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Abstract:
This work focuses on Near- Infrared region and an incident laser with a wavelength of 808 nm to study
the numerical optimization of the Fe3O4@Au core-shell nanostructure for enhanced hyperthermia treatment,
specifically targeting skin cancer. Utilizing the simulation capabilities of COMSOL Multiphysics, we meticulously
computed the optical properties-absorption, scattering, and extinction coefficients-of these nanostructures across
varying incident wavelengths and core-to-shell ratios. Our findings reveal a pivotal dependency of maximum
absorption rates on both the core-to-shell ratio and the parameters of the incident laser, marking a significant
stride in the customization of hyperthermia therapy. Crucially, the study harnesses local temperature elevation as a
therapeutic index for skin cancer treatment. The thermal mapping achieved delineates a stark contrast between the
peak temperature of 56 °C within the tumor and a controlled 37 °C in the surrounding healthy tissue, showcasing
the potential for targeted thermal ablation with minimal collateral damage. The graphical representations not
only corroborate the theoretical model but also serve as a beacon for future clinical applications, promising a new
horizon in the minimally invasive treatment of cancer with the utmost precision and minimal undesired effects.
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1. Introduction

Plasmonic core-shell nanoparticles, known for their excep-
tional optical and thermal properties, have garnered signifi-
cant attention as contrast agents in biomedicine [1–4] and
Cancer treatment [5–7]. These metal nanoparticles (MNPs)
interact strongly with incident electromagnetic fields, re-
sulting in unique optical behavior [8]. Collective electron
oscillations within the nanoparticles lead to localized sur-
face plasmon resonance (LSPR) effects, enhancing the ab-
sorption and scattering of electromagnetic waves [9–13].
Geometric variations in MNPs cause shifts in their optical
properties, spanning from visible to near-infrared wave-
lengths. To create an ideal nanomaterial for deep light
penetration into human tissue, optimizing energy absorp-
tion within the optical window is crucial [14, 15].

Hyperthermia, a well-studied treatment method, has cap-
tured the interest of numerous researchers. Often employed
alongside chemotherapy or radiation treatment [16–18],
hyperthermia involves locally or systemically raising the
tumor temperature to a range of 42 °C to 48 °C. Local
hyperthermia, known for its minimal side effects, is com-
monly combined with other therapeutic approaches. Recent
years have witnessed extensive investigations into nanopar-
ticle structures for hyperthermia applications. Researchers
have conducted both experimental and theoretical studies on
spherical nanoparticles such as Au and Ag [19, 20]. These
nanoparticles exhibit favorable optical and electrical proper-
ties, making them valuable for bio-imaging, biosensors, and
photo-thermal treatments [21, 22]. Their functionalization
with ligands, antibodies, or pharmacological molecules en-
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hances their applicability for active or passive drug delivery.
Notably, Fe3O4@Au nanoparticles have gained widespread
attention due to their diverse biological applications [23–
28]. Ongoing research focuses on plasmonic advancements,
particularly the near-field enhancement of core-shell dimer
nanostructures.
An essential consideration in hyperthermia research in-
volves the interaction between nanoparticles and laser light
at the nanoscale. Analyzing the absorption spectrum of
nanomaterials in the visible region is a widely used strategy
to understand this interaction. Scattering, absorption, and
extinction coefficients provide crucial information about the
interplay between light and nanoparticles [29].
In this study, we numerically investigate the optical proper-
ties of Fe3O4@Au core-shell nanoparticles using COMSOL
Multiphysics (Finite Element Model). Initially, we calculate
the optical properties by varying the shell thickness while
maintaining a constant outer radius, focusing on absorption,
scattering, and extinction coefficients. Subsequently, we
apply the optimized Fe3O4@Au core-shell structure to ana-
lyze the thermal distribution function in skin cancer, which
we discuss in the following sections.

2. Numerical method

2.1 RF module
As stated, at first, numerical investigation of the optical
properties of Magneto-plasmonic nanostructures have been
used by the finite element method (FEM), and the absorp-
tion, scattering, and extinction coefficients were calculated.
Within this specific module, Maxwell’s equations are for-
mulated as a wave equation governing the electric field, as
referenced in [30, 31]:

∇×µ
−1
r (∇×E)− k2

0εE = 0 (1)

where µr denotes the relative permeability of the material in
question, E represents the electric field, k0 is the wave prop-
agation vector, and ε signifies the dielectric permittivity of
the material, encompassing both its real and imaginary com-
ponents. The displacement field model employed herein is
predicated upon the refractive index of the material.
Within the COMSOL simulation environment, electromag-
netic waves can be resolved through two distinct formula-
tions: 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 infi-
nite domain, the Scattered Field formulation was adopted,
wherein the input field is applied across the entire simula-
tion domain. Consequently, a plane wave, polarized along
the x-axis and advancing along the z-axis, is established as
per reference [31]:

Eb = E0 e(− j 2πn
λ

z)l̂ (2)

With E0 being the amplitude of the wave (1 V/m), n the
refractive index of the medium (in case, skin, n = 1.4), and
λ the wavelength (400−1100 nm in our study).
To mitigate the boundary reflections within the computa-
tional domain, a perfectly matched layer (PML) was con-
structed encircling the physical domain-comprising both the

nanoparticle and its immediate environment-with a thick-
ness of λmax/2. Additionally, a scattering boundary condi-
tion was applied to the domain’s periphery, ensuring that
waves impinging upon the computational boundary do not
reflect back into the central domain of interest [32]. Due to
using a symmetric geometry, a perfect electric conductor
and a perfect magnetic conductor were applied.
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 [31, 32]:

σabs[m2] = 4× Wabs [W]

SI [
W
m2 ]

σsca = 4× Wsca

SI

σext = σabs +σsca

(3)

where Wabs and Wsca are the energies absorbed and scattered
by the nanoparticle, respectively, and SI is the intensity of
input light (power per unit area). The operation was multiple
4 to calculate the result in the whole geometry.

SI =
1
2

cε0|E0|2k̂ (4)

In the equations presented c represents the speed of light in
vacuum and ε0 stands for the vacuum permittivity, respec-
tively. The symbol k̂ indicates the direction of propagation
of the incoming light wave.
The numerical solution provides the values for the power
absorbed and scattered as delineated in Eq. (3) [30]:

Wabs =
1
2

∫ ∫ ∫
v
Re[(σE + jωD)E∗+ jωBH∗]dV (5)

Wsca =
1
2

∫ ∫ ∫
s
Re[Esca ×H∗

sca]ndS (6)

In the aforementioned expressions, D signifies the displace-
ment currents signifies the displacement currents ∗ repre-
sents the complex conjugate, respectively. In Eq. (5), the
integration is throughout the volume of the nanoparticle,
and in Eq. (6), the surface integral is over the surface of the
nanoparticle.
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]:

Wabs =
∫ ∫ ∫

Ω

QhdΩ (7)

In the context of this study, Qh is designated as the variable
within COMSOL that quantifies the power dissipation den-
sity. Owing to its wavelength (λ ) dependency, a parametric
analysis was conducted across a spectrum of λ 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.
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2.2 Bioheat transfer module
After that, the heat transfer in a tissue when a Fe3O4@Au
core-shell nanostructure is placed in the tumor was utilized
under an incident laser in 808 nm wavelength. The first con-
tinuous model was introduced in 1948 by Thomas Pennes
to investigate heat transfer in human arm tissue. The Pennes
equation is expressed as follows [33]:

ρtCt
∂Tt

∂ t
= ∇(k∇Tt)+WbρbCb(Ta −Tt)+qm (8)

where k is the thermal conductivity [W/(m·K)], ρ is the
tissue density [kg/m3] and C is the specific heat capacity
in tissue [J/(kg·K)]. In the above equation, the b shows the
blood and t is tissue. The qm is the amount of heat produced
by the body’s metabolism [W/m3], Ta is the arterial blood
temperature [K] and Wb is blood perfusion rate [m3/(s·kg)].
Pennes’s heat transfer equation is based on the thermal bal-
ance of blood and tissue, in such a way that blood enters the
tissue with the temperature of the artery Tb according to the
coefficient of blood penetration rate, and after reaching the
thermal equilibrium with the tissue, it leaves through the
veins. Therefore, in this modeling, the rate of blood penetra-
tion through veins or capillaries in the tissue is uniform and
isotropic. Also, there is a thermal balance between blood
and tissue in the capillary structure of biological tissue.

3. Results and discussion
Our simulations aim to identify an effective hyperthermia
treatment method for selectively destroying cancerous gland
tissue while minimizing the impact on healthy tissue. Key
factors include temperature distribution, maximum temper-
ature achieved, stable state time, and tumor tissue boundary
heat flux. Optimizing parameters is crucial for achieving
the desired temperature distribution. Additionally, we con-
sider the equation of biological heat transfer coupled with
electromagnetic fields to quantify nanoparticle absorption
across a wide range of wavelengths.
When irradiating a field onto a desired spherical nanopar-
ticle, an induction field emerges. This internal induction
field leads to a single general polarization and, consequently,
only one dipole mode in our calculations. In the Rayleigh
approximation, where the field fully penetrates such small
nanoparticles due to their dimensions relative to the depth
of penetration, and considering purely electrostatic aspects,
minimal radiation is detectable from the conduction elec-
trons within the spherical metal nanoparticles. In this ap-
proximation, only dipole modes are observed, emphasiz-
ing that absorption processes dominate over scattering pro-
cesses.
As the dimensions of nanoparticles increase, particularly
when the radius of spherical nanoparticles grows, surface
effects become prominent. These effects arise due to the
particle size exceeding the depth of field penetration into the
metal. Consequently, a heterogeneous distribution of free
charges occurs on the nanoparticle’s surface. This charge
distribution leads to additional peaks in the scattering and
absorption spectra of metal nanoparticles, including modes
such as quadrupole and octupole. Researchers studying
nanoparticle size variations carefully consider these cases

to provide precise physical justifications for changes in
nanoparticle dimensions.
To investigate the impact of core-shell size parameters on
absorption, we initially consider a fixed core diameter of 5
nm and vary the shell thickness from 2 to 10 nm. Simulation
results (Fig. 1a) reveal that when the core diameter remains
at 5 nm, increasing the shell diameter leads to reduced ab-
sorption intensity and a redshift in the absorption spectrum.
This shift indicates a decrease in the effective refractive
index of nanoparticles with larger shell diameters. Notably,
nanoparticles with a 2 nm shell exhibit an absorption peak
around 550 nm (green light), which redshifts to approxi-
mately 700 nm. Additionally, the absorption cross-section
area decreases by a factor of 10, reaching approximately
100 nm2.
For optimal heat generation, laser light around 550 nm
should be used. Further simulations explore core diameters
in the range of 10 to 50 nm, revealing consistent redshift
patterns and absorption cross-section reductions across all
modes (Fig. 1b to 1f).
In our subsequent analysis, we examine the scattering cross-
section based on simulation results (Fig. 2). When the core
diameter of nanoparticles remains fixed at 5 nm, increasing
the shell diameter from 2 to 10 nm leads to reduced scatter-
ing intensity and a redshift (toward longer wavelengths) in
the scattering spectrum. This redshift indicates a decrease in
the effective refractive index of nanoparticles as the shell di-
ameter increases. Remarkably, the scattering peak exhibits
similarities to the absorption state: nanoparticles with a 2
nm shell exhibit an absorption peak around 550 nm (green
light), which redshifts to approximately 700 nm. Addition-
ally, the absorption cross-section decreases by a factor of
3, reaching approximately 600 nm2. The redshift pattern
in the scattering cross-section is akin to that observed in
the absorption cross-section, with a slight reduction up to
the resonance wavelength followed by a maximum point.
As nanoparticle radius increases, the size parameter grows,
leading to multipolar resonant modes due to the heteroge-
neous distribution of free charges. Furthermore, an increase
in the number of conduction electrons occurs due to the
greater number of atoms.
When the radius of nanoparticles increases, several effects
come into play. The larger volume leads to more atoms,
resulting in an increased number of conduction electrons.
However, due to limited electric field penetration, surface
effects become prominent, leading to a heterogeneous dis-
tribution of free charges. Consequently, multipolar charge
distributions emerge, causing higher scattering compared to
absorption.
Similarly, we can find the extinction cross section as plotted
in Fig. 3a to 3f.
Figure 4 clearly illustrates that scattering generally out-
weighs absorption at small nanoparticle radii. Consequently,
in these cases, scattering dominates. As the nanoparticle ra-
dius increases, the absorption process gradually gains promi-
nence, although scattering remains dominant. Notably, at
longer wavelengths, absorption surpasses scattering, and
larger nanoparticle radii enhance absorption. The Rayleigh
approximation holds true within a 5 nm radius, resulting in
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Figure 1. Absorption cross sections for nanoparticles with different core diameters (a) 5 nm, (b) 10 nm, (c) 20 nm, (d) 30 nm, (e) 40 nm (f) 50 nm.

single plasmon peaks arising from resonance in the bipo-
lar distribution of free electrons within the nanoparticle.
Specifically, the maximum extinction cross-section occurs
for core diameters of 5 nm and shell diameters of 2, 4, 6,
8, and 10 nm, corresponding to wavelengths of 700, 630,
585, 570, and 560 nm, respectively. At radii significantly
smaller than the incident wavelength, absorption remains
significant compared to scattering, with a transition toward
the blue peak in the cross-sections.
The Extinction cross-section is crucial because it accounts
for both absorption and scattering effects. Analyzing how
the extinction cross-section changes with varying nanoparti-

cle radius provides valuable insights.
Increasing the Au shell thickness shifts the resonance to-
ward longer wavelengths (redshift) and can reduce the ab-
sorption cross-section because the effective dielectric en-
vironment and conduction-electron distribution change; a
thicker metallic shell increases the overall particle polariz-
ability but also screens the core, altering the effective refrac-
tive index seen by surface plasmons. Conversely, a thinner
shell allows stronger core–shell coupling and a resonance
at shorter wavelengths. We also note that the surrounding
dielectric (tissue or medium) further shifts and broadens
the LSPR: higher refractive index environments produce
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Figure 2. Scattering cross-sections for nanoparticles with different core diameters (a) 5 nm, (b) 10 nm, (c) 20 nm.

redshifts and increased damping.
In the subsequent step, we partition the tissue into two re-
gions: one representing skin cancerous tissue and the other
healthy tissue (as depicted in Fig. 5). Our goal is to irradiate
laser light onto nanoparticles while ensuring that only the
cancerous tissue’s temperature increases, without harming
the healthy tissue. For this simulation, we set the ambient
temperature at 25 °C, the body temperature at 37 °C, and
denote T0 as 35 degrees Celsius. The relevant dimensions
are outlined in Table 1. Additionally, we incorporate bound-
ary conditions for heat transfer between the tissues and the
environment, considering convective effects.
The incident laser has an intensity of 0.5 W/cm2, a radius
of 0.5 cm, and operates at a wavelength of 808 nm. In
published articles, the duration of laser light irradiation on
tissue varies due to factors such as tissue type, nanopar-
ticle characteristics, and laser intensity [33–36]. For our
simulation, we set the laser duration to 600 seconds, ensur-
ing diffusion throughout the tumor area while minimizing
leakage to healthy tissue. Figure 6a depicts temperature
mapping on the tissue surface, highlighting changes at the

tissue center and tumor center. Additionally, Fig. 6b dis-
plays isothermal lines within this structure.
When exposed to laser radiation, temperatures near the cen-
ter of the tissue exceed those in surrounding areas. This
temperature difference diminishes with increasing depth
due to the laser’s weakening heat penetration. The highest
temperature occurs when the laser targets the tumor surface,
specifically at the tissue center, where temperatures surpass
64 °C. As we move away from the laser point, the tem-
perature decreases logarithmically. Notably, healthy tissue
areas also experience temperatures exceeding 43 °C. While
this effectively destroys the tumor, it unfortunately causes
unintended damage to the surrounding healthy tissue.
To assess heat distribution at the radiation point, we exam-
ined temperature distribution along the y-direction at x = 0
and various depths. As depth increases, the temperature
converges toward the initial temperature of healthy tissue
(37 °C). Additionally, near the center of laser light radia-
tion and the location of the desired shell-core nanoparticles,
temperatures exceed those of the surrounding areas. The
pseudo-Gaussian temperature profile in this direction arises
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Figure 3. Extinction cross-section plots for nanoparticles with the core diameter (a) 5 nm, (b) 10 nm, (c) 20 nm, (d) 30 nm, (e) 40 nm, (f) 50 nm.

from the Gaussian nature of the laser in the transverse di-
rection. Figure 7b displays temperatures at different points:
Points A to D, adjacent to the tumor tissue, exhibit increased
temperatures, while point E, representing healthy tissue, ex-
periences a more modest temperature rise.
Figure 8 illustrates the tissue destruction mechanism. No-
tably, maximum destruction occurs at the desired level, cor-
responding to the laser’s diameter. However, some can-
cer cells remain unaffected, necessitating adjustments to
the laser radiation mechanism. Balancing temperature in-
crease to destroy cancerous tissue while minimizing harm
to healthy tissue remains a challenge.

4. Conclusion

In this study, we investigated the absorption and scatter-
ing cross-sections of magneto-plasmonic nanostructures
(Fe3O4@Au) across various sizes and aspect ratios. Our re-
sults highlight the importance of selecting laser wavelengths

based on core-shell dimensions for optimal hyperthermia
outcomes. Additionally, we simulated local temperature dis-
tribution when Fe3O4@Au core-shells were placed in tumor
tissue. Notably, the maximum tumor temperature reached
56 °C, while healthy tissue remained at 37 °C. These in-
sights hold promise for effective hyperthermia treatment
with minimal impact on surrounding healthy cells.

Authors Contribution
All authors have contributed equally to prepare the paper.

Availability of data and materials
The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable
request.

Conflict of interests
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper.

2008-9295[https://doi.org/10.57647/inl.2024.1404.16]

https://doi.org/10.57647/inl.2024.1404.16


Salmani et al. INL14 (2024) -142416 7/10

Figure 4. Absorption, scattering, and extinction cross-sections in core diameter of 5 nm and shell diameter (a) 2 nm, (b) 4 nm, (c) 6 nm, (d) 8 nm and (e)
10 nm.

Figure 5. The schematic tumor and healthy tissues.

Table 1. The dimension of simulation.

Name Dimension (cm)

W Tissue 1

H Tissue 0.6

W Tumor 0.5

H Tumor 0.3
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Figure 6. (a) The temperature in the form of mapping on the surface of the desired tissue (b) isothermal lines in this structure.

Figure 7. (a) Distribution of temperature in y direction at x = 0 (b) in different depth A to E.

Figure 8. The destruction mechanism at the tissue level.
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