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Abstract

Photothermal therapy (PTT) is a potentially curative treatment
modality that in recent years has been the object of growing interest
and rapid technological advances due to its specific therapeutic
efficacy and because it is a non-invasive technique. Nowadays,
several nanomaterials have been developed as photothermal agents
including metallic and carbon-based nanoparticles, conducting
polymers, and different kinds of nanocomposites, among others.
In this article, the most relevant applications of these photothermal
nano-agents in antibacterial and anticancer therapy are reviewed.
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Introduction

Photothermal therapy (PTT) is an alternative treatment to conventional therapies that lately has been the object of increas-
ing interest in the scientific community. This is due to its specific therapeutic efficacy, since it is a non-invasive technique
and has the potential for combination in the same approach diagnosis and therapy (Millenbaugh et al. 2015). PTT is
based on the use of photothermal agents that absorb radiation in the near infrared (NIR) region and convert the absorbed
energy into heat through a non-radiative mechanism without oxygen consumption. Therefore, PTT requires the use of
nanomaterials that exhibit high absorption in the NIR region of the electromagnetic spectrum. NIR absorbing nanoma-
terials are promising agents for PTT, allowing application deep in the tissue. Human tissue has almost no absorption of
NIR radiation, while other body constituents, such as hemoglobin and water, have minimal absorption (Weissleder 2001).
The advantage of using nanomaterials is that the light absorbed can be rapidly converted into heat, greatly increasing the
temperature of the irradiated zone, which heats up the whole organ, avoiding the drawback of macroscopic hyperthermia
(Zhou et al. 2018). The amount of heat induced by NIR irradiation is related to different parameters, namely, NIR light
intensity, irradiation time, and the concentration of the photothermally active nanomaterials. Nanoparticles under irradi-
ation scatter some of the photons and absorb the others. The energy produced by the absorbed photons can be released in
two ways — photon emission or phonon emission. The emission of phonons generates heat. To obtain a good candidate
for PTT therapies, nanoparticles need to show large absorption efficiencies and low luminescence quantum yields. This is
what will ensure a large photothermal conversion efficiency.
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It was reported that temperatures greater than 41°C inhibit cell proliferation and mobility, which, in turn, can increase
permeability, trigger cell wall damage and increase cellular lysis (Tsuchido et al. 1985). Intracellular temperature causes
irreversible cellular damage, such as denaturation of cell proteins/enzymes, and, therefore, interferes in essential intra-
cellular reactions, leading to the death of cells in a rapid and effective manner. In addition, damage to the DNA structure
is triggered, causing genotoxic effects that include breakage of the DNA strand and disruption of the chromosomal cell
membrane (Jia et al. 2017, Korupalli ef al. 2017, Wu et al. 2013). The heat generated by NIR exposition also could break
the cell membrane. Additionally, some researchers even predict NIR-light-triggered therapy platforms to be an innovative
and exciting possibility for clinical nanomedicine applications.

This review focuses on the latest progress and future development trends in the applications of nanomaterials as
photothermal agents for biological applications, with special emphasis in antibacterial and anticancer therapy (Figure 1).
We review the use of nanomaterials as photothermal absorbers, including metallic and carbon-based nanoparticles, nano-
composites and conductive polymers.
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Figure 1. Different nanomaterials as photothermal agents for biological applications.

1. Progress on utilizing tremendous potential PTT for mitigating bacterial infections

Infectious diseases caused by bacteria are a problem that has potentially catastrophic global consequences related to
health. In recent decades, the emergence of bacteria resistant to multiple antibiotics has become a common cause of
infectious diseases due to overprescribing and indiscriminate use of antibiotics (World Health Organization 2014). The
proportion of antibiotics-resistant bacterial isolates has been alarmingly increasing through the intrinsic and acquired
mechanisms of antimicrobial resistance (Andersson et al. 2010). The problem of antibiotic-resistant bacteria and the high
costs of medical care encourages researchers to come up with innovative approaches to develop more effective antibacte-
rial agents that overcome bacterial resistance and reduce costs. Thus, there is an urgent need to develop novel antibacterial
agents and therapies to combat pathogens in a safer and more effective way (Zharov et al. 2006).

It is well known that most pathogenic bacteria die at temperatures above 40°C (Mackowiak 1981). Therefore, the PTT
approach has been widely applied as bacteria-killing mechanism for the last few years. Recently, He et al. (He et al. 2018)
designed an antimicrobial hybrid based on polydopamine (PDA)-coated gold nanorods (PDA@GNRs) grafted with gly-
col chitosan (GCS-PDA@GNRs) and loaded with daptomycin (DAP-GCS-PDA@GNRs) which improves antibacterial
activity and reduces side effects in vivo. This hybrid material showed an outstanding chemo-photothermal synergistic
therapeutic effect on the abscess, leading to sufficient bacteria eradication that could thoroughly ablate abscess while
reducing the damage to normal tissue, accelerating wound healing. Khan et al. reported the synergistic biocide effect
of graphene oxide (GO) and Nd-YAG laser for antibacterial and antifungal treatments (Shahnawaz Khan et al. 2015).
The authors suggest that this will serve as a novel and promising therapeutic strategy and has great potential to serve for
PTT against pathogenic microorganisms. It was also reported that GO offered high efficiency for photothermal treatment
(Pereyra et al. 2018, Wu et al. 2013). The combination of PTT with pharmacotherapy can not only significantly improve
the antibacterial efficiency towards drug-resistant bacteria, but also readily reduce antibiotic dosage, thus providing a
potential solution to the problems of drug-resistant bacteria.

Other authors have shown that during the treatment with a PTT agent, as a result of a thermal shock, an excess of reac-
tive oxygen species (ROS) could be produced. Thus, ROS can cause protein or lipids damage leading to cell death. ROS
are generally well defined as containing oxygen and active chemical substances, and usually are classified as one of two
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kinds: free radicals and nonradicals (Birben et al. 2012). ROS that are commonly observed in biological systems include
hydroxyl radicals, superoxide, and nitric oxide, ozone, hydroxide, peroxynitrite, and hydrogen peroxide.

Bacteria that adhere to surfaces of materials or tissues have the tendency to encase themselves in a hydrated matrix,
forming a layer known as biofilm that is made of a bacterial community embedded in a self-produced matrix of extra-
cellular polymeric substances (EPS) (Singh ez al. 2017). More than 80% of human infectious diseases are related to the
formation of biofilms. Bacterial biofilms act as a barrier to prevent the penetration of antibiotics in bacterial cells; there-
fore, it is generally not effective to destroy such biofilms, which can also generate resistance to antimicrobial agents and
result in antibiotic treatment failure. Other scientists have applied PTT to disrupt the biofilm structure by physical effects
of the heat that is generated by light absorption of materials without giving rise to drug-resistance of pathogenic bacteria
(Tan et al. 2018, Zhao et al. 2017). Therefore, water may be eventually removed from the biofilm causing dehydration
and as consequence, the death of the pathogens, triggering denaturation of the cell wall and protein/enzymes, leading to
the leakage of cellular content and bacterial death. (Figure 2).
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Figure 2. Schematic representation of the possible mechanism of nanomaterials in combination with NIR irradiation for
effectively killing planktonic bacteria (A) and for destroying bacterial biofilms (B) using PTT.
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2. PTT for anticancer therapy

Cancer is one of the leading causes of death worldwide, and traditional therapies have enormous drawbacks including side
effects and the development of resistance of the cells to the conventional drugs (Housman et al. 2014). That is why PTT
is an attractive alternative anticancer therapy, since it can provoke cell death via protein denaturation and the subsequent
tumor regression with minimal invasion and almost no side effects (Chen ez al. 2018).

However, to treat tumors that are not at the surface, the activating energy source needs to penetrate tissues, efficiently
kill tumors and not damage healthy tissues. Thus, there is an urgent need of looking for nanoagents with high photother-
mal efficiency that can target tumor cells. In the last years, thermal therapies for treating cancer have received great atten-
tion using different heating sources such as laser, focused ultrasound, and microwaves. More interestingly, PTT using NIR
induces minimal damage in both tumors and healthy tissues. Thus, there is an increasing interest in developing photother-
mal nanoagents capable to absorb NIR light and transduce it to heat in order to kill the malignant cells without damaging
the surrounding healthy tissues (Wang et al. 2016). Several photoactive nanomaterials such as magnetic nanomaterials,
carbon nanotubes, or gold nanoparticles, activated with NIR radiation, have proven to be effective in PTT treatment of
various cancers (Cheng et al. 2014). Additionally, PTT in combination with other therapies, such as chemotherapy (Cao
et al. 2017), or even other phototherapies, such as photodynamic therapy (PDT) (Liu ef al. 2018, Wang et al. 2017), has
gained great attention for increasing treatment efficacy. Furthermore, the combination of PTT with imaging is a new trend
to develop theranostic systems for cancer therapy (Jung ef al. 2018).
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3. Nanomaterials as photothermal agents

PTT has been introduced as a potent alternative therapeutic modality against drug-resistant bacterial infections, as well
as against drug resistant cancer cells. So far, numerous photothermal nanoagents with strong NIR absorption have been
explored for PTT, including gold nanorods, nanoshells, nanocages, nanostars, copper selenide nanoparticles, carbonous
nanostructures (graphene oxide (GO), carbon nanotubes (CNTs)) and polymeric nanoparticles (Jaque et al. 2014). In fact,
advances in nanomedicine have recently allowed us to manufacture multifunctional nanoparticles that offer diagnostic
and therapeutic functions in a single environment (Menon et al. 2013). In PTT, within a few minutes upon NIR radiation,
temperature rises locally due to the heat generation caused by the photothermal agents, which results in irreversible cell
damage by hyperthermia effect. This hyperthermia process is triggered by applying pulses of light directly on the infected
location, which causes tissue temperature to increase because it absorbs the energy of the light, releasing it as heat.

3.1. Conducting polymers

Conducting polymers exhibit conjugation in their molecular structure due to the presence of a m-electrons system delo-
calized over the whole polymeric main chain. Additionally, the presence of delocalized charges in the chains render them
electrically conductive. However, NIR light absorption in conjugated polymers is related to the presence of low-energy
(< 1.58 eV) electronic transitions. Therefore, all conjugated polymers, which can be conducting or semiconducting, could
show NIR light absorption. The low cost, stability, biocompatibility, high biodegradability and versatility of conducting
polymers allow using them on photothermal processes and therapy treatments. Under light irradiation, the polymer ab-
sorbs the energy and transforms it into localized heat that can be useful for generating a hyperthermia process in living
systems (Chen et al. 2018, Pierini et al. 2018). Polyaniline (PANI), polypyrrole (PPy), and poly-(3,4-ethylenedioxyth-
iophene) (PEDOT) are the most important conducting polymers studied for photothermal treatments. In this section,
the most relevant and promising nanomaterials and composites based on these and other conducting polymers for PTT
applications are described.

Taking into account the synthetic approach reported by Stejskal and coworkers (Stejskal et al. 2005), PANI nanoparti-
cles stabilized with polyvinylpyrrolidone (PVP) as a hydrophilic agent were obtained by oxidative polymerization of the
monomer salt. Spherical particles of c.a. 200 nm were obtained and fully characterized by several microscopic, light dis-
persion, and spectroscopic techniques. In vitro experiments revealed the successful incorporation of the nanoparticles into
the cells, showing no cytotoxicity at high concentrations and unaltered morphology. The destruction of LM2 tumoral cells
was achieved by combining the conducting nanoparticles with laser irradiation using NIR light at low power (Yslas et al.
2015). Furthermore, in vivo assays on an animal model were carried out using the same PANI nanoparticles. In this case,
the tumors were injected with the nanomaterial and irradiated during 15 minutes with the same NIR light that was used for
the in vitro experiments (785 nm, power density of 500 mW cm™2). Results have shown that tumoral growth was inhibited
after PTT with a significant reduction of tumor volume, suggesting that the efficient nanoparticles for PTT are a promising
agent for anticancer clinical treatments (Ibarra ez al. 2013). The same PANI nanoparticles generated by oxidative polym-
erization were also used to explore the antibacterial photothermal effect under Pseudomonas aeruginosa (P. aeruginosa),
one of the most important pathogenic bacteria that causes nosocomial infections. The nanomaterials showed a synergistic
effect between nanoparticles and NIR light (Bongiovanni Abel ez al. 2018). In this sense, P. aeruginosa colony viability
was reduced by more than 80% after irradiating for 15 minutes the bacteria exposed to the nanoparticles, demonstrating
that the nanomaterial is an effective photothermal agent capable of inhibiting cellular growth for this bacteria type. The
DNA fragmentation in the microorganism exposed to NIR light supports the mechanism of cell death. The authors re-
vealed that the nanomaterial has a PTT effect similar or comparable to that of other materials (e.g. metal nanoparticles).

PANI nanoparticles stabilized with a thermosensitive polymer (PNIPAm) in combination with PVP were synthesized
and the photothermal effect was evaluated (Bongiovanni Abel et al. 2014). To simulate the environment of the tumoral
cell, where pH is lower and the temperature is higher than normal physiological conditions, assays were carried out in
acidic media. After NIR laser irradiation, under similar conditions as those used by Ibarra et al. (Ibarra et al. 2013), a high
transmittance decrease of the dispersion was observed in only 6 minutes, indicating the collapse of the PNIPAm stabilizer
by the heating of the conducting polymer. Thermosensitive polymer chain aggregation was measured by turbidimetric
techniques, resulting close to the LCST (32 °C). The photothermal effect was dependent on nanoparticle concentration,
reaching a temperature increment of 13 °C on PANI nanoparticles irradiated for 10 minutes. The thermosensitive prop-
erties of PANI/PNIPAm nanoparticles could be useful due to the formation, under heating, of polymeric aggregates that
show a reversible behavior. Additionally, another novel method for obtaining PANI nanoparticles was recently reported
by Bongiovanni Abel ef al. (Bongiovanni Abel et al. 2018). Multifunctional PANI particles of controlled size and new
properties, such as fluorescence, were obtained. First, the conducting polymer was chemically modified in order to add the
fluorophore (dansyl chloride). After that, nanoparticles were formed using the solvent displacement method, which yield-
ed monodisperse nanoparticles with a size of c.a. 104 nm. The photothermal effect by application of NIR light was tested
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on nanoparticle dispersion, irradiating for 10 minutes. An increment of the local temperature was registered, reaching a
total difference of 8 °C. The antibacterial PTT was also evaluated, inhibiting cellular growth in P. aeruginosa. However,
in this case, the toxicity of the organic solvent (N-methylpyrrolidone) needs to be considered.

On the other hand, Calderén and coworkers obtained dendritic nanogels containing conducting polymers by semi-in-
terpenetration (PNIPAm-dPG/PANI NGs) and studied their performance as in vivo PTT agent on tumoral cells (Molina
et al. 2016). The nanoparticles exhibited diameters between 150-240 nm depending on the temperature of the media and
showed spherical morphology. The resulting temperature increment depended on nanocomposite concentration and time
of exposure under the irradiation. At higher concentrations (80 pg mL™), the temperature increase reached c.a. 20 °C,
demonstrating the efectiveness for their use as a potential photothermal agent. In vitro assays using A2780 cells revealed
a markedly reduced viability upon NIR irradiation (785 nm). Additionally, in vivo experiments in mice with transplanted
A2780 tumor showed a significant reduction of tumor volume under NIR laser at 500 mW power for 5 minutes. Eval-
uation at different times after injection of nanocomposites and irradiation allowed significant tumor growth inhibition,
showing treatment efficacy.

As mentioned above, PPy is another one of the most used conducting polymers to generate a photothermal effect.
Some works have shown the efficacy of this material for this application in living systems. For example, hollow PPy
microspheres (PPyHMs) generated by one-step oil-water microemulsion method in an aqueous solution containing PVP
was synthesized by Zha et al. (Zha et al. 2013). They have shown that it is possible to combine the photothermal activ-
ity of the conducting polymer with ultrasound imaging for evaluating the material as theranostic agent. Tumor ablation
was successful, taking advantage of the strong absorption of PPy in the NIR therapeutic window. An increment of c.a.
30 °C was measured in a concentration of 150 pg mL™! of the spherical dispersible particles (Figure 3). Moreover, in
vivo ultrasound imaging facilitated the evaluation of PPy nanoparticles in a mouse model with tumor, showing excellent
photothermal conversion efficiency by applying 0.64 W cm? laser power and easy identification of the particle location
into the tumor. The same authors reported similar results with uniform PPy nanoparticles, where the stabilizer used was
polyvinyl alcohol (PVA) and FeCl, was employed as an oxidizing agent in the synthetic approach to obtain nanospheres
with an average diameter of =~ 46 nm. Photothermal assays were made in a RPMI-1640 culture medium in the presence
of conducting particles, and results revealed that temperature could be increased up to 34.5 °C after 10 minutes of NIR
irradiation (808 nm, 2 W) for 10 minutes. A concentration-dependent effect was also observed in this case. In vitro stud-
ies confirmed good material photostability and biocompatibility, showing PTT ablation on HeLa cells (Zha et al. 2013).
Wang et al. reported the application of PPy nanoparticles with a layer of natural red blood cell (RBC) on the surface for
local heating generation. A comparison between PPy NPs, PPy-PEG NPs, and PPy@RBC NPs was made in order to find
strategies that allow minimizing the dosage of nanoparticles into the living system. The three kinds of nanoparticles were
tested as PTT agents on HCT116 cells at concentrations between 0-40 pg mL! by applying NIR light with power density
between 0.75-1.50 W cm? for 3 minutes, repeating three cycles in each case. A three-factor dependence was found in the
hyperthermia treatment: concentration, exposure time, and light power. The best performance was observed with PPy@
RBC NPs: 53.2 °C increment in temperature at 40 ug mL™!, 1.50 W cm™, and 180 seconds of laser irradiation, showing,
photothermal conversion efficiency close to 40%. Additionally, nude male mice were used to try the in vivo PTT, conclud-
ing that a low-dose of PPy@RBC NPs can be sufficient to observe tumor ablation (Wang ef al. 2017).
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Figure 3. Preparation and characterization of water-dispersible PPyHMs. (a) Schematic illustration of echogenic PPyHMs
formation for combined US imaging and PTT via a facile O/W microemulsion method; SEM and ultrathin-section TEM
images of obtained PPyHMs with (b) PVP and (c) PVA as stabilizers; (d) UV-vis-NIR spectra of various concentrations
PPyHMs dispersed in RPMI-1640 culture medium, inset was the photograph for various concentrations of PPyHMs dis-
persed in RPMI-1640 culture medium, indicating good dispersibility; (e) Heating curves of PPyHMs in RPMI-1640 cul-
ture medium at different concentrations under 808 nm laser irradiation. Reproduced with permission from reference (Zha
et al. 2013) which is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License.

In recent years, PEDOT:PSS has been studied and proposed as a photothermal agent. Liu and coworkers synthesized
poly-(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) nanoparticles that exhibit uniform spherical
shape (Cheng ef al. 2012). PEGylation was used as a technique to facilitate the incorporation on biological systems.
The high optical absorption allowed irradiation at 808 nm using low laser power density. The authors highlighted the
good photostability of the nanomaterial, compared with typical metal nanoparticles. /n vivo experiments were carried
out by employing Balb/c mice as animal model for PTT, showing excellent therapeutic efficacy. A recent work, showed
the synthesis of poly(diethyl-4,4'-{[2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yI)-1,4-phenylene] bis(oxy)}dibuta-
noate) (P1) and poly(3,4-ethylenedioxythiophene) (PEDOT) nanoparticles where 4-dodecylbenzenesulfonic acid and
poly(4-styrenesulfonic acid-co-maleic acid) are used as stabilizers (Cantu ef al. 2017). Particles with an average size of
100 nm were obtained by the two-surfactant emulsion polymerization method. An exhaustive study based on the effect
of nanoparticles concentration on PTT activity was carried out. Laser power was fixed on 0.56 W (2.0 W cm™), and laser
irradiation wavelength was 808 nm. Both kinds of nanoparticles studied in this work present important absorption peaks
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in the NIR region of the electromagnetic spectra. In a concentration range between 10-500 pg mL', the PTT effect was
corroborated in both cases, showing a significant increase in local temperature (~35-40°C), with a linear relationship be-
tween nanomaterial concentration and temperature. Moreover, the photostability of the dispersions allowed the repetition
of irradiation cycles (Figure 4). Photothermal conversion efficiency for both kinds of nanoparticles was estimated at ~
50%. The materials were successfully tried as agents for laser-induced PTT, showing complete cell ablation achieved by
the generation of local heat capable to cause the death of MDA-MB-231 cells at low concentrations (c.a. 10 pg mL™").
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Figure 4. Temperature (T) changes in P1-PMD (A) and PEDOT-PMD (B) NPs at three different concentrations upon
irradiation with 808-nm laser at 2 W ¢cm for 5 min followed by cooling in the absence of irradiation. Cycled laser-me-
diated irradiation (ON) and cooling in the absence of irradiation (OFF) for P1-PMD (C) and PEDOT-PMD (D) NP sus-
pensions. Abbreviations: NPs, nanoparticle; P1, poly(diethyl-4,4'- (Zha et al. 2013-b][1,4]dioxin-5-yl)-1,4-phenylene]
bis(oxy)) dibutanoate); PEDOT, poly(3,4-ethylenedioxythiophene); DBSA, 4-dodecylbenzenesulfonic acid; PSS-co-MA,
poly(4-styrenesulfonic acid-co-maleic acid); P1-PMD, P1:PSS-co-MA:DBSA; PEDOT-PMD, PEDOT:PSS-co-MA:DB-
SA. Reproduced with permission from reference (Cantu ef al. 2017) which is licensed under a Creative Commons Attri-
bution - Non Commercial (unported, v3.0) License.

Composite and nanocomposite materials are nowadays flourishing as potential PPT agents. In this way, different
materials have been used for PTT applications combining conducting polymers with other kinds of nanostructures or
components, such as biopolymers, metals, and carbon-based materials. For example, gold nanorods combined with
poly(o-methoxyaniline) (GNRs/POMA) were reported as a promising material. In this synthetic approach, POMA acts as
a coating on the nanogold surface, resulting in a kind of core-shell particle. The conducting polymer helps improve the
PTT conversion efficiency of the metal particles. In this way, authors demonstrated the photothermal effect of these hy-
brid materials by exposition under NIR laser at a power of 3.0 W cm™, performing six cycles of irradiation. Colon cancer
CT26 cells were employed for in vitro experiments, showing a significant increase of photothermal efficiency when the
polymeric shell is present compared with the GNRs without POMA. Only 10 minutes of laser irradiation were enough
for the destruction of tumoral cells in contact with the composite. Besides, typical in vivo assays employing female Bal-
b/c mice were carried out, regarding a successful tumor elimination by using GNRs/POMA core/shell hybrids (Wang et
al. 2018). Combining PANI with GO (GO@PANI), PTT nanoagents were obtained as nanosheets hybrids with nanorod
array. Under typical conditions of NIR irradiation using a spot size 1 cm long and 0.5 cm wide, the results have shown
temperature increasing higher than 20 °C after 700 seconds, with a conversion efficiency close to 50%. This parameter
was estimated at 26% when PANI is not present in the GO system (Fan et al. 2019). Other examples containing PANI for
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applications in antibacterial PTT were summarized by Xu et al., including, among others, NMPA-CS micelles and PANI/
PVP composites (Xu et al. 2019). Recently, poly (3,4-ethylenedioxythiophene):poly(styrene-sulfonate)/agarose nanocom-
posites were obtained by Ko et al. as antibacterial photothermal materials as hydrogel using a simple synthetic method.
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were the bacteria chosen for the antibacterial PTT tests
(Ko et al. 2019). The bactericidal action was evaluated at different times in both cases. Under only 1 minute of exposition
to NIR light (power 2 W cm?), the viability of E. coli decreased to 44%. In the case of S. aureus, viability was reduced to
37% compared to the original colonies. Additionally, in 2 minutes under the same power laser at 808 nm, both bacteria
were totally killed, demonstrating the excellent antibacterial effect of the nanocomposites.

Furthermore, in recent years, a new trend is focusing on nanosystems that exhibit a combined effect of different
phototherapies (Pierini ef al. 2018). As a result, the effect of PTT and photodynamic therapeutic (PDT) combined were
explored by using conducting polymers composites. Poly(pyrrole-3-carboxylic acid) (PPyCOOH) nanoneedles were gen-
erated in order to act as an agent on dual-imaging guided PDT/PTT combination therapy. The final material resulted in the
complex PPyCOOH nanoneedles modified with poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA) and
loaded with the photosensitizer aluminum phthalocyanine tetrasulfonate (AIPCS,) (AIPCS4@PPyCONH-PAH-PAA).
Nanoneedle therapeutic performance was highly superior to that reached by nanospheres. The fluorescent properties al-
lowed guiding the nanomaterial used for PDT/PTT chemotherapy on in vitro and in vivo assays (Liu et al. 2018). Using
the same conducting polymer (PPy) but combined with bismuth, a multifunctional nanocomposite was synthesized as
a core-shell hybrid by Yang et al. for anticancer treatment (Yang et al. 2018). In vitro and in vivo assays demonstrated
a highly effective photothermal ablation on cancer cells that can be combined with computed tomography and photo-
acoustic dual modal imaging in order to improve the diagnosis. Cao et al. developed a system that presents photoacoustic
imaging (PAI)-guided photothermal/chemotherapy (Cao ef al. 2017). Diketopyrrolopyrrole-based polymers (DPP) were
designed by combining donor-acceptor moieties. Encapsulation of doxorubicin (DOX) and DPP in tocopherol polyeth-
ylene-glycol-succinate-cholesterol (TPGS-CHO) copolymers were made in order to generate the theranostic platform for
cancer treatment. NIR-II photothermal nanoagents based on a conjugated polymer (TBDOPV-DT) with 2,2-bithiophene
as the donor and thiophene-fused benzodifurandione-based oligo( p-phenylenevinylene) as the acceptor were produced
by nanoprecipitation and reported by Sun et al (Sun et al. 2018). Their study showed the application of composite
nanoparticles for PAI and PTT. Under 1064 nm (NIR-II) laser irradiation, a 50% efficiency in PTT conversion was suc-
cessfully achieved. The material is promissory for tumoral treatments considering the effect of PTT and the ability of PAI
for imaging guiding.

3.2. Metallic nanoparticles

In the past decades, nanoparticles have been exploited in many biomedical applications (Thota et al. 2018), some of
which have paid special attention to noble metal nanoparticles applied in PTT, especially gold (Au) nanoparticles (Bois-
selier et al. 2009). This is a consequence of their unique optical and photothermal properties, including strong optical
absorption and a relatively high photothermal conversion efficiency, showing great photostability. However, other metal-
lic nanoparticles have also been investigated as photothermal agents: palladium nanoparticles, silver nanotriangles, and
copper nanoparticles.

Undoubtedly, gold nanoparticles are one the most studied and applied nanomaterials in PTT, mainly because of their
simple synthesis and surface modification process, the varied forms that can be manufactured, and their biocompatibility.
Simple spherical Au nanoparticles have been widely studied but offer very limited tunability of their “localized surface
plasmon resonance” (LSPR) frequency. While a red shift of LSPR is possible, it has been shown that changing the size
of Au nanospheres from 9 nm to 99 nm only changes LSPR from 520 to 580 nm (Link et al. 1999). Therefore, none are
suitable for NIR applications. However, nanoparticle shape has also a strong influence on the LSPR effect, and LSPR
could be shifted to the NIR region by producing metallic nanoparticles with non-spherical shapes such as nanorods, nano-
cages, nanoshells, nanostars, and even nanobipyramids (Lombardi et al. 2012, Wang et al. 2013). The development of
these different gold nanomaterials allowed achieving photothermal performance by simply tuning the LSPR by changing
nanomaterial shap.

Among the mentioned non-spherical gold nanoparticles, nanorods (GNRs) have attracted a great deal of attention due
to the large number of synthesis methods available, the high achievable monodispersity, and the rational control over the
aspect ratio (length vs. diameter), which is primarily responsible for the change in their optical properties. GNRs have
two characteristic optical absorptions, transversal and longitudinal, linked to rod the diameter and lengt, respectively. In
GNRs spectra (Figure 5a), it can be seen how the LSPR band is split into two bands — a strong band in the NIR region,
corresponding to electron oscillations along the long axis (longitudinal band), and a weak band in the visible region at a
wavelength similar to that of gold nanospheres (transversal bands). Link ef al. studied the relationship between the ab-
sorption maximum in the longitudinal band and particle aspect ratio (Link ef al. 2005). According to their research, the
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transversal band is insensitive to size changes, whereas the longitudinal band is red-shifted largely from the visible to
NIR region with increasing aspect ratios (length/width), causing the color changes from blue to red (Figure 5b). Current-
ly, aspect ratio can be precisely controlled by changing experimental parameters such as the catalyst of silver ions in the
seed-mediated growth method (Nikoobakht ef al. 2003).

Absorbance

500 600 700 800 500

Wavelength (nm)
— 17 — 35 =3
—23 4

T b

Seed a b C d e

(a)

Figure 5. Tunable optical properties of gold nanorods (AuNRs) with absorptions at visible and near-infrared wave-
lengths region. (a) Optical absorption spectra of AuNRs with different aspect ratios and composition (a—e). (b) Color
wheel representing AuNRs labeled a—e, TR = transverse resonance. Reproduced with permission from reference (Tong et
al. 2009) with permission from John Wiley and Sons and Copyright Clearance Center.

Nanoshell structures are another example of gold nanoparticles that absorb in the biological window and can be used
as PTT agents (Jain et al. 2007). In this case, a broad plasmonic extinction band is observed that can be tuned by varying
core and shell thickness, as well as total nanoparticle size (Jain et al. 2006). Loo ef al. demonstrated that the plasmonic
band shifts to the red when shell thickness decreases (Loo et al. 2004).

El-Sayed and coworkers firstly demonstrated the in vitro application of gold nanorods in PTT (Huang et al. 2006).
They studied the binding of the gold nanorods conjugated to anti-epidermal growth factor receptor antibodies, specifically
to the malignant epithelial cell lines. After applying the PTT treatment using a Ti:Sapphire laser at 800 nm for 4 minutes,
they found that cancer cells required half the laser energy (10 W cm) to be photothermally damaged, compared to normal
cells (20 W cm™). This was attributed to the presence of nanoparticles on cell surface. Comparing these results with the
ones obtained by Hirsch et al. with gold nanoshells (Hirsch ef al. 2003), where they found that breast carcinoma cells in-
cubated with PEGylated gold nanoshells underwent irreversible photothermal damage after exposure to a NIR laser (820
nm, 35 W cm?) for 7 minutes, using gold nanorods enables effective treatment at three times lower laser intensity. This
is because nanorods exhibit higher absorption efficiency than nanoshells with LSPR at the same wavelength. Thus, it is
possible to achieve effective treatment with lower laser intensity using GNRs as photothermal agents.

In addition to the application of PTT for cancer therapies, gold nanoparticles have attracted special attention in re-
searchers who are investigating alternative treatments for bacterial infections, especially those caused by drug-resistant
bacteria (Xu et al. 2019). Zharov et al. proposed that hyperthermia caused by gold-based metallic nanoparticles could be
a useful mechanism to kill pathogenic bacteria combining the use of laser and functional gold nanoparticles (Zharov et al.
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2006). When the nanoparticles reach their target cells and this is followed by irradiation with NIR light, the overheating
effects could destroy the target cells rapidly. In addition, some research groups investigated the combination of different
methods to achieve more efficient and more specific antibacterial activities in gold nanostructures, like the incorporation
of antibiotics for instance. Huang and coworkers studied the use of gold nanoparticles with polygonal shapes function-
alized with the antibiotic vancomycin (Au@van nanoparticles) as photothermal agents, when combined with NIR light
irradiation (808 nm, 0.2 W cm™), Au@van nanoparticles could effectively inhibit pathogenic bacteria cell growth within
5 minutes, including Gram-positive, Gram-negative, and antibiotic-resistant bacteria (Huang ef al. 2007). Moreover,
Chen et al. tested the synergistic effect of photothermal treatment and antibiotic killing of S. aureus (Meeker et al. 2016).
They fabricated gold nanoconstructs coated with polydopamine (PDA) for loading antibiotic daptomycin (Dap) (Figure
6). These Dap-loaded nanostructures were targeted to the bacteria by conjugating antibodies against staphylococcal pro-
tein A. The targeted nanodrug was activated by NIR light to convert the photo-energy to thermal energy; the resulting
temperature change caused the simultaneous generation of localized photothermal effects and PDA expansion, leading to
controlled antibiotic release. It was shown that it is possible to enhance the antibacterial activity of gold nanoparticles by
combining them with many other materials. Therefore, this method has the potential for use as a therapeutic method for
biofilm-associated infections caused by drug-resistant bacteria.
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Figure 6. A) Schematic illustration of the working mechanism in the targeted photoactivatable nanoconstruct for the syn-
ergistic photothermal and antibiotic treatment of S. aureus. B) Bacterial cell killing using a biofilm model. Experimental
groups are (1) no treatment, (2) 5 ug mL"' daptomycin (Dap), and irradiation plus (3) polydopamine-coated gold nano-
cages (AuNC@PDA), (4) AuNC@PDA conjugated to staphylococcal protein A; Spa (aSpa), (5) AuNC@PDA loaded
with Dap (AuNC@Dap/PDA), and (6) AuNC@DapHi/PDA conjugated to aSpa (AuNC@Dap/PDA—aSpa). Killing was
assessed at 0 h (striped bars) and 24 h (solid bars) after treatment. Black bars indicate non-irradiated groups, and red bars
indicate irradiated groups. This figure has been adapted from reference (Meeker et al. 2016) which was published under
an ACS AuthorChoice License.

Another interesting example of the application of PTT in bacterial infection treatment is a hybrid system of Au NPs
in conjunction with polydopamine-assisted hydroxyapatite prepared by Xu et al. (Xu et al. 2018). This study presented
in situ promotion of wound healing by a low-temperature PTT assisted nanocatalytic antibacterial system utilizing a
polydopamine (PDA) coating on hydroxyapatite (HAp) incorporated with gold nanoparticles (Au-HAp). The PDA@Au-
HAp NPs produce hydroxyl radicals (*OH) from H,O, at low concentrations, thus enhancing photothermal antibacterial
performance at 45°C and avoiding unnecessary damage on normal tissues. In addition, this approach stimulated tissue
repairing-related gene expression to facilitate the formation of granulation tissues and collagen synthesis, accelerating
wound healing.

Although noble metal nanomaterials have offered an outstanding photothermal effect for different medical issues, such
as cancer treatment and bacterial infections, some problems may need to be solved. For instance, gold-based nanomate-
rials are non-biodegradable, which leads to further detection of nanoparticles after treatment. Therefore, it is necessary to
investigate new kinds of nanomaterials in order to develop photothermal agents with exceptional optical properties, good
biocompatibility, and that are biodegradable.

3.3. Carbon-based nanoparticles

The noble metal nanomaterials mentioned before may present some problems that have significantly limited their appli-
cation in clinical trials, such as their non-biodegradability and possible long-term cytotoxicity. To achieve excellent pho-
tothermal nanoagents with improved biocompatibility and lowered cytotoxicity, carbon-based nanoparticles have been
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widely studied in recent years in order to reduce lateral effects, mainly due to the intrinsic biocompatibility of carbon.
Among the extensive range of carbon nanomaterials, we will focus on graphite-related structures such as single and multi-
wall carbon nanotubes (SWCNT and MWCNT, respectively), and graphene derivatives, including graphene oxide (GO)
and reduced graphene oxide (rGO). Some applications of nanodiamonds in PTT will also be mentioned.

In the last decades, carbon nanotubes (CNTs) have been the most developed carbon-based nanostructures. These
nanostructures, discovered by Iijima (Iijima 1991), are allotropic forms of carbon obtained by rolling up graphene sheets
into a tube shape, forming a cylinder (Figure 7a) with characteristic diameters ranging from 0.4 to 50 nm. Length, on
the other hand, varies greatly with synthesis conditions and can reach values as high as several centimeters (Wang et al.
2009). As a result, CNTs have extremely high aspect ratios. Depending on the number of sheets rolled into concentric
cylinders, they can be divided into two broad categories: single-wall carbon nanotubes (SWCNT) and multi-wall carbon
nanotubes (MWCNT) (Figure 7b). MWCNTs usually have larger diameters (> 100 nm) than SWCNT, which can be as
small as 1 nm.
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Figure 7. a) Schematic representation of the theoretical construction of a carbon nanotube by rolling up a graphene sheet.
b) Representation of a single-walled carbon nanotube (SWCNT-left) and a multi-walled carbon nanotube (MWCNT-
right). ¢) Typical UV/Vis/ HiPco SWCNTSs nlIR absorption spectrum of HiPco SWCNT dispersed in an aqueous solution
of SDBS (1 wt%) after ultracentrifugation. Metallic M, transitions are indicated by the red shaded background, and
semiconducting S, and S, transitions by the green and blue colored shaded background, respectively. Figures have been
adapted from reference (Backes et al. 2010) with permission from John Wiley and Sons and Copyright Clearance Center.

CNTs exhibit strong absorbance in the NIR, which makes them a promising tool in PTT (Figure 7¢). Typically, this
kind of nanomaterials are functionalized with PEG coatings, since this helps improve biocompatibility, prolongs blood
circulation time, and avoids aggregation. As a typical example, Kam ef al. have demonstrated that, when irradiated by
NIR light, CNTs that were internalized in cells can trigger endosomal rupture and cell death without harming normal
cells (Kam ef al. 2005). This discovery led to the development of SWCNT functionalization whit specific ligands for
recognizing and targeting tumoral cells. They exploited folate receptors (FR) that are common tumor markers by making
highly water-soluble specific SWCNTs non-covalently functionalized by phospholipid-PEG-folic acid (PL-PEG-FA).
After incubating both, normal cells and FR-positive HeLa cells (FR* cells), and irradiating them with an 808 nm laser (1.4
W em?) for 2 min, general cell death was confirmed for the FR* cells by cell morphology changes, whereas normal cells
remained intact. This selective destruction of FR* cells implied that PL-PEG-FA-SWCNT were successfully internalized
inside cancerous cells. In addition to this, Zhang and coworkers reported a self-amplified drug delivery system for tumor
PTT using MWCNT, with favorable photothermal effect as the vector, polyethylene glycol (PEG) as the shelter, CREKA
peptide as the targeting moiety and NIR illumination as the external power (Zhang et al. 2016). This self-amplified target-
ing system (MWCNT-PEG) showed strong tumor targeting ability and powerful photothermal therapeutic effectiveness.
Moreover, Sobhani et al. were able to improve the dispersability of MWCNTs in water by oxidizing them (O-CNT) and
using polyethylene glycol (PEG) for wrapping the surface of nanotubes (Sobhani et al. 2017). They found through differ-
ent cytotoxicity studies that O-CNT was less cytotoxic than pristine MWCNT, and O-CNT-PEG had the lowest toxicity
against HeLa and HepG2 cell lines. The effect of O-CNT-PEG in the reduction of melanoma tumor size after PTT was
evaluated by exposing cancerous mice to a continuous-wave NIR laser diode (A=808 nm, P=2 W and 1=8 W cm™) for 10
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minutes. It was found that tumor average size in the mice receiving O-CNT-PEG decreased sharply in comparison with
those that only received laser therapy. Furthermore, using carbon nanotubes as photothermal agents for bacteria killing,
Yang et al. designed nonchemotherapeutic and robust dual-responsive nanoagents to control the trapping, ablation, and
releasing activities of pathogenic bacteria via an NIR and magnetic stimulus-responsive regulatory nanosystem (Yang
et al. 2018). In this system, the temperature-sensitive polymer brush PNIPAm is chemically grown onto the surface of
carbon nanotube-Fe,0,, whereby the synthesized nanoagents (Fe,O,-CNT-PNIPAM) could transition from hydrophilic
dispersion to hydrophobic aggregation upon NIR irradiation, which thus controls bacterial trapping, killing, and detaching
(Figure ).
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Figure 8. a) The synthesized Fe,O,-CNT-PNIPAM nanoagents are hydrophilic and well dispersed at 20°C; upon NIR
irradiation, temperature increases; once temperature is above 40°C, the nanoagents turn completely hydrophobic and form
robust aggregations. b) The detailed interactions between nanoagents with bacteria at different temperatures, the bacteria
is trapped by the nanoagents at 40°C, and is killed by the nanoagents at 55°C. ¢) The formation of nanoagent—bacteria
aggregations and NIR killing of bacteria at 55°C, the inactivated bacteria can be released from the trap after cooling to
low temperature, and the nanoagents can be magnetically collected and reused for antibacterial tests. The figure has been
adapted from reference {Yang, 2018 #66} with permission from John Wiley and Sons and Copyright Clearance Center.

Due to their unique intrinsic physical and chemical properties, which include large surface areas, the ability to pene-
trate biological membranes, a relatively low toxicity, and special electrical, thermal and spectroscopic properties, CNTs
constitute a promising nanomaterial for medical applications. Therefore, CNTs combined with different molecules, in-
cluding the incorporation of antibiotics, antibodies, metals, and magnetic nanoparticles or tumor markers as well as the
functionalization with many polymeric materials, enhance their activity as effective photothermal nanoagents in cancer
therapy (Thakare et al. 2010) and bacterial infectious diseases treatment (Xu et al. 2019).

Like CNTs, graphene-based nanomaterials also have strong optical absorption in the NIR region. Compared to me-
tallic nanoparticles and CNTs, graphene materials (especially GO) possess improved properties such as greater optical
absorption in the NIR region and higher photothermal conversion, high specific area, and lower cost. Loh and coworkers
(Loh et al. 2010) have also found that visible and NIR fluorescence of GO can be tuned depending on the intended ap-
plication, although it was impossible to fully understand the mechanism. Graphene derivatives such as pristine (non-oxi-
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dized) graphene sheets, GO and rGO have been widely studied for various biomedical applications, such as drug delivery
system, cell imaging, and PTT. For instance, Yang et al. were the first group in investigating the application of graphene
in PTT (Yang et al. 2010). They found that nanographene sheets (NGS) functionalized with PEG (NGS-PEG) exhibited
strong NIR absorbance and in vivo efficient tumor destruction under NIR laser irradiation. Additionally, the studied nano-
material presented relatively low retention in reticuloendothelial systems. Furthermore, Dai and colleagues (Robinson et
al. 2011) developed nanosized, reduced graphene oxide (nano-rGO) sheets with high NIR light absorbance and biocom-
patibility functionalized with PEG and carrying a targeting peptide covalently bonded. This nanomaterial demonstrated to
be an efficient photothermal agent, since it caused a highly effective in vitro photoablation of cells.

In addition, combining photothermal and chemotherapy to generate a synergistic treatment is a more effective way to
destroy cancer cells than monotherapy. Chen et al. studied the combination of rGO with gold nanoparticles and produced
a hybrid reduced rGO-loaded ultrasmall gold nanorod vesicle (rGO-AuNRVe) with remarkably amplified PA performance
and photothermal effects (Song et al. 2015). The hybrid is an excellent drug carrier due to its high loading capacity of
doxorubicin (DOX), as both the cavity of the vesicle and the large surface area of the encapsulated rGO can be used for
loading DOX. The loaded drug is released sequentially — NIR photothermal heating induces DOX release from the vesic-
ular cavity (Figure 91), and an intracellular acidic environment induces DOX release from the rGO surface (Figure 9ii).

Ultrasmall DOX and rGO-DOX
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In Vitro Sequential Drug Release

Figure 9. Schematic illustration of sequential DOX release triggered by (i) remote NIR laser irradiated photothermal
effect and (ii) acidic environment of the cancerous cell. Adapted from reference (Song et al. 2015) with permission from
the American Chemical Society.

Furthermore, graphene nanomaterials are also being studied in combination with different nanomaterials in PTT
applied to the treatment of infectious diseases caused by drug-resistant bacteria (Xu ef al. 2019). Recently, Pereyra ef al.
(Pereyra et al. 2018) demonstrated that GO dispersion at low concentrations (c.a. 2 g mL") under NIR irradiation for 15
min decreased bacterial viability by ~98%. P. aeruginosa treated with GO and irradiated exhibited DNA fragmentation
due to the physical damage of cell membranes. This characteristic represents an advantage in comparison with traditional
antibacterial nanomaterials (Ag NPs, for instance), which induce cell killing due to the toxicity of the nanoparticles per
se. Feng and colleagues investigated 2D rGO supported Au nanostar nanocomposite (rGO/AuNS) for synergistically
killing multidrug-resistant bacteria (Feng et al. 2019). Owing to their prickly and sharp-edge nanostructure, rGO/AuNS
displayed superior antibacterial activity probably due to the damaging of the cell walls or membranes. It was found that
the bactericidal efficiency was significantly enhanced when irradiated with 808 nm NIR laser, mainly due to the localized
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hyperthermal effect of rGO/AuNS. (Figure 10) Thus, the production of AuNS and rGO nanocomposites is an alternative
potential photothermal agent for the synergistic killing of bacteria.

Figure 10. TEM images of MRSA (a), MRSA incubated with tGO/AuNS0.02 (b) and AuNS (c) after 808 nm NIR irra-
diation for 6 min, and MRSA incubated with rGO (d); SEM images of MRSA (e), MRSA incubated with rGO/AuNS0.02
(f) and AuNS (g) after 808 nm NIR irradiation for 6 min, and MRSA incubated with rGO (h). Laser power density was 3
W cm2. Fluorescence microscopy images of MRSA (i), (j) and (k) and MRSA exposed to NIR laser irradiation for 6 min
after incubating with 0.26 mM rGO/AuNSO0.02 (1), (m) and (n), which were treated with LIVE/DEAD BacLight Bacterial
Viability Kit. The scale bar in the figure is 100 um. The figure has been adapted with permission from Reduced Graphene
Oxide Functionalized with Gold Nanostar Nanocomposites for Synergistically Killing Bacteria through Intrinsic An-
timicrobial Activity and Photothermal Ablation. ACS Applied Bio Materials. 2(2):747-756. Copyright 2019 American
Chemical Society.

The works mentioned here provided an innovative treatment for combating bacterial nosocomial infections without
the use of antibiotics, opening a new area of clinical application via simple PTT.

Finally, nanodiamonds (NDs) with a bulk diamond-like structure have emerged as promising carbon nanomaterials
in biomedical applications mainly due to their high surface area, optical properties, high biocompatibility, nontoxicity,
colloidal stability, excellent mechanical strength, and high surface functionality. Generally, NDs have been used as lumi-
nescent biomarkers capable of intracellular high-resolution tracking, and recently have been proposed as excellent nan-
othermometers that can be used for thermal imaging of single cells (Kucsko et al. 2013). However, these nanomaterials
have not shown high light-to-heat conversion efficiencies; thus, they are not suitable for photothermal applications. Ahn et
al. deposited polyaniline on diamond nanoparticles (PANI-ND) by polymerizing aniline at the surface of NDs for efficient
PTT (Ahn et al. 2019). They found that the UV absorbance intensity of PANI-ND increased at the lower pH in the NIR
region, as expected for PANI layers, resulting in an enhanced photothermal effect at the tumor site. Notably, the viability
of HeLa cells treated with PANI-ND decreased by less than 20%, suggesting the high efficiency of PTT using this func-
tionalized nanodiamons. Therefore, it is likely that NDs act as nanotemplates to form core-shell (ND/PANI) nanoparticles.

3.4. Other nanomaterials and composites using dyes for PTT

As mentioned in previous sections, PTT is now combined with other therapies that also involve a light process in order
to enhance efficiency. In this sense, the use of organic dyes facilitates and gives new opportunities to achieve successful
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treatment. In this section, some examples of recently published works involving dyes incorporation or conjugation with
diverse nanomaterials/composites for combined therapies are described.

Wang et al. summarized the research focused on the photothermal generation conjugating organic colorant dyes with
different nanostructures (e.g. nanoparticles, polymeric micelles, block copolymers, among others) (Wang et al. 2016).
The most relevant dyes involve cyanine derivates and the well know IR-780, IR-820, and IR-825 dyes. In all cases, irra-
diation was applied at 808 nm. Different cancer cell types and animal models for in vitro and in vivo assays, respectively,
were employed. Additionally, using indocyanine, multifunctional nanoparticles based on Pt(II)-meso-tetra-(pentafluoro-
phenyl)porphyrine (PtTFPP) and poly(9,9-di-noctylfluorenyl-2,7-diyl) (PFO) loaded with indocyanine green (ICG), a
novel material was fabricated (Wang et a/. 2017). The nanomaterial involves an organic polymer (PFO), a photosensitizer
porphyrin (PtTFPP), and a NIR absorbing dye (ICG). This particular design enables a strong photothermal absorption
under laser light added to the high singlet oxygen generation, being a very interesting agent for applications on tumoral
therapies combining PTT with PDT. The authors remark that a synergistic effect is present, improving the therapeutic
efficacy of both individual therapies (PTT or PDT). In the same way, heptamethine cyanines (IR-825, IR-780, IR-808,
and IR-2) were proposed as dyes for conjugation with polymeric micelles for PTT activity. The use of these organic com-
pounds was excellently summarized by Jung et al. (Jung et al. 2018) (Figure 11). In addition, they have shown many other
possibilities — for example, the application of diverse croconaine, porphyrins, and diketopyrrolopyrrole-based agents for
photothermal effect — with successful results towards new platforms that complement PTT with PAI, NIR fluorescence
imaging, and MRI, among others.
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Figure 11. (A) Molecular structures of the heptamethine cyanines: IR825, IR780, IR808, and IR2 and associated PTT
systems: (B) IR825/PEGylated micelle 7, (C) IR780/heparine—folic acid system 8, (D) mitochondria-targeted hep-
tamethine 9, and (E) pH-switchable theranostic heptamethine dyes 10 and 10-H+. This figure has been reproduced from
reference {Jung, 2018 #100} with permission from the Royal Society of Chemistry.

Another material reported for NIR imaging and PTT were heparine-folic acid nanoparticles loaded with IR-780 (HF-
IR-780 NPs). The authors affirm that IR-780 exhibits some advantages compared to ICG, such as stability and fluores-
cence intensity. Dye conjugation was made by ultrasonication process, obtaining monodisperse spherical particles. MCF-
7 cells were employed for in vitro assays, and it was concluded that nanomaterial does not present cytotoxic effects and is
biogradable. The results of these experiments reveal a temperature increase in MCF7 tumor tissues of 20 C, making HF-
IR-780 NPs a promising photothermal nanoagent and a potential candidate for theranostics (Yue ef al. 2013). On the other
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side, Calderon and coworkers reported the design of a system that involves a smart thermoresponsive nanogel scaffold
that allows obtaining a combination of PDT/PTT. The synthetic approach used the covalent conjugation by amide forma-
tion between acrylated polyglycerol amine (dPG-Ac) and the dye (IR-806) for smart nanogel production (tNG-IR-806),
exhibiting controlled shape, size, and monodispersity (c.a. 90 nm, PDI: 0.16). By heating on the tNG-IR806 at different
concentrations using a NIR irradiation source (wavelength: 785 nm, power density: 0.59 W cm), thermal collapse was
evidenced by turbidimetric experiments in several cycles. (Figure 12). Upon NIR laser irradiation, a hyperthermia process
was observed with the subsequent ablation of ovarian A2728 cancer cells. These nanomaterials have shown very interest-
ing properties for applications on theranostic as well as controlled drug-delivery, taking advantage of NIR light absorption
and temperature sensitivity (Asadian Birjand ef al. 2016).
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Figure 12. tNG-IR806 characteristics. (A-B) TEM image of uranyl acetate stained tNG-IR806 and zoom. Additional
TEM images can be found in Figure S5 in the Supporting Information. (C) Size distribution determined from TEM im-
ages by Imagel software. (D) Hydrodynamic diameter distribution measured by DLS. (E) Heating curves of tNG-IR806
at different aqueous concentrations: a (green) = 12 mg mL —1 , b (blue) = 6 mg mL —1 , ¢ (red) = 3 mg mL —1 upon NIR
laser irradiation at a wavelength of 785 nm and power density of 0.59 W cm -2 .Data are expressed as mean = SD (n =
3). (F) Normalized UV-vis transmittance curves of two heating and cooling cycles in turbidimetry at 450 nm wavelength.
This figure has been reproduced from reference (Asadian Birjand et al. 2016) with permission from John Wiley and Sons
and Copyright Clearance Center.

Diverse functional micelles and lipid-based nanoparticles combined with organic dyes are also employed for PTT. For
example, Kuang et al. arrive to relevant results referred to as photothermal efficiency by using solid lipid nanoparticles
(SLNs) conjugated with c(RGDyK) peptide (cyclo (Arg-Gly-Asp-D-Tyr-Lys)) as a carrier for IR-780 delivery (Kuang et
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al. 2017). cRGD-IR-780 SLNs were produced by using the solvent-diffusion method. The photothermal performance of
the synthesized nanoparticles was studied by exposing different concentrations of the nanomaterial under NIR laser (808
nm) at 1 W cm. Whereas the material free of IR-780 in the aqueous solution presented a small increment of temperature,
c¢RGD-IR-780 SLNs showed a clear photothermal effect (an increase of 32°C, at 50 mg L'). In addition, US7MG cell
viability was not affected (no cytotoxicity) and the same cells were killed (viability decrease to 15.1%) by application of
NIR light. In vivo results using mice reveals a similar photothermal performance as that of in vitro assays, showing a total
U87MG tumor regression. These studies were complemented with direct observation of cRGD-IR-780 SLNs, making the
material a potential candidate for NIR imaging-guided targeted cancer treatment. By loading the same dye (IR-780) into
polymeric micelles, a multi-drug delivery system was proposed for the treatment of colorectal cancer by applying PTT. A
series of complete chemical characterization of micelles and testing with HCT-116 and SW-620 cell lines, together with
animal models, allows confirming that the novel nanomaterial could be used efficiently for PTT (Shih et al. 2017).

Poly(12-(methacryloyloxy)dodecylphosphorylcholine) (PCB-lipid) micellar nanoparticles encapsulating IR-780 dye
were recently reported by Rajendrakumar et al. (Rajendrakumar ef al. 2018). The synthesis consists on the addition—
fragmentation chain transfer (RAFT) polymerization and self-assembly procedure. The material was developed for the
treatment of cervical tumor using PTT combined with NIR-based fluorescence imaging. The photothermal effect of the
nanoparticles has shown a high-temperature change (~30°C) under NIR light (808 nm, 2 W cm?) for only 5 minutes of ir-
radiation. Besides, good viability of PCB-lipid—IR-780 nanoparticles was observed in cytotoxic studies employing TC-1
cells. A concentration-dependent effect was found in the cell viability reduction when the nanomaterial was exposed upon
NIR laser irradiation. /n vivo studies in animal tumor models revealed a significant reduction of the tumor volume by PTT
mechanisms, demonstrating excellent heat conversion.

Other nanocomposites based on less common materials employing NIR dyes were developed recently. Ferritin nano-
cages were proposed as a theranostic platform based on new cyanine green (IR-820). The resulting material (spherical
particles of c.a. 20 nm) have shown NIR absorption, which is of interest for PAl/fluorescence multimodal imaging-guided
PTT. In this case, in vitro photothermal assays were carried out on 4T1 cells, showing a high photothermal conversion
efficiency after 5 minutes of NIR irradiation (808 nm) at low powers (0.1, 0.5, and 1 W cm?). Taking into account the
presence of NIR fluorescence and PAI effects, the in vivo multimodal imaging-guided PTT was evaluated on mice with
subcutaneous 4T tumors injected. The changes on tumor temperatures were registered at different laser powers, resulting
in 23.8°C (0.5 W cm?) and 42.2°C (1 W cm?) with 100% of tumor elimination (Huang et al. 2014). Another example
shows how it is possible to employ black phosphorus nanosheets (BPs) to build a novel photothermal agent. The mate-
rial is similar to graphene nanosheets, but it is constituted by phosphorous 2D layers. The aromatic amine group of Nile
Blue dye is diazotized, and the aromatic cation reacted with BPs, obtaining an attached dye NB@BPs. The nanosheets
show good optical performance, stability, and high NIR fluorescence. Additionally, the nanomaterials show good bio-
compatibility and no cytotoxicity. Taking advantage of these properties, the PTT effect was evaluated. The exposition of
MCFT7 cancer cells to NB@BPs at low concentration (50 ppm) and illumination with NIR light (10 minutes) caused a
90% decrease in cell viability. Furthermore, the in vivo experiments combining fluorescence imaging and PTT revealed
successful tumor ablation by the effect of temperature increasing (~23°C), demonstrating the potential ability of NB@
BPs to be applied on nanomedicine (Zhao et al. 2017).

Conclusions and future perspectives

In summary, we have presented a review of the different nanoparticles that are currently being studied in PTT. The main
objective of these photothermal agents is to be highly efficient and selective for thermal therapies for diverse diseases,
mainly cancer and bacterial infections. It has been shown that many nanoparticles (metallic nanoparticles, conductive
polymeric nanoparticles, carbon nanotubes, graphene-based nanoparticles, etc.) can be used as photothermal agents, since
they present large light-to-heat conversion efficiencies. Among them, carbon-based and conjugated polymers show good
PTT properties as well as good biodegradability.

However, there are still some issues to be solved before translating this platform to the clinic. For example, in order
to get the deepest tissue penetration, it is necessary to find the best wavelengths within the biological windows. Some
nanomaterials (e.g. PANI) show a clear pH effect which decreases NIR absorption in the cytoplasm (neutral pH). How-
ever, such property could be altered by chemical functionalization, such as self-doping. Moreover, the combination of
conjugated polymers with NIR dyes could also increase photothermal efficiency.

On the other hand, in the case of metallic nanoparticles, additional effects such as localized plasmon have been shown
to affect catalysis or even liquid boiling. It is likely that such phenomena have effects on cell or bacteria induced death,
but it has not been investigated closely.
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As it can be seen in the work reviewed here, the heat production due to NIR light absorption is measured at the mac-
roscopic level as an increase in the temperature of the irradiated zone. However, it is likely that nanomaterial temperature
could reach values higher than the mean value of the irradiated zone. Besides, such large temperature changes could be
responsible for cell death.

However, there is a lack of real-time and/or local temperature monitoring systems. The best candidate, tempera-
ture-dependent fluorescence, does not work, up to now, in the NIR range. On the other hand, thermosensitive polymers
have been used to detect local temperature gradients at the nanometric level, but signal detection is somewhat slow.

Hereafter, the development of multifunctional nanoplatforms, which include heating, tracking, and sensing all in one,
is expected. This could involve a combination of more than one kind of nanomaterials. The very nature of nanoagents
allows combining different materials without undue interactions such as the ones that occur in molecules. We think this
will be the main research focus in the field during the next years.
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