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ABSTRACT: Janus nanoparticles containing plasmonic materials have attracted great
attention in the thermoplasmonic community due to their potential for applications in
thermoelectronics or biomedicine. A significant number of thermoplasmonic applications rely
on the heating of nanostructures by using pulsed excitation lasers. The heating generated in
these nanostructures is often transferred to other regions via material—fluid interfaces. This
heat transfer dynamics is controlled by the interfacial thermal conductance. In this work, we
investigate the impact of the interfacial thermal conductance on the thermal relaxation of
metal—polymer Janus nanoparticles that generate directional heating under pulsed
illumination. We show that neglecting the temperature dependence of the thermophysical
properties results in an overestimation of the temperature of the nanoparticle. A gold/polymer
semishell nanostructure was used as an example not only to illustrate the aforementioned
effects but also to show it as a reliable nanoheater candidate for photothermal therapies,

capable of offering a remarkable temperature increment and presenting directional heating.
The model we developed here can be applied to any type of nanoarquitecture, showing this work as a powerful tool for topics
beyond photothermal therapies that can contribute to the development of novel structures able to control heat on the nanoscale.

B INTRODUCTION

Janus nanoparticles are hybrid structures composed of
materials with contrasting physical and chemical properties.
Since the first manufactured Janus nanoparticle (JNP),' the
interest in this kind of structure has grown enormously in the
past decades leading to the development of novel manufactur-
ing techniques. Nowadays, Janus nanoparticles with heteroge-
neous composition (dielectric, magnetic orplasmonic, for
instance), shapes, and sizes can be found in the literature.
The contrasting properties of those particles lead to novel
thermal transport mechanisms and thermophoretic re-
sponses,” " which can be potentially exploited in biomedical
applications such as hyperthermia. Hyperthermia promises to
deliver medical treatments to tar%et selectively the destruction
in situ of cells inside our bodies.”””

Among the existing family of JNPs, those incorporating
plasmonic materials have attracted special attention in
nanomedicine, due to their ability to efficiently generate®’
and control heat'”'" at the nanoscale. Heating generation
relies on the excitation of Localized Surface Plasmons
Resonances (LSPRs), namely, electromagnetically driven
coherent oscillations of free plasma in metallic nanoparticles."”
At the LSPR frequency, the electronic motion is enhanced
owing to the magnification of resistive losses which finally
translates into a boosted heat generation.'>™"® An efficient heat
generation platform can lead to substantial temperature
increases of several 10s to 100s K above the solvent
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temperature. Therefore, thermoplasmonics is widely recog-
nized as a powerful tool to develop novel hyperthermia
approaches in nanomedicine.”™”

Very recently, we showed that JNPs built of materials with
contrasting thermal conductivities can be used to generate heat
asymmetrically under continuous wave excitation in the second
biological spectral window (4 € [1000,1400] nm), opening a
real possibility for its application in photothermal therapies
(PTT)."" However, it is known that most optically assisted
therapies in biomedicine use pulsed lasers to avoid adverse
effects on tissue.'® This variable can be critical in
thermoplasmonic calculations since their response depends
on the pulse features. Furthermore, in that work, we did not
consider the effect of the Interfacial Thermal Conductance
(ITC), which influences the heat transfer across material—fluid
interfaces. Neglecting ITC effects is justified in homogeneous
nanoparticles at stationary conditions, if one is interested in the
solvent temperature next to the particle, since this temperature
is independent of the ITC."” For full theoretical treatment, one
needs to include the ITC, as the temperature of the
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nanoparticle for a given illumination condition does depend on
the ITC. Moreover, we demonstrated in ref 10 that Janus
nanoparticles consisting of materials with very different
hydrophobicity, generate anisotropic heat rates at stationary
conditions. This physical effect can be exploited to induce
anisotropic heating at the nanoparticle surface by modulating
the interfacial thermal conductance of the JNPs. The
investigation of nanoparticles with heterogeneous chemical
composition must be performed including interfacial thermal
conductance effects. In this work, we investigate the influence
of the ITC on the transient heating and cooling of Janus
plasmonic nanoparticles under nanosecond-pulsed illumina-
tion. Our JNPs mimic experimental systems and consist of a
polymeric nanosphere coated with a gold spherical cap.

B METHODS

We solved the heat diffusion equation using finite element
methods (Comsol Multiphysics software). First, we solve
Maxwell equations to calculate the JNP absorption cross
section. This was done by considering a continuous plane wave
exciting the nanoparticle immersed in bulk water surrounded
by Perfectly Matched Layers (PMLs). Then, we computed the
total power absorbed by the nanoparticle to calculate the
absorption cross section. We also solve the Maxwell equations
by finite difference time domain (FDTD) methods (Lumerical
FDTD in this case) to double check the absorption value, by
following a similar process and testing the convergence of the
result by varying the mesh step (see Figure S1). Once the
absorption calculation is converged, we solve the time
dependent heat transfer equation considering that there are
no changes of state using a Gaussian pulse excitation to set the
power density Q(t). This excitation aims to mimic the
experimental irradiation conditions of a nanosecond pulsed
laser. To model the Gaussian pulse, we follow ref 17 and use a
normalized Gaussian envelope described by

1 —a(t—t))*/7*
t) = — 0
p(t) = —e )

where 7 is the pulse duration and ¢, is the position of the
temporal amplitude. The fluence F provides information on
the performance of a pulsed laser and is defined by laser energy
per unit area. The fluence has been used before in
thermoplasmonics to quantify the threshold for bubble
generation or structure fracture threshold, upon heating.'®"’
The total absorbed energy (q) by the JNP as a function of the
fluence is defined by

q = opF (2)

and the absorbed energy density (per volume unit) can be
written as

== 3)

where 0,,, is the JNP absorption cross section and V is the
absorber volume. In our case, the absorber material is only the
metallic part of the particle since the polymer does not absorb
in the vis—NIR spectral range.” A typical laser mode is much
larger than the nanoparticle and the simulation region;
therefore, a plane wave can be considered to compute o,
(see Section I of the Supporting Information (SI)). Thus, the
spatial dependence of § was intrinsically included in the
absorption cross section calculations.

The metallic coating (see Figure 2) has a semispherical
shape with volume V = 27/3((R + &) — R®), where R is the
radius of the polymer sphere and § is the gold layer thickness.
We define the time dependent heat power density as follows:

Q(t) — i O;:bsF —7r(t—t0)2/1'2

2 (R + 6)° — R)r (4)

where Q(t) is the instantaneous heat produced by the JNP at
time t. Q(t) is an input for the heat diffusion equation, whose
solution is performed numerically to compute the time and
spatial dependence of the temperature.

B RESULTS AND DISCUSSION

To develop our model, we first tested our method for
homofgeneous nanoparticles against previous studies by Baffou
et al.'” In that work, the authors developed a numerical
framework to solve the heating problem of homogeneous
metallic nanoparticles immersed in water under pulsed
illumination without considering changes of state. They
showed that a 20 nm radius gold nanosphere can reach
temperature increases of AT = 400 °C for a fluence F = 38 J/
m”* using a Gaussian pulse defined by 7 = 1 ns and ¢, = 2 ns.
We used these parameters for our analysis along with an ITC
of Gg = 150 MW/(K m?), as reported in ref 17. Recently, the
ITC of gold—water interface was computed using molecular
dynamics simulations and polarizable metallic surfaces,
predicting values of Gx = 200 MW/(K m?)*' for gold
temperatures of the order of 60 °C. We also performed
calculations with this ITC. Advancing the discussion below, the
higher thermal conductance results in a significant decrease of
the temperature maximum.

Figure la shows the transient radial thermal profiles for a 20
nm radius gold nanosphere illuminated by a Gaussian pulse.
We have considered the simulation region large enough as to
allow for a complete thermal relaxation neglecting melting
effects. Although gold may exhibit changes in shape and
geometry due to premelting effects before reaching the melting
temperature,”” its stability can be preserved.”” Indeed, no
significant evidence of premelting has been reported at
temperatures lower than 726 °C,”* as this temperature is
much higher than the one achieved in our illumination
conditions. Red and yellow curves represent the time-
dependent temperature of the Au particle bulk and the water
in contact with the nanoparticle surface. Notice that our results
agree with those obtained in ref 17 under the same conditions.
The maximum temperature is reached at approximately 1 ns
after the excitation pulse, and the ITC produces a temperature
jump at the gold—water interface.

The thermoplasmonic heating results in a large temperature
increase of the solvent, reaching values close to 300 °C. The
thermal conductivity and specific heat of gold and water
change significantly in the temperature range of 300—550 K.
We have assessed the impact of these changes by including
temperature dependent properties in the solution of the heat
diffusion equation. In doing so, we kept the ITC constant for
these calculations, since a weak dependence with temperature
was recently reported by simulations of gold nanoparticles in
water.”> Thus, we used the temperature dependent thermal
conductivities and specific heats provided in the material
database of Comsol Multiphysics, which are extracted from ref
26. We show, in Figure 1b, the same calculations reported in
panel a, but considering the temperature dependent thermal
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Figure 1. Transient thermal response of a 20 nm radius (R) gold
sphere illuminated by a temporal Gaussian pulse with F = 38 J/m?, 7 =
1 ns, and ¢, = 2 ns. Time evolution of the temperature profiles along

the x axis (radial distance) for (a) gold—water ITC of G, = 150 %
and gold and water thermal conductivities independent of temper-
w w MW
ature (k, = 0.6 — Kkaw = 3072 m—K), (b) Gy =150 ¢ and
temperature dependent thermal conductivities (see Figure S2 in the
SI), and (c) Gg = 200 % taken from ref 21 and temperature

dependent thermal conductivities. The red curve represents the time
evolution of the temperature inside the gold, and the yellow one is the
interfacial temperature corresponding to the temperature of the
solvent at a radial distance of 0.1 nm from the gold surface (Tyy/,)-
(d) Time dependence of the temperature of the particle (continuous
line) and solvent (dotted line) at the gold surface (Tys,)- The color
lines: blue, red, and green correspond to the models used in (a), (b),
and (c), respectively. Upper inset: E and k represent the incident
electric field and wavevector for a wavelength (4 = $32 nm),
respectively.

properties. The water thermal properties were taken for a
compressed fluid. Thus, the solvent does not experience any
change of state along the studied temperature range. This
allows a fair comparison with ref 17, where authors use
constant thermophysical properties. The maximum temper-

ature reached by the particle and the surrounding solvent
decreases by approximately 15 K relative to the temperature
obtained using constant thermophysical properties. The
change in the temperature is mostly driven by changes in the
heat capacity of water. Indeed, the isobaric density and thermal
conductivity of both water and gold, and the specific heat of
gold, feature a weak dependence with temperature (see Figure
S2 in the SI). However, the specific heat of water does change
from ~4200 J/(kg-K) to ~5200 J/(kgK) for the case of AT ~
280 K, from T =273 K to T = 553 K. This means that water is
progressively able to store more energy per temperature unit
when it is heated, something that significantly affects the
transient thermal process. This result underlines the need to
include the temperature dependence of relevant thermophys-
ical properties in the theoretical solution of the heat diffusion
equation (especially for the water specific heat) to accurately
describe the thermal transport processes at the nanoscale.

In Figure lc, we investigate the impact of ITC on the
transient heating/cooling process. These computations were
performed using temperature dependent thermophysical
properties. A higher ITC results in lower metal overheating
since the metal—water interface features a lower thermal
resistance. To compare all the cases investigated above, we
show in Figure 1d the temporal evolution of the temperature at
the center of the gold nanoparticle (continuous line) and at the
gold water interface (dotted line) obtained from models g, b,
and ¢. The maximum in the temperature of the nanoparticle
exhibits a significant dependence with the ITC. Higher thermal

conductance 200 vs 150 % results in a substantial reduction
m

of the maximum temperature achieved by the nanoparticle
(AT ~ 40 K) after 1 ns. The temperature difference of the
solvent at the particle surface also depends on the ITC, and we
observe consistently a smaller temperature jump at the
interface. These results highlight the importance of the ITC
when investigating the transient thermal transport properties of
nanomaterials. In fact, geometrical imperfections derived from
the manufacturing processes, such as roughness or porosity,
would enhance the ITC, as the surface—solvent coordination
number would be even higher modifying the predicted thermal
transport behaviour.

On the other hand, the temperature can also affect metal
permittivity as reported in refs 27—31. To take this effect into
account, we have modeled the gold permittivity as a Drude—

a)

x107 PMMA

w

Ao =747 nm =

R

0
500 600 700 800 900 500 600
A (nm)

700 800 900
A (nm)

Figure 2. Absorption cross section of a polymer-gold semishell JNP with 6 = 20 nm and R = 40 nm illuminated with the electric field polarized
along the largest dimension of the nanocap (a) and along the shortest dimension (b). A, is the resonance wavelength, and the orange area highlights
the NIR-I. (c) xy and yz mapping of the electric and magnetic field enhancements for (a). Inset: Schematic of the JNP under illumination

conditions.
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Lorentz function where the Drude damping constant is
temperature dependent”””® (see Section II of the Supporting
Information). This model suggests the non-negligible variation
of the optical constants with temperature, especially for high
temperature increments. Figures S3 and S4 show how the
temperature dependent Drude damping constant influences
the gold permittivity. The imaginary part increases, being this
change more prominent in the infrared, while the real part
remains almost constant as already reported in the literature.”®
This leads to a reduction in the absorption efficiency and
consequently to a temperature drop, as suggested in Figures
SS, S6. Therefore, the expected temperature from model ¢ will
decrease from 360 to 330 °C, giving a reduction of ~9%.
Although it is a small relative change, it is non-negligible given
the peak temperature of our gold nanoparticle (AT > 350 K).

So far, we have investigated the impact that temperature
dependence of the thermophysical properties and the ITC has
on the heating/cooling dynamics of homogeneous nano-
particles. In the following, we extend this analysis and focus on
heterogeneous Janus nanoparticles suspended in water. Again,
we assumed nanosecond pulsed Gaussian illumination
conditions. The Janus particle structure is shown in the inset
of Figure 2a. It consists of a polymeric spherical core (we
selected PMMA for this study) of radius R = 40 nm coated by
a gold spherical-semi shell of thickness 6 = 20 nm. These
materials were chosen because the polymer/water and
polymer/gold ITCs are usually low; ie., the interfacial
resistance reduces the heat flow toward the polymer side.
Conversely, the gold/water ITC is higher, which translates into
a lower interfacial resistance, enabling the heat flow through
water. This kind of JNP has been experimentally studied
before;’*™ in fact, the particle geometry and composition
studied here are similar to that fabricated by Halas et al.***’
Therefore, these experimental studies provided motivation for
the system investigated here.

To understand the origin of the JNP thermoplasmonic
behavior, we first investigate its electromagnetic response
under plane wave illumination and calculate the corresponding
absorption cross section (see Figure 2a). This JNP shows a
well-defined spectral absorption within the first biological
window (NIR-I**). This agrees with the calculations and
measurements shown in ref 36, which were performed using a
constant background refractive index n = 1.414 (we use here
the water dispersion relation’”) and an ellipsoidal core made of
Polystyrene (PS) instead of PMMA. PS and PMMA have
similar optical and thermal properties, and this supports the
consistency of our results with the previous studies. Notice that
the PMMA—gold semishell resonance can be shifted to the
second biowindow (NIR-II**) or to other spectral regions of
interest, by modifying the core radius and the Au coating
thickness or the polymer composition (see Figures S7 and S8
for more details on tunability of the gold—polymer JNP
absorption cross section). Importantly, the JNP anisotropy
introduces a remarkable absorption dependence with the
incidence direction and polarization of the input electro-
magnetic wave’’ as can be seen in Figure 2b. Here, the
absorption cross section of the analyzed hybrid structure is
shown when it is transversally illuminated. The absorption
features two different peaks as for the situation described in
Figure 2a. In this configuration, however, as the electric field is
transversal to the largest dimension of the structure, the
longitudinal excitation almost disappears. For the same reason,
the transversal excitation is enhanced, giving rise to a radically

different behavior. This reduction in absorption at the target
wavelength translates into a much weaker heating capability
(see Figure S9).

Consequently, both the maximum absorption and its
spectral position will differ for different incidence conditions
and result in a reduction of the maximum achievable
temperature. Nevertheless, our main conclusions will still be
valid since we are interested in analyzing the impact of the ITC
on the JNP transient thermal behavior. For this, it is enough if
we consider just normal incidence (see inset in Figure 1). To
better characterize and analyze the mechanism that determines
the temperature generation, we calculated the near electric and
magnetic fleld spatial distributions for the most beneficial
situation (shown in Figure 2¢).

The local electric field, E, upper, and lower maps suggest an
accumulation of charges in the gold shell boundaries. This
indicates that the electronic motion is following the gold
semishell curvature. This is also supported by the two
remarkable maxima of the magnetic field, H, distribution
inside the PMMA and outside the gold shell, which emerge
from the mentioned electronic motion (see the upper and
lower magnetic field maps). This observation agrees with
previous studies.””*’. Therefore, the resonance can be
classified as a magnetic transversal mode, as it is originated
from the charge currents in the gold coating.

Now, we consider the thermal transport problem when the
JNP is illuminated with a nanosecond pulsed laser. We selected
the fluence to target realistic experimental conditions. It is
known that fluences of the order of a few tens of millijoules
(m]J) per square centimeter can seriously affect the structure of
small metallic gold nanoparticles in water due to melting and
surface evaporation.*"** For gold nanoshells, the m] threshold
also applies, as demonstrated in refs 18,42. This information
can be used to estimate the minimum fluence threshold
required for shell fragmentation under nanosecond pulsed

illumination, E, = 0.4 ijz For that reason, all calculations
cm

about the thermal behavior of the JNP were performed for
fluences under that value. Furthermore, nanosecond pulsed

laser with lower fluences (F = O.ZL]Z) in a similar spectral
cm

range as the ones shown in Figure 2a have already been
employed in previous experiments.'” This motivated us to

consider the fluence F = 0.2% for a 1 ns-pulsed laser.

Following the approach discussed above, the heat source was

modeled as a volumetric heat power density following eq 4.
Figure 3a shows the temperature profiles as a function of

time. For our calculations we considered the gold/PMMA and

PMMA /water ITCs, 59 and 50 MW *3** regpectively, while

m? K’

the value for gold/water ITC was 200 %.21 The maximum
temperature is reached at t = 2.4 ns, followed by a rapid
temperature relaxation over time. Also, notice that the gold
nanocap is heated first upon illumination, an event that is
followed by internal heat transfer to the polymer core and
external heat transfer to the solvent. After approximately 2 ns,
the temperature inside PMMA gets higher than the gold one,
presenting a maximum inside the polymeric core. This can be
explained in terms of the low thermal conductivity of the
polymer and the low polymer—water ITC, which act as a
thermal insulator, resulting in a slower thermal relaxation (see
SI movie to get the complete profile temporal study).
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Figure 3. (a) Temperature profiles taken along the x-axis as a function of time. The initial profile is taken at the maximum temperature increase (¢
= 2.4 ns), so that the cooling process is shown. The vertical lines and the inset display the position of the interfaces. (b) Input heat power density
pulse (left plot) and temporal evolution of the temperature (right plot) taken at points Th, Tauw/pvmar Tawsmw 20d Toypas as seen in the upper
inset. (c) Temperature contrast as a function of time for Ty, — Tays, (red), Tay — Tawpvma (blue), and Tya, — Toypajse (green). The reference
point to calculate the interfacial temperature is placed at 0.1 nm from the surface of the Au or PMMA materials, due to mesh limitations. For bulk

gold, Ty, the reference point is located at the center of the gold nanocap.

Figure 3b shows the temperature contrast induced by the
interfaces. Here, a comparison of the evolution of temperature
is shown at three different interfacial regions (Tau/pamar Taw/w
and Tpymas tespectively) together with the gold temperature
(T,,) taken along the x axis (radial direction PMMA—Au).
The interfacial regions are located at 0.1 nm from the surface,
except the gold one, T,,, which is located at the center of the
gold nanocap. The maximum temperature is reached inside the
gold semishell, in the region that is further away from the
interfaces. At the gold/polymer interface, a maximum temper-
ature gap of approximately 4 °C can be seen, which is

associated with the polymer—gold ITC (59 %) Similarly, a

maximum temperature gap of 5.6 °C is present at the gold/
water interface due to the considered ITC (200 ZMK) While

gold/water features a higher ITC, the larger interfacial
temperature jump is connected to the higher heat flux flowing
through this interface. However, the time scale of the transient
cooling is similar for both interfaces, gold—water and gold—
PMMA. One interesting aspect can be remarked at the
PMMA /water interface: the temperature increment is much
lower (about 1.7 °C with respect to ambient temperature) and
increases also slower. It takes more than 9.4 ns to reach the
maximum temperature which can be rationalized by consid-
ering the low thermal conductivity of PMMA™® and the low
PMMA/Au and PMMA /water ITCs. Indeed, the heat flux
calculated at gold—water and PMMA—water interfaces (see
Figure S10) shows great asymmetry. In contrast, the rest of the
curves reach their peak temperature after 2.4 ns. This translates
in a delay of more than 7 ns. It is important because it shows
that the temperature contrast achievable with JNP is
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transferred to the transient process, leading to very large
temperature differences across the opposite nanoparticle
regions at subnanosecond time scales.

Figure 3c shows that the difference between gold and gold/
water or gold/PMMA surface temperatures (red and blue
curves) is quite similar. This is supported by both ITCs used

here, which also have similar values, 50 vs 59 However,

m?K’
the temperature difference (T, — Tau/pmma) cotresponding to
the gold/PMMA interface becomes negative after approx-
imately 3 ns, approximately. This can be understood in terms
of the thermal properties (including ITC) of materials: gold,
the thermoplasmonic heating source, cools down faster
through water than PMMA, which is the desired behavior.
Thus, the heat flux from gold to PMMA is inverted after 4 ns,
with PMMA being hotter that gold, and therefore gold acts a
heat sink for the temperature relaxation of the polymer. To get
a better idea of the temperature spatial variations generated by
the JNP structure, we calculated the temperature contrast
between the gold—water and PMMA—water interfaces (green
curve in Figure 3c). Considering the low PMMA—water
interface temperature, the particle would be suitable for PTT
when this contrast is higher than or equal to 10 °C.*® The
results presented in Figure 3c show that the JNP structure can
support significant temperature contrasts over 2.2 ns, meaning
that a repetition rate shorter than that value might even lead to
a stationary contrast over the ideal threshold.

B CONCLUSIONS

In summary, we have demonstrated that the thermophysical
properties, in particular, the temperature dependence of the
solvent specific heat, have a significant impact on the
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thermoplasmonic calculations of JNPs when pulsed illumina-
tion is used. The optical properties are affected by temperature,
leading to a reduction of the structure absorption capabilities,
especially at high temperatures. Although it affects the
interfacial temperatures, the temperature contrast associated
with the anisotropic interfacial thermal conductance remains
almost invariant. This conductance, often neglected in
continuum calculations, plays a crucial role in determining
the dynamics of a nanoparticle upon illumination as well as on
the dynamics of the subsequent relaxation process. Hence, we
conclude that the ITC is an important variable that must be
considered to accurately describe the thermoplasmonic
response of nanomaterials. We investigated the transient
behavior, under the same pulsed illumination conditions, of a
polymer/gold core/semishell nanoparticle, a nanomaterial that
has been studied in previous experimental works with the same
geometry ((Au shell thickness, PMMA radius) = (20, 40) nm).
We found that this JNP offers a maximum temperature
increase of more than 10 °C with a high temperature difference
between the polymer and metallic sides of the nanoparticles,
hence providing asymmetric heating, which is potentially
relevant to PTT applications. We also found that the maximum
temperature contrast was achieved at 2.4 ns, and we expect
that higher temperatures can be achieved using nanosecond
light pulses with repetition rates below 2.4 ns (Figure S11).
This single particle study can be representative of a highly
diluted sample; however, before these results can be taken to
practice, further studies need to be performed for relatively
dense colloids to explore the influence that collective effects
may have in PTT. The potential of these Janus particle colloids
stem from their intrinsic capacity to generate thermal
asymmetry and undergo selective biofunctionalization.*”**
Through this synergistic combination, the randomly adminis-
trated particles will be more likely to adhere to cells through
their hotter region. This offers a dual benefit: enhanced heating
efficiency due to the majority of thermal energy channeled
toward the target cells and thermal insulation of the
surrounding tissue. Furthermore, the model we have proposed
here can be used to analyze any JNP geometry taking into
consideration time dependence thermophysical properties and
the ITC. Our work can also be useful in other areas, beyond
PTT applications, and might provide input to develop novel
Janus architectures to reach efficient heating control at the
nanoscale, an objective of particular interest among the
thermoplasmonics community.
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