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Abstract: Cancer is considered one of the major public health problems worldwide. Among the
therapeutic approaches investigated and used so far, the combined use of photothermal (PTT) and
photodynamic (PDT) therapies have shown promising results for in vivo studies. The mechanisms of
actions of both therapies are based on use of a chemical entity and a source light with an appropriate
wavelength, and, in PDTs case, also molecular oxygen (O;). Moreover, the combined use of PTT and
PDT may present a synergic effect on the elimination of solid tumor and metastasis. Herein, we review
the past 5 years (2016-2020) regarding the combined use of PTT and PDT and carbon nanomaterial
platforms as photosensitizers and photothermal agents against cancer (in vivo evaluation). We intend
to highlight the most important and illustrative examples for this period. Additionally, we report
the mechanisms of action of PTT and PTT and the general physical/chemical properties of carbon
nanomaterial platforms used for this therapeutic approach.

Keywords: photothermal therapy; photodynamic therapy; carbon material; cancer; in vivo

1. Introduction

Cancer is one of the death-leading diseases, corresponding to about 15% of total
human deaths [1]. The main currently available treatments are surgery, radiotherapy, and
chemotherapy. However, these techniques often do not promote complete tumor ablation,
in addition to also causing damage to normal cells and several side effects, like infection,
inflammation, and drug resistance [2]. Recently, phototherapies such as photodynamic
therapy (PDT) and photothermal therapy (PTT) have emerged as promising alternatives
and have been recommended in tumor treatment [3-6]. The phototherapies are emerging
due to their characteristics such as high specificity, high efficiency, low cost, low toxicity in
the dark, remote controllability, no serious side effects, and an absence of contribution to
drug resistance [7-9].

The phototherapies can be used together and even in combination with other tech-
niques, achieving greater tumor elimination. These synergistic systems combined can
be highly promising due to their enhanced therapeutic efficacy and reduced side effects,
because it is possible to obtain better results using lower doses or by the treatment number
of individual modes [10-12].

A variety of photosensitizer (PS) and photothermal agents (PA) (e.g., supramolecular
polymers, carbon-based materials and porphysomes) [13], as well as both associates, have
been investigated to enhance individual and combined therapies [14]. Among them, carbon-
based materials have shown promising results when applied in this dual therapy due to
their properties such as strong absorption (visible-NIR region), heat and reactive oxygen
species (ROS) production, and biocompatibility [15,16]. These materials are classified as
zero-dimensional (0D) (e.g., fullerene), one-dimensional (1D) (e.g., carbon nanotubes),
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and two-dimensional (2D) (e.g., graphene and its derivatives) [17]. Carbon nanotubes,
graphene, fullerene, diamonds, carbon nanohorns and carbon dots are the most commonly
applied due to their optical, chemical and biological properties, availability and cost, as
observed in our literature search and described in this review.

It is desired that the PS/PA used must simultaneously present great potential in
converting light energy into local hyperthermia and generating ROS, to PTT and PDT
effects respectively, under visible and near-infrared (NIR) irradiation [18-20], making
possible higher selectivity and tumor destruction [12]. Moreover, other incorporations in
the drugs have also been explored for smartly delivering to the tumor. These system-to-
drug releases can be performed under activation of light or by pH of biological tissue, for
example [21].

One of the strategies that have also been adopted is the combination of a third treat-
ment strategy, mainly the chemotherapy (CT), with the phototherapies to obtain a more
aggressive treatment [22,23]. To find the best way to fully exert the synergetic advantages
of each mode it is necessary to optimize the treatment strategy combination. Doxorubicin
(DOX) is an anticancer cytotoxic agent widely used in CT, as in the treatment of leukemia,
malignant lymphoma, breast, liver, lung, and ovarian cancers [24,25]. However, DOX has
poor solubility, strong cytotoxicity to normal human tissue, and nonspecific drug release.
Several studies have reported the synthesis of various materials and their conjugation with
DOX in the attempt to control and targeted drug release, serving as a targeted drug carrier
to reduce unwanted toxicity and enhance specificity to tumor cells [25].

The development of nanostructured materials made it possible to simultaneously
diagnose and localize drug delivery in cancer treatment into a single nanoplatform (named
nanotheranostics). The development new theranostics to incorporate in the simultaneous
PDT/PTT treatment facilitates monitoring the accumulation of the PS and PA in the tumor
and guides convenient treatment [26,27]. The use of theranostics platforms can make the
treatment more specific, more efficient, and reduce the side effects [28,29]. One of the most
common diagnostic tools that have been used in these platforms is magnetic resonance
imaging (MRI), which can screen the tumor in different tissues and organs with great
penetration and highly sensitive and accurate images [30]. The presence of theranostic
agents such as iron nanoparticles, microbubbles, and radionuclide in the platform favor the
precise location of drug with high sensitivity, temporal resolution, target to background
ratio and favorable cost-benefit [31].

Currently, the growth and development of nanotechnology gives hope for important
achievements in clinical biomedicine with respect to combined use of PTT and PDT. Herein,
we review the past 5 years (2016-2020) regarding the combined use of PTT and PDT using
carbon nanomaterial platforms such as PS/PA against cancer in vivo studies. Additionally,
we report the mechanisms of action of PTT and PDT and general physical/chemical prop-
erties of carbon nanomaterial platforms used for this dual therapeutic approach. There
are, in the literature, other reviews that describe the combined action of PTT and PDT
well [13,32-36], but we believe that a dedicated review comparing the in vivo experiments,
including specific parameters such as dose light, PS and PA, with their respective pro-
tocols and describing the recent advances in application of carbon-based materials for
the combination of PTT and PDT for these in vivo studies is useful and can open new
scientific perspectives.

2. Mechanisms of Photodynamic and Photothermal Therapies

When light interacts with a molecule, one of the phenomena that can occur is absorp-
tion. When the molecule absorbs light, it leaves the lowest-energy state, which is called
the ground state (PSp), and goes into an excited state with a high energy content (Sn).
Within this electronically excited state, there are several sublevels composing the rotational
or vibrational states and, by internal conversion phenomenon, coupled with vibrational
relaxation, the molecule goes to the lowest excited state (which is called PS;) [37].
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From the molecule in the S; state, three different types of energy dissipation can
happen: radiative dissipation, vibration relaxation and intersystem crossing (ISC) [38].
Among these possibilities to return to Sp, molecules release the absorbed energy in the
form of light (radiative process). This process is generically called luminescence, and it
can be classified as fluorescence or phosphorescence, depending on spin and energy level
settings with consequences on the time of transfer [38]. Fluorescence is when the molecule
returns from S; to Sy directly by radiative emission and is an optical tool widely used in
several types of diagnosis and material characterizations [39,40].

The vibrational relaxation is done by intramolecular movements and collisions with
the surrounding molecules, resulting in an increase in kinetic energy and, therefore, in the
generation of heat. Thermal effects result from the light energy conversion in heat for a
combination of non-radiative processes, such as internal conversion, intersystem crossing
and vibrational relaxations, necessarily producing mechanical energy [41]. Then, when
thermal energy is generated locally from light irradiation, it is possible to promote thermal
damage that ends by leading the cell to death with high selectivity [41]. PTT uses this route
and needs a PA to convert light into heat. The development of efficient PA is essential to
guaranteeing the effectiveness of treatments and some important PA properties are infrared
absorption for great tissue penetration, good heat conversion efficiency, biocompatibility
and non-toxicity in the dark [41].

Hyperthermia can also cause indirect cytotoxic effects. Specifically in tumors, the
increase in temperature can reduce blood flow and, therefore, lead to hypoxia of tumor
cells. These processes make PTT one great new therapeutic option for tumor treatment,
when possible, to be done in local matter. Cellular environment temperatures between
42 to 47 °C is enough to make a large number of cells unfeasible, since high temperatures
cause the denaturation of proteins, among other effects [42]. As a selected example, Zhang
and co-authors evaluated a gold nanorod as PA against melanoma cells and observed
that at 43 °C, the percentages of apoptosis, necroptosis and necrosis of tumor cells were
10.2%, 18.3%, and 17.6%, respectively. Whereas, when the temperature increased 49 °C,
necrosis was shown as the dominant cell death pathway (52.8%). Interestingly, when the
PTT achieved a moderate temperature of 46 °C, necroptosis was significantly increased
(35.1%) [43]. Moreover, for a PTT protocol, the temperature should be modulated to avoid
damage on nearby healthy tissues and intense inflammation response [44].

Another technique that has been increasingly accepted in the treatment of various
diseases, especially in the treatment of tumors, is PDT. Its mechanism of action involves
the interaction of three elements: light at a specific wavelength, a PS, and the presence
of molecular oxygen. This interaction results in photo-physical-chemical reactions that
generate reactive oxygen species (ROS) with a high oxidizing power of cellular components,
making the cell unviable [37].

For PDT to take place, the molecule goes to its triplet excited state by the so-called
intersystem crossing. This event has a low probability according to the selection rules
of quantum mechanics and this is a metastable state. From this state it can also return
to its ground state by relaxation with the final result in heat or emitting light, which is
called phosphorescence. From this metastable state, two types of PDT mechanisms have
been proposed to lead to cell death [41]. The type I mechanism describes the generation
of oxidative species, namely hydroxyl radical (¢OH), hydrogen peroxide (H,O,), and
superoxide ion (O, ™) via electron transfer [41].

Differently, in the type II mechanism, the excited PS in the metastable triplet state
generated by the ISC undergoes quenching (suppression) by transferring energy directly
to the triplet oxygen (?0,), which is in the ground state. Molecular oxygen (in Sy), with
the energy received, goes to a singlet excited state (10,), highly cytotoxic and the main
mediator of cell damage caused by PDT. In any case, cell death caused by PDT has as
its main mechanism of action the production of 'O, and the induction of cell death by
apoptosis. These two mechanisms can happen simultaneously and the proportion between
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them is directly related to the oxygen concentration in the cellular environment, the
intracellular substrates present, and the characteristics of the PSs chosen in the application.

From the starting absorbed light energy, radiative processes, PDT, and PTT can happen
and the combination of these processes can result in therapies combined or in a thera-
nostic agent, with properties of therapy and diagnosis. All of these processes can be
conventionally summarized by the Jablonski diagram shown in Figure 1.
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Figure 1. Jablonski Diagram, showing the ways of the molecule from light absorption. Adapted
from [45]. 1PSn*: excited state; 1PS;*: lowest excited state; PSy: ground state.

3. Carbon-Based Platforms for Photothermal and Photodynamic Therapies

Carbon-based materials have been mostly evaluated in the Biomedical field (sens-
ing, diagnosis and treatment including PTT and PDT) due to their biocompatibility and
physical/chemical properties [46]. When compared to other materials (i.e., supramolecular
polymers, porphysomes, cyanine dyes, porphyrins, and melanin), the carbon-based materi-
als present some advantages such as a high cargo loading, high photothermal conversion
efficiency, easy modification and functionalization, intrinsic photostability, and structural
flexibility [47,48].

There is a wide family of carbon-based materials (allotropes of carbon) such as car-
bon nanotubes (CNTs), graphene, graphene oxide, diamonds, carbon dots (CQD) and
fullerene [49] (Figure 2).

CNTs are hollow cylinders consisting of graphitic sheets and are divided into two
main groups (in a structural view): (i) single walled carbon nanotube (SWCNT), which
is characterized by a single graphitic sheet showing a high aspect ratio. Moreover, these
carbon materials present unique optical, mechanical, electrical and structural diversity,
as described in this review paper; (ii) multi walled carbon nanotubes (MWCNT) show
multiple layers of graphene, forming a concentric pattern around the smallest, in other
words, present multiple SWCNTs nested inside one another [50].

Another example is graphene, which is considered an attractive carbon-based material
showing a planar graphitic sheet and a sp? hybridization carbon network with a carbon-
carbon distance and interlayer spacing of 1.42 A and 3.4 A, respectively [50]. In this context,
graphene oxide is formed by chemical reactions such as exfoliation and oxidation of layered
crystalline graphite [51].

Diamond is a tetrahedral sp? carbon material, which shows a transparent electrical
insulator. Moreover, this material presents on its surface different organic functional groups
(e.g., —COOH, —OH), the identity of which depends on the chemical conditions for the
purification process [52].

Carbon dots (CQD) possess a mixture of sp? and sp> carbon atoms in different ra-
tios [52]. This type of carbon material is formed by zero-dimensional graphene sheets which
are characterized by ultra-small sizes and high surface-to-volume ratios [53]. Moreover, car-
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bon dots present a large surface with 7t electrons available which allow immobilization of
different chemical entities and biomedical applications such as drug delivery, biomolecules
sensing, PTT and PDT [50].

Graphene Graphene oxide

Shell s nCore

NP -

Diamonds Quantum dots Fullerene

Figure 2. Example of carbon-based materials applied in PDT and PTT [49].

Fullerenes have sp?>-hybridized carbon atoms, which are carbon-based materials of
pseudospherical symmetry consisting of pentagons and hexagons and are considered
the smallest stable carbon-based structures [54]. Moreover, their optical properties are
modulated by different factors, e.g., the size and morphology of the nanostructure [52].

All carbon structures are great light absorbers in different regions of the electromag-
netic spectrum, which facilitate the use of such materials for many applications. Besides,
these carbon-based materials (e.g., graphene) are biocompatible but not approved yet as
safe materials for medical applications. Regarding their biodistribution and excretion
processes, the carbon-based materials (e.g., carbon nanotubes) when administered intra-
venously (IV), have a clear accumulation for liver and lung and are excreted via biliary
and urinary pathways [55]. On the other hand, using mice as an animal model, Jasim and
co-authors showed that graphene derivatives present a spleen accumulation and a urinary
excretion [56,57].

4. In Vivo Studies Using a Combination between Photothermal and Photodynamic
Approaches against Cancer

Due to the wide applicability and efficiency of carbon-based platforms in PTT/PDT,
herein, we review the past 5 years (2016-2020) concerning the combined use of PTT and
PDT and carbon nanomaterial platforms as PS/PA against cancer (in vivo evaluation). For
the purpose of inclusion, we considered the combined use (PTT and PDT) when one of
the following criteria were observed: (i) the use of a PS and a PA (carbon material) both
irradiated using one wavelength; or (ii) the use of a carbon-based platform as PS and
PA being irradiated using two different wavelengths or irradiance. We did not intend to
create a comprehensive collection of work; instead, we highlighted the most important and
illustrative examples for this period.

Table 1 shows the parameters used (animal model, PS, route of administration, PS/PA-
light interval (the time interval between PS/PA administration and light activation) and
wavelength/irradiance/time) for combined PTT/PDT protocols using carbon-based plat-
forms such as PS/PA of all papers selected. They are divided into three different sections:
the combination of PDT and PTT, the trimode therapy—when PDT and PTT are combined
with a third treatment (in this study, only CT was found), and Theranostic—when PDT
and PTT are combined with a diagnosis technique.
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Table 1. Parameters used (animal model, PS, route of administration, drug-light interval and wavelength/irradiance/time) for combined PTT/PDT protocols using carbon-based platforms.

PDT PTT
Animal _ Wavelenght Wavelenght ;
Entry Lineage Model PS/ Route of Ad- Prug: (Dose- PS/ Route of Ad-  PS/PA-Light (Dose- Formain, Used Protocol ~ References
Concentration  ministration I ntegrv al Irradiance Concentration  ministration Interva Irradiance
and Time) and Time)
Nude mi single-walled Or;eftigidﬁaéifon
ude mlge 4T1cells into the ICG: In situ (intra- 4 h and 808 nm carbon In situ (intra- 4 hand 808 nm s
1 (female: ; 2 2 PBS injection and a [58]
hind legs 25 ug/mL tumoral) 4 days (0.3 W/cm?*) nanohorns tumoral) 4 days (0.3 W/cm?) N L
6-7 weeks) (SWNH) second irradiation
after 4 days.
PDT + PTT
combination
Chlorin 650 nm 808 nm tilrefzar%}:exgis
2 Balb/c mice 4T1 cells e6/10 mg/ intravenous - (40 mW cm?) SWNHSs intravenous - (0.5 W cm™—2 PBS p treating th y [59]
kgb.w for 10 min for 10 min). reating the
tumors with PDT
and PTT
sequentially
. SWNH-Hyp
mice (aged SWNH. Four da 590 nm 808 nm .
- - . ys 2 SWNH- ; Four days 2 . nanohybrid and
3 6 er;\]:leS, 4T1 cells hypericin intratumorally later (gﬁ })NH/ICHIS hypericin intratumorally later (?(')z ‘5Nn/1§rrlr)1 saline 590/808 nm 160]
) ) laser irradiation.
amino-rich For the
4T1 subcut: hlorin e6/ 671 nm red emissive 671 nm combination, use
5 Nude mice Sli cutaneous ¢ g r Me tail vein 8h (500 mW /cm? carbon dots tail vein 8h (500 mW /cm? PBS of one compound [61]
umor u for 10 min) (RCDs)/ for 10 min) Ce6-RCDs, with
2 mg/mL one irradiation
Bl6lfo_mellanon(}la 808 nm ) Single treatment
. cells implante GO-PEG- GO-PEG- (250 mW /cm (GO-PEG-folate
6 CSI;%Ee/ 6] subcutaneously, folate intravenous 24h (2509 i?vr\}r;lcmz folate intravenous 24h for 8 min) %%6%%}&31?: exert dual modal 162]
male tumors treated (200 mL/mice; injection for 10 min) (200 mL/mice; injection and 980 nm 8 mg /kg) 4 PDT/PTT upon
with ~2 mm 8 mg/kg) 8 mg/kg) (250 mW /em? &/%8 980 nm
diameters. for 10 min) activation).
4T1-Luc cells
4 ; NanoGO-MB
Female @ Eol (:LLC %HS m 660 nm LED 808 nm NIR (25 uL, er£)¥r€1::ia;fter
7 BALB/c mice beutan y MB Intratumorally 10 min light NanoGO Intratumorally 10 min laser light 10 mg/kg of p the PDT f [63]
(8 weeks old, . Subcutaneous (2.5 mg/kg) injection (90.8]/cm? (10 mg/kg) injection (8.3KkJ/cm? NanoGO and el tor -
21-25g) injection), tumors for 10 min) for 15 min) 2.5 mg/kg of combined
treated with MB) PDT/PTT
~25 mm?®
Ce6/ND/PCM
(0.1 mL,
KB cells ) HeN 1 HeN equivalent ND The 135'31' was
2 x 106 mL’l) immediatel aser He-Ne immediatel aser He-Ne 5 mg/kg body engsi ’cot .tumor
3 Nude subcutaneously Ceb intratumoral d6d y 65%1 rncri, ND/PCM intratumoral d6d Y 65%1 ;Cri/ weight) and aftselre ggto inl'enft?on [3]
BALB/c mice injected, tumors (0.05 mg/mL) injection an ays ! (5 mg/kg) injection an ays ! ND/PCM P J ’
2 2
; after (2 W/cm? for after (2 W/cm? for and 6 days to PDT
treated with 4 min) 4 min) (01 mL, e IYTT
~60 mm? ’ : equivalent ND imult
5 mg/kg body simultaneous
weight)
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PDT PTT
Animal _ Wavelenght Wavelenght Mai
Entry Lineage Model PS/ Route of Ad- ]I?imhgt (Dose- PS/ Route of Ad-  PS/PA-Light (Dose- Formlfllerlltion Used Protocol References
Concentration  ministration & Irradiance Concentration  ministration Interval Irradiance
Interval and Time) and Time)
635 nm laser
HeLa tumor, CQD (2 intravenous 635 nm laser CQD (2 intravenous 635 nm laser CQD (2 (2 W/cm? for
9 nude mice tumor treated mg/mL, injection via 6h (0.1 W/cm? mg/mL, injection via 6h (2 W/cm? for mg/mL, 10 min) by [64]
with 20-25 mm® 100 p1L) the tail vein for 10 min) 100 nL) the tail vein 10 min) 100 nL) PDT/PTT
simultaneous
Each treatment
was made
separetely and the
combination was
subcutaneously 660 nm, Carbon 808 nm, made with a
10 Nude mice injecting HeLa Free Ce6 intrevenous 24h (1 W/cm? for nanotubes intravenous 24 h (1.0 W/cm? PBS molecue [65]
cells 10 min) (CNTs), for 10 min) Ce6-MnO2/
CNTs (CMCs)
following the
iiradiation with
both wavelenght
1 x 10° human
liver cancer cells GP-Rf-FA-
(HeLa) implanted FeN@CQDs
subcutaneously in S 671 nm laser I 671 nm laser (1 mg/mL) and
n  femalenude Ty et and right Rf A 8h @W/cm? for | FeN@CQD AN 8h (2 W/cm? for GP-Rf-FA- PDT and PTT [66]
axillaries of nude 8 min) 8 min) FeN@CQDs-
mice. Tumors DOX
treated with (I mg/mL)
100-120 mm?
They treated with
SWCNTs- only PDT, only CT,
SWENTS- 808 nm PEGFe304@ 408 rm PDT and CT and
. . . Intravenous 2 CQDs/DOX- Intravenous 2 irradiation with
12 Nude mice Hela cells Flegg)ﬁ@/CI%]?s. via tail vein - (%)5r ‘é‘/él Cmm) Apt: via tail vein - 2 V\Sfégx;l) for PBS both laser power [67]
100guL ’ 100 g /mL, (0.5 W/cm? and
100 uL 2 W/cmz) for
trimode therapy.
subcutaneously
injecting U14 cells 650 nm laser g 980 nm laser ~
Female in the left axilla GsC intravenous irradiation DOX-GSCCP intravenous irradiation DOX-GSCCP 650 and 980 nm ,
13 K“Igmmg tumor treated 100(8 1 H}I;IIIL) injection 1h (0.5 W/cm? 100(8 1 H}II‘I’IL) injection 1h (0.5 W/cm? 100(8 1 m/I;ﬁL) laser irradiation [24]
1ce with diameter ] for 10 min) He for 10 min) HE
~6—10 mm
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Entry Lineage Model PS/ Route of Ad- ]I?imhgt (Dose- PS/ Route of Ad-  PS/PA-Light (Dose- Formlillerlltion Used Protocol References
Concentration  ministration Int egrv al Irradiance Concentration  ministration Interval Irradiance
and Time) and Time)

The tumors were

irradiated with

660 nm )

. 660 nm 808 nm (100 mW-cm™*)

14 Balb/c nude HelLa cells Chlormke 6/ intravenous 0, Aéand (100 mW /cm?) Carbotl)'l intravenous 0, Aéand (1W cm™2) Saline and/or 808 nm [68]

mmice 5mg/kg 8 days for 5 min nanotubes 8 days for 5 min (1 W-cm~2) NIR

laser for 5 min

each 24 h after

every injection

subcutaneous . i PTT was
HeLa tumor by GP-PGA- aser- GP-PGA- aser-
male AT, 6 . irradiated at . irradiated at GP-PGA-Fe304- permormed 2 h
15 C57BL/6 injecting of 1x10 Fe304- intratumoral 25h 660 nm Fe304- intratumoral 2h 808 nm CDs@BPQDs  after the injection [10]
- HelLa cells CDs@BPQDs injection 2 CDs@BPQDs injection 2 .

mice i (0.5W/cm i (1 W/cm? for (50 ug/mL) while PDT was

(200 pL), treated (50 pg/mL) for 15 min) (50 pg/mL) 5 min) performed 2.5 h
with 100 mm? ’
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4.1. Photothermal and Photodynamic Therapies

Different types of carbon nanomaterials, such as single-walled carbon nanohorns
(SWNH), have been used in the construction of nanoplatforms for different types of pho-
totherapies, especially when they present high photothermal conversion efficiency. Using
these platform to make indocyanine green (ICG) more stable, Gao and co-authors (Table 1,
entry 1) demonstrated superior advantages of the use of SWNH-ICG for synergistic anti-
tumor effects using PTT and PDT in breast tumor cells using low laser power. As described
in the literature, the SWNH-ICG nanohybrid materials could generate hyperthermia effects
and abundant ROS generation under light source irradiation. The use of a nanohybrid
could produce a stronger temperature response compared to free ICG at a low power
density. The treatment induced the killing and the growth inhibition of the tumor [58].

In 2020, Yang and co-authors reported the immobilization of Chlorine (Ce6) and Gd**
onto polymer-coated SWNHSs and evaluated the combination of PDT and PTT against
tumors (Table 1, entry 2), in addition to the effect on the immunological system after use
of this combined therapy. The authors observed that this synthetized material produces
a strong immune adjuvant action and presents a high tumor targeting and penetration
efficiency [59].

The synthesis of a hybrid material based on the immobilization of hypericin onto
SWNH (Table 1, entry 3) was reported, in 2019, by Gao and co-authors. This material was
applied as a dual agent (PDT and PTT) using a light irradiation at 590 and 808 nm against
4T1 cells injected subcutaneously in mice as tumor models. The authors observed that
hypericin immobilized onto SWNH could produce a simultaneous effect (hyperthermia and
ROS production) against cancer and the best result was obtained when both wavelengths
were used (590 and 808 nm) [60].

Sun and co-authors combined Ce6 and CQD to reduce the irradiation of PTT combined
with PDT (Table 1, entry 5). While the treatment with PDT or PTT separately was not
enough for the tumor reduction, it was clear that the synergic result of treatments were
combined, reducing 30% of the initial volume. These results demonstrated that the efficacy
of the developed hybrid material for the synergistic PDT/PTT protocol is better than a
single therapeutic protocol (PDT or PTT) under a light source irradiation [61].

The irradiation of GO-PEG-folate can generate singlet oxygen or heat (or both), de-
pending on the excitation wavelengths used (808 nm or 980 nm), according to Kalluru and
co-authors (Table 1, entry 6). In the treatment of melanoma murine, the combination of
PDT/PTT was demonstrated to be more effective, leaving only 0.02 of the size of the initial
tumor, if compared to PTT alone (via 808 nm light irradiation), which reached 10.1-fold the
initial size [62].

Some studies have shown that nanographene oxide (NanoGO) immobilized with
different PSs are effective in PDT/PTT treatment. Dos Santos and co-authors (Table 1,
entry 7) used methylene blue (MB) in association with NanoGO (NanoGO-MB) as a carbon
based platform in a murine mammary carcinoma model, which mimics tumor growth
and metastasis of stage IV human breast cancer. The combined application of PDT/PTT
therapies using NanoGO-MB as a dual agent and promoted complete tumor ablation in
5/5 animals without regrowth and metastasis, suggesting a potential clinical application
against breast cancer [63].

Ruy and co-authors (Table 1, entry 8) performed a study using phase-change material
(PCM) nanoparticles containing Ce6 and nanodiamonds (NDs) for photodynamic and pho-
tothermal effects. Ce6/ND/PCM was demonstrated to be promising due to the synergistic
effect of PDT/PTT. After 12 days of treatment, the tumors treated with ND/PCM presented
a volume of 50.1 + 9.3 mm?, while the tumors treated with Ce6/ND/PCM had a volume
of 10.5 & 3.5 mm?, suggesting the synergistic effect of PDT/PTT and confirming a superior
therapeutic efficiency if compared to only PTT [3].

CQD was obtained from polythiophene benzoic acid (PBA) by Ge and co-authors
(Table 1, entry 9). CQD materials simultaneously presented photodynamic and photother-
mal effects under 635 nm irradiation, changing only the irradiation (0.1 or 2 W/cm?). It
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verified the efficiency of 27% in 'O, generation and 36.2% in photothermal conversion. In
the PDT/PTT group, it was observed that all tumor cells were damaged. In the PDT group,
only some inflammatory cell infiltrations, cell death, and cirrhosis with tissue structure
damage could be observed [64].

In the same way, using MnO, to avoid hypoxia of the tumor, a compound with Ce6
and CNTs was synthesized to analyze the synergism between PDT and PTT (Table 1, entry
10). Yin and co-authors showed the inhibition of the tumor growth with each therapy
separated and the best result with a compound combined a PS, a PA and MnO,, Ce6-
MnO,/CNTs (CMCs), following two irradiations (660 and 808 nm to activate both of
therapies). The treated group showed an inhibition in the tumor growth for all irradiated
groups, but the use of CMC presented the best result, with a synergic effect between PDT
and PTT [65].

Therefore, in all related papers, the combination of PDT and PTT improved the tumor
reduction rate in animal models. To improve this effect, these phototherapies can be used
with another therapy, such as chemotherapy.

4.2. Trimode Treatment

Some studies in the last few years have been associating the third technique with
combined PDT/PTT, especially CT, to obtain an even more efficient treatment. This
combination (PDT/PTT/CT) can be the possibility to reduce the laser power and the
drug dosage. Zhang and co-authors (Table 1, entry 11) prepared fluorescent FeN@CQDs
by a green methodology using iron crosslinked chitosan (Ch-Fe-CL). FeN@CQDs was
functionalized with folic acid (FA), a targeting ligand, conjugated with riboflavin (Rf) as
PS, and was effectively loaded to DOX. The GP-Rf-FA-FeN@CQDs-DOX was developed to
realize the PDT/PTT/CT combination and demonstrated a strong NIR absorption and a
great photothermal effect. For in vivo study, GP-Rf-FA-FeN@CQDs-DOX demonstrated
the ability to eradicate tumors without regrowth and achieved a synergistic therapeutic
effect, promising results for clinical applications [66].

Zhang and co-authors (Table 1, entry 12) showed a combination of PDT, PTT and CT
effects. SWCNTs and carbon quantum dots (CQDs) have been used as promising nanoplat-
forms to combine therapies. SWCNTs-PEGFe304@CQDs-DOX-Apt was synthesized to
provide good selectivity in tumor cells and water-solubility, magnetic properties for MR
imaging and the combination of all agents (CNTs, QD and DOX). Although all irradiated
groups showed better results than only CT treatment, the trimode combination reached a
total elimination of the tumor, showing this to be the best option for tumor treatment [67].

Yang and co-authors (Table 1, entry 13) also performed a new nanoplatform with
a multimode PDT/PTT/CT effect composed of anticancer drug DOX, Ce6 as PS, and
CQD as a PA. The platform was constructed by SiO,-Gd-Ce6-CD-P yolk-shell hybrid
spheres to control the release of the antidrug at a normal body temperature (37 °C) and
not present hemolysis activity to human red blood cells. Moreover, the presence of Gd3*
in the composite generated signals to MRI and X-ray-computed tomography to guided
therapy. In an application in murine tumors, it was observed that the size of the tumors
treated with PDT/PTT/CT was smaller than those treated with PDT alone or PTT/CT. The
results provided suggest a potential platform for future clinical therapy [24].

4.3. Theranostic: PDT, PTT and Diagnosis Methods

In addition to performing an effective treatment, there is an interest in having efficient
ways to precisely locate the tumor and to track the nanoparticles in the body. Thus, ways
to detect nanoparticles through images have been built, and the main techniques that have
been used are fluorescence and MR images. For this, nanomaterials/nanoparticles are built
that generate these signals.

Wang and co-authors reported the synthesis of a multifunctional nanomaterial
(CNT@MnO,-PEG@Ce6) for PDT, PTT and MRI. This nanoplatform possesses carbon
nanotubes, a MnO, layer, PEG and Ce6 as PS. Ce6 and Mn?* are rapidly released due to
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their low pH and high concentration of glutathione (present in tumor environment) for
PDT and MR, respectively. The authors applied this multifunctional material to evaluate
the combined PDT and PTT effects using the protocol conditions described in Table 1,
entry 14. According to the authors, the combined use of CNT@MnO,-PEG@Ce6 and two
wavelength sources (at 660 and 808 nm) led to a drastic reduction in tumor growth rate
through a synergistic PDT/PTT action [68].

Zhang and co-authors (Table 1, entry 15) used a highly dispersed suspension of
ultrasmall black phosphorus quantum dots (BPQDs) that have the unique property of
absorbing NIR light with a high tissue—penetration depth. The selective localization of
BPQD could be observed by fluorescence and MR images. The nanoplatform GP-PGA-
Fe304-CDs@BPQDs presented an efficient generation of 10, under 660 nm irradiation and
a high PT conversion under 808 nm irradiation. In a study using murine tumor models,
this nanoplatform exhibited a great therapeutic effect and selectivity when compared to
commercial drugs, benefiting from the synergistic combination of PDT/PTT. In addition,
GP-PGA-Fe304-CDs@BPQDs did not show long-term inflammatory responses or obvious
damage [10].

5. Conclusions and Future Perspectives

In this literature survey and explanation of the combined use of therapies that start
from the principle of converting light energy into energy to cause tumor destruction
by hyperthermia and photodynamic action, using carbon-based structures such as PA
in combination with several PSs, has been shown to be quite promising and generally
advantageous. These carbon-based materials can be co-administered with chemotherapy
drugs (e.g., doxorubicin) for a synergistic protocol of PDT/PTT/chemotherapy to increase
the anticancer effect. It seems that the combination of PTT with PDT in various forms
could bring an improvement in the final result, which is certainly worth further exploration
and translation into clinical test models. The various platforms that combine carbon
nanostructures with light and PDT may come to compose a varied list of possibilities that
should include the diagnosis along with the treatment.

Among them, the toxicity tolerances of these structures is a concern that should be
considered in future studies. Furthermore, it is necessary to investigate the independence
of the clearance of photosensitizers in the presence of nanostructures together. In this
review paper, we have described the combined use of PTT and PTT results in a synergic
therapeutic effect for combating cancer cells in vivo studies.
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