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Abstract: The photothermal effect refers to a phenomenon in which light energy is converted into
heat energy, and in the medical field, therapeutics based on this phenomenon are used for anticancer
treatment. A new treatment technique called photothermal therapy kills tumor tissue through a
temperature increase and has the advantages of no bleeding and fast recovery. In this study, the results
of photothermal therapy for squamous cell carcinoma in the skin layer were analyzed numerically for
different laser profiles, intensities, and radii and various concentrations of gold nanoparticles (AuNPs).
According to the heat-transfer theory, the temperature distribution in the tissue was calculated for
the conditions under which photothermal therapy was performed, and the therapeutic effect was
quantitatively confirmed through three apoptotic variables. In addition, the laser intensity and the
volume fraction of AuNPs were optimized, and the results provide useful criteria for optimizing the
treatment effects in photothermal therapy.

Keywords: apoptosis; bioheat transfer; gold nanoparticles; laser condition; photothermal therapy;
squamous cell carcinoma; thermal damage

1. Introduction

The photothermal effect refers to the phenomenon in which light energy is converted
into thermal energy [1,2]. This effect is utilized in various applications, e.g., for measuring
thermal properties [3-5] and for laser hair removal, scar removal, and anticancer treatment
in the medical field [6-8]. In photothermal therapy, tumor tissue is killed by increasing
its temperature using a laser (light energy) in the presence of a photothermal conversion
agent. One advantage of this method is that there is no bleeding, and the patient recovers
faster compared with conventional treatment techniques based on incision [9,10].

Because photothermal therapy causes tumor death by increasing the temperature,
it is necessary to understand the death mechanism of the biological tissue with respect
to the temperature. Depending on the temperature, the mechanism of cell tissue death
is either necrosis or apoptosis [11,12]. Necrosis occurs at >50 °C, and cell death occurs
through the leakage of intracellular contents to the outside. In the case of a tumor, if it dies
because of necrosis, the intracellular contents leak into the surrounding tissues, leading
to a risk of cancer metastasis. Conversely, apoptosis refers to a form of self-destruction
without affecting surrounding tissues and occurs between 43 and 50 °C. If the tumor tissue
undergoes necrosis, as mentioned previously, there is a risk of cancer metastasis. Therefore,
in photothermal therapy, it is important to kill the tissue through apoptosis by maintaining
an appropriate temperature range.

In photothermal therapy, biological tissues absorb different levels of laser energy
according to the wavelength bands [13-15]. For visible-light lasers, biological tissue absorbs
large amounts of energy owing to its large light-absorption coefficient; therefore, it exhibits
a large temperature increase. In addition, the temperature of the surrounding tissue
excessively increases through conduction heat transfer, which causes the tissue temperature
to increase beyond the temperature band corresponding to apoptosis to the temperature
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band where necrosis occurs. In contrast, while using an infrared laser, the light-absorption
coefficient of the biological tissue is small; accordingly, the increase in the temperature of
the tissue is small, owing to the minimal absorption of light energy. However, because
this leads to a situation where the temperature range corresponding to apoptosis cannot
be reached, photothermal agents are administered to the tumor tissue for increasing the
temperature to the desired range. The photothermal agents are materials that increase
the light-absorption coefficient at a specific wavelength and have the advantage of being
able to increase the absorption rate for a desired laser wavelength. They are composed
of various materials, and among them, gold nanoparticles (AuNPs) are widely used for
reasons such as their harmlessness to the human body [16,17].

Considering these factors, many researchers investigate photothermal therapy.
Fan et al. [18] confirmed the effect of photothermal therapy on subcutaneous cervical
cancer in mice using indocyanine green (IR820) as a photothermal and fluorescence agent.
To improve the photothermal effect and biocompatibility of IR820, the amphiphilic poly-
mer Pluronic F-127 was used to form IR820@F-127 nanoparticles through self-assembly.
The IR820@F-127 nanoparticles exhibited a high photothermal conversion efficiency of
35.2% and excellent photothermal stability as well as excellent biocompatibility, cell ab-
sorption ability, and bioimaging ability for tumor sites. The study was conducted in vitro
and in vivo, and the therapeutic effect on cervical cancer was confirmed using a 793 nm
laser. Chen et al. [19] developed plasmonic nanoparticle clusters (PNCs) to fabricate highly
efficient photothermal agents. Au-based PNCs using FeOOH were used, and the reso-
nance frequency and absorption efficiency were calculated by combining the effective
medium approximation theory and full-wave electrodynamic simulations. In in vitro and
in vivo experiments targeting human breast cancer cells (MCF-7), mouse breast cancer
cells (4T1), and human cervical cancer cells (HeLa), a photothermal conversion efficiency
of up to 84% was achieved under the optimized cluster growth condition. Li et al. [20]
developed new nanoparticles to increase the efficiency of photothermal treatment and
address the issue of cancer recurrence owing to the lack of photothermal nanomaterials
with high photothermal conversion efficiencies. Nanoparticles (Ag@Ag,O/LDHs-U) in
which Ag@Ag,0 core-shell and ultrathin layered double hydroxide (LDH) structures were
combined to improve the photothermal performance significantly in the NIR-II region were
developed. The results of high-resolution transmission electron microscopy, extended X-ray
absorption fine structure spectroscopy, and X-ray photoelectron spectroscopy confirmed
that the ultrafine Ag@Ag,0 core-shell nanoparticles were highly dispersed and firmly
fixed on the ultrathin LDH nanosheet. The particles exhibited a photothermal conversion
efficiency of 76.9% at a wavelength of 1064 nm, and in vitro and in vivo experiments con-
firmed that Ag@Ag,O/LDHs-U had excellent biocompatibility and phototherapy efficacy
in the NIR-II region. Ren et al. [21] conducted a numerical analysis about irradiating a
laser onto biological tissue in photothermal therapy using gold nanoparticles. Through the
Monte Carlo method and Beer’s law, the heat generation of biological tissue to which gold
nanoparticles were injected was calculated, and the temperature distribution inside the
tissue was calculated. Wang et al. [22] created a numerical analysis model for the tumor
injected with GNPs and confirmed the temperature distribution of the tumor located on
the skin surface and surrounding normal tissues through the Monte Carlo method through
numerical analysis. Maksimova et al. [23] confirmed the effect of photothermal therapy by
confirming the temperature distribution and the absorbed laser distribution when 808 nm
and 810 nm lasers were irradiated to animals treated with a silica/gold nanoshell and
malignant tumors through experiments and numerical analysis. This study confirmed the
destruction of tumor cells according to the intensity and type of various lasers, and through
this, it was confirmed that photothermal therapy can effectively destroy tumor cells.

Recent research on photothermal therapy has mainly been directed toward developing
new photothermal agents to overcome the low photothermal conversion efficiency of
existing photothermal agents. Although photothermal therapy utilizes the photothermal
effect, which is based on a heat-transfer theory, related theoretical studies are insufficient.
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In particular, lasers do not have a uniform light intensity in the radial direction owing
to their optical characteristics and have various light intensity distributions. However,
studies for simultaneously confirming the photothermal therapy effect according to the
various profiles, intensities, and radii of the laser and concentration of photothermal agents
are insufficient. Additionally, in photothermal therapy, the treatment effect was simply
confirmed phenomenologically, or the degree of apoptosis in tumors, and the amount of
thermal damage to surrounding normal tissues was not quantified. Therefore, in the present
study, the amounts of laser heat absorbed and scattered in the medium when various lasers
were applied to the skin layer containing squamous cell carcinoma were investigated
through the Monte Carlo method, and the temperature distribution in the medium was
calculated through a numerical analysis using the thermal-diffusion equation. In addition,
using the apoptotic variable proposed by Kim et al. [24], the extent to which the temperature
range corresponding to apoptosis in the tumor was maintained and the amount of thermal
damage to the surrounding normal tissue were quantified to determine the conditions that
produce the optimal treatment effect under various laser irradiation conditions.

2. Results and Discussion
2.1. Temperature Distribution of Tissue for Different Laser Profiles

Figure 1 shows the temperature of the tumor center with respect to the treatment time
when the f, of injected AuNPs was 107°, and the laser intensity was 100 mW. Figure 1a,b
presents the results for the Gaussian and top-hat profiles, respectively. When the laser
radius ratio (@) was 1, the radii of the tumor and laser were equal, and when ¢, was 0.5,
the radius of the laser was 50% of that of the tumor. As shown in the graph, the temperature
at the tumor center varied with respect to ¢@,. In general, the temperature of the tumor
center was higher when ¢, was lower. This is because the tumor tissue absorbs more
energy because of the increase in the energy per unit area as @, decreases. In addition,
the temperature was lower for the top-hat profile than for the Gaussian profile because
the energy density of the center was higher in the former case. Therefore, the temperature
distribution of the tumor and surrounding normal tissues was confirmed for different
laser profiles, laser radii and intensities, and f, values of injected AuNPs. Furthermore,
the maintenance degree of the apoptosis temperature range during the treatment period as
well as the amount of thermal damage to surrounding normal tissues was quantitatively
analyzed to suggest treatment conditions.
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Figure 1. (a) Gaussian profile. (b) Top-hat profile. Temperature change of the tumor tissue for
different radius ratios (f, = 1070, P; =100 mW).
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2.2. Apoptosis Retention Ratio

In this study, the apoptosis retention ratio (87 ) was used to determine the degree of
apoptosis in tumor tissue quantitatively [24]. 8 is obtained by calculating the ratio of
the total tumor volume to the volume corresponding to the apoptosis temperature range
of 43-50 °C for each total treatment time and then calculating the average of the values.
Through this variable, the degree of maintenance at 43-50 °C (a temperature range known
to induce apoptosis in the given treatment period) was quantitatively confirmed. In this
study, the time used for the calculation of 6% was selected as 600 s, which is the total
treatment time.

Figure 2 shows the results for 6 with respect to the ¢, for each f, of AuNPs when
a laser with a Gaussian profile was used. The intensity of the laser (P;) at which 67 was
maximized increased with @, for all f;, values. This is because the apoptosis temperature
band can only be induced by applying a high P; because the energy absorbed per unit area
decreases as ¢, increases. In addition, the maximum value of 6 decreased as ¢, decreased.
This is because as @, decreased, the temperature increased excessively and exceeded the
apoptosis temperature range owing to intensive heating in a narrow area of the tumor
tissue. Additionally, the maximum value of 8 increased as f, decreased. This is because as
fo decreased, the depth to which the laser penetrated the medium increased, and heating
occurred in a wide area in the depth direction, and excessive energy absorption did not
occur because the absorption coefficient was relatively small. For the laser with a Gaussian
profile, the apoptosis temperature band was maintained for the longest time under the
conditions of ¢, =1.75, f, = 107, and P; = 210 mW.
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Figure 2. (a) f, = 1073. (b) f, = 107%. (¢) fo = 107°. (d) f, = 107°. Apoptosis retention ratio (6%) for
different radius ratios (¢,) (Gaussian profile).
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Figure 3 shows the results for 6% with respect to ¢, for each f;, of AuNPs when a laser
with a top-hat profile was used. The overall trend is similar to that for the Gaussian profile,
and the maximum value of 6% was larger. This is because the tumor tissue was uniformly
heated along the radial direction, as energy was uniformly absorbed along each laser radius.
For the laser with a top-hat profile, the apoptosis temperature band was maintained for the
longest time under the conditions of ¢, = 1.25, f, = 107, and P; = 170 mW. In contrast to the
case of the Gaussian profile, the optimal point for 6% depended on the ¢,. This is because
the amount of energy absorbed per unit area decreased as the ¢, increased, and after
the optimal radius ratio was reached, the laser energy was insufficient for achieving the
apoptosis temperature range.
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Figure 3. (a) f, = 1073. (b) f, = 10™%. (c) fo = 107°. (d) f, = 107°. Apoptosis retention ratio (6%) for
different radius ratios (¢;) (top-hat profile).

2.3. Thermal Hazard Retention Value

When a NIR laser is applied to tumor tissue for treatment, the laser energy is absorbed
by the tumor tissue owing to the increased light-absorption coefficient resulting from the
AuNP injection. Subsequently, the absorbed heat is transferred to the surrounding normal
tissue through conduction, increasing the temperature of the surrounding normal tissue.
To perform selective treatment of the tumor tissue, the thermal damage to the surround-
ing normal tissue must be minimized. Therefore, in this study, the amount of thermal
damage to normal tissue near the tumor was quantitatively analyzed using the thermal
hazard retention value (67;) [24]. 8}; uses weights given to phenomena expressed in each
temperature band in biological tissue as shown in Table 1. In addition, as in Equation (1),
the ratio of the weighted sum of the volumes corresponding to each temperature band to
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the total volume of the surrounding normal tissue at each time step is calculated. After that,
the calculated values as in Equation (2) are taken as the average of the total treatment time.

Table 1. Laser-induced thermal effects [25,26].

Temperature Range (°C) Biological Effect Weight, w
37 Normal 1
37 < T <43 Biostimulation 1
43 < T <45 Hyperthermia 2
45 < T < 50 Reduction in enzyme activity 2
50 < T <70 Protein denat.uratlon 3
(coagulation)
70< T < 80 Welding 4
80 < T < 100 Permeabilization of cell 5
membranes
100 < T < 150 Vaporization 6
150 < T < 300 Carbonization 7
T > 300 Rapid cutting and ablation 8
m
L (Va(T) - w;)
]:
bgy=———— 1
H v 1)
07 L 0 d
= — T T 2
=2 o) @

07, quantitatively identifies the average amount of thermal damage during the treat-
ment as the ratio of the volume of surrounding normal tissues to the volume of thermal
damage after weighting various phenomena occurring in biological tissues according to
the temperature.

Figure 4 shows 6}; with respect to ¢, for each f, of AuNPs and each laser profile.
In the case of the Gaussian profile, the thermal damage was maximized when ¢, was
0.75. For ¢, < 0.75, the amount of thermal damage to normal tissue around the tumor
tissue was relatively small because the laser energy was focused on the center of the tumor
tissue. Therefore, 07; was smaller than that for ¢, = 0.75. For @, > 0.75, the heat transfer
amount to the surrounding normal tissues was reduced because the applied laser energy
per unit area decreased. In the case of the top-hat profile, similar trends were observed,
and the thermal damage was maximized when ¢, was 1. Additionally, 07; decreased as f,
decreased. This is because the medium absorbed a smaller amount of heat owing to the
reduced light-absorption coefficient as f,, decreased.

For both laser profiles, 6;; was minimized when ¢, was 1.75, that is, when the radius
of the laser significantly exceeded that of the tumor tissue. However, from a treatment
perspective, 8% should also be considered simultaneously. For Gaussian lasers, the thermal
damage to the surrounding normal tissues is minimized when @, is 1.75, and 0’ is maxi-
mized when ¢, is 1.75, even when considering the degree of apoptosis in tumor tissues.
However, for the top-hat laser, the thermal damage to the surrounding normal tissues is
minimized when ¢, is 1.75, but 6, is maximized when ¢, is 1.25. However, 0}; increases
with the laser intensity, and 6 has the intensity of the laser showing the maximum value
for each ¢,. Accordingly, because the intensities for both laser profiles must be considered
simultaneously, the optimal treatment conditions must be identified by simultaneously
considering 07, 67;, and the laser intensity.
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Figure 4. (a) Gaussian profile, f, = 1073, (b) Gaussian profile, f, = 107°. (c) Top-hat profile, f, = 1073.
(d) Top-hat profile, f, = 10~°. Thermal hazard retention value (0%;) for different radius ratios (¢;).

2.4. Effective Apoptosis Retention Ratio

Previously, 8% and 0}; were used to confirm quantitatively the maintenance of the
apoptosis temperature in tumor tissues and the amount of thermal damage to surrounding
normal tissues. However, because apoptosis in the tumor tissue and thermal damage to the
surrounding normal tissues occur simultaneously during actual treatment, the results were
confirmed through the effective apoptosis retention ratio (9:f f) [24]. ij § was calculated
as the ratio of 0’ to 6}, and using this parameter, the optimal treatment conditions were
confirmed for different laser conditions and f, values of injected AuNPs.

Figure 5 shows Q:f £ with different ¢, values for each f, of AuNPs and each laser
profile. Simultaneously confirming the degree of apoptosis in tumor tissues and the
thermal damage amount of surrounding normal tissues revealed that 0;} § was maximized
when ¢, was 1 for both laser profiles. This indicates that 62 was maximized when ¢, was
1.75 using the Gaussian profile and 1.25 using the top-hat profile, respectively, under the
two laser profile conditions, but high thermal damage to the surrounding normal tissues
occurred owing to the high P; at the optimal point. For the Gaussian profile, the optimal
treatment conditions were as follows: ¢, =1, f, = 107%, and P; =130 mW. For the top-hat
profile, they were @, =1, f, = 1072, and P; = 120 mW.
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Figure 5. (a) Gaussian profile, f, = 1073, (b) Gaussian profile, f, = 107°. (c) Top-hat profile, f, = 1073.
(d) Top-hat profile, f, = 10~°. Effective apoptosis retention ratio (9;} f) for different radius ratios (@;).

From a heat-transfer viewpoint, setting @, to 1 for both laser profiles was identified as
the optimal treatment condition. However, if minimizing thermal damage is prioritized
over the therapeutic effect from a clinical perspective, a condition in which the amount of
thermal damage is smaller may be preferential even if less therapeutic effects are obtained.
In cases where the amount of thermal damage is minimized, treatment may be impossible.
Therefore, clinically, information on the reference point for the amount of thermal damage
and required treatment time is necessary, and the results of this study are useful for
establishing such reference points.

3. Materials and Methods
3.1. Monte Carlo Simulation and Heat-Transfer Model

In Monte Carlo simulation, laser particles absorbed and scattered in a medium, e.g.,
biological tissue, can be considered, and the behavior of the laser particles can be estimated
stochastically using random numbers [27]. The Monte Carlo simulation was performed by
calculating the moving angle and distance of a particle. First, the angle of movement of
the particles can be determined using the deflection angle in Equation (3) and the azimuth
angle in Equation (4), where ¢, 0, g, and ¢ represent selected random numbers, deflection
angles, anisotropy coefficients, and azimuth angles, respectively.

1 2 _ 1-g 1% .
cosf = Zg{1+g [1—8"’285]} ifg>0

2¢—1 ifg=0

®)
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p =2m¢ (4)

After the deflection angle and azimuth angle are calculated, they are converted into a
vector representing the direction in which the particle moves in the Cartesian coordinate
system through Equations (5)—(7), where jiy, jiy, and ji; represent the direction cosines of
the axes.

sin 0 .
= ﬁ(yxﬂz Cos P — py sin ) 4 piy cos 0 (5)
,  sin@ .
py = ﬁ(yyyz COS | — py SIN ) + iz cos O (6)
u, = —sinfcos /1 — u2 + p, cos 0 )

If the calculated angle is perpendicular to the tissue surface, it can be converted into
Equations (8)—(10) along each axis.

py =sinfcosyp (0 <6 <m 0 <y < 27m) (8)
My =sinfsiny (0 <8<, 0 <y < Zn) )

’:{“’59 >0 g m (10)

: —cosf fu, <0

The moving distance of the particle is calculated using Equation (11) using the total at-
tenuation coefficient of the medium and the selected random number. The total attenuation
coefficient of the medium is the sum of the absorption coefficient and scattering coefficient
of the medium, as indicated by Equation (12), where S, ysot, Ha, and s represent the dis-
tance traveled by photons once, total attenuation coefficient, light-absorption coefficient,
and light-scattering coefficient, respectively.

5= @ (1)
Htot
Htot = Ha + Us (12)
AW = whe (13)
Htot

Finally, when the angle and distance of movement are calculated, the ratio of energy
attenuation when the particle moves once is calculated using Equation (13). Here, W is the
energy weight of the particle, and according to the attenuation ratio based on the absorption
of the laser particle, the particle moves until the energy of the particle converges to zero.
The light-absorption distribution of the laser in the medium can be calculated by repeatedly
calculating the number of specified particles in this process.

The temperature distribution inside the medium was calculated using the thermal-
diffusion equation, i.e., Equation (14), utilizing the light-absorption distribution calculated
via the Monte Carlo simulation and the thermal properties of the medium. Here, k, p, and ¢,
represent the thermal conductivity, density, and specific heat, respectively, and 7, F, and P,
represent time, the fluence rate, and the laser intensity, respectively [28].

A 2k dyd 2k dyd
AT = & (uoFPdxdydz + (T, — T)grp— e + (T — T) gy 4
2%kk - 2%k 4
H(Ty- — T)‘k+*kyy, % +(Ty+ = T) ‘chﬁ dﬁjz (14)

2kk,— dxdy 2kk, dxdy
T = D=z + (T~ Nigrs &



Int. ]. Mol. Sci. 2022, 23, 5928

10 of 14

3.2. Optical Properties of AuNPs and Medium

Biological tissues exhibit a small light-absorption coefficient for lasers in the NIR
region. This results in the poor absorption of heat from the laser which becomes an obstacle
to reaching the temperature range required for tumor death. To compensate for this,
in photothermal therapy, a photothermal agent that increases the light-absorption coefficient
at a specific wavelength is injected into tumor tissue to enhance the laser heat absorption.
In this study, AuNPs, which increase the light-absorption coefficient at a specific wavelength
via localized surface plasmon resonance, were used as photothermal agents [29].

The optical properties of AuNPs can be calculated using Equation (15) [30], where f,
Q, and r.g represent the volume fraction of injected AuNPs, optical efficiency, and light-
absorption area, respectively. The optical efficiency of the AuNPs was calculated using
the discrete dipole approximation [31,32]. In this study, rod-type AuNPs with an effective
light-absorption area of 20 nm and an aspect ratio of 6.67 were used. After the optical
properties of AuNDPs are calculated, the optical properties of the biological tissue injected
with AuNPs can be calculated using Equation (16) [33].

Hanp = 0.75 fUQ—“, psnp = 0.75f, Qs (15)
Teff Teff
Ha = Uam + Hanp, Us = Hs,m + Hsnp (16)

3.3. Numerical Investigation

First, verification of numerical analysis modeling was performed. The validation
of the numerical analysis model was performed through two methods: comparison of
results with previous studies and an experiment using a biomimetic phantom. Comparison
with previous researchers was compared with the results of Crochet et al. [34]. This study
assumed that a spherical tumor with a radius of 5 mm existed in the center of a tissue
with a radius of 30 mm and a length of 30 mm as shown in Figure 6a. The radius of the
irradiated laser was set to 5 mm and 15 mm, and the intensity was fixed to 1.7 W. The laser
irradiation time was fixed at 800 s, and the results of comparison with previous studies
are shown in Figure 6b. As shown in the figure, as a result of comparison with previous
studies, it was confirmed that the results were consistent within a maximum error of 2%.
The verification of numerical analysis modeling through experiments was confirmed in the
author’s previous study through a biomimetic phantom [24]. The temperature results were
compared between the experiment and numerical analysis, and the average root-mean-
square error was 0.1677; therefore, the simulation accurately reflected the actual condition.

10

Laser

—®— 7. 5 mm_Crochet et al
—®— 1. 15 mm_Crochet et al
8 = 12 5 mm_This Work

7 J==1:15 mm_This Work

Temperature difference [ C]
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T T T T T T T
z 0 100 200 300 400 500 600 700 800

Time [s]

(a) (b)

Figure 6. (a) Schematic of validation numerical simulation. (b) Numerical validation result. Valida-
tion of numerical analysis (with previous studies) [34].
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In this study, numerical analysis modeling was conducted for a condition under
which squamous cell carcinoma occurred inside the skin layer, which was composed of the
epidermis, papillary dermis, reticular dermis, and subcutaneous fat. It was assumed that
squamous cell carcinoma with a radius of 5 mm and depth of 2 mm was located at 0.1 mm
below the skin surface inside normal tissue with a radius of 15 mm and depth of 20 mm,
as shown in Figure 7. A 1064 nm wavelength laser was used as the heat source, and the
thermal and optical properties of each skin layer and tumor are presented in Table 2.

Continuous wave Laser

5 mm
Epidermis 0:min 008 mm
0.5 mm
Papillary dermis y
2 mm i
20 mm — o
Tl\l\l\‘ll‘OI’ \\l\i‘ll;/;,All;TPs
18.82 mm
Figure 7. Schematic of the numerical simulation.
Table 2. Properties of the skin layers and tumor [35-42].
t k Cy P Ha s
(mm) (W/mK) (J/kgK) (kg/m3) (mm-~1) (mm~1) 8
Epidermis 0.08 0.235 3589 1200 0.4 45 0.8
Papillary dermis 0.5 0.445 3300 1200 0.38 30 0.9
Reticular dermis 0.6 0.445 3300 1200 0.48 25 0.8
Subcutaneous fat 18.82 0.19 2500 1000 0.43 5 0.75
Tumor 2 0.495 3421 1070 0.047 0.883 0.8

In the numerical analysis, the profile and radius of the laser and the f, of injected
AuNPs were changed to identify the optimal treatment conditions for photothermal therapy
under various conditions. The lasers had Gaussian and top-hat profiles, as shown in
Figure 8. The typical laser profile has a Gaussian shape, and in the case of the top-hat
profile, an additional device is installed in front of the laser beam to distribute the energy
density uniformly according to the beam radius.

y-axis 2 2 x—axis

Gaussian profile Top-hat profile

Figure 8. Schematic of laser profiles.
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As described previously, the top-hat laser applies a uniform energy according to
the laser radius. However, because the amount of energy absorbed per unit area varies
according to the beam radius, for a given energy level, an appropriate laser radius must be
selected. In the case of the Gaussian laser, the energy absorbed by the tumor tissue varies
according to the radial direction because of the nonuniformity of the energy density along
the radial direction, as shown in Figure 9. If the diameter of the laser is significantly larger
than that of the tumor tissue, uniform heating is induced in the entire tumor tissue because
the profile of the laser is gradually flattened. However, because the surrounding normal
tissue also absorbs laser heat, an appropriate laser radius must be selected to maintain the
temperature in the range where apoptosis occurs. In this study, the laser beam diameter
was selected based on 1/e? width.

T'z T'3
Tumor tissue 4 e

a

Normal tissue

Figure 9. Profile changes for a radius increase in the Gaussian laser profile.

Accordingly, in this study, the degree of apoptosis temperature band maintenance in
tumor tissue was confirmed by varying the radius ratio of the Gaussian and top-hat lasers
to the tumor. In addition, the therapeutic effect of photothermal therapy was quantitatively
confirmed by changing the f;, of injected AuNPs and the intensity of the laser. The treatment
time was fixed at 600 s, and the numerical-analysis parameters are presented in Table 3.

Table 3. Parameters of the numerical analysis.

Parameter Case Number Remarks
Laser profile type Gaussian, top-hat 2
Radius ratio of laser (p;) 0.5-1.75 6 Intv: 0.25
Laser power (P;) 0-500 mW 51 Intv: 10 mW
Volume fraction of AuNPs (f;) 1073-107° 4 Intv: 107!

The laser profile was set to the Gaussian and top-hat distributions, and the ratio of
the laser radius to the tumor radius (¢@,) was varied from 0.5 to 1.75 at intervals of 0.25.
The laser intensity was varied in the range of 0-500 mW at 10-mW intervals, and the f;
of injected AuNPs was varied from 1073 to 10~° at intervals of 10~'. When AuNPs are
injected into tumor tissue, the optical properties of the entire tissue change according to the
fo. In this study, rod-type AuNPs with an effective radius of 20 nm and an aspect ratio of
6.67 were used, and the optical properties of the tumor tissue containing AuNPs for each f,
are presented in Table 4.

Table 4. Optical properties of the tumor tissue with different volume fractions of AuNPs.

Volume Fraction of AuNPs 103 104 10-5 10-6
Absorption coefficient (y,) (mm™1) 557.414 55.784 5.62 0.604
Scattering coefficient (i) (mm~1) 118.575 12.652 2.06 1.001

4. Conclusions

A heat-transfer-based numerical study was performed on photothermal therapy using
AuNPs on a skin layer in which squamous cell carcinoma occurred. The behavior of the
laser was analyzed using a Monte Carlo simulation, and the temperature distribution in
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the medium was calculated using the thermal-diffusion equation. Using the calculated tem-
perature distribution, the treatment conditions for photothermal therapy were optimized
through 6% that quantitatively reflects the degree of apoptosis in tumor tissue, 07; that
quantifies the thermal damage to surrounding normal tissues, and 9:f £ that simultaneously
considers the above two situations.

A numerical analysis was performed by changing the profile, radius, and intensity
of the laser and the f, of injected AuNPs. When a laser with a Gaussian profile was used,
the optimal treatment effect was obtained when the ¢, was 1; the f, of injected AuNPs
was 107%; and laser intensity was 130 mW. For a top-hat laser, the optimal treatment effect
was obtained when the ¢, was 1; the f, of injected AuNPs was 105; and laser intensity
was 120 mW. Therefore, it can be used as a criterion for improving the treatment effects
in photothermal therapy under various laser conditions. In the future, the feasibility of
clinical photothermal therapy must be confirmed by verifying the numerical analysis results
through in vitro and in vivo experiments. The results of this study can be used as criteria
for clinically selecting the degree of thermal damage and treatment effect.

Author Contributions: Conceptualization, D.K. and H.K; Data curation, D.K.; Formal analysis, D.K,;
Funding acquisition, H.K.; Investigation, D.K.; Methodology, D.K.; Project administration, HK.;
Resources, H.K.; Software, D.K.; Supervision, H.K.; Validation, D.K.; Visualization, D.K.; Writing—
original draft, D.K.; Writing—review and editing, H.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (NSIT) (No. NRF-2022R1A2C2012470).

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

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

References

1.  Aamodt, L.; Murphy, J. Thermal effects in photothermal spectroscopy and photothermal imaging. J. Appl. Phys. 1983, 54, 581-591.
[CrossRef]

2. Murphy, J.; Aamodt, L. Photothermal spectroscopy using optical beam probing: Mirage effect. J. Appl. Phys. 1980, 51, 4580-4588.
[CrossRef]

3. Bisoyi, H.K.; Urbas, A.M.; Li, Q. Soft materials driven by photothermal effect and their applications. In Photoactive Functional Soft
Materials: Preparation, Properties, and Applications; Wiley: Hoboken, NJ, USA, 2019; pp. 1-44. [CrossRef]

4. Kim, H.; Kim, J.; Jeon, P.; Yoo, J. The measurement of thermal conductivities using the photothermal deflection method for thin
films with varying thickness. J. Mech. Sci. Technol. 2009, 23, 2514-2520. [CrossRef]

5. Lee, E.; Lee, K;; Jeon, P.; Yoo, J. Measurement of thermal diffusivity based on the photothermal displacement technique using the
minimum phase method. J. Appl. Phys. 2000, 88, 588-590. [CrossRef]

6. Gan, S.D.; Graber, E.M. Laser hair removal: A review. Dermatol. Surg. 2013, 39, 823-838. [CrossRef]

7. Lupton, J.R.; Alster, T.S. Laser scar revision. Dermatol. Clin. 2002, 20, 55-65. [CrossRef]

8. Zhi, D, Yang, T.; O'hagan, J.; Zhang, S.; Donnelly, R.F. Photothermal therapy. J. Control. Release 2020, 325, 52-71. [CrossRef]

9. Espinosa, A.; Di Corato, R.; Kolosnjaj-Tabi, J.; Flaud, P.; Pellegrino, T.; Wilhelm, C. Duality of iron oxide nanoparticles in cancer
therapy: Amplification of heating efficiency by magnetic hyperthermia and photothermal bimodal treatment. ACS Nano 2016, 10,
2436-2446. [CrossRef]

10. Salecman, M.; Samaras, G.M. Interstitial microwave hyperthermia for brain tumors. J. Neuro-Oncol. 1983, 1, 225-236. [CrossRef]

11. Hawes, M.C.; Wheeler, H. Factors affecting victorin-induced root cap cell death: Temperature and plasmolysist. Physiol. Plant
Pathol. 1982, 20, 137-144. [CrossRef]

12. Wyllie, A.H. Cell death. Cytol. Cell Physiol. 1987, 755-785. [CrossRef]

13. Huang, X.; El-Sayed, I.H.; Qian, W.; El-Sayed, M.A. Cancer cell imaging and photothermal therapy in the near-infrared region by
using gold nanorods. J. Am. Chem. Soc. 2006, 128, 2115-2120. [CrossRef]

14. Meglinski, I.V,; Matcher, S.J. Quantitative assessment of skin layers absorption and skin reflectance spectra simulation in the
visible and near-infrared spectral regions. Physiol. Meas. 2002, 23, 741. [CrossRef]

15.  Zhou, ].; Lu, Z.; Zhu, X,; Wang, X,; Liao, Y.; Ma, Z.; Li, F. NIR photothermal therapy using polyaniline nanoparticles. Biomaterials

2013, 34, 9584-9592. [CrossRef]


http://doi.org/10.1063/1.332062
http://doi.org/10.1063/1.328350
http://doi.org/10.1002/9783527816774.ch1
http://doi.org/10.1007/s12206-009-0701-0
http://doi.org/10.1063/1.373700
http://doi.org/10.1111/dsu.12116
http://doi.org/10.1016/S0733-8635(03)00045-7
http://doi.org/10.1016/j.jconrel.2020.06.032
http://doi.org/10.1021/acsnano.5b07249
http://doi.org/10.1007/BF00165607
http://doi.org/10.1016/0048-4059(82)90079-0
http://doi.org/10.1016/B978-0-08-091882-2.50024-5
http://doi.org/10.1021/ja057254a
http://doi.org/10.1088/0967-3334/23/4/312
http://doi.org/10.1016/j.biomaterials.2013.08.075

Int. ]. Mol. Sci. 2022, 23, 5928 14 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

Hwang, S.; Nam, J.; Jung, S.; Song, J.; Doh, H.; Kim, S. Gold nanoparticle-mediated photothermal therapy: Current status and
future perspective. Nanomedicine 2014, 9, 2003-2022. [CrossRef]

Khlebtsov, B.; Zharov, V.; Melnikov, A.; Tuchin, V.; Khlebtsov, N. Optical amplification of photothermal therapy with gold
nanoparticles and nanoclusters. Nanotechnology 2006, 17, 5167. [CrossRef]

Fan, H,; Chen, S.; Du, Z,; Yan, T.; Alimu, G.; Zhu, L.; Ma, R.; Alifu, N.; Zhang, X. New indocyanine green therapeutic fluorescence
nanoprobes assisted high-efficient photothermal therapy for cervical cancer. Dye Pigment. 2022, 200, 110174. [CrossRef]

Chen, J.; Gong, M; Fan, Y.; Feng, J.; Han, L.; Xin, H.L.; Cao, M.; Zhang, Q.; Zhang, D.; Lei, D. Collective Plasmon Coupling in
Gold Nanoparticle Clusters for Highly Efficient Photothermal Therapy. ACS Nano 2022, 16, 910-920. [CrossRef]

Li, K.;; Ma, X; He, S.; Wang, L.; Yang, X.; Zhang, G.; Guan, S.; Qu, X.; Zhou, S.; Xu, B. Ultrathin Nanosheet-Supported Ag@ Ag,O
Core-Shell Nanoparticles with Vastly Enhanced Photothermal Conversion Efficiency for NIR-II-Triggered Photothermal Therapy.
ACS Biomater. Sci. Eng. 2022, 8, 540-550. [CrossRef]

Ren, Y.; Qi, H.; Chen, Q.; Ruan, L. Thermal dosage investigation for optimal temperature distribution in gold nanoparticle
enhanced photothermal therapy. Int. . Heat Mass Transf. 2017, 106, 212-221. [CrossRef]

Wang, S.-L.; Qi, H.; Ren, Y.-T.; Chen, Q.; Ruan, L.-M. Optimal temperature control of tissue embedded with gold nanoparticles for
enhanced thermal therapy based on two-energy equation model. J. Therm. Biol. 2018, 74, 264-274. [CrossRef]

Maksimova, I.L.; Akchurin, G.G.; Khlebtsov, B.N.; Terentyuk, G.S.; Akchurin, G.G.; Ermolaev, L.A.; Skaptsov, A.A_; Soboleva, E.P;
Khlebtsov, N.G.; Tuchin, V.V. Near-infrared laser photothermal therapy of cancer by using gold nanoparticles: Computer
simulations and experiment. Med. Laser Appl. 2007, 22, 199-206. [CrossRef]

Kim, D.; Kim, H. Induction of Apoptotic Temperature in Photothermal Therapy under Various Heating Conditions in Multi-
Layered Skin Structure. Int. ]. Mol. Sci. 2021, 22, 11091. [CrossRef]

Jawad, M.M.; Qader, S.T.A.; Zaidan, A.; Zaidan, B.; Naji, A.; Qader, LT.A. An overview of laser principle, laser-tissue interaction
mechanisms and laser safety precautions for medical laser users. Int. . Pharmacol. 2011, 7, 149-160. [CrossRef]

Kim, M,; Kim, G.; Kim, D.; Yoo, J.; Kim, D.-K.; Kim, H. Numerical study on effective conditions for the induction of apoptotic
temperatures for various tumor aspect ratios using a single continuous-wave laser in photothermal therapy using gold nanorods.
Cancers 2019, 11, 764. [CrossRef] [PubMed]

Wang, L.; Jacques, S.L.; Zheng, L. MCML—Monte Carlo modeling of light transport in multi-layered tissues. Comput. Methods
Programs Biomed. 1995, 47, 131-146. [CrossRef]

Marti, D.; Aasbjerg, R.N.; Andersen, P.E.; Hansen, A.K. MCmatlab: An open-source, user-friendly, MATLAB-integrated three-
dimensional Monte Carlo light transport solver with heat diffusion and tissue damage. J. Biomed. Opt. 2018, 23, 121622. [CrossRef]
[PubMed]

Sepdilveda, B.; Angelomé, P.C.; Lechuga, L.M.; Liz-Marzan, L.M. LSPR-based nanobiosensors. Nano Today 2009, 4, 244-251.
[CrossRef]

Dombrovsky, L.A.; Timchenko, V.; Jackson, M.; Yeoh, G.H. A combined transient thermal model for laser hyperthermia of tumors
with embedded gold nanoshells. Int. ]. Heat Mass Transf. 2011, 54, 5459-5469. [CrossRef]

Draine, B.T.; Flatau, P.J. Discrete-dipole approximation for scattering calculations. Josa A 1994, 11, 1491-1499. [CrossRef]
Draine, B.T.; Flatau, PJ. Discrete-dipole approximation for periodic targets: Theory and tests. Josa A 2008, 25, 2693-2703.
[CrossRef]

Vera, J.; Bayazitoglu, Y. Gold nanoshell density variation with laser power for induced hyperthermia. Int. J. Heat Mass Transf.
2009, 52, 564-573. [CrossRef]

Crochet, J.; Gnyawali, S.C.; Chen, Y.; Lemley, E.C.; Wang, L.V.; Chen, W.R. Temperature distribution in selective laser-tissue
interaction. J. Biomed. Opt. 2006, 11, 034031. [CrossRef]

Cetingtil, M.P.; Herman, C. A heat transfer model of skin tissue for the detection of lesions: Sensitivity analysis. Phys. Med. Biol.
2010, 55, 5933. [CrossRef]

Cetingiil, M.P,; Herman, C. Quantification of the thermal signature of a melanoma lesion. Int. J. Therm. Sci. 2011, 50, 421-431.
[CrossRef]

Holmer, C.; Lehmann, K.-S.; Wanken, J.; Reissfelder, C.; Roggan, A.; Miiller, G.J.; Buhr, H.-].; Ritz, ].-P. Optical properties of
adenocarcinoma and squamous cell carcinoma of the gastroesophageal junction. J. Biomed. Opt. 2007, 12, 014025. [CrossRef]
Jiang, S.; Ma, N.; Li, H.; Zhang, X. Effects of thermal properties and geometrical dimensions on skin burn injuries. Burns 2002, 28,
713-717. [CrossRef]

Prasad, B.; Kim, S.; Cho, W.; Kim, S.; Kim, J.K. Effect of tumor properties on energy absorption, temperature mapping, and thermal
dose in 13.56-MHz radiofrequency hyperthermia. J. Therm. Biol. 2018, 74, 281-289. [CrossRef]

Salomatina, E.V,; Jiang, B.; Novak, J.; Yaroslavsky, A.N. Optical properties of normal and cancerous human skin in the visible and
near-infrared spectral range. J. Biomed. Opt. 2006, 11, 064026. [CrossRef]

Torvi, D.; Dale, J. A finite element model of skin subjected to a flash fire. J. Biomech. Eng. 1994, 116, 250-255. [CrossRef]

Wilson, S.B.; Spence, V.A. A tissue heat transfer model for relating dynamic skin temperature changes to physiological parameters.
Phys. Med. Biol. 1988, 33, 895. [CrossRef]


http://doi.org/10.2217/nnm.14.147
http://doi.org/10.1088/0957-4484/17/20/022
http://doi.org/10.1016/j.dyepig.2022.110174
http://doi.org/10.1021/acsnano.2c00077
http://doi.org/10.1021/acsbiomaterials.1c01291
http://doi.org/10.1016/j.ijheatmasstransfer.2016.10.067
http://doi.org/10.1016/j.jtherbio.2018.04.011
http://doi.org/10.1016/j.mla.2007.09.004
http://doi.org/10.3390/ijms222011091
http://doi.org/10.3923/ijp.2011.149.160
http://doi.org/10.3390/cancers11060764
http://www.ncbi.nlm.nih.gov/pubmed/31159342
http://doi.org/10.1016/0169-2607(95)01640-F
http://doi.org/10.1117/1.JBO.23.12.121622
http://www.ncbi.nlm.nih.gov/pubmed/30554503
http://doi.org/10.1016/j.nantod.2009.04.001
http://doi.org/10.1016/j.ijheatmasstransfer.2011.07.045
http://doi.org/10.1364/JOSAA.11.001491
http://doi.org/10.1364/JOSAA.25.002693
http://doi.org/10.1016/j.ijheatmasstransfer.2008.06.036
http://doi.org/10.1117/1.2204615
http://doi.org/10.1088/0031-9155/55/19/020
http://doi.org/10.1016/j.ijthermalsci.2010.10.019
http://doi.org/10.1117/1.2564793
http://doi.org/10.1016/S0305-4179(02)00104-3
http://doi.org/10.1016/j.jtherbio.2018.04.007
http://doi.org/10.1117/1.2398928
http://doi.org/10.1115/1.2895727
http://doi.org/10.1088/0031-9155/33/8/001

	Introduction 
	Results and Discussion 
	Temperature Distribution of Tissue for Different Laser Profiles 
	Apoptosis Retention Ratio 
	Thermal Hazard Retention Value 
	Effective Apoptosis Retention Ratio 

	Materials and Methods 
	Monte Carlo Simulation and Heat-Transfer Model 
	Optical Properties of AuNPs and Medium 
	Numerical Investigation 

	Conclusions 
	References

