' Aalto University

Gonzalez-Colsa, Javier; Kuzyk, Anton; Albella, Pablo

On the Photothermal Response of DNA-Au Core/Shell Nanotoroids as Potential Agents for
Photothermal Therapies

Published in:
Small Structures

DOI:
10.1002/sstr.202300523

Published: 01/08/2024

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:

Gonzalez-Colsa, J., Kuzyk, A., & Albella, P. (2024). On the Photothermal Response of DNA—Au Core/Shell
Nanotoroids as Potential Agents for Photothermal Therapies. Small Structures, 5(8), Article 2300523.
https://doi.org/10.1002/sstr.202300523

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1002/sstr.202300523
https://doi.org/10.1002/sstr.202300523

RESEARCH ARTICLE

small

structures

www.small-structures.com

On the Photothermal Response of DNA—-Au Core/Shell
Nanotoroids as Potential Agents for Photothermal

Therapies

Javier Gonzdlez-Colsa, Anton Kuzyk, and Pablo Albella*

Plasmonic nanopatrticles play a pivotal role in various research areas due to their
exceptional optical and thermo-optical properties, like high spectral tunability and
efficient light-to-heat conversion. Gold, with its biocompatibility, low cytotoxicity,
and tunable resonances , makes gold nanopatrticles ideal for photothermal ther-
apies. Geometries, including spheres, core—shells, rods, disks, stars, nanocages,
and nanotoroids, are extensively studied, with the gold nanodoughnut emerging as
one of the most promising ones due to its ability to produce high temperatures
and rotational stability. Nevertheless, the fabrication of metallic toroidal shapes
remains a challenge. Recent advances in DNA-based nanotechnology, especially
DNA-origami techniques, provide feasible route for the fabrication of this geometry
through metallization reactions or attachment of metal nanoparticles. However,
particles manufactured using this method possess a DNA core that influences their
thermoplasmonic performance. In this work, a theoretical investigation is con-
ducted on the thermoplasmonic response of DNA-origami-based core/shell toroids
(CSTs) for photothermal applications. Key parameters that optimize the CST
thermoplasmonic response are identified, and compared with their solid coun-
terparts and discrete metallic coatings. Additionally, the CSTs tolerance to random
rotations is assessed, providing insights into their behavior in fluidic environments

nanocatalysis,” imaging® and spectros-
copy, and information processing,”’
among others® due to their remarkable
optical and thermo-optical characteristics.
Their main protagonist comes from its
ability to concentrate the electromagnetic
field at the nanoscale level, owing to the
physical phenomenon of localized surface
plasmon resonances (LSPRs). An LSPR is
a collective coherent oscillation of the free
electrons confined in a metallic nanostruc-
ture, hence, being closely linked to the
AuNPs geometry.’! This relation pro-
motes one of the most remarkable proper-
ties of LSPR: its spectral tunability.
Commonly, big structures or large aspect
ratios lead to redshifted spectral plasmonic
responses opening the possibility of
designing agents to work adhoc at
demanded spectral positions.

The generation of LSPRs is accompa-
nied by a partial reemission of the incident

and implications for its practical consideration.

1. Introduction

In the recent decades, gold nanoparticles (AuNPs) have played an
essential role in various research areas such as nanofluidics,*™!
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electromagnetic  energy  (nanoantenna

effect), which is the main mechanism of

sensing based on nanoparticles. In addition

to that, an LSPR causes a partial absorption,
which usually leads to a substantial temperature rise. This behav-
ior effectively converts the AuNPs into both nanoantennae and
miniaturized heat sources. Traditionally, researchers tried to
minimize or avoid that absorptive nature of nanoantennas to
reach strongly enhanced local fields and clean far field signals
containing the information of the local targets.['” However, gold
nanoplatforms, when acting as nanoheaters, have demonstrated
their great potential in a wide range of applications such as
enhanced solar light harvesting, drug delivery, or photothermal
therapies (PTTs). Hence, big efforts are being made to
improve the photoinduced thermal response of metallic
nanostructures.'>! In this work, we focus on the field of
PTT, where three factors become especially important: the
biocompatibility of the nanostructure materials, the photother-
mal conversion efficiency of the applied agents and their stability
under rotations with respect to the radiation source. These
limiting factors provide a well-defined path for the design of
nanoheaters oriented to PTTs. First, nanoheaters must be made
of biocompatible materials capable of providing a strong plas-
monic response. Second, their geometry must support resonan-
ces within the so-called near infrared (NIR) biological windows
(NIR-I: 700-900 nm and NIR-II: 1000-1400 nm!®)) where the

© 2024 The Author(s). Small Structures published by Wiley-VCH GmbH
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penetration in the tissue and maximum permissible exposure are
maximized. Finally, they must present a reasonable tolerance to
rotations.”) It is well known that anisotropic nanoheaters offer
different thermal responses depending on their relative orienta-
tion with respect to the polarization of the incident beam.['”~'%
Therefore, it is a fundamental aspect in areas like PTT, where
nanoheaters, either free in blood or attached to cells, present
a random orientation distribution.

Most of the structures reported in the literature in the context
of PTT are entirely or partially built of gold, since it is a
biocompatible and nonreactive material with low cytotoxicity.
Additionally, it allows the tuning of its resonances within
the aforementioned biological windows (NIR-I and NIR-II).
Among the most studied and promising geometries are
spheres,2>%¥! core-shells,** 2! rods,*”"** disks,?% stars,**%
nanocages,”**) and nanotoroids.'"”'” In recent theoretical stud-
ies, we have compared some of these solid structures in an
attempt to determine which one may be the most promising
for PTT and identified the gold nanodoughnut as an ideal
candidate due to its tunability, versatility, and tolerance to
rotations.!'”!

Although, in general, metallic nanoparticles of different
shapes are routinely fabricated,?®**% some geometries are
complex and remain challenging. This is the case of the
toroid.***#  Top-down manufacturing methods, such as
imprinting lithography,**! colloidal lithography,** or electron
beam lithography,!*”! have been developed and have demon-
strated to be relatively effective in the production of analogous
ringlike geometries; however, they are expensive and compara-
tively low yielding allowing to manufacture toroid-like shapes
on substrate only. Molecular self-assembly provides alternative
route to large scale bottom-up fabrication of toroidal nanostruc-
tures.[*®! In particular, DNA-origami technique!*’*® opens a path
for the fabrication of nanoscale toroids with tunable structural
parameters. DNA-origami-based toroids can be converted
into metal structures either through attachment of metal
nanoparticles!**~" or metallization reactions.>*—>¢

However, one of the main consequences of using DNA
origami for the synthesis of metallic nanomaterials, gold nanot-
oroids in particular, is that their structure is not solid but has a
core formed by DNA. This particularity can affect their optical
behavior impacting their thermoplasmonic response, which ulti-
mately translates into practical variations of the photothermal
efficiency. Thus, given the existing manufacturing limitations
for this type of structure and its potential in PTT, it is necessary
to assess the influence of this geometric particularity on the
thermoplasmonic response of toroidal nanoheaters.

In this work, we conduct a comprehensive theoretical investi-
gation of the thermoplasmonic response exhibited by core/shell
toroids (CSTs). Through a systematic study, we identify the key
geometrical parameters that optimize the thermoplasmonic
response for each proposed structure, contrasting it with its cor-
responding solid version bearing in mind the target application
in PTT. Furthermore, we computationally analyze the potential
arrangements of CSTs that can be obtained using the DNA-
origami technique. Thus, we examine how the thermal behavior
of CSTs changes when it is partially or completely coated with
metallic particles, comparing them with the ideal case of a
smoothly coated CST. Finally, we explore the behavior of these
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structures when they undergo random rotations and understand
how this affects their averaged thermoplasmonic response.

2. Results

2.1. Analysis of the Thermodynamic Behavior of CorefShell
Toroids

The structure under analysis is depicted in Figure 1. The struc-
ture of CST is composed of a DNA core covered by a gold layer.
The optical properties for DNA and gold were taken from
refs. [57,58], respectively. To perform the calculations, we have
selected the range of geometrical parameters for the CSTs based
on arguments coming from either the DNA-origami technique
or their applicability in PTTs. The parameters under consider-
ation were the gold thickness (84,), the main radius (R), and
the secondary radius (r), as shown in the inset of Figure 1.
We have fixed the minimum value of 5,,, = 5 nm because, below
this thickness, gold undergoes remarkable modifications in its
optical properties due to quantum confinement effects on its sur-
face, meaning that the thickness of gold is smaller than the mean
free path of electrons. Furthermore, this minimum value of §,,
is in good agreement with the thinnest continuous gold shells
that can be realized experimentally.”®” In addition, the maxi-
mum gold thickness for each case is linked to the minimum
amount of DNA in the CST’s core, which has been defined fol-
lowing a toroidal shape with a secondary radius rpy, = 5 nm.
The reason for selecting this value is that DNA-origami struc-
tures are composed of bundles of double-stranded DNA
(dsDNA), and diameter of individual dsDNA is =~2nm.
Therefore, a diameter of 10 nm for DNA-origami core is consis-
tent with a lower boundary for this variable. However, this mini-
mum could be lowered without affecting our conclusions, since
the structure would be closer to the solid geometry. These two
variables impose both a maximum limit on the gold thickness,
as well as the minimum size of the CST’s secondary radius. The
upper limit for the secondary radius is considered as a function
of the main radius in such a way that the diametral CST hole has
a maximum length of 20 nm. This is because the response of
toroids with aspect ratios involving a smaller central hole closely
approximates the response of a sphere, offering lower and non-
optimized thermal responses, typically outside of the biological
windows.!'”! All this leads to a minimum size of 20 nm for the
main radius. Its maximum value is set at 50 nm, as above this
value, the thermal response of the nanostructure moves away
from the second biological window and goes deeper into the
infrared range. The analyzed cases can be seen in Figure 1.
To interpret this figure, bear in mind that from the experimental
point of view, the core diameter is usually fixed so that secondary
radius variations come from gold layer thickness modifications.
In this study, however, for the sake of comparison with the solid
toroid and clarity, we variate both core diameter and gold thick-
ness for a fixed secondary radius.

Figure 1 shows the absorption spectra for a set of CST config-
urations excited at normal incidence with a linear polarized plane
wave (see Figure S1 and S2, Supporting Information, to get more
insight on the optical response of these structures). Each column
represents variations in main radius for a constant secondary

© 2024 The Author(s). Small Structures published by Wiley-VCH GmbH

ASUAOIT suouruo)) aAneaI) ajqesrjdde ayy £q pauraAos ae saponIe YO asn Jo sanI 10§ AIeIqIT aul[uQ A3[IA\ UO (SUONIPUOD-PUB-SULID)/W0" K3[1m " KIRIqI[auT[Uo//:sd)y) SuonIpuo)) pue swa ], 3y} 39S ‘[+707/80/81] uo Areiqr auruQ L3[Ip ‘KNSIOAIUN 0)[eY AQ €2S00ET0TNSS/Z00T 01/10p/wod Kafim  Areiqrjaurjuo//:sdny woly papeoumo( ‘8 ‘+20Z ‘790¥889¢7


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

www.small-structures.com

C1 Cc2 C3 C4
r=10nm r=20nm r=30nm r =40 nm
2 3 3 3

=

I
-

=}

3

=

]
-3

S

3

1.5

Sym. Antisym. =

Il
= 4= = | =3 &3

=}

3

15

=

% "
0 “S §

>

500 900y 3

600 800 1000 1200
A (nm) A (nm)

600 80010001200 : 600 8001000 1200
A (nm) A (nm)

Figure 1. Absorption cross section of CSTs as a function of main (R), secondary (r) radii, and gold thickness (5,). Each column and row represent main
radii variations for fixed secondary radii and secondary radii variations for fixed main radii, respectively. The black dotted lines represent the absorption of
the solid toroid while blue, red, green, and violet lines represent the CST responses for a gold thickness of 5, 15, 25, and 35 nm, respectively. Inset plots in
C3 and C4 highlight the region defined by 4 € [500, 900] nm and o, € [0, 1.5] - 1074 m?,

radius, and each row, the variations in secondary radius for each
main radius. From Figure 1, a very well-defined trend is present:
first, CST absorption is generally redshifted with respect to the
response of the solid structure. This can be explained in terms of
the core/shell effect. To illustrate this, the response of solid and
core/shell spheres is compared in Figure S2, Supporting
Information. As can be seen, the single mode of the core/shell
sphere splits into two secondary modes: one being electric dipo-
lar and the other one being electric quadrupolar. As the dipolar
response takes advantage of the full length of the structure, it is
very sensitive to size variations providing the core/shells struc-
ture with an enhanced tunability.

Second, if we look at the columns in Figure 1 (each of it cor-
responding to a different secondary radius), another trend
reveals for both solid and CST: the optical absorption redshifts
as main radius grows. This can be understood in terms of the
excited electromagnetic modes in ringlike geometries. Solid gold
rings often exhibit two main modes, one symmetric and the
other antisymmetric, that come from electromagnetic interac-
tions between inner and outer surfaces,** respectively. The sym.-
metric mode presents a polarization pattern that originates from
a strong dipolar excitation involving the entire ring perimeter
whose strength is modulated by the interaction of equal sign
charges at opposite sides of the walls (see inset in Figure 1).
The antisymmetric mode can be explained as the coupling of
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two dipoles generated at each ring branch, i.e., an oscillation
of opposite charges at each side. Therefore, the symmetric mode
(commonly the strongest) is usually redshifted with respect to the
asymmetric one and offers higher spectral sensitivity to aspect
ratio variations, which provides the ring/toroid geometries with
remarkable tunability and optical absorption capabilities.

Lastly, one of the most interesting aspects when comparing
solid toroids with CSTs is the trend followed by the electromag-
netic response when varying the secondary radii. Looking at row
R4 of Figure 1 in the case of solid toroids, the absorption
decreases as expected when secondary radius is increased.!”)
However, when it comes to CSTs, the absorption remains almost
stable, only suffering small variations for thin gold coverings
(blue lines). This, again, can be reduced to the case of a spherical
core/shell (see Figure S3, Supporting Information), where
absorption increases when increasing the radius. As shown, this
absorption ability is progressively vanishing for increasing gold
thicknesses since CSTs approach the solid geometries.

This unexpected performance can be beneficial for PTT since
CSTs with thin gold caps offer a remarkable absorption stability
under secondary radius imprecisions, in particular core diameter
variations, a parameter that can be difficult to control experimen-
tally. Furthermore, in most cases, they present more absorption
than their solid versions for all configurations, which promises
an enhanced thermoplasmonic response under optical pumping.

© 2024 The Author(s). Small Structures published by Wiley-VCH GmbH
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Indeed, CSTs present wider responses that become even wider
for larger secondary radii (see Figure S3, Supporting
Information) something that can result beneficial when multi-
spectral light sources are involved. Another potential imperfec-
tion that can be induced in CSTs during the manufacturing
process is the asymmetric growth.®!! It is known that under dif-
fusion limited growth conditions, small particles grow faster than
big ones; therefore, a thicker gold cover is expected toward the
center of the CST. This effect, as it can be seen in Figure S4,
Supporting Information, is more prominent for thick DNA core
CSTs. Thus, CSTs with thin cover are stable under this asymmet-
ric shell growth.

As aforementioned, the absorption trend under secondary
radius variations is present for all the considered main radii.
Therefore, it is enough to analyze the thermal response of
the most beneficial configurations, i.e., those defined by
(R,8ay) = (50,5) nm (see Figure S5, Supporting Information,
to see the temperature increase for the rest of the configurations).
In Figure 2a, the spectral temperature increase of such config-
urations is compared for both solid toroids and CSTs. In the
upper figure, it can be seen that as the secondary radius
increases, the thermal response quickly decreases to the extent
that it becomes negligible, following the trend marked by the
absorption cross section shown in row R4 of Figure 1. In fact,

www.small-structures.com

in most cases, for very small metallic structures compared to
the wavelength (quasi-static approximation), the temperature
increase often obeys a certain proportionality relationship with
the absorption cross section depending on the considered geom-
etry.'”18 Thus, larger absorption cross sections usually lead to
higher temperature increases. However, this is not the case for
CSTs, as can be seen in the lower representation of Figure 2a.
Despite the absorption cross-section features, an almost constant
value when increasing the secondary radii (as shown in Figure 1),
the temperature notably decreases, qualitatively following a trend
closer to that of the solid torus. This particular behavior can be
explained in terms of the peculiarities of the geometry itself and
how they influence the thermal state.

In this context, a dynamic interplay of multiple factors exerting
influence on the thermal dynamics of the structure unfolds.
Three factors can be identified: dissipated optical power (heat
source, denoted as Q), the structural volume, and its surface area.
The dependence of the torus temperature increment on these
parameters can be modeled by simply solving the heat equation
for the case of a sphere,*?! but modified to incorporate correction
parameters that account for structural features. Thus, the absorp-
tion cross section, the equivalent radius of the structure, and a
dimensionless coefficient of thermal capacitance come into play
(see Section S3, in Supporting Information).
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Figure 2. a) Temperature increment spectra of gold solid toroids (upper) and CSTs (lower) for a set of secondary radii, r = 10, 20, 30, and 40 nm.
b) Dissipated power represented by grey and green boxes respectively (left axis in black) and resonance wavelength (dots corresponding to the right
axis in blue) of gold solid toroids and CSTs. The yellowish and reddish regions depict NIR-I and NIR-II regions. c) Spatial distribution taken along the x
axis. The background colormap shows the XY planar section containing the 2D spatial distribution of temperature increment. d) Temporal evolution of
the temperature increases for both optimal solid toroid and CST given by (R, r) = (50, 10) nm and (R, r, 85,) = (50, 10, 5) nm. 7, and 7, are the
characteristic heating times of solid toroid and CST from (c) respectively. The input power density is | = 0.1 mW pm~2.
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Considering these three variables, a useful quantity with units
of thermal flux, that can help to compare the performance of the

different geometries, can be defined: F = ‘;L‘/ﬁ. This, combined

eq
with the results for the optical response of both solid toroids
and CSTs, allows the reconstruction of the observed trend as
seen in Figure S6, Supporting Information. Here, it is demon-
strated that the CST produces a higher normalized thermal flux
than the solid structure, decreasing for increasing secondary
radii in both cases.

Despite this trend in temperature increase, the dissipated
power evolves proportionally to the optical absorption as can
be seen in Figure 2b. There, it is shown that the optimal CST
produces more power than the rest of configurations making this
structure superior to its solid counterpart. It is noteworthy that
the spectral response of the optimal CSTs lies within the second
biological window for all cases. In contrast, solid toroids resonate
within NIR-I in most cases, with only one being the optimal in
NIR-IL Therefore, as shown in Figure 2a,b, one can deduce that
CSTs with thin covers exhibit a remarkable spectral and thermal
stability under secondary radii variations compared to their solid
versions. This can be decisive during the DNA-origami-based
manufacturing process where this variable is often difficult to
control.

As shown in Figure 2a,b, an optimal configuration can be
selected for each geometry: a solid toroid defined by (R,r) =
(50,10) nm and a CST defined by (R, r,8,,) = (50,10,5) nm.
Thus, their temperature profiles and transient states are calcu-
lated in Figure 2¢,d. There, it is depicted that both configurations
exhibit a similar thermal behavior both spatially and temporally.
In the case of the transient response, a very slight difference can
be distinguished, as shown in the inset of Figure 2d. This can be
explained based on the difference in the amount of metallic mass
and the presence of inner face in the case of CSTs. However, this
difference is negligible, and by simply fitting the results to a func-
tion of the type: AT = AT (1 — erf(y/7/t)); it can be deter-
mined that the characteristic heating time for both structures
is approximately 7, ~ ry = 2.5ns. The parameter AT, ~ 23K
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is the temperature value obtained in continuous wave simula-
tions, above. Furthermore, from ref. [62], it can be deduced that
7 = R?/4a, where R is the system radius and « is the thermal
diffusivity. Therefore, this theoretical model fits well our values
when the water diffusivity and the torus equivalent radius are
considered.

2.2. Connected Versus Disconnected Shells

So far, we have investigated the optical and thermal response of
CSTs and compared their performance with their solid counter-
parts. We have also estimated the maximum achievable temper-
ature offered by this kind of structure by selecting the optimal
configuration in the context of PTT.

However, not only regular hollow particles but also core—shell
type structures with disconnected shells can be fabricated by
attaching small metal nanoparticles to DNA-origami-based tor-
0ids.*?°! Therefore, two questions arise when it comes to this
kind of nanostructures: do disconnected toroidal-like shapes
exhibit significant and useful thermoplasmonic response?
How does that response change with respect to the continuous
CST? To address these questions, we have systematically studied
the thermoplasmonic response of disconnected CSTs for various
metal surface filling percentages (v), considering the toroidal
geometry. We have modelled the disconnected structure as a
toroidal DNA core with small AuNPs attached to it. Thus, the
degree of surface filling is calculated as the sum of gold sphere
circular sections (without considering the intersections when
applied) over the core surface area. Consult Figure S7 in
Section S4, Supporting Information, to get more insights
on the disconnected structure design and implementation in
COMSOL Multiphysics.

Figure 3a shows how the disconnected CSTs have been mod-
eled. We started by assuming that spherical particles are distrib-
uted around the surface of the DNA core so that particles are
progressively added, resulting in a coverage percentage (v) of
20%, 40%, 60%, 80%, and 100%. This imposes that the number
of nanoparticles is N; = 45,90,135,210 and 421. Since the

(b)
e 1=0%
v=20%
25 15 _ - i ’ v=40%
— 1=60%
20} ; _’/iBO%
»=100%
v=100%11
—~15}05
5,15
= o
<10} 500 600
5}/
= :
600 800 1000 1200 1400 1600 1800

A (nm)

Figure 3. a) Representation of the studied CSTs as a function of the surface filling factor (v) and number of gold spheres (N;). b) Spectral temperature
increase of a set of CSTs with v = 20%, 40%, 60%, 80%, 100%. The black line, labeled as v = 100% 17, represents the case of the smoothly covered CST
with (R, r, 8ay) = (50, 105) nm. The inset highlights the curves between 4 =500 nm and 4 = 700 nm.
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coverage percentage is estimated as the sum of the circular cross
sections of the gold particles over the total core area, the number
of particles grows proportionally to v for low coverage percen-
tages. However, when the distribution is denser, the particle
intersections cannot be neglected and this behavior changes,
requiring a larger number of particles. This comes from the fact
that the estimation of the coverage percentage does not consider
the sphere intersecting volumes.

In contrast, as can be seen in Figure 3a, the particles are reg-
ularly distributed around the surface of the toroidal core. This
results in various possible distributions, given that the parame-
terization of the surface has two parameters, and there are mul-
tiple integer products that approximate the number of particles
necessary to achieve a certain coverage percentage (an example is
shown in Figure S8, Supporting Information). Therefore, to
remove this ambiguity, priority has been given to ensuring that
the minimum distance between particles is as big as possible.
This is done to reduce the complexity of the structure model
in COMSOL, i.e., by having a greater average distance between
particles, the volumes of aqueous environment between spheres
are larger, allowing relaxation of meshing conditions. This ena-
bles both the existence of larger elements (less dense discretiza-
tion) and higher-quality elements (with lower aspect ratios). In
summary, for each situation, the distribution is selected so that
it consumes fewer computational resources and ensures greater
precision.

Once the distributions are selected, their spectral thermal
response is calculated, as shown in Figure 3b. As it can be seen
in this figure, the uncovered DNA core (v = 0%) does not present
thermal response, as expected. This is because DNA does not
absorb in the considered spectral region. Furthermore, it can
be observed that for values of v below 60%, the thermal response
of the system is low compared to the structures considered so far.
These responses, as shown in the inset of Figure 3b, qualitatively
resemble the response of a single sphere for the cases of v = 20%
and v = 40%. This is because the distance between particles is
significantly large, minimizing the interaction between them,
which allows their thermal response to be understood as a
sum of each individual response.

Something slightly different happens for v = 60%: although
the thermal response still exhibits a clear maximum qualitatively
similar to the response of an isolated sphere, another maximum
can be distinguished at longer wavelengths. This can be
explained based on the reduction in the average distance between
nanoparticles. As they approach each other, they begin to inter-
act, leading to hybridization that gives rise to new modes in the
structure.”” Considering the change in temperature, it can be
seen that it increases as the surface is covered. This happens
because the number of nanoparticles grows as v increases, result-
ing in a larger volume of gold contributing to the heating.

It is noteworthy that in the case of v = 80%, a response quali-
tatively similar to that obtained for the continuous toroid (black
line) is achieved. In this case, the number of nanoparticles on the
surface is so high that intersections occur between each of the
individual volumes, allowing electrons to circulate freely.
However, some differences are observed. First, the obtained tem-
perature, AT =~ 15K, is lower than in the optimal case shown in
Figure 3a, where a temperature of AT = 23 K was reached. The
reason is that we have a large part of the surface covered with

Small Struct. 2024, 5, 2300523 2300523 (6 of 10)

www.small-structures.com

spheres, but the average thickness of the gold coating is smaller
due to the geometry of these particles (see Figure S9, Supporting
Information). Therefore, the volume of gold is smaller than in
the continuous case (black line). In contrast, it can be observed
that the response is redshifted (1~ 1800 nm). This can be
explained by considering again the thickness of the gold layer.
Although the coverage allows for the presence of an electric
dipole mode in the whole toroidal structure, the average thick-
ness is smaller. Consequently, the relative path of the electrons
increases, resulting in the observed redshift.!'”)

Once the structure gets its surface fully covered with AuNPs,
the peak temperature increases and the spectral resonance blue-
shifts approaching the smoothly covered CST response. On the
one hand, the temperature increment gets higher (AT = 22 K)
because of the increase of the number of nanoparticles (larger
metallic volume) as well as the structure is able to support the
electric dipolar mode across the whole toroidal geometry.
Furthermore, the spectral blueshift can be explained based on
the average gold thickness: as the number of nanoparticles N
increases, 8, approaches the ideal value of 55, = 5 nm. An illus-
trative 2D example on this phenomenon is depicted in Figure S9,
Supporting Information. Notice that this study was done over
surfaces that are not smooth, having a positive roughness.
However, the implications of this parameter have not been
considered yet. To address it, a study of roughness has been per-
formed in Section S5, Supporting Information. We have selected
the CST structures from row R4 in Figure 1 for r = 20, 30,40 nm
as they present a remarkable absorption while having a thick gold
cover. This thick cover is necessary to ensure that, once rough-
ness is included, the local thicknesses do not reduce below 5 nm
and the bulk gold optical properties can be applied. As it can be
seen in Figure S10, Supporting Information, the rough CSTs
have been modeled by a combination of Blender, COMSOL
Multiphysics, and Matlab environments. The complexity of the
surface makes necessary the use of highly dense meshes to
reproduce the curvatures, which imposes a computational
limitation of RAM and simulation time. Just to give a figure,
the computation of one single rough CST with an optimized
mesh over a spectrum of 700-1200nm takes an average of
36 h. Furthermore, Figure S11, Supporting Information, sug-
gests that, although roughness is an experimental parameter that
can be difficult to control and may affect the response of CST
structures, it has small significance in its optical response and
consequently on its photothermal response. Therefore, the ther-
mal response of these types of structures will remain more or
less constant for moderate roughness values, while both the
toroidal geometry and its average thickness are maintained to
some extent.

In conclusion, as demonstrated in Figure 3, the gold thickness
Sau plays a key role in the thermo-optical response of CSTs.
Therefore, it needs to be carefully considered and controlled dur-
ing the fabrication process to get the right structures presenting
the desired thermoplasmonic performance.

2.3. Thermal Orientation Dependence

We have so far discussed the thermal response of CST, finding a
potentially beneficial structure for PTT; however, it is important
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to highlight that this happened under the influence of light
impinging normally to the plane of the toroid. In fact, the ther-
mal response of anisotropic structures is dramatically affected by
the relative orientation to the electromagnetic field of the
source.”! In the context of PTT, where the particles will presum-
ably be freely circulating or adhered to cells, it is natural to think
that the thermal response of the ensemble of CSTs will not be
equivalent to that of an isolated one. For this reason, we con-
ducted a thermal study of the optimal structure proposed in
Section 3.1 for different orientations with respect to the incident
light, which is assumed to be linearly polarized along x and y
axes, and circularly polarized. Note that it is common to use a
circularly polarized beam to mimic the behavior of nanostruc-
tures in the presence of partially or fully unpolarized light.!"”)
Additionally, it is assumed that the excitation wavelength is that
at which the CST shows the optimum temperature A = 1274 nm.

Figure 4 shows the results of the angular thermal mapping of
the aforementioned optimal CST for a set of rotations with
respect to the x and y axes. These rotations are represented by
0 and ¢ respectively with values between 0° and 90°. As we seek
to find the average temperature increment, it is enough to study
only one octant, since the source is either linear or circular and
the CST presents cylindrical symmetry (see Figure S12,
Supporting Information, to see an example of a complete set
of rotations). Remark that the green circles refer to a set of evenly
distributed points on the sphere (221 points) representing the
calculated configurations. Those configurations were obtained
by composing two elementary 3D rotation matrices: first, we
rotate the CST along x axis and then along y axis, starting from
normal incidence. The colormaps, however, are just guiding rep-
resentations obtained by interpolating a denser regular angular
mesh (500 points). In other words, we have calculated two sets of
configurations for each polarization state. One of them consists
of an evenly distributed set of points on the sphere to calculate
the average temperature and the other one is a regular mesh
in the angular space (non-even distribution on the sphere) to
make the interpolation in the planar angular space (see
Figure S13 and S14 in Section S6, Supporting Information).
Therefore, the conclusions on the CST-averaged thermal
response are extracted from the green points.
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The main conclusion obtained from Figure 4 is that the polar-
ization state is not relevant to the average thermoplasmonic per-
formance of CSTs if rotations are random. It is important to
remark that, by random rotations, we refer to a scenario in which
the particle can have all possible orientations either overtime or
over the illuminated volume. If this were not the case, a deviation
from the average temperature shown here is expected. To illus-
trate this, imagine there is a driving force defining privileged
directions (relative orientations with respect to the light source)
due to the geometrical anisotropy of the particle; then, those
directions would induce the existence of accumulation
points in the unit sphere. This, as discussed in Section S6,
Supporting Information, could have big influence on the average
thermal response depending on the source-particle configura-
tion. Therefore, in this work, we assume that all relative
source-particle orientations are available to the system.

In this way, when the CST is rotated under linearly polarized
illumination, its maximum average temperature gets reduced to

ATy, ~ 14.8 K, a reduction of approximately 36% from the opti-
mal configuration (normal incidence). This can be understood by
looking at the temperature maps of Figure 4a,b. When light is
polarized along x axis, the temperature map shows a revolution
symmetry point around (0, 90). This can be explained in terms of
the particle-source configuration. For (6, ¢) = (0,90), the plane
of the toroid is fully transversal to the polarization direction.
To illustrate this, if the toroid was ideally modeled by a circle
(infinitely thin toroid), the maximum projection of the toroidal
diameter onto the x axis would present the trend shown in
Figure 4a (see Figure S15a, Supporting Information).
Therefore, the dipolar mode cannot be excited, and no tempera-
ture increment is achieved. The opposite takes place when we go
far away from that particular point in the planar angular space:
the particle maximum length is getting aligned with the polari-
zation direction, enabling the dipolar excitation and giving rise to
a strong temperature increment. Indeed, the system performs in
a similar way for the reference coordinates (0,0), (90,0), and
(90,90) as can be seen in Figure 4a.

Something similar happens when the illumination is polar-
ized along the y axis (Figure 4b). As the toroid rotates along x
axis (increasing 6), the incident electric field gets progressively

TE larized
— unpolarize:
5 unp

Figure 4. Angular thermal mapping of a CST defined by (R, r,8x,) = (50, 10, 5) nm for linearly polarized incidence along a) the x and b) y axes, and
c) circularly polarized light polarizations. 8 and ¢ are rotation angles with respect to the x and y axis, respectively. The green circles correspond to the
angular sampling taken on the sphere. Insets: particle-light configuration for the corner angular coordinates, namely (6, ¢)° = (0, 0)°, (0, 90)°, (90, 0)°,

and (90, 90)°.
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orthogonal to the plane of the toroid, reducing its thermal
response. Regarding rotations along y axis, this geometry
presents a remarkable stability. Temperature change is minimal
for ¢ variations when 6 is fixed. This is because its geometrical
projection of the toroid diameter on the polarization direction
remains almost constant so that the electric field always sees
an approximately constant toroidal section. As in the previous
case, this can also be supported by considering a circle to ideally
represent the toroidal shape. If we project the toroidal (circle)
diameter onto the y axis (polarization direction), it is found that
it does not depend on ¢ but on € as can be seen in Section S6,
Supporting Information. Indeed, it follows a cos(6) function type
as demonstrated in Figure S15b, Supporting Information.

In contrast, when the toroid is rotating under circularly
polarized illumination, the average temperature also reduces

to AT ~ 14.8 K approximately. This again can be supported
Dby the fact that rotations are random so that the same reduction
in temperature is expected. However, the thermal map shows a
different pattern (see Figure 4c). The angular colormap presents
cylindrical symmetry indicating that the pair (6, ¢) is unordered
as far as temperature is concerned, i.e., T(0, ¢) = T(¢, 0) for all
0, ¢ € [0,90]°. This can be clarified by relying on the polarization
state. As the illumination is circularly polarized, the electric field
is rotating overtime in such a way that there always exists a con-
figuration in which the toroidal diameter is parallel to the electric
field. This allows for a continuous excitation of the dipolar mode.
However, each time this excitation occurs, the opposite takes
place. This imposes a compromise between both configurations
giving rise to the observed reduction in averaged temperature
and rotation stability. As in the previous cases, this can also
be understood in terms of the CST misalignment with respect
to the light polarization plane (see Figure S16, Supporting
Information).

3. Conclusion

In this work, we have conducted a numerical investigation on the
photothermal response of Au-DNA CSTs. We optically studied a
broad casuistry to show that this particular geometry generally
presents significantly higher temperature increases compared
with their solid counterparts. Most of the studied thinly covered
CSTs resonate in NIR-II, which provides these structures with a
superior performance in PTT applications. Furthermore, we
found an optimal CST configuration (R,r,8a,) = (50,10,5)
nm that offers the same peak temperature than the solid one
but resonating this time at longer wavelengths within NIR-II
for normal incidence. This results in a more beneficial structure
regarding PTT since this wavelength guarantees larger penetra-
tion lengths. We have also analyzed the impact of nanoparticle
fabrication stages in the context of DNA-origami technique.
Since small metallic nanoparticles are attached to the DNA core
to form the shell during the process, the final structure can be
disconnected at certain stages. We have shown that a coverture of
particles of at least 80% is necessary for the disconnected CST to
behave as a continuous shell structure as long as the metallic
particles touch each other. Therefore, DNA cores do not need
to be fully covered for featuring an electric dipolar mode (typical
in solid toroids). This study also reveals the gold thickness as a
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key parameter to control during the manufacturing process. In
contrast, we have assessed the impact of random rotations on the
CST thermal behavior. This nanoparticle shape presents a high
tolerance to rotations, a behavior that does not depend on the
polarization state of the incident light. It features a minimum
temperature reduction with respect to the peak temperature of
about 36%, demonstrating its high stability to rotations.
Although in this study, we limited our investigation to dimen-
sions that keep the plasmonic resonance within NIR-II; following
the recommendations in biomedical applications, these struc-
tures can also be relevant candidates in other spectral regions
out of NIR-I-II. This makes them suitable for other applications.
Therefore, our study, while focused on biological applications,
has the potential to be easily extended to other domains by simply
finding the appropriate nanoheater materials and subsequent
spectral photothermal optimization.

4. Experimental Section

Since this work was conducted from a theoretical perspective, we relied
on the resolution of the heat diffusion equation to analyze the response of
CSTs. To guarantee the reliability of the solutions, we use COMSOL
Multiphysics. The procedure consisted of two steps namely light-matter
interaction and heat diffusion. Initially, we solved the electromagnetic
problem to determine the distribution of resistive losses; specifically,
we solved Maxwell’s equations using the radiofrequency COMSOL suite.
In this process, we defined the CST structure immersed in water, the whole
system being surrounded by perfect matched layer boundary conditions.
The illumination was fixed to a linearly polarized plane wave with a power
density of | = 0.1mW pm™2, as usual in stationary thermoplasmonic cal-
culations. Furthermore, the discretization was done by employing a free
tetrahedral mesh with element sizes adapted according to the excitation
wavelength. This guaranteed a dense element distribution and reliable cur-
vatures where necessary. Typically, a maximum allowed mesh size smaller
than 1/5 was recommended;!®*! however, in our scenario, we restricted
this value to 4/8 to fit the quality requirements for each of the studied
CST configurations. In addition, Lumerical FDTD was employed to confirm
the electromagnetic simulations as it implements a different domain
meshing protocol (rectangular mesh distribution).

As for the thermodynamic calculations, we used the heat transfer in
solids interface. We considered a heat flux node along the outer bound-
aries, incorporating a heat transfer coefficient that depended on the geom-
etry and ambient conditions. In our case, we used the built-in Nusselt
correlations for plane interfaces which possessed an analytical expression.
In this step, we primarily considered conduction as the main transfer
mechanism, since we examined small structures within a small amount
of fluid under low temperature variations. Furthermore, we did not con-
sider the effect of interfacial thermal conductance as, in the steady state,
this parameter would raise the internal temperature without impacting the
external one, leading to similar fluid heating.”*!

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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