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Abstract: For photothermal therapy of cancer, it is necessary to find Ag @TiO2 core-shell nanoparticles
that can freely tune the resonance wavelength within the near-infrared biological window. In this
paper, the finite element method and the size-dependent refractive index of metal nanoparticles
were used to theoretically investigate the effects of the core material, core length, core aspect ratio,
shell thickness, refractive index of the surrounding medium, and the particle orientation on the
light absorption properties of Ag@TiO2 core-shell nanospheroid and nanorod. The calculations
show that the position and intensity of the light absorption resonance peaks can be freely tuned
within the first and second biological windows by changing the above-mentioned parameters. Two
laser wavelengths commonly used in photothermal therapy, 808 nm (first biological window) and
1064 nm (second biological window), were selected to optimize the core length and aspect ratio of
Ag@TiO2 core-shell nanospheroid and nanorod. It was found that the optimized Ag@TiO2 core-
shell nanospheroid has a stronger light absorption capacity at the laser wavelengths of 808 nm and
1064 nm. The optimized Ag@TiO2 core-shell nanoparticles can be used as ideal therapeutic agents in
photothermal therapy.

Keywords: core-shell nanoparticles; localized surface plasmon resonance; light absorption; finite
element method; photothermal therapy

1. Introduction

The treatment of cancer, a disease that poses a significant threat to human health,
has consistently remained a pivotal research focus within the medical field [1]. Conven-
tional cancer treatments mainly include surgery, chemotherapy, and radiation therapy.
These conventional therapies, although partially effective in controlling cancer progression,
present significant challenges for cancer treatment. They also have some drawbacks, such
as unstable treatment effects and undesirable side effects [2]. Therefore, it is imperative to
identify potent cancer treatment modalities.

Photothermal therapy (PTT) is an effective technique that uses photothermal conver-
sion to treat cancer [3]. Nanomaterial-based PTT has been widely used in clinical treatment
and scientific research [4,5]. In the process of PTT, a laser is used to irradiate the tumor site
enriched with photothermal agents, which can convert the absorbed light energy into heat
energy to ablate cancer cells. PTT is relatively simple to perform and has the advantages of
a fast recovery, fewer complications, and shorter hospital stays. The laser wavelength is
highly desired in the near-infrared (NIR) region (650–1350 nm). In the first NIR biological
window (650–950 nm) and the second NIR biological window (1000–1350 nm), light ab-
sorption by biological tissues reaches the minimum, leading to maximum light penetration
through tissue and minimizing autofluorescence [6–9]. Au nanoparticles (e.g., nanorods,
nanoshells, nanostars, and nanocages) are selected as excellent photothermal agents in PTT
because of efficient photothermal conversion, good stability, and biocompatibility [1,4,6,10].
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However, Au nanoparticles are more expensive than most other metal nanoparticles. There-
fore, it is necessary to develop photothermal agents with low cost and high photothermal
conversion efficiency.

The availability of metal nanoparticles as therapeutic agents in PTT is attributed
to their localized surface plasmon resonance (LSPR). When the LSPR is excited, metal
nanoparticles can strongly absorb the incident light and convert it into heat [11,12]. Com-
pared with Au nanoparticles, Ag nanoparticles are cheaper and have better LSPR proper-
ties [13]. However, the poor stability, easy oxidation, and toxicity of Ag nanoparticles limit
their further applications in PTT. Therefore, the introduction of a protection layer outside
of the Ag nanoparticles is needed. Recently, Ag nanoparticles were coated with a thin
layer of oxides (such as SiO2, Cu2O, TiO2, Fe3O4, and ZnO) to form Ag@oxide core-shell
nanoparticles [14–25]. In addition to protecting the Ag nanoparticles, the oxide layer can
also redshift the LSPR wavelength of Ag nanoparticles. The high refractive index of TiO2
results in a larger redshift of LSPR wavelength toward the NIR biological window with an
ultra-thin layer. The ultra-thin layer avoids heat loss and enhances the heat efficiency in the
photothermal applications [19]. Various synthesis methods have been developed to prepare
Ag@TiO2 core-shell nanoparticles in the last decades [26–28]. Most of the Ag@TiO2 core-
shell nanoparticles are spherical or nearly spherical. The LSPR wavelength of the Ag@TiO2
core-shell nanospheres is within the visible light range, which cannot meet the need of PTT.
Therefore, it is imperative to identify non-spherical Ag@TiO2 core-shell nanoparticles that
offer the flexibility to precisely tune LSPR wavelengths within the NIR biological window.
Nie et al. [19] successfully synthesized Ag@TiO2 core-shell nanoprisms that act as efficient
photothermal agents for melanoma cancer treatment. They possess high photothermal con-
version efficiency and strong light absorption at the laser wavelength of 808 nm. To the best
of our knowledge, the application of other non-spherical Ag@TiO2 core-shell nanoparticles
in PTT has not been reported. Moreover, a comprehensive numerical simulation of light
absorption by non-spherical Ag@TiO2 core-shell nanoparticles has not been conducted.
Therefore, the goal of this work is to fill this gap by providing theoretical analysis and
optimization for the light absorption properties of Ag@TiO2 core-shell nanospheroids
and nanorods.

2. Model and Method

The optical properties of non-spherical nanoparticles can be simulated using numerical
methods, including finite element method (FEM), finite difference time domain (FDTD),
discrete dipole approximation (DDA), and boundary element method (BEM) [29–31]. In this
work, the light absorption properties of Ag@TiO2 core-shell nanoparticles were numerically
simulated by using FEM with the size-dependent refractive index model. The main reasons
for choosing the FEM are as follows: Firstly, FEM allows for easier modeling of complex
geometrical and irregular shapes. Secondly, FEM can solve the problem with a high degree
of accuracy. Finally, FEM can be used to model complex physical phenomena that involve
multiple types of interactions, such as electromagnetic fields and photo-thermal coupling.
These are also the main advantages of FEM.

2.1. Simulation Model

Figure 1 shows the geometric model, orientation, and simulation region of the Ag@TiO2
core-shell nanospheroid and nanorod. As shown in Figure 1a, the Ag@TiO2 core-shell
nanospheroid consists of a nanospheroid Ag core and a homogeneous TiO2 shell. The
Ag@TiO2 core-shell nanorod consists of a rod-shaped Ag core and a homogeneous TiO2
shell. They can be represented by three geometric parameters: L for particle core length, D
for particle core diameter, and t for particle shell thickness. In addition to the above three
geometric parameters, the particle size can also be represented by the core aspect ratio
AR = L/D. It should be noted that we considered a long spheroid (L > D) in this paper. In
the simulation, it is assumed that the incident light propagates along the x-axis, the electric
field component of the incident light oscillates along the z-axis, the rotation axis of the
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two particles is in the xoz plane, and φ represents the angle between the rotation axis and
the z-axis (i.e., the azimuth). As shown in Figure 1b, a spherical region with a minimum
thickness tSM of 1/2 wavelength is taken as the surrounding medium (SM) layer outside
of the particle. A spherical region with a thickness of 1/4 wavelength tPML is taken as a
perfectly matched layer (PML) outside of the SM layer. The SM layer defines the region
where the light absorption and scattering parameters are calculated. The outer boundary
of the SM layer is used as the scattering boundary. The PML is an artificial absorbing layer
that truncates computational regions in numerical methods to simulate problems with
open boundaries. The waves are completely absorbed in the PML to avoid them returning
as reflections. In the calculations, the wavelength of incident light is varied from 400 nm
to 1200 nm, so that the thicknesses of SM and PML are set as 1/2 and 1/4 wavelengths,
respectively, instead of constant values. This helps to improve the computation accuracy at
long wavelengths.
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Figure 1. (a) Schematic of the geometry and orientation of Ag@TiO2 core-shell nanoparticle. (b) FEM
simulation region.

2.2. Calculation of Light Absorption

The light absorption capacity of an individual nanoparticle can be quantitatively
described by the absorption cross-section Cabs, which is defined as the ratio of the optical
power absorbed by the particle to the incident light intensity. It can be expressed as
follows [32]:

Cabs =
1
Ii

y

Vp
QhdV, (1)

where Qh represents the optical power density absorbed by the particle, Vp is the volume
of the particle, and Ii= (nmE2

0)/(2Z0) is the intensity of the incident light, where nm is the
refractive index of the surrounding medium, E0 is the amplitude of the incident electric
field (E0 = 1 in the simulation), and Z0 is the wave impedance of the vacuum.

The amount of material contained in nanoparticles of different sizes is different,
resulting in different light absorption capacities. Therefore, to fairly compare the light
absorption capacity of nanoparticles with different sizes, the ratio of the absorption cross-
section Cabs to the volume Vp of the particles, Aabs = Cabs/Vp (called the volume absorption
coefficient), is used to investigate the light absorption properties of nanoparticles. When
calculating the volume absorption coefficient Aabs of nanoparticles, it is necessary to obtain
the refractive index of the nanoparticles. In the case of metal nanoparticles, the refractive
index is not only related to the frequency of incident light but also to the size of the
nanoparticles. This is because when the size of the particle is less than the mean free path of
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the free electrons, the collision between the free electrons and the surface of the particle is
strengthened, and the surface scattering of free electrons cannot be ignored [33]. Under the
circumstances, the size-dependent refractive index of metal nanoparticles can be expressed
as follows [34]:

nnano

(
ω, Le f f

)
=

√√√√n2
bulk (ω) +

ω2
p

ω2 + iωv f /l∞
−

ω2
p

ω2 + iω
(

v f /l∞ + Av f /Le f f

) , (2)

where ω is the angular frequency of the incident light, nbulk is the complex refractive index
of bulk metals, ωp is the plasma frequency, vf is the Fermi velocity, l∞ is the mean free path
of the free electrons, A is a dimensionless parameter close to 1 (1 in this paper), and Leff is
the effective free electron mean free path, which is usually taken as Leff = Reff =

3
√

3V/4π.
In this paper, we considered the core-shell nanoparticles with metal cores. For metals, i.e.,
Au, Ag, and Cu, nbulk is obtained from the data published by Jonhson and Christy [35],
and the values of plasma frequency ωp, Fermi velocity vf, and mean free path of the free
electrons l∞ are obtained from published papers [36–38], as shown in Table 1. The refractive
index of TiO2 is obtained from the data published by Sharma et al. [39].

Table 1. The values of plasma frequency ωp, Fermi rate vf, and mean free path of the free electrons l∞
for Au, Ag, and Cu [36–38].

Metals h̄ωp (eV) vf (m/s) l∞ (nm)

Au 9.03 1.40 × 106 42
Ag 9.01 1.39 × 106 52
Cu 10.83 1.57 × 106 45

2.3. Numerical Verification of FEM

To verify the accuracy and reliability of the FEM simulation results, we compared the
FEM calculation results with the rigorous Mie theory [40] and the T-matrix method [41],
as shown in Figure 2. Figure 2a shows the absorption spectra of Ag@TiO2 core-shell
nanosphere with a core radius R of 30 nm and a shell thickness t of 10 nm in water
(nm = 1.33) obtained by Mie theory and FEM, respectively. Figure 2b shows the absorption
spectra of Ag nanospheroid in water (nm = 1.33) with a minor semi-axis a of 20 nm and a
major semi-axis c of 50 nm obtained by T-matrix [42] and FEM, respectively. The calculation
results show that the FEM simulation results agree well with the results calculated by
the Mie theory and T-matrix method. It verifies that the FEM simulation is accurate
and reliable.
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Figure 2. Absorption spectra of (a) Ag@TiO2 core-shell nanosphere and (b) Ag nanospheroid in water
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10 nm, respectively. (b) The minor semi-axis a and the major semi-axis c of the nanospheroid are
20 nm and 50 nm, respectively, and the azimuth φ is 0◦.
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3. Results and Discussion

The light absorption properties of nanoparticles are significantly affected by the ma-
terial, shape, size, orientation, and the surrounding medium. To better understand the
variation of the light absorption properties of nanoparticles with these influencing factors,
two typical non-spherical core-shell structures, core-shell nanospheroid and nanorod, were
selected as research objects to quantitatively analyze the influence of the core material, core
length, core aspect ratio, shell thickness, the refractive index of the surrounding medium,
and particle orientation on the light absorption properties. Moreover, the size parameters
of nanoparticles were optimized for PTT applications. Except for the analysis of the effect
of the environmental refractive index on the light absorption properties, the refractive
index of the surrounding medium was taken as 1.44, which is the refractive index of the
subcutaneous fat [43].

3.1. Effect of Core Material on Light Absorption

To select the core material with high light absorption, the volume absorption coeffi-
cients of Ag@TiO2, Au@TiO2, and Cu@TiO2 core-shell nanospheroid and nanorod with
the wavelength were calculated, as shown in Figure 3. It is found that the nanoparticles
of Ag core have stronger light absorption at the resonance wavelength compared with
the nanoparticles of Au and Cu cores. Ag@TiO2 nanospheroid has a larger volume ab-
sorption coefficient of 0.346 nm−1 at the resonance wavelength of 804 nm, which is 1.8
and 2.7 times that of Au@TiO2 and Cu@TiO2 nanospheroid at the resonance wavelength,
respectively. The resonance wavelength of the core-shell nanospheroid is between 804 nm
and 874 nm (Figure 3a), and the resonance wavelength of the core-shell nanorod is between
832 nm and 900 nm (Figure 3b). They are all within the NIR biological window. Compared
with nanoparticles with Ag and Cu cores, the nanoparticles with a Au core have a larger
resonance wavelength. The core-shell nanorod has a larger resonance wavelength than
that of the core-shell nanospheroid of the same size. In conclusion, Ag@TiO2 core-shell
nanoparticles have the best light absorption properties. This finding is in agreement with
the results for pure Ag nanoparticles [13]. Therefore, in the following investigations, only
the absorption spectra of Ag@TiO2 core-shell nanoparticles will be discussed as a function
of particle size, environmental refractive index, and particle orientation.
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3.2. Effect of Particle Size on Light Absorption

To reveal the variation of the light absorption properties of Ag@TiO2 core-shell
nanoparticles with size, the variation of absorption spectra with the core length, core
aspect ratio, and shell thickness of the nanoparticles are quantitatively analyzed in this
section.
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3.2.1. Effect of Core Length

To quantitatively analyze the effect of the core length on the absorption spectra, the
volume absorption coefficients of Ag@TiO2 core-shell nanospheroid and nanorod with
core lengths of 20 nm, 40 nm, 60 nm, 80 nm, and 100 nm were calculated as a function
of wavelength, as shown in Figure 4. It can be seen that the resonance wavelength of the
Ag@TiO2 core-shell nanorod is greater than that of the Ag@TiO2 core-shell nanospheroid
with the same size. As the core length increases from 20 nm to 100 nm, the resonance
wavelength of the Ag@TiO2 core-shell nanospheroid blueshifts from 840 nm to 804 nm
and then redshifts to 822 nm, and the volume absorption coefficient at the resonance
wavelength increases from 0.030 nm−1 to 0.346 nm−1 and then decreases to 0.209 nm−1

(Figure 4a,b). The resonance wavelength of the Ag@TiO2 core-shell nanorod blueshifts
from 866 nm to 832 nm and then redshifts to 858 nm, and the volume absorption coefficient
at the resonance wavelength increases from 0.035 nm−1 to 0.337 nm−1 and then decreases
to 0.166 nm−1 (Figure 4c,d). The light absorption capacity of the nanoparticles at the
resonance wavelength increases first and then decreases with the increase of core length. It
is caused by the change in optical properties and electronic structure of the nanoparticles.
Firstly, the LSPR frequency of nanoparticles will change with the increase in size, resulting
in a change in light absorption. Secondly, the electronic density of states of nanoparticles
will change with the increase in size, thus affecting their ability to absorb photons [13].
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Figure 4. Variation of the absorption spectra and resonance peaks of Ag@TiO2 core-shell nanoparticles
with core length L. The volume absorption coefficient Aabs of the Ag@TiO2 core-shell (a) nanospheroid
and (c) nanorod of different core lengths as a function of the wavelength λ. The resonance wavelength
and peak values of the Ag@TiO2 core-shell (b) nanospheroid and (d) nanorod as a function of L. In
the simulation, the core aspect ratio AR is 3, the shell thickness t is 10 nm, the refractive index of the
surrounding medium nm is 1.44, and the azimuth φ is 0◦.

3.2.2. Effect of Core Aspect Ratio

To quantitatively analyze the effect of the core aspect ratio on the absorption spectra,
the volume absorption coefficients of the Ag@TiO2 core-shell nanospheroid and nanorod
with core aspect ratios of 2, 2.5, 3, 3.5, and 4 were calculated as a function of wavelength, as
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shown in Figure 5. As the core aspect ratio increases from 2 to 4, the resonance wavelength
of the Ag@TiO2 core-shell nanospheroid redshifts from 654 nm to 950 nm, and the volume
absorption coefficient at the resonance wavelength increases from 0.232 nm−1 to 0.346 nm−1

and then decreases to 0.302 nm−1 (Figure 5a,b). The resonance wavelength of the Ag@TiO2
core-shell nanorod redshifts from 672 nm to 984 nm, and the volume absorption coefficient
at the resonance wavelength increases from 0.211 nm−1 to 0.340 nm−1 and then decreases to
0.316 nm−1 (Figure 5c,d). The resonance wavelengths of the nanoparticles are significantly
redshifted because the natural oscillation frequency of free electrons in Ag nanoparticles
decreases with the increase of the core aspect ratio, resulting in a decrease in the resonance
frequency (i.e., an increase in the resonance wavelength) [44]. Similar results for Au and
Ag nanorods have been obtained during the last two decades [45–49].
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Figure 5. Variation of the absorption spectra and resonance peaks of Ag@TiO2 shell nanoparti-
cles with the core aspect ratio AR. The volume absorption coefficient Aabs of Ag@TiO2 core-shell
(a) nanospheroid and (c) nanorod of different core aspect ratios as a function of the wavelength λ.
The resonance wavelength and peak values of the Ag@TiO2 core-shell (b) nanospheroid and (d)
nanorod as a function of AR. In the simulation, the core length L is 60 nm, the shell thickness t is
10 nm, the refractive index of the surrounding medium nm is 1.44, and the azimuth φ is 0◦.

3.2.3. Effect of Shell Thickness

To quantitatively analyze the effect of the shell thickness on the absorption, the volume
absorption coefficients of Ag@TiO2 core-shell nanospheroid and nanorod with shell thick-
nesses of 4 nm, 7 nm, 10 nm, 13 nm, and 16 nm were calculated as a function of wavelength,
as shown in Figure 6. As the shell thickness increases from 4 nm to 16 nm, the resonance
wavelength of the Ag@TiO2 core-shell nanospheroid redshifts from 732 nm to 840 nm, and
the volume absorption coefficient at the resonance wavelength decreases from 0.785 nm−1

to 0.182 nm−1 (Figure 6a,b). The resonance wavelength of the Ag@TiO2 core-shell nanorod
redshifts from 756 nm to 870 nm, and the volume absorption coefficient at the resonance
wavelength decreases from 0.741 nm−1 to 0.186 nm−1 (Figure 6c,d).

In conclusion, by changing the core length, core aspect ratio, and shell thickness of the
Ag@TiO2 core-shell nanoparticles, the resonance wavelength of the nanoparticles can be
accurately adjusted in the visible to near-infrared wavelength range to meet the needs of
practical applications.
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Figure 6. Variation of the absorption spectra and resonance peaks of Ag@TiO2 core-shell nanopar-
ticles with shell thickness t. The volume absorption coefficient Aabs of the Ag@TiO2 core-shell
(a) nanospheroid and (c) nanorod of different shell thickness as a function of the wavelength λ. The
resonance wavelength and peak values of the Ag@TiO2 core-shell (b) nanospheroid and (d) nanorod
as a function of t. In the simulation, the core length L is 60 nm, the core aspect ratio AR is 3, the
refractive index of the surrounding medium nm is 1.44, and the azimuth φ is 0◦.

3.3. Effect of Refractive Index of Surrounding Medium on Light Absorption

To further reveal the variation of light absorption properties of Ag@TiO2 core-shell
nanoparticles with the refractive index of the surrounding medium, the volume absorption
coefficients of Ag@TiO2 core-shell nanospheroid and nanorod in the different biological
tissues (nm = 1.3, 1.4, 1.5, 1.6, and 1.7) were calculated as a function of wavelength, as
shown in Figure 7. As the refractive index of the surrounding medium increases from
1.3 to 1.7, the resonance wavelength of the Ag@TiO2 core-shell nanospheroid redshifts from
776 nm to 848 nm, and the corresponding volume absorption coefficient decreases from
0.361 nm−1 to 0.314 nm−1 (Figure 7a,b). The resonance wavelength of the Ag@TiO2 core-
shell nanorod redshifts from 800 nm to 880 nm, and the corresponding volume absorption
coefficient decreases from 0.353 nm−1 to 0.304 nm−1 (Figure 7c,d). The main reason for this
phenomenon is that when the refractive index of the surrounding medium increases, the
propagation speed of light slows down, so that the wavelength of light in the surrounding
medium becomes shorter, increasing the wavelength of the incident light that excites the
LSPR of nanoparticles. Overall, the LSPR of metal nanoparticles is highly sensitive to the
refractive index of the surrounding medium. Therefore, nanoscale biological and chemical
sensors have been developed using the shift of LSPR in response to changes in the local
dielectric environment of the metal nanoparticles [50].
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3.4. Effect of Particle Orientation on Light Absorption

To investigate the variation of the light absorption of the Ag@TiO2 core-shell nanoparti-
cles with the orientation of the particles, the volume absorption coefficients of the Ag@TiO2
core-shell nanospheroid and nanorod with four different orientations (φ = 0◦, 30◦, 60◦,
and 90◦) were calculated as a function of the wavelength, as shown in Figure 8. It is
found that two resonance peaks appeared in the absorption spectrum of the Ag@TiO2
core-shell nanoparticles. They correspond to the vibrations of free electrons along the axial
direction of the particle (longitudinal LSPR, L-LSPR) and are perpendicular to the axial
direction (transverse LSPR, T-LSPR). The charge accumulation in L-LSPR mode is relatively
small, while that in T-LSPR mode is greater. The oscillation restoring force of the charge is
proportional to the charge accumulation. Therefore, the electronic vibration frequency of
L-LSPR is slower (i.e., longer resonance wavelength), while the electron vibration in T-LSPR
resonance mode is faster (i.e., shorter resonance wavelength) [13]. When the azimuth is
0◦, only the L-LSPR mode appears, the volume absorption coefficient of the Ag@TiO2
core-shell nanospheroid at the resonance wavelength of 804 nm is 0.346 nm−1 (Figure 8a),
and the volume absorption coefficient of the Ag@TiO2 core-shell nanorod at the resonance
wavelength of 832 nm is 0.338 nm−1 (Figure 8b). When the azimuth is 90◦, only the T-LSPR
mode appears, the volume absorption coefficient of the Ag@TiO2 core-shell nanospheroid
at the resonance wavelength of 430 nm is 0.129 nm−1 (Figure 8a), and the volume absorp-
tion coefficient of the Ag@TiO2 core-shell nanorod at the resonance wavelength of 426 nm
is 0.104 nm−1 (Figure 8b). When the azimuths are 30◦ and 60◦, the L-LSPR and T-LSPR
modes occur simultaneously, and the position of the resonance peaks is almost constant
because the size and charge density of the nanoparticles do not change. No matter how the
size parameters are changed, the T-LSPR wavelength is always in a very narrow visible
range, while the L-LSPR wavelength can be tuned arbitrarily in the visible range up to NIR.
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Moreover, the L-LSPR intensity is much greater than the T-LSPR intensity. The L-LSPR
mode makes Au nanorods have many potential applications in sensing, surface-enhanced
spectroscopies, optoelectronics, photocatalysis, and biotechnologies [51–53]. Currently,
there are various techniques for controlling the orientation of nanorods [54–60]. If the
azimuth of all Ag@TiO2 core-shell nanoparticles is fixed at 0◦ by using these techniques,
the light absorption capacity of Ag@TiO2 core-shell nanoparticles will be greatly enhanced.
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Figure 8. Variation of the volume absorption coefficient Aabs of Ag@TiO2 core-shell (a) nanospheroid
and (b) nanorod of different orientations with the wavelength λ. In the simulation, the core length L
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surrounding medium nm is 1.44.

3.5. Optimization of Light Absorption Properties

For the application of Ag@TiO2 core-shell nanoparticles in PTT, it is necessary to find
optimal size parameters of Ag@TiO2 core-shell nanoparticles with the best light absorption
properties. Different wavelengths of light have different penetration depths in biological
tissues, and the degree of thermal damage to normal cells is also different. Therefore,
according to the different treatment needs, choosing the proper light wavelength can better
achieve the targeted and effective treatment. The incident light of 808 nm wavelength has
relatively little thermal damage to healthy cells, but its penetration in biological tissues is
limited. Therefore, it is only suitable for the treatment of superficial cancer cells. However,
the incident light of 1064 nm wavelength has good penetration in biological tissues, and the
thermal damage to healthy cells is relatively strong [6]. To meet the needs of different types
of PTT, the two most commonly used lasers with wavelengths of 808 nm and 1064 nm were
selected as light sources. The maximum volume absorption coefficients of the Ag@TiO2
core-shell nanoparticles and the corresponding optimal core length and aspect ratio were
calculated, as shown in Figure 9. It is seen that, when the laser wavelength is 808 nm,
the Ag@TiO2 core-shell nanospheroid with a core length of 68 nm and an aspect ratio
of 3 has a maximum volume absorption coefficient of 0349 nm−1 (Figure 9a), and the
Ag@TiO2 core-shell nanorod with a core length of 62 nm and an aspect ratio of 2.8 has
a maximum volume absorption coefficient of 0.306 nm−1 (Figure 9b). The optimized
Ag@TiO2 core-shell nanospheroid has a better light absorption capacity than the core-shell
nanorod at 808 nm. When the laser wavelength is 1064 nm, the optimal size parameters
and the maximum volume absorption coefficient both become larger (Figure 9c,d). In
conclusion, the Ag@TiO2 core-shell nanospheroid has a larger light absorption capacity at
the wavelengths of 808 nm and 1064 nm. The optimized Ag@TiO2 core-shell nanoparticles
can be used as ideal photothermal conversion particles in the laser-based PTT.
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4. Conclusions

In this paper, we investigated the variation of the light absorption properties of
Ag@TiO2 core-shell nanospheroid and nanorod with the core material, size parameters,
environmental refractive index, and particle orientation. We also obtained the optimal core
length and aspect ratio of nanoparticles at the laser wavelengths of 808 nm and 1064 nm,
which are commonly used in PTT. It was found that the core-shell nanoparticles with a Ag
core have the best light absorption compared with the core-shell nanoparticles with Au and
Cu cores. By changing the nanoparticle size parameters (core length, core aspect ratio, and
shell thickness), the light absorption peaks of the Ag@TiO2 core-shell nanoparticles can be
arbitrarily tuned in the visible range up to NIR. With the increase of the refractive index
of the surrounding medium, the absorption resonance peak of the Ag@TiO2 core-shell
nanoparticles redshifts, and the peak intensity gradually decreases. The change of particle
orientation does not cause the shift of the absorption resonance peak of the Ag@TiO2 core-
shell nanoparticles but can control the emergence of L-LSPR and T-LSPR modes. When the
laser wavelength is 808 nm, the optimized Ag@TiO2 core-shell nanospheroid has a better
light absorption capacity than the Ag@TiO2 core-shell nanorod. The Ag@TiO2 core-shell
nanospheroid with a core length of 68 nm and an aspect ratio of 3 has a maximum volume
absorption coefficient of 0349 nm−1. When the laser wavelength is 1064 nm, the optimal
size parameters and the maximum volume absorption coefficient become larger. Optimized
Ag@TiO2 core-shell nanoparticles can be used as ideal therapeutic agents in PTT.



Nanomaterials 2024, 14, 325 12 of 14

Author Contributions: Conceptualization, D.W., P.T., and S.L.; methodology, D.W. and P.T.; software,
D.W., P.T., and Y.L.; validation, D.W. and P.T.; formal analysis, D.W. and M.W.; investigation, D.W.
and P.T.; resources, P.T.; data curation, D.W. and D.X.; writing—original draft preparation, D.W. and
P.T.; writing—review and editing, D.W. and P.T.; visualization, D.W. and S.L.; supervision, P.T. and
S.L.; project administration, P.T.; funding acquisition, P.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of Xinjiang Uygur Au-
tonomous Region (Grant No. 2021D01A116), the National Natural Science Foundation of China
(Grant No. 11764042), and the Outstanding Young Talent Program of Xinjiang Normal University
(Grant No. XJNUQB2022-18).

Data Availability Statement: The original contributions presented in this study are included in the
article; further inquiries can be directed to the corresponding authors.

Acknowledgments: We express our gratitude to W.R.C. Somerville, B. Auguié, E.C. Le Ru (Victoria
University of Wellington), for the use of the free T-matrix code SMARTIES.

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

References
1. Kumari, S.; Sharma, N.; Sahi, S.V. Advances in Cancer Therapeutics: Conventional Thermal Therapy to Nanotechnology-Based

Photothermal Therapy. Pharmaceutics 2021, 13, 1174. [CrossRef] [PubMed]
2. Gotwals, P.; Cameron, S.; Cipolletta, D.; Cremasco, V.; Crystal, A.; Hewes, B.; Mueller, B.; Quaratino, S.; Sabatos-Peyton, C.;

Petruzzelli, L.; et al. Prospects for Combining Targeted and Conventional Cancer Therapy with Immunotherapy. Nat. Rev. Cancer
2017, 17, 286–301. [CrossRef] [PubMed]

3. Li, X.; Lovell, J.F.; Yoon, J.; Chen, X. Clinical Development and Potential of Photothermal and Photodynamic Therapies for Cancer.
Nat. Rev. Clin. Oncol. 2020, 17, 657–674. [CrossRef] [PubMed]

4. Vines, J.B.; Yoon, J.-H.; Ryu, N.-E.; Lim, D.-J.; Park, H. Gold Nanoparticles for Photothermal Cancer Therapy. Front. Chem. 2019, 7,
167. [CrossRef] [PubMed]

5. Liu, S.; Pan, X.; Liu, H. Two-Dimensional Nanomaterials for Photothermal Therapy. Angew. Chem. Int. Ed. 2020, 59, 5890–5900.
[CrossRef] [PubMed]

6. Tsai, M.-F.; Chang, S.-H.G.; Cheng, F.-Y.; Shanmugam, V.; Cheng, Y.-S.; Su, C.-H.; Yeh, C.-S. Au Nanorod Design as Light-Absorber
in the First and Second Biological Near-Infrared Windows for in vivo Photothermal Therapy. ACS Nano 2013, 7, 5330–5342.
[CrossRef] [PubMed]

7. Yang, Q.; Ma, Z.; Wang, H.; Zhou, B.; Zhu, S.; Zhong, Y.; Wang, J.; Wan, H.; Antaris, A.; Ma, R.; et al. Rational Design of Molecular
Fluorophores for Biological Imaging in the NIR-II Window. Adv. Mater. 2017, 29, 1605497. [CrossRef] [PubMed]

8. Yin, W.; Bao, T.; Zhang, X.; Gao, Q.; Yu, J.; Dong, X.; Yan, L.; Gu, Z.; Zhao, Y. Biodegradable MoOx Nanoparticles with Efficient
near-Infrared Photothermal and Photodynamic Synergetic Cancer Therapy at the Second Biological Window. Nanoscale 2018, 10,
1517–1531. [CrossRef]

9. Du, J.; Wang, X.; Dong, X.; Zhang, C.; Mei, L.; Zang, Y.; Yan, L.; Zhang, H.; Gu, Z. Enhanced Radiosensitization of Ternary
Cu3BiSe3 Nanoparticles by Photo-Induced Hyperthermia in the Second near-Infrared Biological Window. Nanoscale 2019, 11,
7157–7165. [CrossRef]

10. Doughty, A.; Hoover, A.; Layton, E.; Murray, C.; Howard, E.; Chen, W. Nanomaterial Applications in Photothermal Therapy for
Cancer. Materials 2019, 12, 779. [CrossRef]

11. Jaque, D.; Martínez Maestro, L.; Del Rosal, B.; Haro-Gonzalez, P.; Benayas, A.; Plaza, J.L.; Martín Rodríguez, E.; García Solé, J.
Nanoparticles for Photothermal Therapies. Nanoscale 2014, 6, 9494–9530. [CrossRef]

12. Huang, X.; Jain, P.K.; El-Sayed, I.H.; El-Sayed, M.A. Plasmonic Photothermal Therapy (PPTT) Using Gold Nanoparticles. Lasers
Med. Sci. 2008, 23, 217–228. [CrossRef]

13. Garcia, M.A. Surface Plasmons in Metallic Nanoparticles: Fundamentals and Applications. J. Phys. D Appl. Phys. 2011, 44, 283001.
[CrossRef]

14. Mendes, P.C.D.; Song, Y.; Ma, W.; Gani, T.Z.H.; Lim, K.H.; Kawi, S.; Kozlov, S.M. Opportunities in the Design of Metal@oxide
Core-Shell Nanoparticles. Adv. Phys. X 2023, 8, 2175623. [CrossRef]

15. Ivanchenko, M.; Carroll, A.L.; Brothers, A.B.; Jing, H. Plasmonic Ag@Cu2O Core–Shell Nanostructures Exhibiting near-Infrared
Photothermal Effect. RSC Adv. 2023, 13, 31569–31577. [CrossRef]

16. Alikhaidarova, E.; Afanasyev, D.; Ibrayev, N.; Nuraje, N. Plasmonic Enhanced Polymer Solar Cell with Inclusion of Ag@SiO2
Core-shell Nanostructures. Polym. Adv. Technol. 2022, 33, 1000–1008. [CrossRef]

17. Mazhani, M.; Alula, M.T.; Murape, D. Development of a Cysteine Sensor Based on the Peroxidase-like Activity of AgNPs@Fe3O4
Core-Shell Nanostructures. Anal. Chim. Acta 2020, 1107, 193–202. [CrossRef]

18. Liu, X.; Sun, X.; Duan, X.; Zhang, C.; Zhao, K.; Xu, X. Core-Shell Ag@In2O3 Hollow Hetero-Nanostructures for Selective Ethanol
Detection in Air. Sens. Actuators B Chem. 2020, 305, 127450. [CrossRef]

https://doi.org/10.3390/pharmaceutics13081174
https://www.ncbi.nlm.nih.gov/pubmed/34452135
https://doi.org/10.1038/nrc.2017.17
https://www.ncbi.nlm.nih.gov/pubmed/28338065
https://doi.org/10.1038/s41571-020-0410-2
https://www.ncbi.nlm.nih.gov/pubmed/32699309
https://doi.org/10.3389/fchem.2019.00167
https://www.ncbi.nlm.nih.gov/pubmed/31024882
https://doi.org/10.1002/anie.201911477
https://www.ncbi.nlm.nih.gov/pubmed/32017308
https://doi.org/10.1021/nn401187c
https://www.ncbi.nlm.nih.gov/pubmed/23651267
https://doi.org/10.1002/adma.201605497
https://www.ncbi.nlm.nih.gov/pubmed/28117499
https://doi.org/10.1039/C7NR07927C
https://doi.org/10.1039/C8NR09618J
https://doi.org/10.3390/ma12050779
https://doi.org/10.1039/C4NR00708E
https://doi.org/10.1007/s10103-007-0470-x
https://doi.org/10.1088/0022-3727/44/28/283001
https://doi.org/10.1080/23746149.2023.2175623
https://doi.org/10.1039/D3RA06712B
https://doi.org/10.1002/pat.5574
https://doi.org/10.1016/j.aca.2020.02.021
https://doi.org/10.1016/j.snb.2019.127450


Nanomaterials 2024, 14, 325 13 of 14

19. Nie, C.; Du, P.; Zhao, H.; Xie, H.; Li, Y.; Yao, L.; Shi, Y.; Hu, L.; Si, S.; Zhang, M.; et al. Ag@TiO2 Nanoprisms with Highly Efficient
Near-Infrared Photothermal Conversion for Melanoma Therapy. Chem.–Asian J. 2020, 15, 148–155. [CrossRef] [PubMed]

20. Hong, D.; Lyu, L.-M.; Koga, K.; Shimoyama, Y.; Kon, Y. Plasmonic Ag@TiO2 Core–Shell Nanoparticles for Enhanced CO2
Photoconversion to CH4. ACS Sustain. Chem. Eng. 2019, 7, 18955–18964. [CrossRef]

21. Dayakar, T.; Venkateswara Rao, K.; Park, J.; Krishna, P.; Swaroopa, P.; Ji, Y. Biosynthesis of Ag@CuO Core–Shell Nanostructures
for Non-Enzymatic Glucose Sensing Using Screen-Printed Electrode. J. Mater. Sci. Mater. Electron. 2019, 30, 9725–9734. [CrossRef]

22. N’Konou, K.; Chalh, M.; Monnier, V.; Blanchard, N.P.; Chevolot, Y.; Lucas, B.; Vedraine, S.; Torchio, P. Impact of Ag@SiO2
Core-Shell Nanoparticles on the Photoelectric Current of Plasmonic Inverted Organic Solar Cells. Synth. Met. 2018, 239, 22–28.
[CrossRef]

23. Lee, C.; Shin, K.; Lee, Y.J.; Jung, C.; Lee, H.M. Effects of Shell Thickness on Ag-Cu2O Core-Shell Nanoparticles with Bumpy
Structures for Enhancing Photocatalytic Activity and Stability. Catal. Today 2018, 303, 313–319. [CrossRef]

24. Rajbongshi, H.; Bhattacharjee, S.; Datta, P. Photocatalytic Activity of Ag/ZnO Core–Shell Nanoparticles with Shell Thickness as
Controlling Parameter under Green Environment. Mater. Res. Express 2017, 4, 025501. [CrossRef]

25. Shen, W.; Tang, J.; Yang, R.; Cong, H.; Bao, X.; Wang, Y.; Wang, X.; Huang, Z.; Liu, J.; Huang, L.; et al. Enhanced Efficiency
of Polymer Solar Cells by Incorporated Ag–SiO2 Core–Shell Nanoparticles in the Active Layer. RSC Adv. 2014, 4, 4379–4386.
[CrossRef]

26. Kumar, A.; Choudhary, P.; Kumar, A.; Camargo, P.H.C.; Krishnan, V. Recent Advances in Plasmonic Photocatalysis Based on
TiO2 and Noble Metal Nanoparticles for Energy Conversion, Environmental Remediation, and Organic Synthesis. Small 2022, 18,
2101638. [CrossRef] [PubMed]

27. Wan, X.; Liu, J.; Zhang, J. Construction of Plasmonic Metal@Semiconductor Core–Shell Photocatalysts: From Epitaxial to
Nonepitaxial Strategies. Small Struct. 2022, 3, 2200045. [CrossRef]

28. Mondal, K.; Sharma, A. Recent Advances in the Synthesis and Application of Photocatalytic Metal–Metal Oxide Core–Shell
Nanoparticles for Environmental Remediation and Their Recycling Process. RSC Adv. 2016, 6, 83589–83612. [CrossRef]

29. Amirjani, A.; Sadrnezhaad, S.K. Computational Electromagnetics in Plasmonic Nanostructures. J. Mater. Chem. C 2021, 9,
9791–9819. [CrossRef]

30. Myroshnychenko, V.; Rodríguez-Fernández, J.; Pastoriza-Santos, I.; Funston, A.M.; Novo, C.; Mulvaney, P.; Liz-Marzán, L.M.;
García de Abajo, F.J. Modelling the Optical Response of Gold Nanoparticles. Chem. Soc. Rev. 2008, 37, 1792. [CrossRef] [PubMed]

31. Zhao, J.; Pinchuk, A.O.; McMahon, J.M.; Li, S.; Ausman, L.K.; Atkinson, A.L.; Schatz, G.C. Methods for Describing the
Electromagnetic Properties of Silver and Gold Nanoparticles. Acc. Chem. Res. 2008, 41, 1710–1720. [CrossRef]

32. Song, X.; Li, J. Electromagnetic Response of Core-Satellite Nanoparticles for Application in Photothermal Conversion. Plasmonics
2023, 18, 661–676. [CrossRef]

33. Hövel, H.; Fritz, S.; Hilger, A.; Kreibig, U.; Vollmer, M. Width of Cluster Plasmon Resonances: Bulk Dielectric Functions and
Chemical Interface Damping. Phys. Rev. B 1993, 48, 18178–18188. [CrossRef]

34. Kreibig, U.; Vollmer, M. Optical Properties of Metal Clusters; Springer Series in Materials Science; Springer: Berlin/Heidelberg,
Germany, 1995; Volume 25, ISBN 978-3-642-08191-0.

35. Johnson, P.B.; Christy, R.W. Optical Constants of the Noble Metals. Phys. Rev. B 1972, 6, 4370–4379. [CrossRef]
36. Ashcroft, N.W.; Mermin, N.D. Solid State Physics; Holt, Rinehart and Winston: New York, NY, USA, 1976; ISBN 978-0-03-083993-1.
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