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Abstract: Photoinduced hyperthermia is a cancer therapy technique that induces death to
cancerous cells via heat generated by plasmonic nanoparticles. While previous studies have
shown that some nanoparticles can be effective at killing cancer cells under certain conditions,
there is still a necessity (or the need) to improve its heating efficiency. In this work, we perform
a detailed theoretical study comparing the thermoplasmonic response of the most effective
nanoparticle geometries up to now with a doughnut-shaped nanoparticle. We numerically
demonstrate that the latter exhibits a superior tunable photothermal response in practical
illumination conditions (unpolarized light). Furthermore, we show that nanoparticle heating in
fluidic environments, i.e., nanoparticles undergoing Brownian rotations, strongly depends on the
particle orientation with respect to the illumination source. We conclude that nanodoughnuts
are the best nanoheaters in our set of structures, with an average temperature increment 40%
higher than the second best nanoheater (nanodisk). Furthermore, nanodoughnuts feature a weak
dependence on orientation, being therefore ideal candidates for photothermal therapy applications.
Finally, we present a designing guide, covering a wide range of toroid designs, which can help on
its experimental implementation.
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1. Introduction

Nowadays cancer diseases seriously endanger the public health affecting people worldwide. In
fact, it is estimated that around 19.3 million of new cancer cases and 10 million related deaths
took place in 2020 [1,2], with a rapidly growing trend in recent times [3,4]. Current medical
treatments based on surgical resection, chemotherapy, and radiotherapy present a wide range
of negative side effects which often traduces in a quality-of-life reduction. Consequently, these
techniques need to be revisited and complemented with other alternatives to constitute a definitive
solution [5]. Thus, novel methods with higher effectivity and side effect free are sought.

Among the existing alternative therapies, hyperthermia treatments involve local heating at
42-48°C [6], leading to inhibition of protein activation and DNA synthesis [7,8] inducing cell
death, with widely spread approaches like radiofrequency or microwave ablation [9]. However,
macroscopic heating methods might affect large tissue areas, resulting potentially in the damage of
healthy tissue as well as other side effects [10]. On the other hand, Photothermal Therapy (PTT),
using absorbing nanoparticles as microscopic photothermal agents, can focus high temperatures
in the region around the cancerous cells, hence preventing the damage of healthy tissue and
improving the therapeutic effectivity of heating [11].
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The success of the PTT relies strongly on the heating source, i.e., the optically absorbing agent
employed. A wide range of materials, including bovine serum albumin heterojunctions [12],
graphene nanoparticles and carbon nanotubes [13], are being investigated for PTT applications,
but the most widespread and promising PTT agents are based on Localized Surface Plasmon
(LSP) resonances in nanoparticles [14]. These nanoparticles allow for local heat generation
by resistive losses enhancement caused by light absorption at the plasma eigenfrequency. The
plasma eigenfrequency of a particle depends strongly on its composition, shape and size. All
these variables can be exploited to produce highly tunable heating agents. Most noble metals
exhibit LSP resonances in the UV-VIS-NIR range [15], but gold is the preferred material, due to
its biocompatibility, weak cytotoxicity, and low reactivity. Furthermore, gold LSP resonances
can be taken to the NIR, close to the so called “biological windows” (700-900 nm, 1000-1400
nm) [16], in which human tissues are dispersive –causing light depolarization– but low absorbing.
Therefore, the design of particles with main absorption in this wavelength range is a key objective
in PTTs, as they provide optimum heating conditions for the nanoparticles minimizing the
non-selective heating of healthy tissues.

LSP resonances of nanoparticles can be controlled both, in magnitude and spectral position,
by changing its shape and size. These variables therefore are critical to optimize the PTT
performance [17–19]. The rational design of nanoparticles drives many theoretical [20] and
experimental efforts [21]. Among the most popular geometries [19], nanorods [22–24], core-shell
nanoparticles [25–27] and nanostars [28,29], gold nanorods have attracted significant attention
since they can be easily synthesized, producing monodisperse particles with well-defined aspect
ratios and sizes below 120 nm [30–33], as nanoparticles should be small enough to penetrate
small capillaries and get adsorbed to cells. Spherical gold nanoparticles feature resonances closer
to the visible spectrum, but they can be combined into clusters [34,35] that lead to a redshift,
and resonances closer to those corresponding to the biological windows. The collective effects
can also enhance the performance of isolated nanoparticle thermo-optical responses giving rise
to bigger temperatures as reported in [36,37]. Another aspect that has been covered with this
type of systems is the impact of nanoscale curvature, which is relevant in small nanoparticles,
on the efficiency of heat transfer from the particle to the solution. Recently, it was shown that
nanoscale curvature influences the interfacial thermal conductance, resulting in enhanced thermal
transport from particle to fluids [38]. The main impact of the thermal conductance is an increase
of the nanoparticle temperature relative to the temperature of the particle for an infinite thermal
conductance, assumed in our work. However, the thermal conductance does not affect the
boundary condition of the fluid at the nanoparticle surface, namely, the surface fluid temperature
[39] and will not influence the main conclusions we obtained.

Anisotropic structures provide an ideal approach to tune the spectral thermal response of
nanoparticles [40]. However, when these particles diffuse freely in solution, their absorption
is strongly dependent on the nanoparticle orientation with respect to the direction of the light
source [40,41], affecting significantly their heating performance. Toroidal nanoparticles, whose
fabrication in colloid has been recently demonstrated [24,42], have also been explored [43]
compared with rods and rings.

In this work, we demonstrate theoretically that doughnut-shaped nanoparticles, as single
heaters, outperform the most used PTT agents, offering high spectral tunability, high performance
of light into heat conversion and weak dependence of heating on orientation in solution. With this
purpose we perform an exhaustive theoretical comparison of the spectral photothermal response
of the most relevant gold nanostructures with a doughnut-shaped nanoparticle. Finally, a guide
to design nanodoughnuts with tunable heating properties is provided.
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2. Methods and theoretical background

One of the most efficient ways to understand photothermal effects in plasmonic nanoparticles
was introduced by Govorov et al. [44]. The heat equation for a single spherical nanoparticle
was solved and the steady state temperature as a function of the radial distance r can be derived
analytically, with the well-known expression

∆T(r) =
VNPQ
4πk0r

(1)

where VNP is the nanoparticle volume, r>RNP is the radial distance, RNP is the nanoparticle
radius and k0 is the thermal conductivity of the surrounding medium. Here, the heat losses Q in
the particle can be obtained by means of the Joule effect expression

Q(r⃗) = ⟨J⃗(r⃗, t) · E⃗(r⃗, t)⟩ (2)

where E⃗ is the electric field inside the sphere, J⃗ is the current density, r⃗ is the position vector, and
t is the time. In most cases, intricate nanoparticle geometries prevent an analytical solution of the
scattering problem in the nanoparticle. However, for a spherical nanoparticle, the electric field
inside the sphere can be obtained by means of the quasi-static approximation [45], where the
sphere size is much smaller than the excitation wavelength. Under this approximation, the Q
value can be obtained as

Q =
ω

8π
E2

0

|︁|︁|︁|︁ 3ϵ0
2ϵ0 + ϵNP

|︁|︁|︁|︁2Tm[ϵNP] (3)

where ω is the angular frequency, E0 the electric field amplitude, ϵ0 is the surrounding medium
permittivity and ϵNP the permittivity of the nanoparticle. This model is a useful initial tool to
qualitatively understand the heating processes in nanoparticles.

In general, metal nanoparticles (disregarding their geometry) can efficiently generate heat
under optical excitation, especially around the plasmonic resonance wavelength which depends
on the material, shape and size (as can be seen in Eq. (3)). The heat generation process involves
not only absorption of incident photons, but also the heat transfer from the nanoparticle to the
surrounding medium. A very simple mechanism takes place: the incident electric field strongly
drives mobile carriers of the metal, heating the material owing to the energy gained by these
carriers. Then, heat diffuses away from the nanostructure and leads to a temperature increase of
the surrounding medium. In the absence of phase transformations, the temperature distribution
around optically stimulated nanoparticles can be described by the usual heat transfer equation:

ρ(r)c(r)∂T(r, t)
∂t

= ∇k(r)∇T(r, t) + Q(r, t) (4)

where r and t are the position and time, T(r, t) is the local temperature and the material parameters
ρ(r), c(r) and k(r) are the mass density, specific heat and thermal conductivity, respectively. The
function Q(r, t) represents the energy (heat) source coming from light dissipation (electromagnetic
losses). The solution of this equation has a transient state, and after a characteristic time, it
reaches its steady state. Thermal processes in metals are fast, which means that a steady state is
rapidly reached for typical incident powers and metal nanoparticle dimensions, like those used in
nanomedicine. To obtain the electromagnetic losses, the system of Maxwell’s equations including
appropriate boundary conditions must be written, which in the case of complex topologies, such
as core-shell or stars geometries, must be solved numerically.

In our case, the whole process of light absorption and subsequent heat transfer between
the nanostructure and the surrounding medium has been modelled by means of finite element
simulations. For an easy implementation and reliability of the solution, we have chosen Comsol
Multiphysics 5.6, a software that provides state-of-the-art routines to solve partial differential
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equations. In our simulations, we have assumed that particles are illuminated with circularly
polarized light to emulate the more realistic unpolarized illumination. Unpolarized light can be
simulated by just solving the problem for two orthogonal input electric fields, but this doubles the
simulation time. Thus, circular polarization gives equivalent results while being computationally
more efficient (see Supplement 1, Fig. S1 for an extended discussion). As usual [20,46,47],
the numerical solution of thermoplasmonic problems can be found with finite element methods
(FEM). This is done in two steps, the first consists in solving the electromagnetic part of the
problem to obtain the resistive losses distribution (heat source). This is done by finding the
solution of the Maxwell equations with the RF Comsol Module. A free thetraedral mesh with
element sizes controlled by the excitation wavelength was used to guarantee a high element density
and quality, and reliable curvatures when needed. The second step involves the calculation of the
spectral and spatial temperature distribution. This requires a Heat Transfer Module that uses the
ohmic losses found in the first step as input. To consider heat dissipation in our simulation region,
we used a heat flux node across the outer boundaries, considering a heat transfer coefficient,
dependent on the geometry and the ambient flow conditions. The heat transfer coefficient h can
often be estimated by dividing the thermal conductivity of the fluid by a length scale. All the
thermal parameters involved in our calculations (density, specific heat and thermal conductivity)
were taken from the Comsol Multiphysics material database.

3. Results and discussion

3.1. Geometry comparison

Most experiments aimed at photoinduced hyperthermia consider a setup like the one illustrated
in Fig. 1(a), where metallic nanoparticles flowing in a capillary generate local heat by excitation
of LSP resonances when illuminated with a laser beam. The nanoparticles feature free rotational
diffusion and therefore adopt all orientations with the same probability for the case of isotropic
nanoparticles (see Fig. 1), highlighting the importance of considering the spectral thermal
response of the nanoparticles for different orientations with respect to the light source. In
the specific case of phototherapy against cancer, the temperature of the sample (either in vivo
or in vitro) needs to reach temperatures between 42-48 degrees Celsius [48], namely, about
10 degrees above the average temperature of the biological medium, for the conditions and
thermo-optical properties of the human tissue. However, it is necessary to exert a dynamic
control of the temperature increases to avoid uncontrollable damage of the healthy surrounding
tissue, as it would happen with continuous wave lasers. Pulsed lasers are widely used to avoid
these issues, because tissues can suffer different processes such as photochemical damage,
photothermal damage, photoablation or photo disruption as a function of the power density and
the exposure time [49]. Thus, sudden and high thermal responses are desired at power densities
as lower as possible. For photothermal therapies, this is achievable by considering more efficient
nanoparticles in terms of light/heat conversion.

A thorough theoretical comparison of the photothermal spectral response of different particle
shapes was performed. Electromagnetic and thermal simulations were carried out under plane
wave VIS-NIR illumination unpolarized light, since as the light beam travels through tissues,
multiple absorption and scattering phenomena take place, unpolarizing it partially.

The geometries considered for this comparison are shown in Fig. 1 and include some of the
most widely used shapes: spheres, spherical gold/silica core-shells, nanostars, disks, rectangular
rods (similar results to rounded rods as shown in Supplement 1, Fig. S2) and toroids. All particles
have been designed considering a therapeutically allowed maximum dimension size of 120 nm
and compared under the same conditions selecting the best design in terms of its potential heating
capability. The particle designs are sought to provide the highest possible temperature for a
given intensity. This would allow the nanostructures to generate heat efficiently even with minor
incident power which is essential in photothermal therapy applications where human tissues

https://doi.org/10.6084/m9.figshare.17096981
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Fig. 1. Standard thermofluidic application of this work. a) Studied nanoparticle shapes
inside a fluidic channel. b) Illumination process of the system. c) Randomly oriented particle.
Upon excitation by light, the effective temperature increase will correspond to the average
temperature achieved by all possible orientations.

induce an exponential decay of the light intensity [50]. Following previous studies [51,52], we
consider the analytical solution of the classical heat equation for an initial theoretical analysis of
the heating effects. A very good agreement between theory and simulation can be observed for
spherical particles below 30 nm in radius. However, deviations are observed for larger particles in
the regime where the particle size is not sufficiently small to fulfil the quasi-static approximation
considered in Eq. (1). In this regime, the particle is influenced by a time dependent electric field
which translates into a non-uniform electronic density motion, thus, reducing the magnitude of
the resistive losses and consequently the electromagnetic absorption (see Supplement 1, Figs.
S3 and S4 for a systematic sizes study of both, electromagnetic absorption and temperature
increment, respectively).

Fig. 2 shows the photothermal spectral response of the complete set of nanoparticle shapes
considering its steady (Fig. 2(a)) and time dependent thermal response (Fig. 2(b)) calculated in
aqueous environment, irradiated at normal incidence for both, linearly polarized and unpolarized
light with an intensity of 0.1 mW/µm2, several orders of magnitude smaller than those considered
in previous works [43,47,53] (see Supplement 1, Fig. S5 for other excitation power densities).
All particle shapes were optimized by changing the geometrical parameters of each shape (within
a maximum dimension size of 120 nm) and selecting those that yield the greatest temperature
increment. The optimal dimensions for each geometry offer a better thermal performance
compared with other configurations of the same volume for the same structure (see Fig. S6 in
Supplement 1). We then compare the photothermal behavior, focusing on the pros and cons
that each shape offers A detailed physical discussion of the different responses can be found in
Supplement 1.

In Fig. 2(a), it can be seen that the disk, rod and toroid clearly outperform the sphere, core-shell
and star shapes in terms of maximum temperature increase. Although the sphere is the most
widely used geometry in biomedical applications (PTT, drug delivery, microfluidics, gene therapy
and imaging, for instance) [54,55], partly due to the simplicity of fabrication, it shows a poor
thermal response in comparison with other geometries. It displays a maximum temperature
increment of ∆T ≈ 6 K, at a wavelength far from the biological windows, offering negligible
tunability compared to the rest of the analyzed structures [56] and limiting its applicability to
clusters, where collective effects play a definitive role. Meanwhile, the gold/silica core-shell
although located closer to the more usable wavelengths of the first biological window (700-900
nm [15]), still shows a low temperature increase ∆T ≈ 7 K in contrast to the upper three shapes
and shows subpar tunability [33], allowing its use only in the first and less beneficial window at

https://doi.org/10.6084/m9.figshare.17096981
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Fig. 2. Thermal response of the compared gold nanoparticle shapes in water for linearly
polarized (dotted line) and unpolarized (continuous line) light at normal incidence. The
sphere (in black) has a radius of 40 nm, core-shell (in red) has a core radius of 30 nm and a
shell thickness of 10 nm. The core of stars (in green) has a radius of 30 nm with a cone height
of 30 nm. The disk (in orange) radius is 50 nm, with a height of 10 nm. The dimensions of
the rectangular rod (in blue) are 30× 120× 30 nm. Finally, the doughnut or toroid shape
(in pink) has a main radius of 50 nm and a secondary radius of 10 nm. a) Optimal thermal
response for each analyzed geometry considering a major dimension lower than 120 nm
are plotted for temperatures between 0 and 25 K. The blue and reddish shadowed regions
represent the first and second biological windows, respectively. b) Transient optimal point
heating for the shapes shown in a). c) Maximum temperature increases spatial distribution
for each geometry. d) Tunability comparison of disks and toroids between 0 and 25 K. The
disk radius is fixed at 50 nm and the torus main radius at 50 nm. The disk heights are 10, 15,
20 and 25 nm and the torus secondary radii, 10, 15, 20 and 25 nm. Relative wavelength
displacement is plotted in the inset.

the price of lower temperature increments (see Figs. S7 and S8 in Supplement 1). Finally, the
nanostar geometry shows a similar behavior to the core-shell, with a mild temperature increment
around 12 K at the same excitation wavelengths. However, its response is extremally sensitive
to the height of the cones and show a substantial dependance with their number. Hence, its
fabrication is crucial and challenging to reach the desired photothermal response.

On the other hand, the disk, rod and toroidal shapes show better thermal response in all aspects
(magnitude, spectral tunability and response time). The disk shows a better performance in
terms of heating however the optimal geometry requires an especially thin height of 10 nm with
a radius of 50 nm to achieve the maximum temperature, resulting in a challenging fabrication
process [57]. In the case of the nanorod, its thermal response displays a redshift with respect
to the disk. Furthermore, a huge discrepancy between linearly polarized and unpolarized light
responses exists. A linear polarization illumination (input electric field polarized along the
greatest dimension of the rod) gives a temperature increment peak of 21 K, higher than the
observed for the disk. However, for unpolarized light, a considerable reduction in the temperature
increment can be observed, resulting in a lower maximum temperature increment of around 11
K, closer to the core-shell response.

This polarization dependence is a clear disadvantage in the performance of the rod against other
particles, as the light beam usually becomes unpolarized when traveling through tissues, due to

https://doi.org/10.6084/m9.figshare.17096981
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the multiple absorption and scattering phenomena. Finally, the last considered shape to improve
thermal response in nanoparticles is a toroidal geometry, which offer the best performance,
with an outstanding increment in maximum temperature increment of around 23 K, a 35% of
increase (see Supplement 1, Fig. S9 for temperature increments in other surrounding media)
when compared with the second largest temperature increment in unpolarized illumination (17 K
for the disk). As we will demonstrate later, the toroid also shows the greatest tolerance to rotations
with respect to the incident beam, which guarantees a reliable performance in thermofluidic and
photothermal therapy applications.

Fig. 2(b) shows the results of the thermal time-dependent calculations at the optimal wavelengths
depicted in Fig. 2(a). It can be seen that the three worst particles require also longer times to reach
the steady state (considered to be when 90% of the maximum temperature increment is reached,
see Supplement 1, Fig. S10 for further discussion), up to around 320 ns for the sphere and
core-shell, the star having a larger time of 330 ns. In contrast, the three best heating candidates’
shapes reach the steady state faster, with times more than 20% shorter (260 ns for disks and rods),
furthering the case of those three nanoparticles. Furthermore, the toroidal particle also reaches
its maximum temperature after a 300 ns illumination, being one of the three fastest heaters.
This can be explained in terms of volume. As the optimal rods, disks and toroids have smaller
volumes, they reach the steady state in a shorter time. A clear way to summarize the thermal
behavior of all studied shapes, is to consider its temperature spatial distribution (Fig. 2(c)). Disks
and toroidal particles offer very high temperatures for unpolarized light and heat up the greatest
surrounding region, while the rest of geometries show much lower heating capacity. Toroids
also show high temperatures in the water region confined in the inner hole, while all geometries
display their maximum temperature inside gold.

Another key feature when bringing these different heaters to practical applications is their
spectral tunability, which has been investigated through variation of the geometrical parameters
(see Supplement 1, Figs. S11–S19 for further information). This has been compared in Fig. 2(d)
for disks and toroids. Starting from two designs that offer comparable thermal responses,
the characteristic parameters (height for the disk and secondary radius for toroids) have been
varied keeping the main radius constant for both geometries. It can be seen how for equivalent
geometrical variations, we can get larger wavelength shifts. Moreover, in the case of the disk it is
impossible to bring its thermal response to the second biological window (see inset of Fig. 2(d)).
This clearly demonstrates the significantly better tunability of toroidal shaped nanoparticles. The
comparison shown in Fig. 2, evidences the photothermal response superiority of the rod, disk and
toroidal geometries, showing the last one a better response in magnitude and spectral tunability
(see Supplement 1, Fig. S20 to visualize the corresponding study in air).

3.2. Nanoparticle orientation dependance

Another important aspect in photothermal applications, is the fact that the heating response of
nanoparticles in a fluid strongly depends on the particle orientation with respect to the illumination
source. Since nanoheaters will rotate freely around the fluid, the effective temperature obtained
upon illumination will correspond to the average of the temperatures achieved by all possible
orientations. Thus, particles with small thermal dependence to the incident beam - structure
relative orientation will offer better effective performance. This aspect was considered in a
previous theoretical work [43], under linearly polarized excitation, showing the absorption cross
section for rods and toroids. In this work, we provide the angular average temperature value,
appropriate to compare the heating performance, that the aforementioned nanoheater candidates
can reach.

To clearly discern which of the three best heaters (rod, disk and toroid) stands out and why, we
considered the three of them immersed in water and calculated how their relative orientation to
the exciting light affects their thermal response. Fig. 3 shows the temperature maps of unpolarized

https://doi.org/10.6084/m9.figshare.17096981
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light excited nanoparticles for all possible 3D rotations with respect to the x and y axes, taking
their optimal response orientation as the initial position (see Supplement 1, Fig. S21 for a similar
study in air). These rotations, seen as points on the unit sphere, are represented by θ and ϕ for
the x and y axes respectively, as shown in the illustration of Fig. 3(a). To extract the angular
average temperature, we use a set of rotations equally distributed on the sphere surface, leading
to a uniformly sparse set of points. This consideration is required to guarantee that all rotations
are equiprobable and all points equally weighted.

Fig. 3. Thermal responses of the three best nanoheaters in Fig. 2 to rotations. a) Illumination
and rotation outline. θ and ϕ are the rotations with respect to the x and y axes and the
considered power density is 0.1 mW/µm2. Maximum temperature increases for unpolarized
light as a function of rotation angles: b) Disk; c) Rod; d) Toroid. The average temperature is
shown for all cases.

Looking at the disk results in Fig. 3(b), it can be seen how the temperature distribution shows
a revolution symmetry in the colormap, as the revolution axis of the disk and the z axis (beam
direction) match in the initial configuration. Thus, considering the temporal evolution of the
electric field vector, rotating the disk about the y axis, and subsequently about the x axis, has the
same effect as rotating it about the x axis and then about the y axis. To facilitate the understanding
of this figure, setting θ = 0° and then increasing the rotation in ϕ will mean that eventually the
transverse length and the electric field will be eventually parallel, so that occasional resonances
will be produced, resulting in a decrease in the mean value of the temperature increment of
around 41% compared to the most favorable configuration (∆T=17 K). Thus, due to its symmetry,
the disk exhibits a reasonably stable thermal response to rotation.

In Fig. 3(c) (rod), an obvious symmetry in the angular distribution of the temperature increment
can be observed. At θ = 0°, the major axis of the rod is orthogonal to the beam wavevector, and
therefore the rotating electric field will occasionally align with this direction for any ϕ value,
guaranteeing a constant thermal response. However, setting θ = 90° and ϕ= 0°, the major axis
is orthogonal to the electric field at any time, preventing favorable resonances and heating. In
this case, as ϕ grows, the projection of the aforementioned major axis along the direction of the
electric field vector increases, promoting enhancement of the thermal response. Fig. 3(c) clearly
shows that the rod displays a worse temperature angular distribution than the disk. Thus, the
angular average temperature increment is significantly smaller (8 K), translating in a reduction of
62% with respect to the maximum achievable value (∆T = 21 K). This is due to the fact that the

https://doi.org/10.6084/m9.figshare.17096981
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electric field is oscillating in time, reducing the efficiency of the generated mode in the rod and
consequently its thermal response.

The case of the toroidal particle, shown for the same angle configuration in Fig. 3(d), exhibits
weaker variations in the increase of temperature for any ϕ value upon rotation in θ. A reduction
of temperature increments is observed symmetrically for rotations in ϕ and θ, achieving a stable
value of around 12 K for a full 90° rotation in either ϕ or θ. As in the case of the disk, as the
electric field vector rotates over time, there always exists a configuration in which this vector is
parallel to the toroid transversal length, allowing a continuous excitation of the corresponding
mode. However, for each time in which the previous situation occurs, the opposite also takes place,
with the electric field vector orthogonal to the toroid transversal length, avoiding the possible
excitation mode. This leads to a compromise between both configurations, giving rise to a less
time dependent excitation. The average temperature increment results in a reduction of 39% with
respect to the most favorable configuration (∆T = 23 K), proving that toroidal nanoparticles have
a high tolerance to rotations and providing the highest angular average temperature increment
compared to disks and rods.

3.3. Optimal spectral photothermal response: a guide for toroidal particle design

We have shown that toroidal particles offer the best nanoheating performance in our set of
geometries, with minimal loss due to rotational diffusion. Here, we perform now, an exhaustive
analysis of the dependence of the temperature increase with the geometrical features of this
nanoparticle. This investigation provides a clear and direct theoretical guide to select the working
spectrum and the specific dimensions of the torus depending on the considered application.

Fig. 4 shows two color maps that correspond to the temperature increment produced by
the toroid immersed in water (Fig. 4(a)) and the wavelength at which the optimal resonance
occurs for each case (Fig. 4(b)). The corresponding study in air is shown in Supplement 1,
Fig. S22. As in the previous cases, possible phase changes in the gold nanoparticles have not
been considered since most applications involve an aqueous medium in which the maximum
temperature increments are lower than 30 K for the considered power density. According to the

Fig. 4. Thermal response of a fully tuned toroidal nanoparticle. a) Maximum temperature
increases of toroid for main (R) and secondary (r) radius variations represented between
0 and 25 K. b) Corresponding excitation wavelength of the maximum thermal response
as a function of the main and secondary radii. The points A and B correspond to the
spectral maximum temperature increase (inset) for the toroid shown in Fig. 2, R= 50 nm
and r= 10 nm. The points A’ and B’ correspond to other spectral maximum temperature
increase for the R= 40 nm and r= 15 nm toroid.

https://doi.org/10.6084/m9.figshare.17096981
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aforementioned maximum size (120 nm), main radii lower than 50 nm have been examined. In
addition, a secondary radius larger than 5 nm has been assumed. Below that value calculations
become very speculative, because the deposition of metallic materials with these thicknesses is a
huge manufacturing challenge, and the shape/size precision cannot be guaranteed [58,59].

The dependence of both parameters, temperature increase and excitation wavelength, with the
dimensions of the nanodoughnut is directly related and follows the same pattern. Notice that the
maximum increment of temperature is reached only when fixing the secondary radius around 10
nm. As we increase that parameter, the toroidal geometry gets closer to a sphere, and so does the
increase in temperature. On the other hand, secondary radii smaller than 10 nm would lead to a
reduced toroid cross section, hindering the support of strong electromagnetic modes that can
produce high thermal responses. An opposite behavior appears when looking at the main radius,
showing in general a growth of temperature increment for larger values. This can be explained in
terms of the excited mode in the geometry. As the main radius increases, the toroid length grows
shifting the excited mode towards longer wavelengths and enhancing the corresponding resistive
losses.

4. Conclusions

We have performed a numerical investigation of the photothermal response of different gold
nanostructures, demonstrating that the nanodoughnut shape displays an optimum performance
with a temperature increment about 40% higher than the second-best heater shape, the nanodisk.
The doughnut shape outclasses the temperature increments of the most widely used nanostructures,
offering the largest heating areas, and also showing superior spectral tunability, supporting strong
resonances within the therapeutic windows and particle sizes considering the recommended
therapeutical limits for biomedical applications. We have also analyzed, the impact of nanoparticle
rotational diffusion on its photothermal performance. The nano-doughnut shape features the
highest average temperature increment and shows a high tolerance to rotation compared to other
structures. For these reasons, it is foreseen as ideal candidate for photothermal applications.
Finally, in view of the advantages offered by the toroidal shape, a simple and practical guide that
can facilitate its design to act as an efficient heater in a desired spectral range has been provided.

We believe that the results and conclusions of this work highlight the promise of improving
customized cancer treatments in a near future. This investigation could also help researchers to
optimize the thermal performance of other fluidic systems, such as those using phase changing
material heating, wettability or oil heating. Although in this study the maximum dimension has
been limited to 120 nm following the most common recommendations in biomedical applications,
Fig. 4 suggests that larger nanodoughnuts can also be exceptional candidates in other spectral
regions out of the biological windows, making them available for other applications. Thus, our
investigation, although focused on biological applications, could be extended to other areas that
may need a careful selection of the nanoheater material and its consequent spectral photothermal
optimization.
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