~ International Journal of
Molecular Sciences

Article

Study on the Optimal Treatment Condition Control of
Photothermal Therapy under Various Cooling Time Ratios of Lasers

Donghyuk Kim

check for
updates

Citation: Kim, D.; Kim, H. Study on
the Optimal Treatment Condition
Control of Photothermal Therapy
under Various Cooling Time Ratios of
Lasers. Int. J. Mol. Sci. 2022, 23, 14266.
https://doi.org/10.3390/
ijms232214266

Academic Editors: Mar Masson

and Qian Peng

Received: 30 September 2022
Accepted: 17 November 2022
Published: 17 November 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/).

and Hyunjung Kim *

Department of Mechanical Engineering, Ajou University, Suwon-si 16499, Gyeonggi-do, Republic of Korea
* Correspondence: hyunkim@ajou.ac.kr

Abstract: Photothermal therapy is a treatment technique that has attracted attention as an alternative
to conventional surgical techniques. It is based on the photothermal effect, wherein light energy is
converted into thermal energy, and facilitates rapid recovery after treatment. This study employed
various laser irradiation conditions and presented conditions with the optimal treatment effects
through a numerical analysis based on heat transfer. A skin layer comprising four stages containing
squamous cell carcinoma was targeted, and the treatment effect was confirmed by varying the
heating conditions of the laser and volume fraction of gold nanoparticles. The therapeutic effect was
confirmed through both the apoptosis retention ratio, which quantitatively estimated the degree of
maintenance of the apoptosis temperature range within the tumor, and the thermal hazard retention
value, which quantitatively calculates the amount of thermal damage to the surrounding normal
tissues. Finally, the optimal treatment conditions were determined based on the laser intensity,
cooling time ratio, and volume fraction of injected gold nanoparticles through numerical analysis.

Keywords: photothermal therapy; squamous cell carcinoma; apoptosis; numerical; gold nanoparticles;
NIR laser; thermal damage; heat transfer; Monte Carlo method; cooling time ratio

1. Introduction

Photothermal therapy is a new anticancer treatment method that uses photothermal
effects. The photothermal effect, which is the basic principle of photothermal therapy, is the
phenomenon wherein light energy is converted into thermal energy when irradiated on a
medium [1,2]. Photothermal therapy is a treatment technique based on cell death due to the
temperature rise among various cell death mechanisms through this effect. Photothermal
therapy has been reported to aid in faster recovery after treatment, and involves a lower
risk of secondary infection because of the absence of bleeding compared with conventional
anticancer treatment techniques [3-5]. However, in general photothermal therapy, research
is focused primarily on skin cancer due to the limited skin penetration depth of the laser,
which is represented by the light energy [6-8].

Photothermal therapy generally utilizes a laser whose wavelength and intensity can
be easily controlled. If laser radiation at visible wavelengths irradiates the skin, skin cancer
on the skin surface can be treated; however, the high light absorption coefficient of the
biological tissue itself may cause unnecessary thermal damage to the surrounding normal
tissue [9,10]. In addition, treatment of tumors occurring inside the skin layer is difficult
because most of the light energy is absorbed by the surface of the skin. In contrast, when
near-infrared wavelengths are used, light energy can reach tumors generated deep in the
skin layer. However, due to the low light absorption coefficient of the biological tissue, the
temperature range that facilitates such a treatment cannot be attained [11].

To solve this problem, a light absorption enhancer that increases the light absorption
coefficient at a specific wavelength is used for treatment [12-14]. The light absorption
enhancer increases light absorption at a given wavelength via localized surface plasmon
resonance (LSPR), a phenomenon that occurs at a specific wavelength. LSPR is an optical
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phenomenon that occurs in noble metals of nano sized, wherein an electron cluster of
particles smaller than the wavelength of a light source resonates with the wavelength of
light to enhance the electromagnetic field, thus resulting in increased light absorption [15].
Light absorption enhancers can be manufactured in various forms, among them, gold
nanoparticles (GNPs) are predominantly used because they are harmless to the human
body [16,17].

Photothermal therapy induces the death of tumor tissues through a rise in temperature.
Death caused by the temperature of the biological tissue is largely classified into apoptosis
and necrosis [18,19]. Necrosis occurs at temperatures above 50 °C and presents a risk of
cancer metastasis due to the outward leakage of substances inside the tissue. In contrast,
apoptosis, which is known to occur between 43 and 50 °C, kills itself without affecting the
surrounding tissues. Therefore, the temperature range that facilitates apoptosis must be
maintained by controlling the treatment conditions such as laser intensity [20].

Current research on photothermal therapy is being conducted using various meth-
ods. Zhang et al. [21] conducted a study on photothermal therapy using nanocomposites
(AuNRs@Cur) by combining silica-coated gold nanorods (AuNRs) and curcumin (Cur).
They reported that AuNRs@Cur exhibited higher photothermal conversion efficiency com-
pared with single Cur and AuNRs, thereby increasing the utilization rate of photosensitizers
and significantly improving the bactericidal effect of bacteria. In addition, the cytotoxicity
and hemolytic activity of AuNRs@Cur were negligible. Hai et al. [22] studied the pho-
tothermal effect of the epidermal growth factor receptor monoclonal antibody (EGFRmAD)
and variant AuNRs to induce tumor cell death in an animal model of laryngeal squamous
cell carcinoma. They confirmed that the conjugate of EGFRmAb and AuNRs selectively
enters laryngeal squamous cell carcinoma; additionally, they analyzed the treatment results
of nude mice by changing the irradiation conditions of the laser used for treatment. Report-
edly, treatment with EGFRmADb-AuNRs inhibited the growth of Hep-2 and CNE-2 cells,
but not normal epithelial cells. After injection into the tumor, AuNRs irradiated with near-
infrared lasers effectively inhibiting tumor growth in nude mice without inducing toxic
effects. In addition, the apoptosis and necrosis of tumor cells were maximally expressed
under laser intensity of 3 W/cm? and AuNR concentration of 280 pg/kg. Yim et al. [23]
utilized polydopamine (PDA, a synthetic melanin with broad absorption and high pho-
tothermal conversion ability), to prevent a reduction in photothermal efficiency due to
the melting effect that occurs, while general AuNRs lose their LSPR properties upon laser
irradiation. In this study, an enhanced photomediated theranostic agonist was developed
using AuNR@PDA coated with PDA on AuNRs. In vitro experiments confirmed that 95%
of SKOV3 ovarian cancer cells were removed when PDA was coated on very small AuNRs
and the treatment effect was more effective compared with that obtained using very small
AuNRs (74%) and large AuNRs (66%).

Previous studies have indicated that the study of photothermal therapy using various
methods is in progress. Currently, photothermal therapy research is conducted in various
ways, and recent research is focused on improving the performance of light absorption
enhancers to improve the photothermal conversion efficiency. Accordingly, various types
of light absorption enhancers are synthesized and manufactured to confirm the light heat
conversion efficiency. However, although the photothermal effect, which is one of the heat
transfer phenomena, is a key mechanism for photothermal therapy, theoretical analysis
is insufficient. The correlation between apoptosis and the amount of thermal damage to
the surrounding normal tissues, which is commonly used in biology, has not yet been
reported in study from the perspective of heat transfer. In addition, only the treatment
results under specific conditions have been confirmed experimentally. Accordingly, in this
study, heat transfer theory through numerical analysis was used to confirm the temperature
distribution of squamous cell carcinoma in the skin layer and surrounding normal tissues
under laser irradiation. In addition, this study aimed at presenting conditions through
numerical analysis that produce the optimal treatment effects by deriving the photothermal



Int. . Mol. Sci. 2022, 23, 14266

30f12

Temperature [°C]

35

therapy effect according to the conditions of various lasers and the volume fraction of
injected GNPs through the apoptotic variable proposed by Kim et al. [24] and Kim et al. [25].

2. Results and Discussion
2.1. Temperature Variation in Biological Tissue

In this study, the temperature distribution inside the biological tissue was confirmed
by performing photothermal therapy to analyze how long the temperature range at which
apoptosis occurs is maintained through numerical analysis. The situation where squamous
cell carcinoma occurred inside the human skin layer was modeled numerically, and the
temperature change caused by irradiating the laser to the tumor site was confirmed.

Figure 1 shows the temperature variation over time at specific points in the tumor and
normal tissues when the laser intensity (P;) and volume fraction of the injected GNPs (f;)
were 200 mW and 1073, respectively. The variable ¢, is the ratio of cooling time to heating
time. In this study, after fixing the heating time to 30 s, the cooling time was changed and
the temperature change in the medium according to each cooling time ratio was analyzed.
Figure 1a shows the temperature variation in the tumor tissue at a depth of 0.1 mm from
the central point, and the green area indicates the temperature range where apoptosis is
known. In the absence of the cooling time, the temperature continued to rise, and the time
to maintain the apoptosis temperature range was only approximately 20-70 s after laser
irradiation. In addition, the degree of maintenance of the temperature range of apoptosis
varied depending on the cooling time. Figure 1b shows the temperature variation in normal
tissue at a depth of 2.5 mm from the center, and the yellow part shows the range where
cell apoptosis does not occur. The graph confirmed that the degree of maintenance of the
temperature range corresponding to apoptosis changed with ¢.. Based on these points, the
effect of photothermal therapy was quantitatively identified by confirming the temperature
distribution in the tumor and normal tissues for various Pj, ¢, and f,, and the conditions
for the optimal therapeutic effect are presented as follows.
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Figure 1. Temperature variation in the tumor and normal tissue over time for various cooling time
ratios (¢c) (fo = 1073, P; = 200 mW).

2.2. Apoptosis Retention Ratio

Apoptosis generally refers to the self-destruction of cells without causing biological
effects such as metastasis, destruction, or deformation to surrounding tissues; it is known
to occur between 43 and 50 °C from a temperature perspective. Herein, photothermal
therapy was performed to maximize apoptosis. The apoptotic variables proposed by
Kim et al. [24] and Kim et al. [25] were used to quantitatively determine the extent of
apoptosis. Among the three apoptotic variables, the apoptosis retention ratio (9 ), which
quantitatively confirms the degree of maintenance of the apoptosis temperature range
during treatment, is the average value of the apoptosis ratio (6 4), which represents the ratio
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of the total volume of the tumor to the volume corresponding to the apoptosis temperature
range, over the total treatment time. By performing treatment using this variable, the degree
of maintenance of the apoptosis temperature range in the tumor tissue was quantitatively
identified, and the degree of apoptosis in the tumors was indirectly confirmed.

Figure 2 shows 07 according to the various ¢, values for each f,. The graph shows that
as @, increased, P; (where 07 reached the maximum) increased. As shown in Figure 3, as ¢,
increased, the total heating time during the total treatment time decreased; as the cooling
time increased, more laser heat was required to heat the tumor tissue to the temperature
range where apoptosis occurs. In addition, the results confirmed that as f, increased, P;
(where 07 reached a maximum) decreased. This is because as f, increases, the tumor
tissue absorbs much more heat. Therefore, even if less laser heat is injected, it reached
the apoptosis temperature range. Comparative analysis of all cases confirmed that the
temperature band of apoptosis in the tumor was maintained at a maximum when ¢, fo,
and P; were 0.5, 10%, and 200 mW, respectively.
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Figure 2. Apoptosis retention ratio (8% ) for various cooling time ratios (¢).

2.3. Thermal Hazard Retention Value

When the skin surface is irradiated by laser, the heat of the laser is transferred to
the biological tissue, and light absorption occurs primarily in the tumor tissue due to the
increased light absorption coefficient of the tumor tissue injected with GNPs. Subsequently,
the absorbed heat is transferred to the surrounding normal tissues through conduction,
and if the laser intensity increases excessively, the temperature of the surrounding normal
tissues rises to the temperature range corresponding to cell death. To confirm this effect,
this study quantitatively determined the amount of thermal damage to the surrounding
normal tissues using the thermal hazard retention value (67;) [25], which is a variable
obtained by averaging the thermal hazard value (6y) over time. §y quantitatively confirms
the amount of thermal damage by assigning weights to various phenomena that occur
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according to the temperature in biological tissue. Thus, the extent of thermal damage in the
surrounding normal tissues during treatment can be quantitatively confirmed.

Heating time

@c T
cooling time
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cooling time
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Figure 3. Cooling rate during the treatment time according to the cooling time ratio (¢.) change.

Figure 4 shows 07; according to various ¢, for each f,. The graph confirms that 6};
increased with Pj, whereas 07; decreased with ¢.. This is because when P; increased, more
heat was absorbed from the tumor tissue and transferred to the surrounding normal tissue.
In addition, as ¢, increased, the heating time of the laser decreased and the cooling time
increased; hence, the increase in temperature was less. As f;, increased, the thermal damage
was high at the same P; because the light absorption coefficient of the medium increased
with f,. Because a relatively higher amount of heat was absorbed, the amount of heat
transferred to the surrounding normal tissue also increased.

231 Thermal hazard 231 Thermal hazard

retention value retention value
32 1.98 32

1.65

132

21 B 0.99 21

19 . 19

17 0.66 17

1.4 1.4
0.33

1.2 1.2

1.0 0.00 1.0

0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Power [mW] Power [mW]
(a) fo=107 (b) fo=10"
2.31 Thermal hazard 2.31 Thermal hazard

retention value retention value
3.2

3.0
2.8
25
23
2.1
19
17
14
12
10

Cooling time ratio (¢,)
Cooling time ratio (¢,)

Cooling time ratio (¢,)
N
=

Cooling time ratio (¢)

100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000

Power [mW] Power [mW]

(0 fi=10° (d) fo=10

Figure 4. Thermal hazard retention value (67;) for various cooling time ratios (¢c).
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2.4. Effective Apoptosis Retention Ratio

Photothermal therapy should maximize apoptosis within the tumor and minimize
thermal damage to the surrounding normal tissues. Accordingly, the effect of photothermal
therapy was confirmed using the effective apoptosis retention ratio (6;(), which simulta-
neously considers both situations [25]. Gé‘f ¥ is calculated as the ratio of 67 and 605;, and it
is a variable that quantitatively confirms the degree of apoptosis in the tumor tissue and
the amount of thermal damage to the surrounding normal tissue simultaneously. In this
study, the conditions for P;, ¢, and f,, which produce the optimal therapeutic effect, were
confirmed through the corresponding variables.

Figure 5 shows G:f £ for various ¢, according to f,. The trend of the overall graph
was derived in a manner similar to that of 8% ; the results confirmed that P; and f,, which
produce the optimal treatment effect, exist according to each ¢.. In addition, a comparative
analysis of all cases confirmed that the optimal treatment effect was obtained when ¢, fo,

and P; were 0.5, 10~°, and 160 mW, respectively.
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Figure 5. Effective apoptosis retention ratio (G:f f) for various cooling time ratios ().

The results indicated that higher laser intensity was required to maintain the apoptosis
temperature range of the tumor tissue as the cooling time increased when ¢, was 0.5 or
higher; however, but unnecessary thermal damage occurred due to increased heat transfer
to the surrounding normal tissues. This was confirmed by the fact that the optimal point
for 6%, which is a variable confirming the apoptosis temperature band of only the tumor
tissue, was derived at a laser intensity of 200 mW, but the optimal point was derived for

ijf at 160 mW.
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3. Materials and Methods
3.1. Optical Properties of Gold Nanoparticles

In general, photothermal therapy utilizes GNPs to enhance the low light-absorption
rate of biological tissues in the near-infrared region. GNPs increase light absorption at a
specific wavelength via the LSPR phenomenon.

The optical properties of GNPs can be calculated using the effective light absorption
radius (rf) increased by LSPR, the absorption efficiency (Q) of the particles, and volume
fraction of GNPs in the medium (f), as shown in Equation (1) [26]. In this study, AuNRs
with an aspect ratio of 6.67 and . of 20 nm were used, and the absorbance efficiency of the
AuNRs was calculated using the discrete dipole approximation (DDA) method [27,28].

Hanp = 0.75 va—”, psnp = 0.75f, Qs 1)
Teff Teff
MHa = Ham + Hanp, Hs = Us,m + Usnp )

When the absorption and scattering coefficients of GNPs were calculated, the optical
properties of the medium containing GNPs were calculated as the sum of the optical
properties of the medium and GNPs (Equation (2)) [29].

3.2. Modeling for Light Absorption and Scattering in Biological Tissue

When a laser irradiates a biological tissue, its energy is absorbed and scattering
occurs simultaneously inside the medium. In the field of bioheat transfer, these behaviors
have been analyzed using the Monte Carlo method [30], which performs probabilistic
calculations of the absorption and scattering behavior of laser particles in a medium using
random numbers.

Monte Carlo method determines the behavior of laser particles in a medium by
calculating the distance and angle of movement over time. First, the distance moved per
time can be calculated using the total attenuation coefficient (yt¢) of the medium and a
randomly determined random number between 0 and 1 (¢), as shown in Equation (3).

—In(¢)
Htot

S:

(Htot = pa + tis) ©)

For the moving angles, the azimuth and deflection angles are calculated separately.
The azimuth (1) can be calculated as in Equation (4) using the anisotropy factor (g), which
determines the direction in which the particles are scattered. The deflection angle 8 is
calculated in two ways, as shown in Equation (5), according to the anisotropy factor.

v =2me @)
2 o12)
cosf = 218{1+g2_{1—1gfzg§} } ifg>0 )
26 —1 ifg=0

After estimating the azimuth and deflection angles, the direction vectors p/, y’y, and

% at which the photons move in the Cartesian coordinate system can be calculated. If the

moving angle is in the vertical direction of the tissue surface, it can be calculated using

Equations (6)—(8) according to each axis. Here, iy, piy, and p. are the directional cosines for
each axis.

pe =sinfcosyp (0<O<m, 0<p<2m) (6)

py =sinfsiny (0< 6 <7, 0<yp<2nm) (7)

;[ cos@ ifu;>0
‘uz_{—COSQ f]/tz<0(0<6<n) ®)
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If the moving angle is in another direction, it can be calculated using Equations (9)—(11),

as follows. ]
phe = Lez(yxyz Cos P — py sin ) 4 piy cos 0 )
\% 1- Hz
, _ sin@ .
Hy = ﬁ(yyyz COS i — py SIN ) + i cos O (10)
H, = —sinfcos /1 — y2 + p, cosd (11)

Finally, when the distance and angle of movement are calculated per time, the ratio
of the energy decrease per time can be calculated, as shown in Equation (12), where W
represents the energy weight of the photon and the movement is repeated until W converges
to zero. The final distribution of the light absorption in the medium can be calculated by
repeating this process as many times as the number of photons.

Aw =w e (12)
Htot

If the light absorption distribution of the medium is calculated using the Monte Carlo
method, the temperature distribution in the medium over time can be calculated using
the heat diffusion equation in Equation (13), where k, p, ¢y, and g represent the thermal
conductivity coefficient, density, specific heat, and amount of heat absorbed by the medium,
respectively. The temperature distribution in the medium is calculated using the explicit
finite element method, as shown in Equation (14), where dx, dy, and dz are the length

elements of each axis; P, is the intensity of the laser; and F is the fluence rate [31].

oT g+ V- (kVT)

P (13)
AT 2kk,- dydz 2kk,+ dydz
AT = (yaFPldxdydz (T = T) oy el (T = Ty o
2kk,— dxdz 2kk,+ dxdz
+(T,- — YT (T — L (14)
T k+k, dy (T )k+ky+ dy
oy 2kk,— dxdy oy 2kkzy dxdy
He D T =

3.3. Numerical Conditions

In this study, the situation in which squamous cell carcinoma occurs inside the skin
layer consisting of four stages was numerically modeled. The skin consists of the epidermis,
reticular dermis, papillary dermis, and subcutaneous fat; the total radius and depth were
set to 15 mm and 20 mm, respectively, as shown in Figure 6. In the case of squamous cell
carcinoma, the radius and depth were set to 5 and 2 mm, respectively, and it was assumed
to have occurred 0.1 mm from the skin surface. A 1064 nm single-wavelength laser with
a top-hat distribution and radius of 5 mm was used as the heat source. The laser was
assumed to be irradiated in the vertical direction of the tumor tissue. The thickness and
thermal and optical properties of the four skin layers and tumor tissues are listed in Table 1.
Numerical analysis modeling was verified through the biomimetic phantom experiment
reported in our previous study, and an average of 0.1677 was derived for four points by
comparing the root mean square error of the experiment and the numerical analysis. This
was judged to adequately simulate the actual situation [25].
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:::':’:_/_ L1 —
_ 15 mm
Figure 6. Schematic of the numerical model.
Table 1. Depth, thermal, and optical properties of skin layers and tumor [10,32-38].
t fo I k Ha Hs
(mm) (/kgK) (kg/m’) (WmK) ¢  (U/mm) (1/mm)
Epidermis 0.08 3589 1200 0.235 0.8 04 45
Papillary dermis 0.5 3300 1200 0.445 0.9 0.38 30
Reticular dermis 0.6 3300 1200 0.445 0.8 0.48 25
Subcutaneous fat 18.82 2500 1000 0.19 0.75 0.43 5
Tumor 2 3421 1070 0.495 0.8 0.047 0.883

In this study, numerical analysis was performed by varying the laser intensity and
volume fraction of the injected GNPs to derive the optimal conditions for photothermal
therapy via laser irradiation of the skin surface. As seen in the study of Jain et al. [39],
the absorption and scattering efficiency of gold nanoparticles varied according to various
shapes and sizes and the wavelength of the irradiated laser. In this study, to analyze
this phenomenon, the optical efficiency of the particles was calculated using the discrete
DDA method. Rod-type gold nanoparticles with an effective radius of 20 nm and aspect
ratio of 6.67 were used, and various laser cooling times were included among the analysis
parameters to generate a thermal confinement effect [40], which refers to the effect of heat
conduction in a medium that is not widely distributed, so that heat transfer occurs in
a limited range. Thus, if an appropriate cooling time is provided when irradiating the
laser, thermal confinement occurs, and heat transfer occurs only in the tumor tissue area,
thereby minimizing thermal damage to the surrounding normal tissue. Accordingly, a
variable called the cooling time ratio (¢.), which represents the ratio of the cooling time to
the heating time, was used. Note that ¢. = 0 indicates the continuous application of heat
during the treatment time without the cooling time. When ¢, = 1, heating was applied for
the set heating time, and cooling for the same duration of time was repeated during the
treatment time. To confirm the treatment effect according to the ratio of the cooling time to
the same treatment time, the treatment time and heating time were fixed at 900 s and 30s,
respectively, and all analysis variables are summarized in Table 2.

As described in Section 3.1, the optical properties of the entire medium varied de-
pending on the volume fraction of GNPs. This indicates that the ability of the medium to
absorb heat varies, and this study confirmed the therapeutic effect of photothermal therapy
according to the volume fraction of various GNPs. The laser used in this study had a
wavelength of 1064 nm, and after calculating the optical efficiency of gold nanoparticles at
a wavelength of 1064 nm, this was reflected in the optical properties of the tumor tissue.
Table 3 summarizes the absorption and scattering coefficients of the tumor tissues according
to the volume fraction of injected GNPs.
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Table 2. Conditions of the numerical analysis.
Numerical Parameter Case Number Remarks
Treatment time (T4ot) 900 s N/A
Heating time (1y,) 30s N/A
Laser power (Pj) 0-1000 mW 51 Intv: 20 mW
Volume fraction of GNPs (f;,) 10—3-10"° 4 Intv: 107!
Cooling time ratio (¢c) 0,05,1,1.5,2,2.33 6
Table 3. Optical properties of the tumor with GNPs for the changing volume fraction.
Volume Fraction of GNPs 103 104 10-5 106
Absorption coefficient (y,) (mm™1) 557.41 55.78 5.62 0.60
Scattering coefficient (i) (mm~1) 118.58 12.65 2.06 1.00

4. Conclusions

In this study, photothermal therapy based on heat transfer was numerically analyzed.
Actual human skin layer containing squamous cell carcinoma was implemented through
numerical analysis modeling, and the distribution of the heat of the laser transmitted in
the medium was confirmed using the Monte Carlo method to confirm the temperature
distribution in the medium. Finally, the treatment conditions of photothermal therapy were
optimized using an effective apoptosis retention ratio that considered both the apoptosis
retention ratio, which quantitatively estimates the extent to which the temperature range at
which apoptosis occurs within the tumor is maintained, and the thermal hazard retention
value, which determines the amount of thermal damage occurring simultaneously in the
surrounding normal tissues.

A numerical analysis was performed by varying the laser intensity and volume frac-
tion of the injected GNPs. In addition, the cooling time ratio of the irradiated laser was
added to the variables to generate a thermal confinement effect. Finally, the results con-
firmed that the optimal treatment effect was achieved when the laser intensity, volume
fraction of injected GNPs, and laser cooling time ratio were 160 mW, 1072, and 0.5, respec-
tively. However, even if the tumor tissue attains the apoptosis temperature range, research
on the duration for which it must be maintained to induce apoptosis is limited. More
accurate photothermal therapy can be performed if the temporal effect for the occurrence of
apoptosis is investigated in the future. In addition, since this study was conducted through
numerical analysis, it is thought that detailed verification through experiments is necessary.

Author Contributions: Conceptualization, D.K. and HK.; Data curation, D.K.; Formal analysis,
D.K.; Funding acquisition, HK.; Investigation, D.K.; Methodology, D.K.; Project administration,
H.K.; Resources, HK.; 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 Korean government (NSIT) (No. NRF-2022R1A2C2012470).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing is not applicable to this article.

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



Int. . Mol. Sci. 2022, 23, 14266 11 0f12

References

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

2. Gurevich, Y.; Logvinov, G.; Lashkevich, I. Effective thermal conductivity: Application to photothermal experiments for the case of
bulk light absorption. Phys. Status Solidi 2004, 241, 1286-1298. [CrossRef]

3. Abbas, M.; Zou, Q.; Li, S.; Yan, X. Self-assembled peptide-and protein-based nanomaterials for antitumor photodynamic and
photothermal therapy. Adv. Mater. 2017, 29, 1605021. [CrossRef] [PubMed]

4. 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] [PubMed]

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

6. Jung, H.S.; Kong, WH.; Sung, D.K,; Lee, M.-Y,; Beack, S.E.; Keum, D.H.; Kim, K.S.; Yun, S.H.; Hahn, SK. Nanographene oxide—
hyaluronic acid conjugate for photothermal ablation therapy of skin cancer. ACS Nano 2014, 8, 260-268. [CrossRef] [PubMed]

7. Liu, P; Yang, W.; Shi, L.; Zhang, H.; Xu, Y,; Wang, P.; Zhang, G.; Chen, W.R.; Zhang, B.; Wang, X. Concurrent photothermal therapy
and photodynamic therapy for cutaneous squamous cell carcinoma by gold nanoclusters under a single NIR laser irradiation.
J. Mater. Chem. B 2019, 7, 6924-6933. [CrossRef]

8.  Pei,P;Yang, F;Liu,J.; Hu, H,; Du, X.; Hanagata, N.; Zhao, S.; Zhu, Y. Composite-dissolving microneedle patches for chemotherapy
and photothermal therapy in superficial tumor treatment. Biomater. Sci. 2018, 6, 1414-1423. [CrossRef]

9.  Khalil, OS,; Yeh, S.,; Lowery, M.G.; Wu, X,; Hanna, C.F; Kantor, S,; Jeng, T.-W.; Kanger, ].S.; Bolt, RA.; de Mul, EF. Temperature
modulation of the visible and near infrared absorption and scattering coefficients of human skin. J. Biomed. Opt. 2003, 8, 191-205. [CrossRef]

10. 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]

11.  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] [PubMed]

12. 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] [PubMed]

13. Li, J.-L.; Gu, M. Gold-nanoparticle-enhanced cancer photothermal therapy. IEEE ]. Sel. Top. Quantum Electron. 2009, 16, 989-996.
14. Rengan, A K,; Bukhari, A.B.; Pradhan, A.; Malhotra, R.; Banerjee, R.; Srivastava, R.; De, A. In vivo analysis of biodegradable
liposome gold nanoparticles as efficient agents for photothermal therapy of cancer. Nano Lett. 2015, 15, 842-848. [CrossRef]

15. Sepulveda, B.; Angelomé, PC.; Lechuga, L.M.; Liz-Marzan, L. M. LSPR-based nanobiosensors. Nano Today 2009, 4, 244-251. [CrossRef]

16. El-Sayed, L.H.; Huang, X.; El-Sayed, M.A. Selective laser photo-thermal therapy of epithelial carcinoma using anti-EGFR antibody
conjugated gold nanoparticles. Cancer Lett. 2006, 239, 129-135. [CrossRef]

17.  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]

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

19. Wyllie, A.H. Cell death. In Cytology and Cell Physiology, 4th ed.; Elsevier: Amsterdam, The Netherlands, 1987; pp. 755-785.

20. Zhu, X.; Feng, W,; Chang, J.; Tan, Y.-W,; Li, J.; Chen, M.; Sun, Y.; Li, F. Temperature-feedback upconversion nanocomposite for
accurate photothermal therapy at facile temperature. Nat. Commun. 2016, 7, 10437. [CrossRef]

21. Zhang, Y,; Yan, H.; Tang, J.; Li, P; Su, R.; Zhong, H.; Su, W. Dual-mode antibacterial core-shell gold nanorod@ mesoporous-
silica/curcumin nanocomplexes for efficient photothermal and photodynamic therapy. J. Photochem. Photobiol. A Chem. 2022,
425,113722. [CrossRef]

22. Hai, Y,; Wang, H.; Qiu, Y.; Huang, R;; Zhao, L.; Xu, H.; Dong, Z.; Zhang, L.; Sun, W.; Zhang, S. Optimization of endothelial growth
factor receptor monoclonal antibody-gold nanorods photothermal therapy for laryngeal squamous cell carcinoma. Bioengineered
2022, 13, 3262-3274. [CrossRef] [PubMed]

23.  Yim, W,; Borum, RM.; Zhou, J.; Mantri, Y.; Wu, Z.; Zhou, J.; Jin, Z.; Creyer, M.; Jokerst, ].V. Ultrasmall gold nanorod-polydopamine
hybrids for enhanced photoacoustic imaging and photothermal therapy in second near-infrared window. Nanotheranostics 2022,
6,79. [CrossRef] [PubMed]

24. 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]

25. 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] [PubMed]

26. 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]

27. Draine, B.T.; Flatau, PJ. Discrete-dipole approximation for scattering calculations. Josa A 1994, 11, 1491-1499. [CrossRef]

28. Draine, B.T.; Flatau, PJ. Discrete-dipole approximation for periodic targets: Theory and tests. Josa A 2008, 25, 2693-2703.
[CrossRef] [PubMed]

29. Vera, ].; Bayazitoglu, Y. Gold nanoshell density variation with laser power for induced hyperthermia. Int. ]. Heat Mass Transf.

2009, 52, 564-573. [CrossRef]


http://doi.org/10.1063/1.332062
http://doi.org/10.1002/pssb.200301993
http://doi.org/10.1002/adma.201605021
http://www.ncbi.nlm.nih.gov/pubmed/28060418
http://doi.org/10.1021/acsnano.5b07249
http://www.ncbi.nlm.nih.gov/pubmed/26766814
http://doi.org/10.1007/BF00165607
http://www.ncbi.nlm.nih.gov/pubmed/6088715
http://doi.org/10.1021/nn405383a
http://www.ncbi.nlm.nih.gov/pubmed/24383990
http://doi.org/10.1039/C9TB01573F
http://doi.org/10.1039/C8BM00005K
http://doi.org/10.1117/1.1559997
http://doi.org/10.1117/1.2398928
http://doi.org/10.1088/0967-3334/23/4/312
http://www.ncbi.nlm.nih.gov/pubmed/12450273
http://doi.org/10.2217/nnm.14.147
http://www.ncbi.nlm.nih.gov/pubmed/25343350
http://doi.org/10.1021/nl5045378
http://doi.org/10.1016/j.nantod.2009.04.001
http://doi.org/10.1016/j.canlet.2005.07.035
http://doi.org/10.1088/0957-4484/17/20/022
http://doi.org/10.1016/0048-4059(82)90079-0
http://doi.org/10.1038/ncomms10437
http://doi.org/10.1016/j.jphotochem.2021.113722
http://doi.org/10.1080/21655979.2022.2025517
http://www.ncbi.nlm.nih.gov/pubmed/35067164
http://doi.org/10.7150/ntno.63634
http://www.ncbi.nlm.nih.gov/pubmed/34976582
http://doi.org/10.3390/cancers11060764
http://www.ncbi.nlm.nih.gov/pubmed/31159342
http://doi.org/10.3390/ijms222011091
http://www.ncbi.nlm.nih.gov/pubmed/34681748
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://www.ncbi.nlm.nih.gov/pubmed/18978846
http://doi.org/10.1016/j.ijheatmasstransfer.2008.06.036

Int. . Mol. Sci. 2022, 23, 14266 12 0of 12

30.

31.

32.

33.
34.

35.

36.

37.
38.

39.

40.

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, RIN.; Andersen, PE.; 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]
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] [PubMed]

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.-J.; Ritz, ].-P. Optical properties of adenocarci-
noma and squamous cell carcinoma of the gastroesophageal junction. J. Biormed. Opt. 2007, 12, 014025. [CrossRef] [PubMed]

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]

Torvi, D.; Dale, ]. A finite element model of skin subjected to a flash fire. J. Biomech. Eng. Aug. 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]

Jain, PK.; Lee, K.S.; El-Sayed, L.H.; El-Sayed, M.A. Calculated absorption and scattering properties of gold nanoparticles of different size,
shape, and composition: Applications in biological imaging and biomedicine. J. Phys. Chem. B 2006, 110, 7238-7248. [CrossRef]

Bubb, D.M.; Johnson, S.; Collins, B.; Haglund, R., Jr. Thermal confinement and temperature-dependent absorption in resonant
infrared ablation of frozen liquid targets. J. Phys. Chem. C 2010, 114, 5611-5616. [CrossRef]


http://doi.org/10.1016/0169-2607(95)01640-F
http://doi.org/10.1117/1.JBO.23.12.121622
http://doi.org/10.1088/0031-9155/55/19/020
http://www.ncbi.nlm.nih.gov/pubmed/20858919
http://doi.org/10.1016/j.ijthermalsci.2010.10.019
http://doi.org/10.1117/1.2564793
http://www.ncbi.nlm.nih.gov/pubmed/17343500
http://doi.org/10.1016/S0305-4179(02)00104-3
http://doi.org/10.1016/j.jtherbio.2018.04.007
http://doi.org/10.1115/1.2895727
http://doi.org/10.1088/0031-9155/33/8/001
http://doi.org/10.1021/jp057170o
http://doi.org/10.1021/jp907330y

	Introduction 
	Results and Discussion 
	Temperature Variation in Biological Tissue 
	Apoptosis Retention Ratio 
	Thermal Hazard Retention Value 
	Effective Apoptosis Retention Ratio 

	Materials and Methods 
	Optical Properties of Gold Nanoparticles 
	Modeling for Light Absorption and Scattering in Biological Tissue 
	Numerical Conditions 

	Conclusions 
	References

