Journal of
!JJJ Nanotheranostics

Article

In Silico, Combined Plasmonic Photothermal and
Photodynamic Therapy in Mice

Georgios Kareliotis *'/, Eleni Chronopoulou and Mersini Makropoulou

check for
updates

Citation: Kareliotis, G.;
Chronopoulou, E.; Makropoulou, M.
In Silico, Combined Plasmonic
Photothermal and Photodynamic
Therapy in Mice. ]. Nanotheranostics
2022, 3,39-54. https://doi.org/
10.3390/jnt3010004

Academic Editor: Moein Moghimi

Received: 9 December 2021
Accepted: 23 February 2022
Published: 28 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Laser Development and Applications Team, Physics Department, School of Applied Mathematical and
Physical Sciences, National Technical University of Athens, Zografou Campus, 15780 Athens, Greece;
helenchrono2@gmail.com (E.C.); mmakro@central.ntua.gr (M.M.)

* Correspondence: kareliotis.g@gmail.com

Abstract: Plasmonic photothermal and photodynamic therapy (PPTT and PDT, respectively) are two
cancer treatments that have the potential to be combined in a synergistic scheme. The aim of this study
is to optimize the PPTT treatment part, in order to account for the PDT lack of coverage in the hypoxic
tumor volume and in cancer areas laying in deep sites. For the needs of this study, a mouse was
modeled, subjected to PDT and its necrotic area was estimated by using the MATLAB software. The
same procedure was repeated for PPTT, using COMSOL Multiphysics. PPTT treatment parameters,
namely laser power and irradiation time, were optimized in order to achieve the optimum therapeutic
effect of the combined scheme. The PDT alone resulted in 54.8% tumor necrosis, covering the upper
cancer layers. When the PPTT was also applied, the total necrosis percentage raised up to 99.3%,
while all of the surrounding studied organs (skin, heart, lungs and trachea, ribs, liver and spleen)
were spared. The optimized values of the PPTT parameters were 550 mW of laser power and 70 s of
irradiation time. Hence, the PPTT-PDT combination shows great potential in achieving high levels of
tumor necrosis while sparing the healthy tissues.

Keywords: plasmonic photothermal therapy (PPTT); photodynamic therapy (PDT); nanoparticles

1. Introduction

Cancer is a disease that, unfortunately, affects the lives of numerous people around
the globe, while its complexity leads to a need for targeted and complex therapeutic
approaches. As a result, the current research trend is towards combination therapies
rather than monotherapies [1]. In the field of non-ionization radiation therapies, plasmonic
photothermal therapy (PPTT) and photodynamic therapy (PDT) hold key roles, along with
other well-established treatments (e.g., ultrasound and microwave hyperthermia). Indeed,
all the aforementioned therapeutic approaches have shown adequate and promising results,
but on the other hand, they do have limitations [1-3].

Photothermal is one of the oldest therapies, dating back to 1700 B.C. [4]. Even the
father of medicine, Hippocrates, had acknowledged its value, stating in Aphorism (7.87)
that “Those diseases which medicines do not cure, iron cures; those which iron cannot cure,
fire cures; and those which fire cannot cure, are to be reckoned wholly incurable”. It is based
on hyperthermia, namely the temperature increase that will lead to apoptotic or necrotic
procedures and hence, tumor destruction [4,5]. Although rarely used as monotherapy, it
has been included in the 2013 guidelines of the National Comprehensive Cancer Network
(NCCN) as a choice for breast cancer recurrence [6]. The conventional heat sources used in
hyperthermia include radio- and microwaves, ultrasound as well as beams in the visible
and infrared spectrum of the electromagnetic radiation [4,7]. An inherent obstacle to hyper-
thermia implementation is the relatively low energy absorption values from the soft tissues
and the absence of localized action [7]. The latter can be overcome through plasmonic
photothermal therapy, which takes advantage of the localized plasmonic phenomena. It is
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based on the administration of metal nanoparticles (NPs), usually gold (AuNPs), which,
due to their size and coating, accumulate mainly in the cancer area. When irradiated
with light of the appropriate wavelength, localized surface plasmon resonance (LSPR) can
occur [8]. This is the result of the strong photon absorption, leading to coherent electron
oscillation around the metal surface and therefore, a significant temperature increase. The
phenomenon practically depends on factors affecting surface electron density, such as,
for example, NPs shape and size, as well as the dielectric constant of the metal and the
surrounding medium [4,9]. Thus, gold, silver and copper nanospheres display LSPR in the
visible part of the electromagnetic spectrum, while nanoshells present red shift. Finally, it
is worth noting that, due to the recent development of PPTT and since the available data
originate from studies with large differentiation in terms of methodology [10], its dosimetry
cannot be addressed under a single approach.

Photodynamic therapy can be considered as a light-activated, targeted chemotherapy,
originating in the early 1900’s [11,12]. It is based on three fundamental agents that act
dynamically and simultaneously. First, a photosensitive substance, namely a photosensi-
tizer (PS), which accumulates selectively in the cancer area, is administered to the patient.
Afterwards, the area is irradiated with the light of an appropriate wavelength that matches
the PS absorption spectrum. The PS absorbs the incident photon energy and interacts with
the molecular oxygen (Type Il mechanism), producing a reactive oxygen species (ROS) and
especially oxygen molecules that are in their lower excited state, namely singlet oxygen
(10,), which is highly cytotoxic. Since light is topically applied and the diffuse radius of
singlet oxygen is in the order of 100 nm [13], PDT has a highly targeted outcome. On the
other hand, light absorption and scattering by numerous tissues chromophores lead to
a limited penetration depth, which is the main drawback of PDT. As a result, the main
applications of PDT in cancer concern skin or endoscopically accessible areas (e.g., lungs,
esophagus) [14-16]. As far as the destruction of cancer cells is concerned, three main
pathways exist, namely the direct cell damage, the vascular shutdown and the activation of
the immune response [17]. Various factors determinate which pathway will take place and
through what mechanism (necrosis, apoptosis or autophagy), such as, for example, the PS
kind and its intracellular concentration site, the type of cancer and the light fluence rate
and thus, the complete phenomenon cannot always be precisely defined [17-19].

It is obvious that each of the aforementioned therapies has its advantages, but also
its drawbacks. Hence, a promising approach is to combine both in a synergistic treatment
scheme. Although the available literature is poor in clinical trials in the field, experimental
results from studies are quite encouraging [1]. Therefore, this work focused on the com-
bined therapeutic outcome that PPTT and PDT can achieve, based on a computational
approach on a mouse model. The PPTT part of the treatment was optimized in order to
account for the main drawback that PDT has, namely the poor necrosis in tumor areas
laying in deep sites. Firstly, PDT was simulated to detect the tumor areas with poor necrosis
coverage. Afterwards, PPTT was implemented in order to treat these areas. Finally, the
total outcome was assessed.

2. Materials and Methods
2.1. Animal Model

A NOD SCID (nonobese diabetic/severe combined immunodeficient) mouse, bearing
a 4T1 breast cancer tumor was modeled. The tumor, of a radius of 0.2 cm, was assumed
between its front legs, slightly projecting out of the body contour, as shown in Figure 1. For
the PPTT, the whole mouse was 3D-implemented in COMSOL Multiphysics® (Stockholm,
Sweden) (see Figure 1a—c), with its skin, muscle tissue, basic bone structures, heart, lungs,
trachea, liver and spleen. The software choice was based on its great capabilities of
designing realistic models and its ability to study complex biophysical phenomena. For
the PDT, the mouse was implemented in MATLAB (The MathWorks, Inc., Natick, MA,
United States) in a 2D geometry, as shown in Figure 1d. At this point, the reader should
have in mind that in contrast to COMSOL, MATLAB uses mathematic formulas and
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logical/conditional expressions in order to create every single part of the geometry, making
a realistic, 3D representation of the animal rather challenging. Since the penetration depth
of the light used in PDT is limited, hence also is the PDT action, and the simulation can be
implemented /focused on the tumor and a few millimeters around it.

(a) Mouse model (b) Mouse model (inverted)
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Figure 1. (a,b) The mouse model in two different orientations and (c) zoomed area of the mouse
model, as implemented in COMSOL Multiphysics®. (d) Sagittal slice of the tumor area, created in
MATLAB. The three white dots correspond to nearby ribs, while the vertical red lines are a visual
representation of the incident laser beam.

2.2. PDT Model
2.2.1. Computational Simulation

The computational simulation was based on a former published code of our team [20,21],
which simulates the PDT effect on cancer tissue. It utilizes Monte Carlo simulations to assess
the spatial profile of the light fluence rate into tissue (mcxyz.c, version July 22, 2019, created
by Jacques S., Li T., and Prahl S., available from: https://omlc.org/software/mc/mcxyz/
index.html, accessed on: 16 November 2021) and a system of differential photochemical
equations (see Equations (1)—(3)) that describe the Type II PDT mechanism [22]. The latter
assesses the photodynamic action through scripts, coded in MATLAB, using a desktop
computer with an Intel® Core™ i7-4790 @ 3.60 GHz processor and 16 GB of RAM. The
aforementioned simulation was implemented using 0.025 mm of bin size.

d[So ¢((So] +9)[*Os] _
e+ <§a 015 )[50] =0, M
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In the above equations, [Sy] stands for the concentration of ground-state photosensi-
tizer, (t) for the irradiation time, (¢) for the specific oxygen consumption rate, (¢) for the
specific photobleaching ratio, (¢) for the light fluence rate, (6) for the low concentration
correction, [20,] for the concentration of molecular oxygen, (pB) for the oxygen quenching
threshold, (g) for the oxygen supply rate to tissue, [20;]y for the initial concentration of
molecular oxygen, [!O,],x for the concentration of singlet oxygen leading to cell death
(apparent reacted singlet oxygen), (f) for the fraction of 10, interacting with target and
[102],,(,5;1, for the threshold concentration of singlet oxygen leading to cell death.

2.2.2. Photosensitizer and Parameters

The PDT-simulated treatment was conducted using Visudyne®, a photosensitive
agent that has been studied in cancer clinical trials (clinicaltrials.gov, No. NCT02939274,
NCT02464761). Its active substance is verteporfin, a lipophilic benzoporphyrin monoacid
derivative (BPD-MA). The treatment parameters were chosen based on the available lit-
erature on in vivo experiments, which are summarized in Table 1. The light source mod-
eled a real point source of our laboratory, with emission wavelength A = 680 nm, power
P =60 mW and fluence rate ¢ = 167 mW/ cm?. Trradiation time was set at 15 min, resulting
in 150.3 J/cm?, which is in the range of values regarded as adequate to result in a good
treatment outcome [23]. As far as PS dose is concerned, 1 mg/kg per body weight (b.w.)
was assumed, injected via a 100 pL aqueous solution.

Table 1. Basic parameter values of in vivo verteporfin-PDT in mice.

Total Light Dose Fluence Rate Irradiation Dose Injected

(J/cm?) * (mW/cm?) * Time (min) (mg/kg) Volume (uL) Refs.

20 (J/cm) 74 (mW/cm) 45 1 75 [24]

40 - - 2 - [25]

120 - - 1 - [26]
225-135(/cm)  12-150 (mW/cm) - 0.17-0.99 (M) - [27]
100-250 50-150 15-45 1 - [28]

- 12-150 3-100 1 - [29]

- 12-150 (mW /cm) 3-100 1 - [30]

* In some studies units differ due to linear light sources.

The values of the optical parameters used in the computational simulation (see Table 2)
were partially based on the ones used in a former preliminary study of our team [31]
through extrapolation methods, as well as on references [32-34]. The absorption coefficient
(ua) of verteporfin, needed for the Monte Carlo simulations, was estimated using its molar
concentration (C) and extinction coefficient (¢), as: u, = [n(10)-C-e [35]. For the calculation of
C, the mass concentration (1 mg/kg per b.w., in a 100 uL liquid volume) and the molecular
weight (718.8 g/mol) were taken into consideration [36]. To extract the ¢ value, which varies
with the wavelength used, data from reference [37] were used. As far as the scattering
coefficient (js), anisotropy factor (gf) and refractive index (n) values are concerned, they
are not available in the literature, to the best of our knowledge and, hence, they were
assumed to be the same as the ones of the surrounding medium (4T1 tumor). Finally, the
photochemical properties of the PS are summarized in Table 2.
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Table 2. Optical and photochemical properties of the PDT simulation model.

Layer Parameter Value Parameter Value 2
Ua 0.94 cm™! £ 0.071 (cm~1 uM~1)
Skin Us 37.1cm™! & 55 x 1073 (cm? mW~1 s~ 1)
8f 0.8 o 1.7 x 1075 (uM 1)
d 220 pm B 11.9 (uM)
f 1
Ua 0.76 cm™~! 5 33 (uM)
s 98.0cm ™! 20 0.7 (UM s~ )P
4T1 tumor
8 0.9 020 60 (M)
r 0.2 cm ['Oa2)ix0 € 0
[1 OZ]rx,sh 400 (uM)
Ha 0.05 cm ™!
BPD-MA s 98.0 cm™!
gf 0.9
Parietal Ha 22cm~!
peritoneum Us 192 cm™!
muscle tissue 8f 0.8
Ha 0.8cm!
Bone s 309.6 cm™!
(ribs) 8f 0.93
r 0.05 cm

2 Obtained from reference [27]. ® Obtained from reference [22]. ¢ Initial concentration of singlet oxygen leading to
cell death.

As is well known, the central region of most tumors contains mainly dead cells
(necrotic core) while its periphery is poorly oxygenated (hypoxic area) [38]. In order
to qualitatively simulate this phenomenon, the tumor oxygenation was considered to
gradually decline until reaching zero values in its center. The formula empirically created
for this purpose is:

g(x,2) = go+ | L8 -eXp<—10-((;2)2> @)

2.3. PPTT Model
2.3.1. Computational Simulation

The “Radiative Beam in Absorbing Media” of COMSOL, based on the solution of the
Beer-Lambert equation, was used to model the light propagation into the tissues and its
interactions with the NPs. The corresponding module for heat transfer in biological media
“Bioheat Transfer”, which solves the bioheat equation (see Equation (5)) using Pennes’
approximation, was used for the assessment of thermal interactions into the modeled
mouse. The NPs-doped area was set as the “Heat Source”.

aT

where, (p) is the density, (Cp) is the specific heat capacity at constant pressure and (T) is
the absolute temperature of the tissue. Moreover, (g) is the heat flux by conduction in the
tissue, (pp) is the blood density, (C, p) is the blood specific heat capacity at constant pressure,
(wp) is the blood perfusion rate and (T}) is the arterial blood temperature. Finally, (Q;44)
and (Qet) are the radiation and metabolic heat sources, respectively. Since when modeling
hyperthermic treatments, the metabolic heat source term is generally significantly lower
than the radiation one (the NPs in this case) it may be neglected [39]. The values of the
above parameters regarding blood were extracted from reference [39].
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The virtual mouse was modeled on dimensions that correspond to reality. It is worth
noting that air was not taken into account as a solid structure during the model simulation,
in order to save computing resources. Instead, the heat flux from the skin to the environment
was assessed via Newton’s law for heat convection. Moreover, another way to conserve
computing resources was utilized in the present study. More specifically, the simulation
was constricted to the area surrounding the tumor and structures were sited away, as the
head, the abdomen and the tail were excluded from calculations. The mesh size was set to
“finer”, since smaller mesh sizes resulted in significantly increased computational times
but without noticeable temperature differentiations in the mouse model. The maximum
and minimum element sizes created via the above procedure were 0.191 and 0.014 cm,
respectively.

2.3.2. Nanoparticles and Parameters

Gold nanoshells JSD0035 (NanoXact™) were assumed to induce hyperthermia (total
diameter: 151 nm, core diameter: 119 nm). They were chosen as they have a polyethylene
glycol (PEG) coating (a polyether compound consisting of repeating ethylene oxide units).
This coating, which is often used in medical products [40], is considered a safe, stable
substance that does not trigger an immune system response [41]. In addition, it allows
the production of homogeneous aqueous solutions, which are of great importance for
their injection into the animal’s body. Finally, due to the neutral/slightly negative surface
charge of PEG, it is considered suitable for in vivo use [41,42]. Regarding the time interval
between the NPs administration and irradiation, it corresponded to a direct treatment
application. The reason for this model selection was to avoid the diffusion of nanoparticles
in the periphery of the tumor and in the surrounding healthy tissues and, therefore, the
subsequent, undesirable heating of non-cancer areas.

As it is well known, according to Mie’s theory [43], when a light beam interacts with a
nanoparticle, absorption and scattering phenomena are observed, which are described by
the absorption (S,s) and scattering (Ss¢s) cross-sections, respectively. In case of coincidence
between the beam wavelength and the wavelength of maximum absorption of the nanos-
tructures, the attenuation of the beam can be practically attributed only to absorption [9,44].
Hence, the temperature increase of a NPs-doped volume can be evaluated as if it was an
area of increased absorption coefficient (y,). The total y, value can be calculated as the sum
of the absorption coefficients of the NPs (y, nps) and the surrounding material [45]. In this
study, the former was assessed through Equation (6) [46]:

Ha,NPs = Saps'N (6)

where, (S,p5) is the absorption cross-section and (N) the number density of the NPs. The S,
was set at 1.23-10%* nm?, according to the online calculator of the NPs manufacturer (Mie
Theory Calculator: https:/ /nanocomposix.com/pages/mie-theory-calculator, accessed on
10 October 2021). The properties of the tumor area containing NPs were calculated using
Equation (7) [47]:

Xeff = XNP, f + Xtumor- (1 — f) @)

where, (x) stands for the calculated parameter (density—p, thermal conductivity—k, or
specific heat capacity at constant pressure—Cp) and (f) for the NPs volume fraction. For the
above calculations NPs were assumed as solid gold spheres. As for the values of the rest
properties used in calculations, they are summarized in Table 3.
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Table 3. Tissue properties of the simulation model.
. 1 p (kg/m3) k W/(m-K) Cy (J/(kg-K))
Tissue Ha (cm™—1) 48] [49] [50]
Tumor ? 0.06 1150 0.56 4200
NPs P 7.52 998 0.64 4180
Skin 1.26 [32] 1090 0.58 2291
Heart 0.98 [51] 1060 0.56 2291
Lungs 1.06 [52] 260 0.39 3890
Liver 5.7 [53] 1060 0.52 3620
Muscle 2.4[32] 1000 0.49 3550
Bone 0.21 [54] 1400 0.32 1313
Spleen 1.26 [54] 1060 0.53 3720

2 Data extracted from reference [34]. ® Data calculated according to Equations (6) and (7).

According to Table 4, the virtual application of the nanoparticles was performed with
a single injection in the deepest available tumor area [55,56] (see Figure 2), via a 5 uL
aqueous solution [55,56]. This location was chosen based on the fact that the upper tumor
layers would have been necrotized due to the PDT and as a result, the PPTT action would
be needed at the lower cancer areas. The irradiation was performed immediately after
injection, in order to avoid diffusion of NPs to the surrounding tissue, using a laser source
(A = 808 nm), with spot radius r = 3.2 mm, in order to make the study more realistic (due to
the existence of such a source in our laboratory). The aim was to reach an average tumor
temperature of 4849 °C in order to: (1) exceed 48°C that was set as the acute necrosis
temperature threshold [10], (2) to avoid cancer areas with temperature values below ~43 °C
(and therefore to develop resistance to treatment) [57], (3) the irradiation duration (and
therefore anesthesia, in real word) to be as short as possible and (4) to be in line with the
data of the respective studies listed in Table 4. Furthermore, the high temperature—short
irradiation time combination prevented apoptotic cell death phenomena.

Table 4. Basic parameter values of in vivo PPTT in mice.

Fluence Irra(?iation Nanoparticle Injected ArealWay of
Rate Time Concentration 2 Volume Injection Refs
(W/em?) (min) (uL) )
6.7 3.6-10'2 prtcl./mL 30 Lymph nodes  [58]
4 3 2.4-10" prtcl./mL 100 Tail vein [59]
4 6 1.4-10% prtcl./mL 20-50 Interstitial [60]
0.8 10 80 pg/ml - Tail vein [61]
1 5 10 mg/kg - Tail vein [62]
1 2 27.5 pM 10 Tumor [55]
1.7-1.9 10 120 OD 100 Tail vein b
0.9-1.1 10 40 OD 15 Tumor [63]

2 As reported in each study. P The two last entries of the table are retrieved from reference [63].
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Laser
Point (A) | beam

Nanoparticles

Figure 2. Position of the tumor, the area doped with nanoparticles and the point (A) of calculations at
the x-z plane. The laser beam direction is also noted.

As it can be seen from Table 4, the data of the parameters related to in vivo PPTT
in mice present significant variations in literature, demonstrating the lack of a robust
dosimetry in this field. Hence, the laser power and the treatment duration were param-
eterized in order to evaluate their optimal values, for instant necrosis induction due to
a step temperature rise. Through the use of a previous developed model [64] and the
“Parametric sweep” method of COMSOL, the temperature rise in a point of interest (A)
(see Figure 2) was calculated. The location of the point (A) was chosen in a manner that it
would be away from the NPs area (to account for a non-perfect scenario) and deep enough
into the tumor, where the PDT action would not be expected to be efficient. The laser
power values studied were in the range of 400 to 550 mW and treatment durations up
to 5 min, using a 5 s time step. This method provided a first approximation, in order to
exclude any inadequate combinations and also to roughly estimate the best treatment time
for each laser power value (that the temperature reaches 48 °C). Afterwards, the average,
maximum and minimum temperature in the tumor and the healthy tissues of interest were
calculated. Finally, PPTT was assessed using the best of the above combinations, atals
time step, to increase accuracy. Based on this procedure and the spatial distribution of
necrotic tissue (using the “Instant necrosis indicator” of COMSOL), the optimum laser
power and treatment time were defined. It should be noted that the NPs concentration was
set at 6.1 x 109 particles/mL, in order to achieve a step temperature gradient and hence, a
local hyperthermic distribution.

2.4. Combined PPTT-PDT Model

The PPTT-PDT combination was assessed via fusion of the necrotized area induced by
each treatment. The images were analyzed using Image] software (v.1.53e) [65]. The total
necrotic area percentage was calculated as the sum of the respective percentage of each
therapy.

3. Results
3.1. PDT Results

The results of the PDT computational simulation are presented in Figure 3. As shown
in part (a) of the figure, the fluence rate of the incident radiation was approximately
334 mW/cm?, in agreement with the algebraically calculated one (~333 mW /cm?). As for
the tumor surface, the scattered photons contributed to the local increase of the fluence
rate by ~44%, which was also expected from the literature [60]. The mean fluence rate in
the whole tumor was calculated at 229.3 mW /cm?2. The spatial distribution of [1Os]x (see
Figure 3b) was proportional to the fluence rate of the transmitted radiation, with its value
fluctuating at an average of 440 uM in the upper and 310 uM in the lower hemisphere of the
tumor volume, respectively. The maximum recorded value of [1O,]rx was 443 uM, which is
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in the same order of magnitude with the corresponding value reported by Beeson et al. [23].
Since the center of the tumor was assumed to be necrotic and surrounded by a hypoxic
region (see Figure 3c), the values of [1O,], decreased accordingly to the available molecular
oxygen. Hence, the 54.8% of the tumor was evaluated as necrotized, in a crescent-shaped
aspect, with a maximum estimated necrosis depth of 0.25 cm and a maximum necrotic
diameter of 0.4 cm, in agreement with literature [29]. It is of great importance to note
that the above percentage corresponded to the oxygen supply reduction values that were
assumed, in order to qualitatively and not quantitatively study the PDT action.

(a) Fluence rate vs Depth (at x = 0) (b) Spatial distribution of ['0,]
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Figure 3. Results of the PDT simulation for 13.369.517 photons. (a) Fluence rate at z axis, at x = 0.
(b) Spatial distribution of the of produced [1O,],x. (c) Spatial distribution of the oxygen supply
rate, in order to simulate the oxygen perfusion in the tumor. (d) Spatial distribution of the necrotic
tumor area.

3.2. PPTT Results

The results of the parametric study, which were in agreement with literature [34,66],
are presented in Figure 4a. As it can be seen, the combinations exceeding, or being very
close to, the 48 °C threshold were the following: 550 mW and 90 s, 500 mW and 140 s and
450 mW and 295 s. Regarding the above, the average, maximum and minimum temperature
values evaluated in cancer and healthy tissues are presented in Figure 4b—d. According to
them, the combination achieving adequate temperature rise in the tumor, while the average,
maximum and minimum temperatures recorded to the healthy tissues are the lowest ones,
was the 550 mW and 90 s. The only exceptions were the maximum temperatures recorded
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in the nearest rib and the skin, where the combination of 450 mW and 295 s resulted in
slightly lower values (—0.7% and —0.2%, respectively). Therefore, setting the laser power
at 550 mW and taking into account the spatial distribution of tumor necrosis (Figure 5a,b),
the optimum treatment time was assessed at 70 s. At that time point, the average tumor
temperature was 48.7 °C, the tumor necrosis was evaluated as adequate and all the organs
were spared. Based on the results of Figure 5a, the calculation of the necrotic area coverage
was approximately 65% of the total tumor, at the x-z plane.

(a) Temperature at point (A) 2 (b) Average Temperature
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Figure 4. (a) Parametric study of the temperature rise in point (A) versus laser power and irradiation
time. The 48 °C threshold is fully (or nearly fully) achieved for three combinations: Case 1 (blue):
550 mW and 90 s, Case 2 (green): 500 mW and 140 s and Case 3 (red): 450 mW and 295 s. For these
cases the average (b), maximum (c) and minimum (d) temperature in the tumor and in healthy tissues
are calculated.
(@) (b)

o
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Time=90s Slice: Instant necrosis indicator (s)
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\X

Figure 5. Spatial distribution of necrotic tissue at the x-z plane, after (a) 70 s and (b) 90 s of treatment.
In the 70s scenario the skin is spared.
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3.3. PPTT-PDT Combination Results

The combination of the two therapies resulted in the fused image of Figure 6. The
area of the necrotic region was estimated at approximately 99.3% of the total cancer area.
Healthy tissue, such as, for example, the skin covering the tumor as well as the nearby ribs,
was spared. Obviously, organs in distant sites, like the heart, lungs and trachea, liver and
spleen were also spared. The only exception is an area of a few mm? just beneath the tumor,
which was also necrotized, as the results in Figure 6 show.

PPTT - PDT combined necrosis

Figure 6. Necrotic area for the PPTT-PDT combined treatment scheme, as the fusion result of
Figures 3d and 5a. The total necrotic percentage is ~99.3%. The tumor is highlighted in a red circle,
for reasons of clarity.

4. Discussion

This study began by evaluating the lack of necrosis coverage in a PDT scheme. As far
as the PDT therapeutic effect is concerned, it is shown that it is inextricably linked to the
intensity of the radiation and the available molecular oxygen. The spatial distribution of
the cytotoxic singlet oxygen (see Figure 3b) clearly demonstrated its dependence on these
two main pillars of PDT. Thus, one can observe that firstly, [1O;],x decreases when the
tissue depth increases, since the fluence rate of the propagating radiation also decreases
(see Figure 3a); secondly, the direct dependence of [10;],x on the amount of available
molecular oxygen in the area. The “hole” in the central region of the [1O5 ]« diagram, which
corresponds to the “hole” observed in the spatial distribution of oxygenation (see Figure 3c),
is indicative of the above correlation. As a consequence, the necrotized zone (see Figure 3d)
follows the same pattern as [1O5]sx. At this point, it should be reminded that the necrosis
zone has been calculated based on a threshold concentration of cytotoxic molecules, the
value of which has been derived from the literature and, thus, is not necessarily applicable
in every in vivo experiment.

After a thorough parametric evaluation of the optimum treatment value combination
and, as the results of the PPTT part of this study suggested, the recorded temperature
in the tumor area could be high enough to destroy the cancer cells via instant necrosis.
At the same time, the healthy tissue could be spared, since it was kept constantly below
temperature values that could be potentially hazardous. Therefore, vital organs were
considered to be safe. The only exception would be the skin above the tumor, if a longer
treatment time was selected (see Figure 5b). Even in that case, a rather interesting way
of skin cooling has been proposed by the team of T. Kodama [58], through the use of a
water-cooled glass surface, in contact with the skin. At this point, the reader should have
in mind that the upper tumor area does not have to be necrotized by PPTT, as the PDT acts
on these layers.
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Regarding the desired temperature values in the tumor, they cannot be precisely
defined since they depend on various parameters (e.g., tissue thermal properties, cancer
type and geometry etc.) and on a thermal conduction. Certainly, the steeper the temperature
gradient is, the more the fraction of necrotized cancer tissue to the healthy one is increased.
The use of an acceptable high nanoparticles concentration [67] as well as an appropriate
laser power value, can achieve the aforementioned, as the treatment time is minimized and
thus, the heat does not have enough time to diffuse to the adjacent healthy tissues. Keeping
in mind that PPTT was used in order to enhance PDT, the aim of the PPTT part of the study
was to firstly achieve necrosis in the central and lower tumor areas. As was observed in the
NPs area, values lower than 45 °C (approximately) could be considered insufficient, since
points in the periphery of the tumor would be exposed to significantly lower temperatures
and therefore local disease control would probably not be achieved. On the other hand,
due to the heat diffusion phenomena, temperatures higher than 50 °C (approximately)
are expected to lead to potential damage to the surrounding healthy tissue as well as to
unwanted protein denaturation. In this study case, the optimum average temperature in
tumor was estimated at 48.7 °C.

The PPTT part of the therapeutic scheme takes advantage of the use of light of longer
wavelengths, in the near-infrared region, as the one needed to achieve plasmonic effects,
which do have a higher penetration depth. In contrast, PDT is applied using lower wave-
lengths and therefore has a lower penetration depth. As a result, PPTT can act in a
complementary manner to PDT, in order to treat deeper sited and poorly oxygenated tumor
areas. On the other hand, PDT presents highly localized effects, in contrast to PPTT, where
heat diffusion takes place, affecting a larger area. Taking into account the total necrosis,
it is obvious that a combination of the two therapies is rather promising. The necrotic
tumor area percentages of 65% and 54.8% that PPTT and PDT alone recorded, respectively,
were skyrocketed at 99.3% in the combinational scenario. Indeed, the aforementioned
percentage is rather high and it cannot be directly compared to the literature, due to a lack
of similar studies, to the best of our knowledge. On the other hand, there are papers that
report complete tumor elimination, without recurrence, after in vivo photodynamic and
photothermal therapy schemes [68,69], making tumor destruction levels that correspond
to the above percentage feasible. Finally, the healthy tissue sparing achieved is also very
important, demonstrating the potential success of this treatment scheme.

An issue, which has not been yet sufficiently clarified, to the best of our knowledge, is
the PPTT action in an area also exposed to PDT, although there are papers reporting the
acceleration of the apoptotic processes [70], along with necrosis [68]. The vast majority of
studies found in the literature use nanoparticle-photosensitizer complexes [1] rather than
two independent modules/agents, as in the present study. In addition, an attempt to use a
single light source (single wavelength therapy) to initiate both treatments at the same time
is being made. Therefore, regarding the application order of the two therapies, some studies
apply them simultaneously [71,72], while others apply first the PPTT and immediately
after the PDT, in order to release the photosensitizer molecules from the nanostructures
that have been attached [70]. As a result, a safe comparison with the published studies
cannot be attempted. In any case, in a unified scheme, the photodynamic mechanism takes
place almost instantaneously, while the photothermal follows, due to the time needed for
temperature rise and diffusion [71].

5. Conclusions

In conclusion, the present study highlights the enhanced treatment outcome that the
combination of PPTT and PDT can achieve, while maximizing the healthy tissue sparing
effect and minimizing the drawbacks of each treatment as a monotherapy. Furthermore, the
performed computational simulation is indicative of the contribution that in silico studies
may have on PPTT and PDT dosimetry, as, for example, the values of the power of the light
source and irradiation time can be optimized. Hence, we feel confident that this study can
provide useful guidance in relevant, future in vivo experiments. Certainly, the assessment
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of the acceptable potential damage to the surrounding healthy tissues, in correlation with
the control of the disease, is left to the respective physician (for patient applications) or
veterinarian (for animal applications) who will after all have the general supervision of the
treatment. Finally, the contribution of staff with the appropriate in-depth knowledge of
physics in medicine (e.g., medical physicists) is crucial for the precise dosimetry of such
novel, promising and certainly complex treatments.
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