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ABSTRACT: The efficacy of Hyperthermia treatment hinges on the strategic selection of the heating agents. Marking a
pioneering advancement in this field, we introduce the simulation of Reverse Hybrid Core-Shell Nanoparticles (NPs) based on
Gold Nanorods (AuNRs) as core and SiO>@Fe304 as shell due to their superior optical, thermal, and magnetic properties for
enhanced hyperthermia applications and NPs targeting. Using COMSOL Multiphysics, employing the RF Module and Heat
Transfer in Solid Module, we meticulously calculated the Optical Cross-Sections and Thermal Profiles of various hybrid NP
configurations. Our investigation spanned a range of core and shell dimensions, including 50, 60, and 70 nm SiO; thicknesses
with 10 and 15 nm Fe;O4 layers, coupled with two core dimensions of 10 nm x 41 nm and 15 nm x 52.5 nm AuNRs. The
results indicate that the Aspr of different hybrid NPs experiences a redshift by 50-80 nm compared to the Aspr of single AuNR.
Leveraging the Qaps of three distinct hybrid NPs, resulted from RF model, and obtaining the thermal distribution profiles of
them, we demonstrate that the addition of optimized shell- 60 nm SiO>@10 nm Fe3zOs- reduces the temperature of the hybrid
NPs with smaller AuNR core and the larger AuNR core from 56.4 C (for the single AuNR) to 41.9 C (AuNR with shell) and
from 70.8 C to 47.2C, respectively. As a result, the 15 nm X 52.5 nm AuNR@ 60 nm SiO2@ 10 nm Fe3O4 hybrid core-shell
NP with Aspr=840 nm can be a proper candidate for photothermal therapy.
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1. INTRODUCTION gained traction owing to their superior ability to penetrate

biological tissues. PTT is emerging as a leading-edge option

In the past few years, innovative methods have emerged as
substitutes for treating tumors. Several of these methods are
designed to induce hyperthermia, a prosses where tissue is
warmed to temperatures ranging from 41 to 47 degrees
Celsius and maintained for a duration of 20 to 30 minutes [1-
3]. Lately, treatment strategies utilizing the near infrared
(NIR) spectrum, like photothermal therapy (PTT), have
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for cancer therapy, utilizing light’s energy to target and
eliminate cancer cells effectively and non-invasively [4-6].
The distinction between traditional hyperthermia and
photothermal therapy lies in the fact that generated
photothermal heating is in the vicinity of the agents used in
PTT, known as photothermal agents (PTAs). This localized
heating can elevate temperatures significantly, reaching
levels several tens or even hundreds of degrees higher than
the body’s normal temperature, and this occurs within
extremely brief periods. This shows that photothermal
heating has the potential to be more precisely directed at
tumor cells instead of normal cells [7]. The principle behind
this technique is the phenomenon of surface plasmon
resonance (SPR) [8, 9]. SPR phenomenon takes place when
electrons on an agent’s surface collectively oscillate upon
interacting with incoming light. This process results in the
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agent absorbing the light and transforming it into heat, which
is then utilized to increase the temperature of specific tissues
[10-12]. PTAs fall into different groups, for instance: Carbon
Nanostructures, which encompass materials like graphene
and carbon nanotubes, among other carbon derivatives [4,5],
Noble Metal Nanostructures, with a particular emphasis on
nanoparticles made of gold [13-17] and silver [17-20],
transition metal sulfides (such as tungsten disulfide (WS,)
[21,22] and molybdenum disulfide (MoS,) [23,24]), organic
polymers such as porphyrin [25,26], and other nanostructures
such as hybrid core-shell nanoparticles [27].

Metal based compounds, including structures based on
gold (Au) and silver (Ag), are widely recognized as the most
prominent photothermal agents. Their unique properties,
such as low cytotoxicity and excellent biocompatibility,
make them stand out. Additionally, they can be readily
synthesized and modified for specific uses. In contrast to Ag
NPs, Au NPs exhibit greater stability in ambient condition.
[13-20] Nanoparticle dimensions, morphology, and
concentration significantly impact their interactions within
biological systems and therapeutic results. Research
indicates that modifying these characteristics can influence
the SPR wavelength, the light absorption rate, and
thermotherapy temperature of nanoparticles [28, 29]. In this
regards, Rituraj Borah et al. studied the optical response of
different gold nanoparticles (GNPs) clusters sizes (20 nm and
40 nm). They showed that for clusters of nanoparticles
measuring 20 nm with a narrow gap between particles (1 nm),
which result in intense near-field interaction, the per particle
absorption intensity grows as the cluster size expands [30].

Compared to GNPs, it has been shown that gold
nanorods (GNRs) exhibit remarkable suitability for
photothermal therapy due to robust SPR effects in the near-
infrared spectrum, enabling deeper tissue penetration and
efficient heat production. For example, Alrahili et al. studied
4 types of GNMs, 20 nm Au nanoparticles (AuNPs), 80 nm
gold nanourchins (GNUSs), and two gold nanorods with
different aspect ratios (25 nm x 60 nm GNRs and 10 nm x 41
nm GNRs). The results indicated that the SPR wavelength of
10 nm x 41 nm GNR is about 808nm which matches the
wavelength of the IR light used for PTT, leading to absorb
more lights and rapidly convert it to heat due to the
absorption being in sync with the laser’s wavelength (Aspr=
808 nm) [31].

Besides gold NPs, there is a significant use of magnetic
iron oxide NPs (IONPs), particularly those derived from
FesOs [32], in the application of magnetic hyperthermia.
These magnetic NPs (MNPs) have the property of aligning
their magnetic moment with an external magnetic field. Such
alignment leads to the MNPs being drawn towards the area
where the magnetic field gradient is applied. Consequently,
integrating both types of NPs- plasmonic NPs for thermal
effect and generating heat and MNPs for precise targeting-
into a single NP structure is highly appealing for advanced
therapeutic applications. [27-33]

While most of the research on hybrid magnetic-
plasmonic NPs for biomedical uses typically focuses on
IONPs encased in Au shell, our study investigates an

alternative NP structure. In our work, Au core is encased by
IONPs. Utilizing pre-manufactured gold NPs allows for
more precise regulation of the localized surface plasmon
resonance, which is crucial for photothermal therapy. In this
study, using the COMSOL Multiphysics, we conduct a
comprehensive simulation of Hybrid Core-Shell NPs with
AuNR core and SiO,@Fe304 shell to determine their
Absorption Cross-Section (oaps), Scattering Cross-Section
(osct), and Extinction Cross-Section (oext). Additionally, we
extend our investigation to include Thermal Profiles of a
single AuNR and a core-shell structure based on the AuNR.
The comparative analysis aims to elucidate the impact of
different core and shell sizes on the absorption efficiency and
resultant temperature distribution, providing insights into the
design of the proper hybrid core-shell NPs for targeted
applications in photothermal therapy.

2. METHODS

In the current research, we employed hybrid core-shell
nanoparticles featuring an Au Nanorod core, with optical
constants derived from Johnson and Christy, and a coating of
SiO>@Fe304 shell of varying thicknesses, utilizing optical
constants for FesO4 as reported by Querry1985 (Figure 1).

Our core-shell NP configurations maintain a size below
100 nm, as particles within this size range demonstrate
superior structural and functional characteristics [33].
Additionally, the study encompassed an analysis of the
temperature gradient generated in the aqueous surrounding
medium. The computational method's validity is
corroborated by established literature [31]. For model
validation, the surface plasmon resonance wavelength Aspr of
10 nm x 41 nm AuNR (Aspr=808 nm), was found to be in
close alignment with the experimental findings reported in
literature, as detailed in Section 3.1. Subsequent phases
involved determining the Aspr and temperature variations of
the hybrid core-shell nanoparticles across different core and
shell dimensions. The methodology comprised a two-step
process: initially, the RF Module calculated the energy
absorption, followed by the Heat Transfer in Solids module,
which solved the heat equation using the absorbed power per
unit volume data as the heat source [31]. This approach
enabled the precise calculation of temperature fluctuations
near each nanoparticle.

2.1. Optical quantities using RF Module

In this investigation, the finite element method (FEM) was
utilized through the COMSOL Multiphysics simulation
platform, alongside the RF Module operating within the
frequency domain, to solve Maxwell's equations. Within this
specific module, Maxwell's equations are formulated as a
wave equation governing the electric field, as referenced in
[28, 31]:
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(VXE)—k3sE=0 (1)
Where i, denotes the relative permeability of the material in
question, E represents the electric field, ko is the wave
propagation vector, and ¢ signifies the dielectric permittivity
of the material, encompassing both its real and imaginary
components. The displacement field model employed herein
is predicated upon the refractive index of the material.

Within the COMSOL simulation environment,
electromagnetic waves can be resolved through two distinct
formulations: the Full Field and the Scattered Field
approaches. The Full Field formulation necessitates the
specification of an input port, direction, and location for the
input field. However, given that our module operates within
an infinite domain, the Scattered Field formulation was
adopted, wherein the input field is applied across the entire
simulation domain. Consequently, a plane wave, polarized
along the x-axis and advancing along the z-axis, is
established as per reference [31]:

E, = Eyet/ 3 Dt )
With Eo being the amplitude of the wave (1 V/m), n the
refractive index of the medium (in case, water, n=1.33), and
A the wavelength (400-1100 nm in our study). Figure 2 shows
Ep and the background magnetic field (Hp) in different
directions.

To mitigate the boundary reflections within the
computational domain, a perfectly matched layer (PML) was
constructed encircling the physical domain-comprising both
the nanoparticle and its immediate environment-with a
thickness of Amax/2. This layer serves to effectively curtail the
computational space while minimizing the introduction of
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artifacts into the solution. Additionally, a scattering boundary
condition was applied to the domain's periphery, ensuring
that waves impinging upon the computational boundary do
not reflect into the central domain of interest [34]. Due to
using a symmetric geometry, a perfect electric conductor and
a perfect magnetic conductor were applied in specific areas.
The first mesh applied to the system was physics controlled
with an extremely fine size. Applying three other sizes on the
nanoparticle domain and boundaries, we improved the
accuracy of our mesh. All domains and boundary conditions
are depicted Figure 3.

The geometrical parameters that measure the absorption,
scattering, and extinction properties of a material are known
as the absorption cross-section, scattering cross-section, and
extinction cross-section, respectively. These parameters are
mathematically defined in references [33,34-36]:

Wsca

s,

Wabs [W]
St [

Oext = Oabs T Osca

0-abs[nlz] =4X ) Osca = 4 X

€)

where Waps and W, are the energies absorbed and scattered
by the nanoparticle, respectively, and S; is the intensity of
input light (power per unit area). The operation was multiple
4 to calculate the result in the whole geometry.
1 ~

Sp = 5050|E0|2k (4)

In the equations presented c represents the speed of light in
vacuum and g stands for the vacuum permittivity,

respectively. The symbol k" indicates the direction of
propagation of the incoming light wave.
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Fig. 1. a) 10nm x 41nm AuNR with major axis (longitudinal) along with X-axis. b) The hybrid core—shell nanoparticle with

AuNR core and SiO@Fe304 shell.
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Fig. 2. The background Electric and Magnetic field polarized along x-axis and propagating along the z-axis
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Fig. 3. (a) The PML around the hybrid core-shell nanoparticle for domain truncation in RF module computation, (b) the

scattering boundary condition on the outermost surface, (c) the Perfect Electric Conductor, and (d) the Perfect Magnetic
Conductor boundary conditions.
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The numerical solution provides the values for the power
absorbed and scattered as delineated in eq.3 [28]:

Wabs = [f[, Re[(oE + jwD)E* + jwBH*]dV (5)

Weea =5 [If, Rel[Esca X HicqIndS (©6)

In the aforementioned expressions, D signifies the
displacement currents signifies the displacement currents *
represents the complex conjugate, respectively. In eq.5, the
volume integration is throughout the entire nanoparticle, and
in eq.6, the surface integral is specifically over the
nanoparticle’s surface. The energy absorption by the
nanoparticles can be efficiently determined within COMSOL
by performing an integration of the power dissipation density
across the nanoparticle's volume [31]:

Waps = fffﬂ Qndf2 (7)

In the context of this study, Qp is designated as the variable
within COMSOL that quantifies the power dissipation
density. Owing to its wavelength (1) dependency, a
parametric analysis was conducted across a spectrum of 4
values to ascertain the optical cross-section spectra.
Furthermore, the quantification of the energy dispersed by
the nanoparticles is accomplished in COMSOL through the
integration of the Poynting vector across the nanoparticle's
surface.

2.2 Heat Transfer in Solids module

2.2.1. Calculating the Heat Source Power of a Hybrid Core—
Shell Nanoparticle

The nanoparticles absorption characteristics play an
important role in the context of photothermal heating. At the
Aspr, the absorption of light is at its peak, which in turn
maximizes the photothermal heating produced by NPs. The
computation of photothermal heating, especially for
nanoparticles with complex geometries, is effectively
estimated by an equation based on the Wgs and the
nanoparticle's volume [34]:

Wa S
Qabs = Tb (8)

In this context, Qaps [W/m’] is defined as the power produced
by the nanoparticle per unit of volume.

2.2.2. Heat Transfer Analysis for Hybrid Core-Shell
Nanoparticle in a Homogeneous Environment

For the heat transfer analysis, we utilized the Heat Transfer
in Solids module of COMSOL, which incorporated a
localized heat source Qabs within the hybrid core-shell

nanoparticle. The temperature, denoted as T, was the
dependent variable in this model. A stationary study was
conducted to determine the maximum temperature increase
within the system, and the steady-state heat equation is
expressed as follows in references [28,31,33,35]:

pcy OT — kV?T = Qups 9)

Where k [W/(m.K)] denotes the thermal conductivity, p
represents the density, and c, is the specific heat capacity at
constant pressure for the medium, such as water, which is
detailed in Table 1. The initial temperature of the
nanoparticle is established at human body temperature,
which is 37C.

Given that our study does not involve the propagation of
waves, the use of a Perfectly Matched Layer (PML) is
rendered unnecessary. Instead, a sphere with a diameter of
3um is positioned around the nanoparticle to simulate the
surrounding medium, and a constant temperature boundary
condition of 37 C is applied to the furthest boundaries of the
system.

Table 1. The thermal conductivity k, density p, and specific
heat capacity at constant pressure c, of materials.

Material k p (kg/m?) cp

(W/(m.K)) J/(kg.K))

Gold [35] 318 19300 129

Water [35] 0.6 1000 4200

SiO; 1.3 COMSOL COMSOL

(polycrystalline) function function

[39]

Fe304 [40] 4.9 COMSOL COMSOL

function function

3. RESULTS AND DISCUSSION
3.1. Validation of the computational model

The computational model was validated by the results
obtained experimentally from literature for 10 nm % 41 nm
AuNR with Aspr=808 nm [31]. In Figure 4 it can be seen that
plasmon resonance wavelengths are similar between the
experimental result and the simulated (Aspr=808 nm).
Nonetheless, the variability in experimental samples, which
include particles with diverse sizes, shapes, and orientations,
in addition to clusters formed during synthesis, results in a
difference in the experimental spectra peak (~0.7) compared
to what is seen in simulation (~1.8). We also obtained the
Field Enhancement [V/m] and the Power Dissipation Density,
Qn [w/m?], to contrast them with other geometries acquired
for subsequent analysis. The results can be seen in Figure 5.
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Fig. 4. The normalized absorption, scattering, and the
extinction cross-section for 10nm X 41nm AuNR with Aspr=
810 nm simulated.

3.2. Hybrid core—shell nanoparticles optical simulation
based on 10 nm % 41 nm AuNR

In the initial simulations, a hybrid core-shell nanoparticle
was modelled, comprising a 10nm x 41lnm AuNR core
enveloped by Si0>@Fe304, with 50 nm silicon thickness, and
10 nm Fe304 thickness. We used Fe3Og thicknesses smaller
than 30 nm because they exhibit superparamagnetic; if not,
they display ferromagnetic properties [31,32]. This
configuration is depicted in Figure 6(a). Observations
revealed that the integration of SiO2@Fe304 shell induces a
redshift in Agpr, from 810 nm to Aspr = 880 nm. Relative to
the solitary AuNR, there is a slight increase in both field
enhancement and Qp, also a slight decrease in the optical
cross-sections especially for 50nm  SiO; thickness but it
becomes closer to the AuNR values with increasing SiO»
thickness and the total volume of hybrid NP. A small
distribution of total power dissipation density on the Fe3O4
layer can be seen for 50nm SiO; thickness.

Subsequent modifications involved escalating the SiO;
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layer's thickness to 60 and 70 nm (Figure 6(b) and 6(c). The
analysis reveals that 10 nm increment in SiO thickness
results in 10 nm reduction in the redshift of Aspr. For instant,
60 nm SiO; layer exhibits a decrease in Agpr from 880 nm to
870 nm, and 60 nm SiO, layer shows further reduction from
870 nm to 860 nm. Moreover, there is an increase in optical
cross-sections for 50nm and 60 nm SiO layers, which
approaches the measurements of AuNR. However, the field
enhancement and the total power dissipation density
decreases with increasing SiO, thickness.

Figure 7 presents a comparative analysis of the absorption
cross-section and power absorbed across varying SiO;
thicknesses. It is obvious that the values of absorption cross-
section and power absorbed by hybrid nanoparticles with
different SiO; thicknesses are slightly different.

In the subsequent phase of our research, we augmented
the Fe3O, thickness to 15 nm for the hybrid nanoparticle,
which previously featured different silicon thicknesses.
Figure 8 shows the variations in absorption, scattering, and
extinction cross-section associated with the hybrid
nanoparticle that incorporates a 15 nm FezO4 and 50, 60, and
70 nm SiO;.

The results show that 5 nm increase in Fe3O4 thickness
(from 10 nm to 15 nm) causes 10 nm redshift in Agpr (from
880 nm to 890nm) for 50 nm SiO; thickness and it remains
constant for higher SiO, layers. This increase in Fe3O4 layer
has also slightly reduced the field enhancement and total
power dissipation density compared to 10 nm FezOa4 layer.
Figure 9(a) and Figure 9(b) specifically showcase the
absorption cross-section and power absorbed by hybrid
nanoparticle FesOs layer of 15 nm and different SiO;
thicknesses.

Figure 10(a) and Figure 10(b) delineates the oaps and Qaps
for the respective thicknesses. The Gaps of 50 nm SiO>@10
nm Fe304 hybrid nanoparticle is slightly different from the
ones with 50 nm SiO,@15 nm Fe3O4 but these two hybrid
nanoparticles have a significant difference in Qaps. These
values are higher for 50 nm SiO,@10nm Fe3O4 than the other
one. Also, the absorption cross-section peak for AUNR@50
nm SiO,@10nm Fe3O4 occurs at a lower wavelength and
closer to Aspr of AuNR. The same results are valid for 60 and
70 nm SiO; layers.

Total Power Dissipation Density [W/m~ 3]
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Fig. 5. (a) The optical cross-sections, (b) the volume plot of field enhancement, and (c) the Qn for 10nm % 41nm AuNR.
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3.3. Hybrid core—shell nanoparticles simulation based on
15nm x 52.5nm AuNR

Subsequent analyses were conducted to ascertain the Agpr,
the absorption, scattering, and extinction cross-sections for
the nanoparticle, following the adjustment of the gold
nanorod's size to 15 nm x 52.5 nm AuNR. These results are
exhibited in Figure 11, which clearly indicates a tripling of
all cross-section values in comparison to the 10 nm x 41 nm
AuNR. The blueshift of 50 nm from 810 to 760 nm can be
seen for this AuNR. This can be a positive point because by
applying the SiO»@ FesOs shell, the Aspr is closer to 808 nm
compare to the hybrid nanoparticle with 10 nm X 41 nm
AuNR. Despite observing a reduction in both field
enhancement and Qn compared to 10 nm x 41 nm AuNR, the
enlargement of AuNR core.

3.4. Hybrid core—shell nanoparticles heating
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We have shown that 10nm % 41nm AuNR@50nm SiO>@ 10
nm Fe304, 10nm x 41nm AuNR@60nm SiO»@ 10 nm Fe30s4,
and 15nm x 52.5nm AuNR@60nm SiO>@10 nm Fe304 have
the highest values among other structures, as the next step we
will obtain the temperature change in each particle resulting
from the absorbed power under 808 nm laser illumination
with an irradiance of 1 mw/um?. The Qaus of particles will be
serve as the heat source in the Equation 9. The heat map of
AuNRs and hybrid core—shell nanoparticles are shown in
Figure 15 and Figure 16. As expected, since the 15nm X
52.5nm AuNR absorbed the higher amount of power (Figure
14(b)), it reaches the higher temperature (70.8C) in
comparison to the 10nm x 41nm AuNR (56.4 C).

In Figure 16(a) and Figure 16(b), it can be seen that the
incorporation of 50 nm and 60 nm SiO>@Fe3;04 shell onto
the 10nmx41nm AuNR core result in a decrease of the
temperature of the AuNR from 56.4°C to 41.9°C while the
outer surface of the nanoparticles is around 41.4°C and
41.3C, respectively. This reduction is attributed exclusively
to the decrease in Qaps for hybrid NP compared to AuNR.
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Fig. 10. The comparison on (a) Gabs, and (b) Qabs (Wabs/V) for Au@SiO>@Fe304 hybrid core-shell with 10 nm, and 15 nm

Fe;04 and different SiO» thicknesses.
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Fig. 11. (a) The optical cross-sections, (b) the volume plot of field enhancement, and (c) the Qx for 15nm x 52.5 nm AuNR.

© Avriston Publications 2025. All rights reserved.

ChemSci Advances., 2025, Vol. 2, No. 1, 61-74 | 69



Computational design and thermal properties of reverse hybrid core-shell nanoparticles for photothermal therapy applications

Fereshteh Shafiepour et al.

__ 40x10™ e 10°41 AuNR 7.0x10° = 10"41 AuNR
% . ’ s 15525 AUNR
% 3.5x10°" s _15'52.5 AuNR 6.0x10 .

S

= 3.0x107F ¢ i

° g soxto®

3 ] = .

D 2sx10M B

b o 4.0x10°7

O  zox10" 1

o ’ = jox10m ’

g 1.5x10m L * =

k<,

a 2.0x10"

5 1ox10" L & s 8.

w

[ ] . &
2 soxio™ d J% % 1.0x%08 ° J . ®
{ ] . L}
[ ., P (RS .,
S00 800 700 200 900 1000 1100 500 600 700 800 900 1000 1100

(a) (b)

Fig. 12. The comparison of a) the absorption cross-section and b) the power absorbed of 10nm x 4Inm AuNR and 15 nm %
52.5 nm AuNR.

Wavelength (nm) Wavelength (nm)

Electric field norm (V/m)

Total Power Dissipation Density (W/m")

S0

1
X . S-gma_abs?
3.0x10™ (a) * Sigma_sca
- A_SPReg40 ™ A _Sigma_ext
E 250" 13
c
2 2000 i?
o "
L
% 1.5x10" 9
8 5 1
G 1ox0™ i A
w L]
“ )
sox1o™ & [}
J e Mﬁun
b e N |
500 600 700 800 900 1000 1100

Wavelength (nm)
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Table 2. The absorbed power per unit volume for different AuNRs and hybrid core—shell nanoparticle, and the maximum

temperature reached.

Nanoparticle Type Qabs (W/m?) Max. Temperature (C)
10 x 41 AuNR 5.3E+17 56.4
15 x 52.5 AuNR 4.4E+17 70.8
10 x 41 AUNR@50nm SiO,@10nm Fe304 6.7E+15 41.9
10 x 41 AUNR@60nm SiO,@10nm Fe304 5.06E+15 41.9
15 x 52.5 AUNR@60nm SiO,@10nm Fe304 1.06E+16 47.2

4. CONCLUSION

In conclusion, our comprehensive study delved into the
optical cross-sections and thermal generation capabilities of
AuNR@SiO2@Fe;04 hybrid core-shell nanoparticles,
focusing on the influence of varying core and shell size. As
validation, the initial phase involved the simulation of 10nm
X 41nm AuNR with Aspr=808 nm synthesized by Alrahili et
al. Furthermore, using this shell on the 15nm x 52.5nm
AuNR core leads to a lowered temperature of the AuNR from
70.8°C to 47.2C, while the shell itself attains a temperature

of approximately 46.2 °C (refer to Figure 13(c) for observing
a distribution of total power dissipation density on the Fe3;O4
layer). Consequently, it can be deduced that the second
hybrid core—shell nanoparticle with 15nm x 52.5nm AuNR
core exhibits enhanced thermal performance in comparison
to two other ones and it is the proper candidate for
hyperthermia. The Qabs and maximum temperatures reached
by 10nm x 41nm AuNR, 15nm x 52 nm AuNR, and hybrid
core—shell nanoparticle with different core and shell sizes are
reported in Table 2. The Aspr=810 nm simulated by
COMSOL Multiphysics demonstrates a close correlation
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with the synthesized value. Subsequent simulations utilized
this AuNR as a core, encased within SiO>@10 nm Fe304
shell with 50-60 and 70 nm SiO, thickness. The Aspr
measurements revealed a redshift, with a shift of 70 nm for
50 nm SiO; thickness, 60 nm for 60 nm SiO2 thickness, and
50 nm for 70 nm SiO> thickness. Increased redshift of 80 nm
for the 50 nm SiO; thickness, while maintaining consistency
for the larger shell sizes. The optical properties including
absorption cross-section, scattering, and extinction, were
recorded between 12E-16 m? and 15E-16 m? with absorbed
power values ranging from 22E-18 o to 25E-18 . The
absorbed power per unit volume (Qabs), serving as a heat
source, was most pronounced for structures with a 10 nm
Si02@Fes304 thickness of 60 and 50 nm. The thermal
analysis was particularly revealing, with the temperature
profiles of the nanoparticles providing critical insights. In an
extension of the study, the core size was increased to 15nm x
52.5nm AuNR, with aspect ratio of 3.5, and paired with a 60
nm SiOx@ 10 nm Fe3O4 shell. Initial assessments of the
optical cross-sections and Aspr for an uncoated AuNR
showed a blueshift from 810 to 760 nm. The absorption
cross-section value had an enhancement from 16E-16 m? for

10nm x 41nm AuNR to 37E-16 m? for 15nm x 52.5nm AuNR.

The application of the shell further adjusted the Aspr from 870
nm to 840 nm, aligning more closely with the target
wavelength of 808 nm compared to other structures. The
culmination of the research was the thermal profiling of the
three selected structures, utilizing the Qabs. Prior to shell
application, the 10nm x 41nm AuNR and 15 nm x 52.5 nm
AuNR exhibited maximum temperatures of 56.4C and
70.8 C, respectively, indicating a superior absorbed power
and absorption cross-section for the latter. The incorporation
of the 50 nm SiO,@10 nm Fe;04 and 60 nm SiO,@10 nm
Fe304 shells resulted in a temperature reduction on the AuNR
to 41.9°C, with the outer surface temperatures registering at
41.4 and 41.3C, respectively. However, the application of
the 60 nm SiO>@ 10 nm Fe3O4 shell on the 15nm x 52.5nm
AuNR decreased its temperature from 70.8° C to 47.2°C on
the AuNR surface and to 46.2°C on the outer shell surface.
Given that the final temperature of 46.2°C is within the
therapeutic range for hyperthermia, we can deduce that the
15nm x52.5nm AuNR@60 nm SiO>@10 nm Fe3O4 hybrid
nanoparticle is a more viable option for hyperthermia
applications when compared to the other structures
investigated. This conclusion is supported by the enhanced
optical properties and the optimal thermal profile achieved
by this particular nanoparticle configuration.
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