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Abstract: This work deals with a numerical study of the different thermal processes in a gold
nanoparticle heated with a femtosecond pulse laser and cooled in different biological tissues, such as
healthy human prostate, blood, fat, tumor prostate, skin and protein myoglobin. A 40 nm diameter
gold nanoparticle is heated using a femtosecond pulse laser with a duration of 85 fs and a fluence
of 1.4]/m?. A two-temperature model is used to describe the dynamics of the exchange of energy
between the electron gas and the phononic lattice in addition to Fourier’s law and the relationship
between the thermal conductivity of the external medium and the temperature. The temperature of
the external medium near the nanoparticle surface was computed, and the effect of the laser energy
was reported.

Keywords: gold nanoparticle; ultra-short pulse laser; heat flux dissipation; two-temperature model;
fourth-order Runge—Kutta scheme

1. Introduction

The interaction between nanomaterials and ultra-short pulse lasers has been investi-
gated considerably in recent years and has showed extraordinary properties [1-5]. Several
researchers showed that at the nanoscale, physical, chemical and electronic properties of
nanoparticles are very different compared with those of bulk gold. The most remarkable
properties are the optical and thermal properties of metallic nanoparticles, particularly
gold nanoparticles (GNPs), which absorb strongly photonic energy at visible or infrared fre-
quencies when they are smaller than 100 nm in size due to their localized surface plasmon
resonance [6].

The field of the applications of these proprieties is expansive, especially in nano-
optics [7,8], biology and nanomedicine [9,10]. The dynamics of thermal relaxation in GNPs
offer them the ability to be localized and highly thermal sources for damaging cancer cells.
GNPs injected into biological media provide a highly selective method for causing damage
to abnormal cells (e.g., cancer tumor) when they are irradiated with the appropriate laser
pulse duration. The amount of heat generated by a plasmonic GNP can be controlled by
the particle size, shape and aggregation state of the GNP as well as the illuminating laser
intensity, wavelength and pulse duration.

A GNP is composed of two distinct subsystems, specifically electrons and phonons.
The photons emitted from a femtosecond laser pulse are first absorbed by free electrons via
inverse bremsstrahlung, transferred to the lattice subsystem by electron-phonon scattering,
and then transferred to the surrounding medium [11]. Thermal equilibrium between the
electron gas and the metallic lattice is achieved in a few tens of picoseconds. As the lattice
temperature increases, the heat loss from the particle to its surrounding medium occurs
through phonon—phonon coupling in a few nanoseconds. The heat transfer from the GNP
to the medium can lead to the formation of a photothermal bubble in liquid [12].
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It is important to study the exchange of energy in metallic nanoparticles between
electrons and phonons while taking into consideration the dependence of temperature in
the electron-phonon coupling factor. To study this fast thermal process, we proposed to use
a two-temperature model (TTM), which provides a good description of the thermal kinetics
of GNPs [13-17]. The TTM is a system of two coupled and nonlinear differential equations,
one describing the temporal evolution of the electron gas and the other describing the
phononic lattice in a response to a pulse laser. Mathematically, the dynamics of these
processes are modeled using the Anisimov two-temperature model and the numerical
solution of the Navier-Stokes equations [11,18].

In the present work, we have numerically studied the heating kinetics of a spherical,
40 nm diameter GNP cooled in various biological tissues, such as water, healthy human
prostate, blood, fat, tumor prostate, skin and protein myoglobin, under a femtosecond laser
with an incident laser beam of wavelength A = 550 nm. The time duration is 7, = 85 fs and
the fluence is Fp = 1.4 J/m?, which is comparable to the experimental data in [19]. The use
of a GNP with a diameter between 10 and 40 nm in rapid hyperthermia seems adequate
and effective at the protein level since biological systems, such as cells (1-10 pm), proteins
(1-10 nm) and bacteria (1-10 mm), are characterized by a wide range of sizes [20].

This numerical predictive study will be presented by taking into account the electron-
phonon relaxation time for the GNP, the interface conductance between the particle and its
surroundings, the diffusion of the heat from the GNP to the surrounding medium and the
amount of energy absorbed by the biological tissues. Conduction losses are a function of the
thermal interface conductance of the gold and the temperature at the GNP /surrounding
media interface. In order to determine the latter, Ekici [14] solved the heat diffusion
equation in the water as a third equation using the finite difference method in addition to
the TTM equations. However, in our work, we have simply used Fourier’s law and the
relationship between the thermal conductivity of the external medium and the temperature.

Mie theory gives not only the integral characteristics of the interaction between plane
diffusion waves and spherical particles but also the absorption A, the scattering Agc:
and the extinction A,y cross-sections [6]. The computer calculation of theses quantities
for a spherical GNP in a wide range of radiuses and for some laser wavelengths can be
performed using a Fortran code, as in [21]. Two physical quantities are necessary for
computing the A, required in the calculation of the photonic energy absorbed by the GNP,
specifically the refractive indexes of the GNP and the external media. These quantities
depend, in general form, on the light wavelength.

We resolve the TTM numerically with a Fortran program that we have devised by
using a fourth-order Runge-Kutta algorithm [22], which is convergent and accurate.

2. Theoretical Study

We consider a spherical, 40 nm diameter GNP immersed first in water (the external
environment is varied thereafter). The GNP is heated with a femtosecond pulse laser
and assumed uniformly illuminated at its plasmonic frequency. The electron and phonon
temperature relaxation and the electron—phonon coupling inside the spherical GNP were
represented on the basis of two coupled kinetic equations, as shown in Equation (1). The
first equation describes the thermal transfer between the electron gas energy and the lattice,
and the second describes the heating of the lattice:

ate _ _
{CE%__ g(Te —Tp) +S(1) O

T, and T} are the temperatures of the electron gas and the lattice, respectively, and C, and
C| are the specific heats per unit of volume of the electrons and phonons, respectively. In
general, C, and Cj depend on T, and T} . The electron—-phonon coupling is represented by
the factor. The term S(t) represents the laser energy deposition into the electron subsystem
of the GNP per unit of time and per unit of volume. Q(t) represents the released heat power
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from the particle to its surrounding medium per unit of volume. The heat loss includes,
in general form, the energy losses due to heat conduction (Qc¢) and radiation cooling (Qr).
However, radiation transfer is not included in our calculations because it is much smaller
than Q¢ for temperatures T < 5000 K [2]. Finally, t represents the time. The thermophysical
parameters of the GNP are given in Table 1.

Table 1. Thermophysical parameters of the GNP.

Parameters

Unit (ST) Value Ref.

The electron heat capacity, C.

J/(Km®) Ce=70xT, [17]

CL = pgoid % (109.707 Ty — 3.4 x 1074T 2 4+ 5.24 x 1077 T3

The lattice heat capacity, C J/(Km?) 393 x 107 10T, % + 1.17 x 10~ BT, 5¢) [14]
Density, pgold Kg/m3 Pgotd = 1.93 x 10* [17]
Electron-lattice coupling 3 _ 16
coefficient, g W/(Km?) g=22x10 [9]
Thermal conductance, G W/ (Km?) G =105 x 100 [14]

The source term S(t), as shown in Equation (2), has a Gaussian temporal profile f(f)
and an exponential spatial damping, as shown in Equation (3):

1 Aubs X Fp

(1) = 75 =L < £(1) @

l _4in % t—21p 2
ey = 2V a5 ®

3
NG
V) represents the volume of the GNP, 7, is the full width at half maximum of the laser
pulse and F, represents the laser fluence.
According to [1,2], heat loss by conduction is given by Equation (4), with Ts represent-
ing the temperature at the interface of the GNP /biological tissue:

_Sp ("

Qc = R Jr

k(T)dT 4)
Sy = 4mR? represents the area of the GNP, R its radius and k(T) the thermal conductivity of
the external medium.

The thermal conductivity of the external medium can be written as a power law
temperature function given in the following form: k(T) = keo (T/Two)* [2]. koo represents
the thermal conductivity of the surrounding medium at T = 25 °C, and T is the initial
temperature of the GNP and the surrounding media. The constant a depends on the
thermal properties of the surrounding medium, and for a biological medium, we put
a =1 according to [1]. The conductivity of water at Too = 300 K is koo = 0.61 W/Km. The
surrounding media corresponding to some biological tissues are characterized by different
thermal conductivities ke and different optical refractive indexes (Table 2).

We assume the continuity of the temperature at the interface of the GNP /surrounding
medium; therefore, we can write Ts = T}, and after the integration of Equation (4), we

found the following:
2
Qc = 27Rkoo Two ((T;(t)> - 1) ©)

o)

We resolve the TTM numerically by using a fourth-order Runge—Kutta algorithm with
following initial conditions: T,(t = 0) = Ty (t = 0) = Teo. The time step of the simulation is
in picoseconds.
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Table 2. Thermophysical and optical proprieties of different biological tissues.

. . . Thermal Conductivity Refractive Computed Optical Absorption
Biological Tissues koo (W/m/K) [8] Indexes References A s Cross-Section (nm?)
Protein myoglobin 0.15 1.35 [23] Kurisaki 3831.29

Human prostate 0.529 1.40 [24] DeLunaa 4375.18
Blood 0.48-0.6 1.37 [25] Elblbesy 4045.33

Fat 0.23 1.47 [26] Bacallao 5064.83
Tumor prostate 0.45 1.35 [24] DeLunaa 3829.58
Skin 0.210-0.410 1.46 [27] Ding 5064.83
Water 0.61 1.33 [14] Ikici 3623.83

The temperature of the water near the GNP surface, noted as Ty, can be computed
from the following relation [13]:

Qc = G Sp( TL(t) — Tws(t)) (6)

G represents the interfacial thermal conductance, which links the temperature drop at the
interface to the heat flux crossing the interface. The size dependence of the thermal conduc-
tance may be described by the empirical relation proposed in [28,29], as G(R) = Geo (1 + 6/R)
and G represent the value of the infinite radius thermal conductance and J represents the
characteristic length on the order of a molecular size.

3. Numerical Results

Figure 1 gives the plots for the optical cross-sections of the GNP embedded in water
with a light wavelength. The plasmon resonance occurs at 524 nm. The shift in this
resonance frequency is due to the electron gas heating and population changes near the
Fermi level, leading to an increased probability of 5d—6sp transition in the GNP.
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Figure 1. Extinction (Aeyt), absorption (A,;), scattering (Ascar) cross-sections as functions of wave-
length calculated using Mie code for the 40 nm diameter GNP embedded in water.

Figure 2 exhibits the thermal responses of both the electron gas and the gold lattice
when the 40 nm diameter GNP is heated with a femtosecond laser and cooled in water. The
pulse duration is T, = 85 fs and the fluence is Fp = 1.4 ] /m?. The electron-lattice coupling is
achieved at approximately 10 ps. The GNP reaches a temperature of 331 K, and the cooling
time of the GNP is found to be 2 nanoseconds.
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Figure 2. Simulated temporal evolution of electron temperature, T, (solid black line), and GNP
temperature, T1, (dashed red line), of the 40 nm diameter GNP heated with a femtosecond pulse laser
and cooled in water. Duration time is 85 fs and fluence is 1.4 J/m?. The inset shows the temporal
evolution of the GNP temperature.

Figure 3 shows the temperature of the GNP when cooled in different biological tissues,
such as human prostate, blood, fat, tumor prostate, skin and water. The heating of the GNP
is more intense in skin and fat than in the other tissues.
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Figure 3. Temporal evolution of temperature of the GNP cooled in different biological tissues (human
prostate, blood, fat, tumor prostate, skin, water and protein myoglobin). Duration time is 85 fs and
fluence is 1.4 J/m?2.

Figure 4 gives the temporal evolutions of both the temperatures of the GNP and
the water near the GNP surface. These curves showed an increase of 30 °C in the GNP
temperature and 20 °C in Ty with a laser heating of 1.4 J/m?. Gan et al. found an increase
of 30 °C in T, with the same fluence for a 120 x 40 nm? gold nanorod [17].
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Figure 4. Temporal evolution of the GNP temperature (solid line) and the water temperature near
the GNP surface (dashed line). Duration time is 85 fs and fluence is 1.4 J/m?.

We will show in a future work that it is not necessary to increase the laser fluence
to increase the temperature of the GNP; however, a sequence of sub-pulses (adequately
separated) from a burst femtosecond laser is sufficient to produce a fast heat accumulation in
the GNP and in the external medium near the interface without increasing the laser energy.

Figure 5 shows the increasing maximum temperatures of the different biological
tissues near the GNP surface as a function of laser fluence within a range (0.1-1.4) J/ m? at
the same pulse duration. The rates of temperature increase in skin, fat, protein myoglobin,
human prostate, blood, tumor prostate and water are 27.08, 26.76, 21.14, 18.97, 18.16, 17.57
and 14.83 K per J/m?, respectively. The temperatures near the GNP surface in fat and skin
are more intense and decrease slowly compared with the other biological tissues. This
conclusion (concerning the fat) is similar to that found [1], where Lutfellin et al. used a
one-temperature model in their calculations and found a higher overheating for a 30 nm
diameter GNP embedded in fat with a 100 J/m? fluence and an 8 ns duration. The curves
in Figure 5 can indicate the threshold fluences for the melting point (which is T,,~1337 K
for gold bulk and is between 800 and 900 K for a 3 nm GNP, as shown in [28]), the boiling
temperature (T,~3130 K), the critical temperature of water (T.,~647 K), as reported in [30],
and the cavitation threshold of water (T¢;»,~573 K) [18].
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Figure 5. The relationship between the maximum temperatures of different biological tissues near
the GNP surface and the laser fluence. Duration time is 85 fs.
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It should be said that nanoparticles can react selectively with the host medium de-
pending on a set of conditions related to the nature of the particles and the biological tissue.
The particles placed within a human body must be functionalized and can carry molecules
that could be hydrophobic or hydrophilic, which react differently. There are other effects
that must be taken into account to define the appropriate choice of laser parameters and
GNP properties for the effective therapy of tumor tissues [20].

4. Conclusions

In this work, we investigated numerically the dynamics of the ultra-rapid exchange of
energy in a spherical GNP immersed in different biomedia and heated at their plasmonic
resonances using a femtosecond pulse laser. The temperatures near the GNP surface in
fat and skin are more intense and decrease slowly compared with the other biological
tissues. The surrounding environments of the GNP are the biological tissues. It would
be interesting to complete the modeling by incorporating the bio-Pennes equation. Our
numerical study has only been concerned with a single GNP heated by a single pulse; thus,
it seems judicious to complete the mathematical formalism by including a multipulse laser
as well as the distribution of the nanoparticles in the medium in order to establish adequate
conclusions. This will be done in a future work.
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