Tellurium
Nanodots for Photo-Induced Synergistic Cancer Therapy. ACS Nano 2017, 11, 10012-10024, doi:10.1021/acsnano.7b04230.
Wang, Y.; Wang, H.; Liu, D.; Song, S.; Wang, X.; Zhang, H. Graphene oxide covalently grafted upconversion nanoparticles for
combined NIR mediated imaging and photothermal/photodynamic cancer therapy. Biomaterials 2013, 34, 7715-7724,
doi:10.1016/j.biomaterials.2013.06.045.

Sun, H.; Su, J.; Meng, Q.; Yin, Q.; Chen, L.; Gu, W.; Zhang, Z.; Yu, H.; Zhang, P.; Wang, S.; et al. Cancer Cell Membrane-Coated
Gold Nanocages with Hyperthermia-Triggered Drug Release and Homotypic Target Inhibit Growth and Metastasis of Breast
Cancer. Adv. Funct. Mater. 2020, 30, 1910230, doi:10.1002/adfm.201910230.

Zheng, M.; Yue, C.; Ma, Y.,; Gong, P.; Zhao, P.; Zheng, C.; Sheng, Z.; Zhang, P.; Wang, Z.; Cai, L. Single-Step Assembly of
DOX/ICG Loaded Lipid-Polymer Nanoparticles for Highly Effective Chemo-photothermal Combination Therapy. ACS Nano
2013, 7, 2056-2067, doi:10.1021/nn400334y.

Zhao, L.; Yuan, W.; Tham, H.P.; Chen, H.; Xing, P.; Xiang, H.; Yao, X.; Qiu, X,; Dai, Y.; Zhu, L.; et al. Fast-Clearable Nanocarriers
Conducting Chemo/Photothermal Combination Therapy to Inhibit Recurrence of Malignant Tumors. Small 2017, 13, 1700963,
d0i:10.1002/sml1.201700963.

Shao, L.; Zhang, R.; Lu, J.; Zhao, C.; Deng, X.; Wu, Y. Mesoporous Silica Coated Polydopamine Functionalized Reduced
Graphene Oxide for Synergistic Targeted Chemo-Photothermal Therapy. ACS Appl. Mater. Interfaces 2017, 9, 1226-1236,
doi:10.1021/acsami.6b11209.

Zhu, Y.-D.; Chen, S.-P.; Zhao, H.; Yang, Y.; Chen, X.-Q.; Sun, J.; Fan, H.-S.; Zhang, X.-D. PPy@MIL-100 Nanoparticles as a pH-
and Near-IR-Irradiation-Responsive Drug Carrier for Simultaneous Photothermal Therapy and Chemotherapy of Cancer Cells.
ACS Appl. Mater. Interfaces 2016, 8, 34209-34217, doi:10.1021/acsami.6b11378.

Guo, L; Yan, D.D,; Yang, D.; Li, Y.; Wang, X.; Zalewski, O.; Yan, B.; Lu, W. Combinatorial photothermal and immuno cancer
therapy using chitosan-coated hollow copper sulfide nanoparticles. ACS Nano 2014, 8, 5670-5681, doi:10.1021/nn5002112.

Pan, J.; Wang, Y.; Zhang, C.; Wang, X.; Wang, H.; Wang, ].; Yuan, Y.; Wang, X,; Zhang, X.; Yu, C,; et al. Antigen-Directed
Fabrication of a Multifunctional Nanovaccine with Ultrahigh Antigen Loading Efficiency for Tumor Photothermal-
Immunotherapy. Adv. Mater. 2018, 30, 1704408, doi:10.1002/adma.201704408.

Li, Y.; He, L; Dong, H.; Liu, Y.; Wang, K; Li, A;; Ren, T.; Shi, D.; Li, Y. Fever-Inspired Immunotherapy Based on Photothermal
CpG Nanotherapeutics: The Critical Role of Mild Heat in Regulating Tumor Microenvironment. Adv. Sci. 2018, 5, 1700805,
doi:10.1002/advs.201700805.

Wang, C; Xu, L.; Liang, C,; Xiang, J.; Peng, R.; Liu, Z. Immunological Responses Triggered by Photothermal Therapy with
Carbon Nanotubes in Combination with Anti-CTLA-4 Therapy to Inhibit Cancer Metastasis. Adv. Mater. 2014, 26, 8154-8162,
doi:10.1002/adma.201402996.

Xu, L.; Zhang, W.; Park, H.-B.; Kwak, M.; Oh, J.; Lee, P.C.W.; Jin, J.-O. Indocyanine green and poly I:C containing thermo-
responsive liposomes used in immune-photothermal therapy prevent cancer growth and metastasis. J. Immunother. Cancer 2019,
7,220, doi:10.1186/s40425-019-0702-1.

Park, J.; Park, J.; Ju, EJ,; Park, S.S.; Choi, ]J.; Lee, ].H.; Lee, K.J.; Shin, S.H.; Ko, E.J.; Park, I; et al. Multifunctional hollow gold
nanoparticles designed for triple combination therapy and CT imaging. J. Control. Release 2015, 207, 77-85,
doi:10.1016/j.jconrel.2015.04.007.

Wang, R,; Deng, J.; He, D.; Yang, E.; Yang, W.; Shi, D.; Jiang, Y.; Qiu, Z.; Webster, T.J.; Shen, Y. PEGylated hollow gold
nanoparticles for combined X-ray radiation and photothermal therapy in vitro and enhanced CT imaging in vivo. Nanomed.
Nanotechnol. Biol. Med. 2019, 16, 195-205, d0i:10.1016/j.nano0.2018.12.005.



Biomedicines 2021, 9, 305 15 of 16

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Daneshvar, F.; Salehi, F.; Karimi, M.; Vais, R.D.; Mosleh-Shirazi, M.A.; Sattarahmady, N. Combined X-ray radiotherapy and
laser photothermal therapy of melanoma cancer cells using dual-sensitization of platinum nanoparticles. J. Photochem. Photobiol.
B Biol. 2020, 203, 111737, doi:10.1016/j.jphotobiol.2019.111737.

Yong, Y.; Cheng, X,; Bao, T.; Zu, M.; Yan, L.; Yin, W.; Ge, C;; Wang, D.; Gu, Z.; Zhao, Y. Tungsten Sulfide Quantum Dots as
Multifunctional Nanotheranostics for In Vivo Dual-Modal Image-Guided Photothermal/Radiotherapy Synergistic Therapy.
ACS Nano 2015, 9, 12451-12463, d0i:10.1021/acsnano.5b05825.

Xiao, Q.; Zheng, X.; Bu, W.; Ge, W.; Zhang, S.; Chen, F; Xing, H.; Ren, Q.; Fan, W.; Zhao, K;; et al. A Core/Satellite Multifunctional
Nanotheranostic for in Vivo Imaging and Tumor Eradication by Radiation/Photothermal Synergistic Therapy. J. Am. Chem. Soc.
2013, 135, 13041-13048, doi:10.1021/ja404985w.

Tian, B.; Wang, C.; Zhang, S.; Feng, L.; Liu, Z. Photothermally Enhanced Photodynamic Therapy Delivered by Nano-Graphene
Oxide. ACS Nano 2011, 5, 7000-7009, d0i:10.1021/nn201560b.

Li, X,; Fan, H.; Guo, T.; Bai, H.; Kwon, N.; Kim, K.H.; Yu, S.; Cho, Y.; Kim, H.; Nam, K.T.; et al. Sequential Protein-Responsive
Nanophotosensitizer ~Complex for Enhancing Tumor-Specific Therapy. ACS Nano 2019, 13, 6702-6710,
doi:10.1021/acsnano.9b01100.

Tang, Z.; Zhao, P.; Ni, D.; Liu, Y.; Zhang, M.; Wang, H.; Zhang, H.; Gao, H.; Yao, Z.; Bu, W. Pyroelectric nanoplatform for NIR-
[I-triggered photothermal therapy with simultaneous pyroelectric dynamic therapy. Mater. Horiz. 2018, 5, 946-952,
doi:10.1039/C8MHO00627].

Younis, M.R.; Wang, C.; An, R.; Wang, S.; Younis, M.A.; Li, Z.-Q.; Wang, Y.; Thsan, A.; Ye, D.; Xia, X.-H. Low Power Single Laser
Activated Synergistic Cancer Phototherapy Using Photosensitizer Functionalized Dual Plasmonic Photothermal Nanoagents.
ACS Nano 2019, 13, 2544-2557, doi:10.1021/acsnano.8b09552.

Raeesi, V.; Chan, W.C.W. Improving nanoparticle diffusion through tumor collagen matrix by photo-thermal gold nanorods.
Nanoscale 2016, 8, 12524-12530, doi:10.1039/C5NR08463F.

Fay, B.L.; Melamed, J.R.; Day, E.S. Nanoshell-mediated photothermal therapy can enhance chemotherapy in inflammatory
breast cancer cells. Int. J. Nanomed. 2015, 10, 6931-6941, doi:10.2147/IJN.S93031.

Issels, R.D. Hyperthermia adds to chemotherapy. Eur. J. Cancer 2008, 44, 25462554, doi:10.1016/j.ejca.2008.07.038.

Wu, X; Liy, J.; Yang, L.; Wang, F. Photothermally controlled drug release system with high dose loading for synergistic chemo-
photothermal therapy of multidrug resistance cancer. Colloids Surf. B Biointerfaces 2019, 175, 239-247,
doi:10.1016/j.colsurfb.2018.11.088.

Zhang, Y.; Sha, R.; Zhang, L.; Zhang, W; Jin, P.; Xu, W.; Ding, J.; Lin, J.; Qian, J.; Yao, G.; et al. Harnessing copper-palladium
alloy tetrapod nanoparticle-induced pro-survival autophagy for optimized photothermal therapy of drug-resistant cancer. Nat.
Commun. 2018, 9, 4236, doi:10.1038/s41467-018-06529-y.

Ng, C.W,; Li, J.; Pu, K. Recent Progresses in Phototherapy-Synergized Cancer Immunotherapy. Adv. Funct. Mater. 2018, 28,
1804688, d0i:10.1002/adfm.201804688.

Naylor, M.F.; Chen, W.R.; Teague, T.K.; Perry, L.A.; Nordquist, R.E. In situ photoimmunotherapy: A tumour-directed treatment
for melanoma. Br. ]. Dermatol. 2006, 155, 1287-1292, d0i:10.1111/j.1365-2133.2006.07514.x.

Zhou, F.; Yang, ].; Zhang, Y.; Liu, M.; Lang, M.L.; Li, M.; Chen, W.R. Local Phototherapy Synergizes with Immunoadjuvant for
Treatment of Pancreatic Cancer through Induced Immunogenic Tumor Vaccine. Clin. Cancer Res. 2018, 24, 5335,
doi:10.1158/1078-0432.CCR-18-1126.

K. Bakht, M.; Sadeghi, M.; Pourbaghi-Masouleh, M.; Tenreiro, C. Scope of Nanotechnology-based Radiation Therapy and
Thermotherapy Methods in Cancer Treatment. Curr. Cancer Drug Targets 2012, 12, 998-1015, doi:10.2174/156800912803251216.
Zhang, Y.; Liu, J.; Yu, Y,; Chen, S.; Huang, F.; Yang, C,; Chang, J.; Yang, L.; Fan, S.; Liu, J. Enhanced radiotherapy using
photothermal therapy based on dual-sensitizer of gold nanoparticles with acid-induced aggregation. Nanomed. Nanotechnol. Biol.
Med. 2020, 29, 102241, d0i:10.1016/j.nano.2020.102241.

Hainfeld, ].F.; Dilmanian, F.A; Slatkin, D.N.; Smilowitz, H.M. Radiotherapy enhancement with gold nanoparticles. ]. Pharm.
Pharmacol. 2008, 60, 977-985, d0i:10.1211/jpp.60.8.0005.

Her, S.; Jaffray, D.A.; Allen, C. Gold nanoparticles for applications in cancer radiotherapy: Mechanisms and recent
advancements. Adv. Drug Deliv. Rev. 2017, 109, 84-101, d0i:10.1016/j.addr.2015.12.012.

Wang, J.; Wu, X,; Shen, P.; Wang, J.; Shen, Y.; Shen, Y.; Webster, T.].; Deng, J. Applications of Inorganic Nanomaterials in
Photothermal Therapy Based on Combinational Cancer Treatment. Int. |. Nanomed. 2020, 15, 1903-1914, doi:10.2147/IJN.5239751.
Lee, J.; Chatterjee, D.K.; Lee, M.H.; Krishnan, S. Gold nanoparticles in breast cancer treatment: Promise and potential pitfalls.
Cancer Lett. 2014, 347, 46-53, d0i:10.1016/j.canlet.2014.02.006.

Atkinson, R.L.; Zhang, M.; Diagaradjane, P.; Peddibhotla, S.; Contreras, A.; Hilsenbeck, S.G.; Woodward, W.A.; Krishnan, S.;
Chang, J.C.; Rosen, ].M. Thermal Enhancement with Optically Activated Gold Nanoshells Sensitizes Breast Cancer Stem Cells
to Radiation Therapy. Sci. Transl. Med. 2010, 2, 55ra79, doi:10.1126/scitranslmed.3001447.

Hansen, G.; Sundset, A. Transbronchial laser ablation of benign and malignant tumors. Minim. Invasive Ther. Allied Technol. 2006,
15, 4-8, d0i:10.1080/13645700500470041.

Arienti, V.; Pretolani, S.; Pacella, C.M.; Magnolfi, F.; Caspani, B.; Francica, G.; Megna, A.S.; Regine, R.; Sponza, M.; Antico, E.; et
al. Complications of Laser Ablation for Hepatocellular Carcinoma: A Multicenter Study. Radiology 2008, 246, 947-955,
doi:10.1148/radiol.2463070390.



Biomedicines 2021, 9, 305 16 of 16

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Vogl, T.J.; Straub, R.; Eichler, K.; Sollner, O.; Mack, M.G. Colorectal Carcinoma Metastases in Liver: Laser-induced Interstitial
Thermotherapy —Local Tumor Control Rate and Survival Data. Radiology 2004, 230, 450-458, doi:10.1148/radiol.2302020646.
Vogl, T.J.; Miiller, P.K.; Hammerstingl, R.; Weinhold, N.; Mack, M.G.; Philipp, C.; Deimling, M.; Beuthan, J.; Pegios, W.; Riess,
H. Malignant liver tumors treated with MR imaging-guided laser-induced thermotherapy: Technique and prospective results.
Radiology 1995, 196, 257-265, doi:10.1148/radiology.196.1.7540310.

Nomura, S.; Morimoto, Y.; Tsujimoto, H.; Harada, M.; Saitoh, D.; Hara, I.; Ozeki, E.; Satoh, A.; Takayama, E.; Hase, K,; et al.
Highly reliable, targeted photothermal cancer therapy combined with thermal dosimetry using indocyanine green lactosome.
bioRxiv 2019, 659334, d0i:10.1101/659334.

Deng, K.; Hou, Z; Deng, X,; Yang, P.; Li, C; Lin, ]J. Enhanced Antitumor Efficacy by 808 nm Laser-Induced Synergistic
Photothermal and Photodynamic Therapy Based on a Indocyanine-Green-Attached W18049 Nanostructure. Adv. Funct. Mater.
2015, 25, 7280-7290, doi:10.1002/adfm.201503046.

Shirata, C.; Kaneko, J.; Inagaki, Y.; Kokudo, T.; Sato, M.; Kiritani, S.; Akamatsu, N.; Arita, J.; Sakamoto, Y.; Hasegawa, K_; et al.
Near-infrared photothermal/photodynamic therapy with indocyanine green induces apoptosis of hepatocellular carcinoma
cells through oxidative stress. Sci. Rep. 2017, 7, 13958, doi:10.1038/s41598-017-14401-0.

Chen, W.R,; Adams, R.L.; Carubelli, R.; Nordquist, R.E. Laser-photosensitizer assisted immunotherapy: A novel modality for
cancer treatment. Cancer Lett. 1997, 115, 25-30, doi:10.1016/S0304-3835(97)04707-1.

Li, X,; Ferrel, G.L.; Guerra, M.C,; Hode, T.; Lunn, J.A.; Adalsteinsson, O.; Nordquist, R.E.; Liu, H.; Chen, W.R. Preliminary safety
and efficacy results of laser immunotherapy for the treatment of metastatic breast cancer patients. Photochem. Photobiol. Sci. 2011,
10, 817-821, doi:10.1039/COPPO0306A.

Rastinehad, A.R.; Anastos, H.; Wajswol, E.; Winoker, J.S.; Sfakianos, J.P.; Doppalapudi, S.K.; Carrick, M.R.; Knauer, C.J.; Taouli,
B.; Lewis, S.C.; et al. Gold nanoshell-localized photothermal ablation of prostate tumors in a clinical pilot device study. Proc.
Natl. Acad. Sci. USA 2019, 116, 18590, doi:10.1073/pnas.1906929116.

Frericks, B.B.; Ritz, ].P.; Albrecht, T.; Valdeig, S.; Schenk, A.; Wolf, K.-J.; Lehmann, K. Influence of Intrahepatic Vessels on
Volume and Shape of Percutaneous Thermal Ablation Zones: In Vivo Evaluation in a Porcine Model. Investig. Radiol. 2008, 43,
211-218.

Huang, X,; Jain, P.K.; El-Sayed, I.H.; El-Sayed, M.A. Plasmonic photothermal therapy (PPTT) using gold nanoparticles. Lasers
Med. Sci. 2007, 23, 217, d0i:10.1007/s10103-007-0470-x.

Huang, X.; El-Sayed, .H.; Qian, W.; El-Sayed, M.A. Cancer Cell Imaging and Photothermal Therapy in the Near-Infrared Region
by Using Gold Nanorods. . Am. Chem. Soc. 2006, 128, 2115-2120, doi:10.1021/ja057254a.

Li, S.; Bouchy, S.; Penninckx, S.; Marega, R.; Fichera, O.; Gallez, B.; Feron, O.; Martinive, P.; Heuskin, A.-C.; Michiels, C.; et al.
Antibody-functionalized gold nanoparticles as tumor-targeting radiosensitizers for proton therapy. Nanomedicine 2019, 14, 317—
333, d0i:10.2217/nnm-2018-0161.

Liu, K;; Zheng, Y.; Lu, X;; Thai, T.; Lee, N.A,; Bach, U.; Gooding, J.J. Biocompatible Gold Nanorods: One-Step Surface
Functionalization, Highly = Colloidal  Stability, and Low Cytotoxicity.  Langmuir 2015, 31, 4973-4980,
doi:10.1021/acs.langmuir.5b00666.

Biscaglia, F.; Ripani, G.; Rajendran, S.; Benna, C.; Mocellin, S.; Bocchinfuso, G.; Meneghetti, M.; Palleschi, A.; Gobbo, M. Gold
Nanoparticle Aggregates Functionalized with Cyclic RGD Peptides for Targeting and Imaging of Colorectal Cancer Cells. ACS
Appl. Nano Mater. 2019, 2, 64366444, doi:10.1021/acsanm.9b01392.



