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Hyperthermia (HT) is a technique for treating malignancies by raising the temperature of the defected
tissues. This technique has been used as a treatment to raise tumor area temperatures between 42 °C to
48 °C. Hyperthermia penetrates deeper malignant cells by heating the region of interest when magnetic
nanoparticles (MNPs) are exposed to an externally induced magnetic field of the incident wave. In this
work, numerical analysis was used to examine the temporal and spatial temperature distributions within
a tumor. The temperature field was analyzed using the mass transfer and diffusion theories in the
interstitial tissue. A bio-heating module in COMSOL Multi-Physics was used for different types of gold
nanoparticles (AuNPs) including nanorods, nanospheres, and nano-ellipsoids with different shapes. The
objective of this study is to analyze the use of AuNPs for hyperthermia. The results show that AuNPs
achieve a maximum temperature for Au nanorods as compared to nano ellipsoids and nanospheres. The
Au NPs achieve thermal equilibrium after 0.5 ps and are effective for hyperthermia treatment. The results
describe the effect of nanoparticle shape and surface coating on thermal absorption around the
nanoparticle in hyperthermia. The significance of Au NPs for hyperthermia is explained. It is expected
that this study will be helpful in the future for hyperthermia treatment.

1. Introduction

Cancer is a disease in which a cell group grows uncontrollably.
Cancerous cells do not answer the signals that stimulate the
regular cell cycle as their self-sufficiency is unregulated,
resulting in uncontrolled cell growth and proliferation.
Hyperthermia therapies are commonly used in combination
with other cancer treatments such as chemotherapy or radia-
tion therapy because heat-stressed cells are more responsive to
treatment.>* This method of treatment uses external physical
methods to increase the temperature of the tumor region
between 42 °C to 48 °C. An increase in temperature can be
localized or systemic, affecting the entire body and its treatment
strategy. Hyperthermia consists of three types, local hyper-
thermia, regional hyperthermia, and whole-body hyperthermia.
Local hyperthermia (LHT) has fewer side effects as compared to
chemo- and radiation, and it may be used in conjunction with
all conventional treatment techniques.* There are three main
clinical methods of high-temperature applications, regulated by
the organ to target the tumor's stage. Localized, progressing or
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deep-seated, and disseminated cancers get heat through local-
ized, regional, and whole-body HT, respectively. Local HT is
reserved for small tumors (=3 cm to 5-6 cm in diameter)
located superficially or within an accessible bodily cavity,
including the rectum or esophagus.® To deliver heat to tumors,
superficial, intraluminal applicators are used in local HT. And
microwaves, radio waves, or ultrasound is mostly used.® It is
typically used to treat advanced cancers of the pelvis, abdomen,
or thighs.” There are three most important approaches:
intrinsic (tumors heated with peripheral applicators), thermal
(organs or limbs treated with thermal perfusion), and contin-
uous hyperthermic peritoneal perfusion (CHPP).® The usage of
radiation heat or extracorporeal technology to raise the
temperature of the entire body to at least 41 °C is known as
whole-body hyperthermia (WBH).>*?

Gold and its alloys have been utilized in medicine since its
discovery over 5000 years ago.'®* Metallic nanoparticles, such as
gold (Au), exhibit unique electrical and optical properties, as
well as chemical inertness and the capacity to surface func-
tionalize, due to the positive potential on their surface."* These
electrical and optical properties have ensured its use in
biosensors, bio-imaging, and photo-thermal treatment.”* Gold
(Au) can be conjugated with ligands, antibodies, or pharmaco-
logical molecules for active or passive medication due to its
enhanced functionalization with organic molecules.'® Because

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of gold's chemical inertness, it has high biocompatibility both
in vitro and in vivo."”*° While nanoparticles of 20-60 nm appear
to have the greatest cellular absorption, they also cause systemic
toxicity due to liver, lung, and spleen damage, as opposed to
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smaller 5-10 nm.*** When considering the mass of Au NP, the
optimal size expressed as the number of particles in a cell may
vary, referring to the complexity of Au NP size and its influence
on bioavailability and cellular absorption.**?® Au is used to
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Fig.2 COMSOL simulation of an incomplete shell structure (a) bare core with the radius 20 nm, AgNPs of 4 nm radius attached to core surface
(b) core (c) 10 NPs, (d) 40 NPs (e) 70 NPs attached to the core (f) complete shell.

Table 1 Different studies for comparison

Study type and year Particle type and size Coating Results and drawbacks References
Animal clinical studies (5-8 nm) of lipos Au NPs Gold coated For treatment of specific 32
(photo thermal tumors biodegradable NPs
hyperthermia) (2015) system is suitable
Test tube experiment 10 nm of polymer — Non-uniform size loading to 33
(magnetic hyperthermia) encapsulated Fe,O; heating profiles
(2008) It was suitable for evaluating

magnetic nano fluid

transport
Magnetic hyperthermia 1-100 nm of silica-Fe,0; — There is the direct real- time 34
(2010) lacking of visual control of

magnetic fluid injection

It was suitable for thermal

ablation of prostate cancer
Magnetic hyperthermia 19 nm radius of magnetite — Reaches steady state after 35

(2009)

and 9 nm of iron platinum
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treating diseases such as and
measles.””*

Lin C. and Liu K.* studied theoretically the hyperthermia
effect and concluded that the particles reach steady state after
300 s and it is very large time to reach steady state. Keeping the
mind the properties of gold nanoparticles (AuNPs) our main
concern was to measure the less time to reach steady state. In this
work, we study the heat generation of a single nanoparticle (Au) of
different shapes (sphere, cube, and rod) and volume (Vyhere =
Veube = Vroa) Placed in a spherical cell or tissue area. The proposed
model reflects the spatial-temporal temperature distribution as
well as the thermal effects generated by heat propagation in the
tumor cell. Based on the thermal properties of chosen materials,
we study the effect of different coating materials, like polymer and
gold, on the system's temperature response (augmentation/
diminution). An incomplete coating surface with varying
amounts of nanoparticles connected to the surface of the
magnetic core, as well as the associated hyperthermia behavior,

smallpox, skin ulcers,
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were simulated. COMSOL Multiphysics (heat transfer module)
was used to perform finite element simulations of the heating
process of nanoparticles. The simulations explore the tempera-
ture distribution within the nanoparticle (heat dissipation).*>3*

2. Material and methods

In this work, a single nanoparticle inside 0.5 um radius with the
spherical domain of tissue was considered for different shapes
and used in this simulation are given in Fig. 1.

The fundamental goal was to explore the temperature
behavior of biological tissue when a nanoparticle is exploited as
a heating source having a complex core-shell structure and
having various shapes (sphere, ellipsoid, and rod).

The temperature distribution T (x, y, z, and ¢) in the tumor
cell is given by the solution of the Fourier heat transport
equation:
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Fig. 3 The 2D spatial temperature distribution of 0.5 pm tumoral cell from the start of the heating process for, nano-rod (11, 73, 11) nm nano-

sphere (20 nm), and nano-ellipsoid (12, 15, 44.3) nm.
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where p is the cell density, C,, is the specific heat capacity at
constant pressure, k is the thermal conductivity of the cell, and
the heat dissipated by nanoparticles in the cell volume is
denoted by Q. The volumetric power density is constant, and its
value is Q = 10"® (W m™3). To study the heating process, the
initial temperature of the tissue was kept T; = 37 °C, which is
the normal temperature of the human body. Magnetic nano-
particles (MNP) and tissue geometry are discretized on all
domains with free tetrahedral components, providing a full
mesh of 58 272 domain elements.

The following are the specifications that are considered:

(1) The tumor cell totally absorbs the particle's heat flux (the
continuity of the thermal flux between domains).

(2) The temperature of the tissue's outer surface is main-
tained at T, = 37 °C, which is human body normal temperature.
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A spherical gold NP of radius r = 20 nm was considered to
study the temporal distribution inside the tissue. The dimen-
sions of the gold nano ellipsoid and gold nanorod were calcu-
lated to obtain the same volume for nanosphere, nano ellipsoid
and nanorod. A nano-ellipsoid particle with side length of L., =
32 nm, while a nanorod with a cylindrical shape with length of
Ly = 73 nm and hemispherical caps with a radius of Rey1 = Reap
= 11 nm were considered.

Two different types of materials (Ag and PEG polymer)
were used to construct the nano shell to study the impact of
coating surface thickness (5, 10, 20 and 40 nm). For thermal
evolution of nanostructure, core-shell with radius 20 nm was
selected. To compare the thermal response of spherical and
ellipsoidal surface coating, three distinct coating surfaces
(one spherical and two ellipsoidal) were simulated on gold
nanoparticles core. Fig. 2 shows the simulation growth of
silver nanoparticle on gold core-shell. Table 1 shows the
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Fig. 4 The temperature's temporal and radial evolution for the three various NPs shapes (nano-sphere, nano-ellipsoid and nano-rod). (a) The
temporal evolution at x = O (center of the heat source). (b) The radial temperature distribution for 3 pus after the heating process began.
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(red line). (b) The structure of gold core—shell.
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45 Core-shell Structure

(a) Surface coating thicknesses (5, 10, 20, 30, and 40 nm) were used to achieve the maximum temperature: silver (blue line) and polymer
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thermal properties of different materials that are used in
simulation.

3. Results and discussion

To study the potential use of gold nanoparticles (Au NPs) in
hyperthermia, gold NPs were inserted radius 500 nm of various
shapes such as nano-rod, nano-sphere and, nano-ellipsoid.
Fig. 3 shows that the maximum temperature for Au nanorod,
Au nanosphere and Au nano ellipsoid was 43.4 °C, 42.3 °C and
40.4 °C respectively. The time evolution of temperature and
thermal stability of the tumor tissues cell was measured by
heating nanoparticle, as shown in Fig. 3. The temperature
difference was achieved by the simulated shapes, this temper-
ature difference can be explained by the proportional surface
difference of each shape, given that the thermal response is
dependent on heat generation by unit of volume (general heat
source) and unit of surface (boundary heat source), as shown in
Fig. 4(a). The maximum temperature values are Tiax rod =
43.4 °C Tnax sphere = 42.3 OC, and Tmin ellipsoid = 40.4 °C. These
maximum temperatures are achieved at the center of the
particles and spread across the surrounding medium. The
distribution of the thermal field in the therapeutic range ach-
ieved by rod shape is larger than sphere and ellipsoid as shown
in Fig. 4(b).

To explore a functional NP (core-shell structure) in the
hyperthermia process, a spherical geometry radius of 20 nm was
selected to achieve the maximum temperature for the defined
nanoparticle volume. The core of AuNPs was covered by a shell
of silver (Ag) or PEG polymer, and the induced temperature by

Table 2 Thermal properties of the different materials
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the core was examined. Fig. 5 depicts the variation in heat
transfer for various shell thicknesses. Fig. 5(a) shows that as
there is increase in silver shell structure results gradually
decrease in temperature. For PEG polymer shell, when shell
thickness increases then temperature also increases. Silver shell
has a greater value of conductivity, as compared to PEG. It
transfers quickly the heat generated by core-shell structure to
the external medium. To achieve the temperature for hyper-
thermia, selection of the suitable material and shell thickness
depends upon the specific region of the human body (Table 2).*°

Functionality of NPs can be improved by different shapes of
irregular coating. For this purpose, different shapes sphere,
ellipsoid; and ellipsoid, were simulated as shown Fig. 6. The
temperature distribution for three different types of surface
coating (Fig. 6), a spherical shell 30 nm in radius and two
ellipsoids (ellipsoid;: 25-25-43.2 nm, ellipsoid,: 22-25-49 nm)
with Vphere = Velipsoid, = Velipsoia, Were compared to investigate
the irregular coating surface.

There is very minute difference in temperature i.e., 43.4 °C,
43.2 °C and 43.1 °C which shows that there is no importance of
coating surfaces anisotropy for hyperthermia process. Due to the
unique properties of silver nanoparticles (AgNPs), they grow and
form isolated islands on incomplete irregular coatings, which
then transform into a complete shell covering the core. Small
AgNPs with a radius of 4 nm were attached to the core surface of
20 nm Ag NPs, which were then embedded in tissue with a radius
of 0.5 pm. To define a temperature profile for an incompletely
covered NP with a variable number of attached NPs.*"**

As shown in Fig. 7, the volume-coverage ratio (percent) of
AuNPs in relation to the volume of the entire shell was

Thermal conductivity Mass density

Specific heat capacity

Wm" K] [kg m~?] Dke ' K] References
0.512 1000 3800 Tissue®
71 21 500 132 Tumor®®
317 19 300 129 Gold*”
429 10 500 235 Silver®®
0.2 1000 1000 Polymer®
(a) pr - (b) 41.0
A / Ellipsoid1
X 40.5 Sphere
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44 g
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// 37.5-
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Fig. 6 (a) Different coating surfaces (b) the radial temperature distribution for various form of surface coating, Au nanosphere 20 nm in radius, Au

nanoellipsoid;: 25-25-43.2 nm, Au nanoellipsoide: 22-25-49 nm.
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coverage ratio of gold NPs.

calculated. It was shown that the maximum temperature at the
center of the NP was 42.3 °C for uncovered core, while the
temperature gradually decreased as the amount of surface
coating increased, and the minimum temperature was 39.95 °C
at the center of the NP when complete shell designed.

4. Conclusions

In our simulation gold nanoparticles were used because of their
antibacterial, antifungal, and antiviral properties. By using
COMSOL Multiphysics, simulations were performed for 3 ps by
using different shapes of gold nanoparticles like nanorod,
nanosphere, and nano ellipsoid which were placed inside the
spherical tumor tissue. It was found that the maximum
temperature achieved by gold nanorod is higher than other
shapes. Because the same volume and absorption speed particle
was utilized, thermal equilibrium was established for all three
simulated forms at the same time of 1 ps after the heating
process began. The uniformity of the thickness and shape of the
shell are examined, and the temporal characterization of the
surface coating material/thickness ratio characterized the

© 2022 The Author(s). Published by the Royal Society of Chemistry

(a) After 3 us from the beginning of the heat process, the radial temperature distribution for varying amounts of surface coating. (b) Volume

shell's thermal properties as a function of temperature change
(increase/decrease). There is inverse relation between silver and
PEG polymer coating materials i.e., temperature increases with
increase in coating surface of PEG polymer and decrease for
silver coating. The shape of coating surface is anisotropy. The
uniform thickness of the shell permits a little fluctuation in the
maximum temperature of the core (less 0.5 °C). The heat
response of various silver covering volume ratios is simulated,
and the impact of partial surface coating is examined. It is
observed that the open surface left by the growing process has
a substantial impact on the temperature profile's development.
Volume coverage ratio by small AgNPs reflex that temperature
decreases with increasing volume coverage. The application of
nanoparticles with a core and a functional biocompatible
surface shell is based on material selection and surface homo-
geneity. This study suggests that gold nanoparticles with
different shapes are good candidate for hyperthermia.

Data availability

Data will be generated after request.
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