Optical and Quantum Electronics (2023) 55:872
https://doi.org/10.1007/511082-023-05126-8

®

Check for
updates

Thermo-optical properties of gold nanoparticles embedded
in the oxygenated and deoxygenated human blood

A. Akouibaa' - R. Masrour? - M. Benhamou?® - A. Derouiche’

Received: 21 March 2023 / Accepted: 28 June 2023 / Published online: 23 July 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

Gold nanoparticles (GNPs) aided plasmonic photothermal therapy has demonstrated prom-
ising results in the treatment of cancer. This treatment requires intravenous or intratumor-
ally injection to insert GNPs into cancer cells and irradiate them with Visible-Near Infrared
light that will be converted into heat. In this study, the impact of the shape and morphology
of GNPs injected into oxygenated and deoxygenated human blood on their optical proper-
ties and their heating capacity have been investigated. Firstly, the numerical finite element
method (FEM) is used to determine the effective dielectric constants and absorption spec-
tra of GNPs with various shapes and morphologies such as: solid sphere, hollow sphere,
core-SiO,/gold shell, core-Fe;0,/gold shell and gold nanorods (GNRs). It has been shown
that the absorption curves of GNPs depend on the oxygenation degree of blood in which
they are injected. In particular for oxygen saturated blood the absorption spectrum shows
two peaks: the first one which is more pronounced corresponds to the surface plasmons
resonance (SPR) of GNPs is located in the visible- near infrared band and the second one
which is smaller is located near the UV-blue band. On the other hand, the SPR-peak prop-
erties essentially position, and amplitude depend on the shapes of the studied nanoparticles
and on the geometrical parameters such as the gold shell thickness for core/shell NPs (Hol-
low, SiO,/Au and Fe;0,/Au) and aspect ratio (Iength divided by width) for the GNRs. Sec-
ond, we studied the thermo-plasmonic properties and local field enhancement at the SPR
of spherical GNPs and GNRs injected into oxygen-saturated blood. The obtained results
show that the local field enhancement is very important for GNRs compared to the spheri-
cal GNPs. The plasmonic heat dissipation of spherical GNPs dispersed in human blood is
studied under effect of time and nanoparticle concentration.

Keywords GNPs - Plasmonic - Photothermal therapy - FEM - SiO,/Au and Fe;0,/Au

< R. Masrour
rachidmasrour @hotmail.com

LPPSMM, Physics Department, Faculty of Sciences Ben M’sik, Hassan II University Casablanca,
P.O. Box 7955, Casablanca, Morocco

2 Laboratory of Solid Physics, Faculty of Sciences Dhar El Mehraz, Sidi Mohamed Ben Abdellah
University, BP 1796, Fez, Morocco

Dynamics of Complex Systems Team, Physics Department, Faculty of Sciences, Moulay Ismail
University, P.O. Box 11201, Meknes, Morocco

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-023-05126-8&domain=pdf

872 Page2of20 A. Akouibaa et al.

1 Introduction

Photothermal therapy (PTT) involves using light and a photosensitive "platform" to heat
the cells. A local temperature increase of 7 °C is sufficient to destroy the tumor cells that
cannot be removed by surgical resection (Kumar et al. 2020; Choi et al. 2012; Hu et al.
2008). Cancer cells are naturally more sensitive to radiation than normal cells. For this
reason, a number of protocols, based on hyperthermia, have been developed to destroy
tumor cells in an irreversible procedure. Several methods involving laser, microwave, radio
frequency and ultrasound have been tested to locally heat a cancerous area and destroy it
(Kaur et al. 2016; Wijlemans et al. 2012; Kalber, et al. 2016). PTT using gold nanoparticles
(GNPs) represents a promising new therapy for a cancer treatment. It has begun to be used
experimentally in patients with specific cancers, but much research is still needed before
it can be offered more widely. During the interaction with light, GNPs are well known to
be the seat of collective oscillations of conduction electrons. When the frequency of the
incident wave corresponds to the natural frequency of these oscillations, a resonance phe-
nomenon occurs, called SPR. The spectral position of this resonance can be easily adjusted
from the visible to the infrared band, by modulating the size and the geometry of NPs (Hu
et al. 2020). This therapeutic window stems from the fact that the human skin tissues only
weakly absorb light with wavelengths between 650 and 900 nm (optical window). There-
fore, NIR light can optically penetrate the biological tissues and excite the GNPs embed-
ded inside deeper tumors to generate localized heating.

In addition to their remarkable optical properties GNPs also possess thermal properties
of great interest. Due to the strong optical absorption of nanoscale gold, particularly at the
plasmon resonance, metal nanoparticles behave as heat nanosources. Indeed, the photon
energy absorbed by the particle is converted into thermal energy by Joule effect, which
generates a temperature rise AT inside the particle. The nanoparticle being hotter than its
environment (at the initial temperature 7},), thermal energy is transferred from the parti-
cle to the outside (phenomenon thermal diffusion). It then occurs a rise in temperature in
the surrounding environment (Baffou 2017; Baffou and Quidant 2013; Jain et al. 2007).
It is well known that the plasmonic properties of metal nanoparticles depend strongly on
their environment, composition, size and shape. In particular, the SPR-peak of spherical
GNPs appears in the vicinity of wavelengths 520-540 nm. To adjust the plasmonic proper-
ties, several gold nanostructures that absorb NIR light have been reported, with structures
including gold nanorods (Nikoobakht and El-Sayed 2003; Murphy et al. 2005), silica/gold
nanoshells (Yu-Chen et al. 2018), Fe;0,/gold nanoshells (Wasfi et al. 2019) and hollow
GNPs (Loghman Nia and Naderi 2018). For a given plasmonic nanostructure, the SPR pro-
file can be modified by its environment by means of its dielectric constant ¢, (Liao et al.
2018). Then, using the GNPs as therapeutic agents must take into account the dielectric
properties of the biological tissues in which they are injected. When a biological tissue is
exposed to electromagnetic radiation, interactions occur with the electrical charges of the
cells. These interactions can cause biological effects that are not necessarily harmful to
health (Sienkiewicz 1994; Ansal et al. 2018). The complexity of these phenomena is due to
several factors, in particular the characteristics of the incident wave: its frequency, polari-
zation and intensity and of the tissue encountered (its geometry, its electromagnetic proper-
ties: dielectric permittivity and conductivity) (Akouibaa et al. 1244). Several studies are
carried out to approximate the frequency variations of dielectric properties of biological
media including numerical methods, empirical models and experimental measurements.
Including, the Finite-Difference Time-Domain (FDTD) method (Young 1995), Debye and
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Cole—Cole models (Lazebnik et al. 2007a, 2007b) and experimental measurements that are
listed in the work of Gabriel and Gabriel (Gabriel et al. 1996a, 1996b, 1996¢).

The dielectric and optical properties of blood could offer much information that are
used in medical diagnosis and therapy. The ability of blood to absorb the different types of
spectra is the basis for many therapeutic and diagnostic applications. A number of research
studies have been performed on the dielectric properties of blood over a broad frequency
range (Alison and Sheppard 1993; Pethig 1984; Liu et al. 2019; Zhernovaya et al. 2011).
Measurements of optical properties such as: refractive index, blood in the visible light
spectrum and near infrared are the basis of the diagnosis of many blood diseases (Faber
et al. 2004; Friebel and Meinke 2006). The principle to using of GNPs in new cancer thera-
pies is to destroy tumors by photothermy that is to locally heating the tumors selectively
decorated with gold nanoparticles by illuminating them. In this treatment mode, the first
step is to inject the GNPs into the patient’s bloodstream by an intravenous injection. GNPs
pass unnoticed by the immune defense system, their nanometric size is typically a hundred
times smaller than cells, which allows them to circulate freely through the bloodstream and
penetrate in the tumor. Many tumors are highly vascularized they have this faculty to build
a network blood vessel that allows them to grow. Taking advantage of this pathway, nano-
particles naturally accumulate inside. This increased retention in tumors is promoted by
greater permeability of the blood vessels whose structure is altered at the level of tumors.
The second step is to illuminate the gold nanoparticles with an electromagnetic wave. At
this stage, we must take up a double challenge: The light must penetrate the tissue until the
tumor, but healthy tissue must not heat up. The choice of its frequency is therefore essen-
tial, it is indeed necessary to illuminate the nanoparticles at their resonant frequency, but
it is just as necessary that the tissues without nanoparticles do not absorb this light. In this
perspective, the study of the process of the interaction of the Vis—NIR light with the GNPs
injected into the blood vessels is essential.

The study of the optical properties of GNPs injected in blood vessels is realized by
modeling the system as a nanocomposite inclusions-matrix in which metallic inclusions
(GNPs) are dispersed in a dielectric matrix (blood). To quantify the optical properties
of nanocomposites requires precise knowledge of the parameters that characterize their
dielectric behavior i.e. the effective complex permittivity (éeﬁ =& +¢€ ') or the effective
complex conductivity (6e_ﬁ =o' +ic” ) These parameters are given by & = je)2nfé,;
where g is the vacuum permittivity and f is the frequency. The effective permittivity of the
nanocomposite is typically calculated using one of the well-known Bruggeman, or Max-
well-Garnett mixing rules (Maxwell-Garnett 1904). It is an accepted fact that the validity
of these rules is limited to low volume fractions of inclusions, less than 10—-15% and to
simple geometric shapes. Moreover, numerical simulation is a powerful tool to solve scien-
tific and engineering problems. It plays an important role in many aspects of fundamental
research and engineering applications. FEM is used to study optical and dielectric prop-
erties of composite materials at different scales and with complex compositions (Reddy
1989; Akouibaa, et al. 2021).

The dielectric and optical properties of GNPs embedded in human blood were studied
by using the FEM. This method allows to calculate the distribution of the electric potential
in the nanocomposite when the latter is illuminated by an EM wave. Then the dielectric
and optical parameters are calculated, namely: the effective complex permittivity and the
absorption cross section. First, we present a comparative study of the plasmonic properties
of GNPs injected into the blood of different shapes: spherical gold nanoparticle (SGNP),
hollow HGNP, core-SiO,/Shell-Gold (SiO,/Au), core-Fe;O,/Shell-Gold (Fe;O,/Au) and
gold nanorods (GNRs). For a core/shell structures (HGNP, SiO,/Au and Fe;O,/Au) we
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study the effect of the gold shell thickness on the shifting of the plasmonic band in the
Vis—NIR spectrum, and the same for the GNRs the effect of the aspect ratio (the length
(L) divided by the width (W)) is studied. Since oxygen is an essential component of the
blood it plays a key role in their optical properties, we also present a comparative study of
the optical properties of these GNPs in oxygenated and deoxygenated blood. In the second
step we present a thermoplasmonic study of SGNPs and GNRs, for this we are studying
the local electric field exaltation and the generated plasmonic heat at the nanometric scale.
Finally, the study is extended to determine the heating capacity throughout the medium as
function of the concentration of the GNPs (in ppm units).

2 Physical model and numerical method

To evaluate the optical properties of GNPs injected into human blood, we model the sys-
tem as a two or three-phase heterostructure (matrix-inclusions) in which the (GNPs) are
periodically dispersed in a blood medium. The numerical FEM that we present here allows
to calculate the effective optical parameters of nanocomposites from the microscopic prop-
erties of their constituents. In order to consider the uniform field in the whole particle, the
modelling of the study is performed within the framework of the quasi-static approxima-
tion in which the size of the inclusions is smaller than the wavelength. The implementation
of this method is carried out following the steps: (i) Determination of the computational
elementary domain that contains the inclusion with definition of the geometry, the volume
fraction and the relative permittivity of each component. (ii) Meshing the entire domain in
tetrahedral finite elements. (iii) Calculation of the spatial distribution of local potential in
the considered domain with zero charge and current density. This distribution is obtained
by solving the Laplace’s equation:

V(e (AIV(F)) =0 (1)

€(7) is the local relative permittivity, V(7) is the local potential and &, = 8.85.107'2F/m
is the permittivity of the vacuum.

The basic scheme of the FEM is shown in Fig. 1 wherein we consider the calcula-
tion domain is incorporated into parallel plate capacitor, with conducting plates of area
S and separation distance & which is filled with the composite medium to be studied. A

Fig.1 Elementary calculation vV,
cell with periodic boundary
conditions

av
an
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constant potential difference (V, — V) is kept between the capacitor plates. At each ele-
ment resulting from the subdivision, the function modeling the potential and its normal
derivative are defined by a polynomial interpolation (Sareni et al. 1996; Myroshnych-
enko and Brosseau 2005a, b; El-Kady et al. 2013).

n

V=AY )

i=1

()_V = S A % 3

on &'\ on 3)
where A, are the interpolation functions, n is the number of interpolation nodes and V; the
nodal values. The basic principle is to find the distribution of nodal values A; that verify the
partial differential equations and satisfy the boundary conditions.

The electrostatic energy 5Wf, and losses 6P’; can be calculated from the values of
the derivatives potential at the mesh nodes over the entire composite domain using the

equations:
% oV
-5 ff oo G () (B ] o
L _ 0 " av\2  (av\®, [aV
6P, = ?ﬂkwek(x,y,z) [(§> + <$> +<0Z> ]de ®)

where €, and V, represent the permittivity and the volume of the kth tetrahedron element,
respectively. Thus, the total energy W, and losses P, in the entire composite can be writ-
ten by summation over the n, elements. The effective permittivity €, = e + zs in the
direction of the applied electric field is obtained by the continuity condmon of the normal
component of the electric displacement vector via:

//[‘%((Z_Z)Z:geﬁ.vz;\/ls ©)

This relation allow to determine the real €/ and imaginary e . parts of the effec-
tive permittivity allowing the calculation of the refractlve index neﬁ and the extinction
coefficient k,; which are given by: e n? zc and s = 2n,5K,y. (Liu et al. 2014):

In the case where the dimensions of 1nclu510ns are very small compared to the
wavelength, the light scattering can be ignored, then extinction cross-section o, is

ext
dominated by the absorption (o-m ~ asb). 0,4 15 obtained by Crut et al. (2014):

Vo k
Oups = TP l’l ;}j (7)

With, Vp and f are the common volume and the volume fraction of the NPs, respec-
tively. k is the wave-vector amplitude of the electromagnetic wave.
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3 Results and discussion
3.1 Dielectric permittivity of blood

We recall that the studied system in the present work is a nanocomposite consisting of
nanometric inclusions (GNPs) which are periodically dispersed in a dielectric matrix
(blood). For this system, we will use the FEM to determine the optical properties and
heat generation at SPR in the UV-Vis-NIR spectral band. To respect the quasi-static
approximation i.e. the material size must be less than the incident wavelength the mac-
roscopic system is reduced to an elementary cell of nanometric size. The important
optical properties (absorption and scattering) of a material are related to the complex
refractive index. Under the action of an electromagnetic field a medium becomes polar-
ized, this polarization is result to the movement of the electronic cloud in relation to the
nuclei, leading to a shift between the barycenters of negative and positive charges. This
polarization will induce a variation of the complex refractive index 7i(w) which is related
to the dielectric constant by: 71?(w) = &(w).

The determination of the optical behavior of human blood is a complex task: light
is absorbed and scattered by the different blood components (Tuchin 2016; Friebel and
Meinke 2005; Ghosh 2006).

In this work we used the data of the optical properties of blood provided by N.
Bosschaart et al. (Bosschaart et al. 2014) to calculate their complex refractive index
and dielectric permittivity. These authors performed a critical examination and selec-
tion of available optical property spectra of blood in the literature, from which they
compiled mean spectra for absorption coefficient (ya), scattering coefficient (,us), and
the diffusion anisotopy (g). The imaginary part k(@) of the complex refractive index
fi(w) = n(w) + ik(w) is related to the absorption coefficient y, through:

() = Ha2 (®)
w
where c is the speed of light and w is the angular frequency of the light. This relation is
expressed by the Kramers—Kronig (KK) integral dispersion equations (Faber et al. 2004;
Lucarni et al. 2005):

_ 2 > S a)/K(CO/)
o) = nlen) e =)

do’ 9)

where n(wo) is the refractive index at some reference frequency w,, providing scaling of
the calculated spectra. P denotes the Cauchy principal value of the integral.

The real £ and imaginary £” parts of the complex permittivity of blood are given
from the complex refractive index by & = n?> — k2 and &” = 2nk, the real refractive
index n describes energy storage and the imaginary refractive index k describes energy
dissipation and specifies the extinction coefficient (Jacques 2013). Figure 2a, b shows
the spectra of the real and imaginary parts of the dielectric permittivity of oxygen-
ated and deoxygenated blood with a hematocrit of 45% (red blood cell concentration)
(Meinke et al. 2007; Steinke and Shepherd 1988; Faber and Leeuwen 2009).
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Fig.2 The plots of a real and b imaginary parts of complex permittivity of oxygenated and deoxygenated
blood against the wavelength

3.2 Shape effect on the optical properties of GNPs embedded in blood

In this section we present a comparative study of the dielectric and optical properties of
GNPs with different shapes injected into oxygenated and deoxygenated human blood. For
this we perform a series of simulation using FEM, we consider a GNPs with the following
shapes: spherical (SGNP), hollow sphere (HGNP), core-SiO,/Shell-Au (SiO,/Au), core-
Fe;0,/Shell-Au (Fe;O,/Au) and nanorod (GNR), these nanoparticles are embedded sepa-
rately into oxygenated and deoxygenated human blood. The chosen geometric parameters
for this simulation are: (i) for SGNPs the radius is » = 20 nm, (ii) for the other spheri-
cal core/shell shapes the total radius r, = 20 nm (r, = r, + ¢) with r, = 15 nm is the core
radius (area, SiO, and Fe;0, respectively for the HGNPs, SiO,/Au and Fe;O,/Au shapes)
and e = 5 nm is the gold shell thickness, (iii) for the GNRs the length (L = 72.68 nm) and
the width (W = 24.22 nm), these parameters are chosen such that all nanoparticles have the
same volume. The volume fraction of the nanoparticles is chosen f=0.05 which is equal in
the elementary simulation cell to the volume of the particle divided by the total volume of
the cell.

To determine the complex permittivity, we have used the Drude model (Vial and Laro-
che 2008). Figures 3a, b and 4a, b report the evolution of the real and imaginary parts of

40
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Fig.3 The plots of 52 ﬁ(/l) against the wavelength, for the following nanoparticles: SGNPs, HGNPs, SiO,/

Au, Fe;O0,/Au and GNRs that have the same volume and embedded in the a oxygenated and b deoxygen-
ated blood
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Fig.4 The plots of 5” (/1) against the wavelength, for the following nanoparticles: SGNPs, HGNPs, SiO,/

Au, Fe;O0,/Au and GNRs that have the same volume and embedded in the a oxygenated and b deoxygen-
ated blood

the dielectric permittivity as a function of the wavelength, of SGNPs, HGNPs, SiO,/Au,
Fe;O,/Au and GNRs nanoparticles injected into oxygen-saturated human blood (Figs. 3a,
4a) and in deoxygenated blood (Figs. 3b, 4b). For the HGNPs the permittivity of the core
is chosen equal to that of the vacuum &, and for the gold nanoshells SiO,/Au and Fe;0,/
Au the permittivity of the silica and iron oxide (magnetite) cores are calculated from the
refractive index available in the references respectively (Malitson 1965' Tan 1998) and
(Querry 1985). These curves show that the real 5 . and imaginary e 4 parts of the effec-

tive permittivity widely vary in vicinity of a Wavelength A= Apax- Thls domain of strong
variation (?f € 4 and e ;f correspond to a high dependence of Fhe pr(.)pagaFion speed of elec-
tromagnetic wave on the pulsatlon the medium is therefore dispersive. Flgures 3a, 4a show
that in the vicinity of A varies between two asymptotic values 5 , and e itis

max> ejf max”’

remarkable that the difference Aegﬁ = 5max - emin is very large in the case of HGNPs and
SiO,/Au nanoparticles compared to other structures. For SGNPs, HGNPs, Fe;0,/Au and
GNRs nanoparticles, A.e;ff is identical for oxygenated and deoxygenated blood while for
SiO,/Au nanoparticles this difference is all the greater in the case of oxygenated blood in
comparison with deoxygenated blood.

Figures 3b and 4b show that the imaginary part e takes a maximum for A = 4,

which corresponds to a strong absorption of the 1n01dent wave which allows estimating
the SPR-peak position. It is clearly shown that the peak amplitude presented in the spec-
trum of e;;f is more pronounced in the case of HGNPs and SiO,/Au nanoparticles com-
pared to other structures. For SiO,/Au nanoparticles, the amplitude of this peak is greater
in the oxygenated blood compared to deoxygenated blood, while for other structures there
is no difference. Figure 5a, b show the evolution of the absorption cross section calcu-
lated from the relation (7) of the nanoparticles: SGNPs, HGNPs, SiO,/Au, Fe;0,/Au and
GNRs, embedded in the oxygenated and deoxygenated blood. These curves show a strong
dependence of the GNPs absorption spectrum on their morphologies and on the oxygen
saturation of the blood in which they are inserted. The absorption spectra of all these nano-
particles show the presence of a small peak in the vicinity of the blue at A = 415 nm in the
case of the oxygenated blood, this peak does not exist for the deoxygenated blood, which
is explained by the strong absorption of oxygen in this band. In addition, for both blood
the absorption spectra show a main peak more amplified localized in the vicinity of the
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Fig.5 The plots of the absorption cross section against the wavelength, for the following nanoparticles:
SGNPs, HGNPs, SiO,/Au, Fe;0,/Au and GNRs that have the same volume and embedded in the a oxygen-
ated and b deoxygenated blood

characteristic wavelength A,,,, corresponds to the SPR. This peak has the same characteris-
tics when the nanoparticles are found in oxygenated or deoxygenated blood with an excep-
tion for SiO,/Au nanoparticles where the amplitude of the absorption peak is very impor-
tant in the case of oxygenated blood compared to deoxygenated blood. The wavelengths
corresponding to the SPR indicated by these curves for the nanoparticles SGNPs, HGNPs,
SiO,/Au and Fe;O,/Au are respectively A, =530 nm, 4, =610nm, 4, = 635nm
and A,,,, =705 nm annotate that these nanoparticles having the same volume V.. In
the case of the GNRs the absorption spectrum shows two SPR-peaks, the first is localized
in the visible at A_,, = 530 nm which corresponds to the excitation of the transverse mode
plasmons i.e. the conduction electrons collectively oscillate in the transverse direction of
the rod, the second peak more pronounced is located in the NIR at A, = 720 nm which
corresponds to the excitation of the longitudinal mode where the electrons oscillate along
the length of the rod, here the GNRs are chosen of the same volume as the previous spheri-
cal structures V. = Vg

It is known that the SPR-peak of the SGNPs is located in the visible band between
Amax = 920 nm and A,,, = 575 nm when their sizes vary between 10 and 100 nm (Huang
and El-Sayed 2010). One of the major problems that arises when using GNPs in therapy
is the low penetration of visible light who must excite the plasmonic nanoparticles
located in deep tissue. To overcome this problem, it is essential to use the GNPs with
other shapes and morphology such as: HGNPs, SiO,/Au, Fe;O,/Au and GNRs in order
to obtain the SPR in the near infrared region. In the following we will examine the
effect of the gold shell thickness on the plasmonic properties of the core/shell nano-
structures (HGNPs, SiO,/Au and Fe;0,/Au) injected into oxygenated human blood. We
will introduce a geometric parameter denoted # which is equal to the gold shell thick-
ness e divided by the total radius of the particle ,, n = < such as r, = . + e, with r, is

the core radius. Similarly, we will examine the effect of the aspect ratio denoted p on the
plasmonic properties of GNRs. Figure 6a—c show the evolution of the absorption cross
section of core/shell nanoparticles, HGNPs, SiO,/Au and Fe;0,/Au embedded in oxy-
genated blood for different values of 5. These curves are obtained with the total radius
of particles is fixed at r, = 20 nm and the gold shell thickness varies between e = 2 nm
and e = 20 nm i.e. the ratio # varies between 0.1 and 1. These curves show that for these
three structures when n =1 (e = rt), the SPR-peak is located at A,,, = 530 nm which
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Fig.6 The plots of the absorption cross section against the wavelength of the core/shell nanoparticles:
HGNPs, SiO,/Au and Fe;0,/Au embedded in the oxygenated blood for different value of 1

corresponds to the plasmonic resonance of a simple nanosphere. When the gold shell
thickness decreases the SPR-peak position shifts towards the NIR. For # =0.1 i.e.
e =2 nm the SPR-peak occurs for the wavelengths: A, = 810 nm, 4,,, = 870 nm and
Amax = 970 nm respectively for the HGNPs, SiO,/Au and Fe;O,/Au nanoparticles.
These curves also show that: for the HGNPs the amplitude of the SPR-peak increases
considerably when 5 decreases from 1 to 0.1, for the SiO,/Au nanoparticles the peak
amplitude increases between 1 and 0.6 and remains stable between 0.6 and 0.1 and
for Fe;0,/Au nanoparticles the amplitude increases between 1 and 0.2 and decreases
between 0.2 and 0.1. In addition, all these spectra show the presence of a small peak in
the blue A = 415 nm which is independent of the particles shape which corresponds to
the absorption of oxygenated blood. Figure 7 shows the plot of the absorption spectra
of the GNRs for several values of the aspect ratio, these curves are obtained by varying
the length L and the width W of the rod while keeping the fixed volume which is equal
to the volume of a spherical nanoparticle with radius » = 20 nm. These curves show the
presence of three absorption peaks: the first in the blue (4 = 415 nm) corresponds to the
absorption of oxygenated blood, the second peak located in the visible (4 = 530 nm)
corresponds to the excitation of the transverse mode of the nanorod and the third main
peak located in the NIR which corresponds to the excitation of the longitudinal mode.
When the aspect ratio increases: the first two peaks remain in the same positions and
their amplitudes decrease slightly, on the other hand the peak of the longitudinal mode
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Fig.7 The plots of the absorption cross section against the wavelength of GNRs embedded in the oxygen-
ated blood for different value of the aspect ratio p

shifts towards the NIR and their amplitude increases considerably. It is also remarkable
that for low aspect ratios i.e. the length and width become closer, the peak of the longi-
tudinal mode begins to disappear and the absorption spectrum reduces to a single peak
it is identical to the spectrum of an isotropic nanoparticles.

The optical properties of GNPs, dictated by their free conduction electrons, give
them great possibilities to interact with an electromagnetic field. Submitted to an inci-
dent radiation, the electrons of a metallic nanoparticles, naturally little linked to the
atom nuclei oscillate collectively creating a wave called plasmon. It is only the applica-
tion of an incident radiation energy strictly equal to that of the localized surface plas-
mon that can give rise to the SPR condition. This resonance has the particularity of
locally amplifying the incident electromagnetic field, known by the local field exalta-
tion. Under an excitation by an incident field E; was created a local field in the vicinity
of the particle which can be written as follows: E; . = E; + E,, with E, is the depolariza-

tion field expressed in the case of the spherical particle as follows: E, = —%, where P
0

is the polarization of the particle (Sihvola and Kong 1988). The enhancement factor of
the local field is defined by: g = EEL (Smith and Silva 2009). Figure 8a, b shows the evo-
0

lution of the norm of the exalted local field in the vicinity of SGNPs and GNRs embed-
ded in oxygenated human blood in the UV-Vis-NIR band, these two particles are cho-
sen with the same volume V. = V,,,. These curves are obtained from the potential
distribution calculated by the FEM for different values of the incident field norm E,,.
These curves show a strong amplification of the local field in the SPR band, the exalta-
tion factor of the field is g = 2.6 for the SGNPs and g = 4.1 for the GNRs which is inde-
pendent of the norm of the incident field. We see that the exaltation of the field by plas-
monic resonance is approximately twice as important in GNRs compared to SGNPs
with the same volume fraction.
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Fig. 8 Electric field exaltation in the vicinity of the gold nanoparticles a SGNPs and b GNRs embedded in
oxygenated blood in the plasmonic band for various values of the incident field norm

The thermo-optical response of GNPs is strongly affected by the local electromag-
netic field enhancement at the SPR (Rashidi-Huyeh and Palpant 2006). The increased
SPR induced heating rates of GNPs can be explained by the charge movement through
resonant nanoparticles and by the higher resistivity of small metal nanostructures com-
pared to bulk metals (Wiley et al. 2006).

The amount of Joule heat generated by each GNPs under SPR oscillations can be directly
estimated by approximating GNPs as conductors of constant cross section (Link et al. 1999):

P=RI =c()[S-d-E| (10)

where P is the power dissipated as heat, I is the current, and R is the resistance. o(w) is
the Drude model conductivity of GNP, E is the magnitude of the electric field, S is the
cross-sectional area of the gold nanoparticle, and d is its diameter. Assuming efficient heat
transfer from » nanoparticles to the surrounding medium here the blood, the heating rate
induced by volumetric (dT'/dt) of GNP is shown in the following relation:

ar _ |o@)(S-d-|EP)
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Fig.9 Variation of the local temperature at plasmonic resonance of a SGNPs and b GNRs nanoparticles

embedded in human blood time-dependent for the values of the incident field varying between 2 V/m and
10 V/m
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Fig. 10 Temperature increase in the medium blood produced by the SGNPs at plasmonic resonance time-
dependent for two various values of the incident field a £,=100 V/m and b E;=200 V/m

where V is the volume of the elementary cell containing the particle and the medium and
C1004 the heat capacity of the blood C,,,,, = 3.44 Jml~! °C~!. Figure 9a, b show the plots
of the local temperature changes AT at SPR as a function of time for selected incident
field norms of two gold nanoparticles that have the same volume, SGNPs, r = 20 nm
(Fig. 9a) and GNRs, L = 72.68 nm and W = 24.22 nm (Fig. 9b). These curves show that
the converted heat by the SGNPs and GNRs particles increases linearly with time for a
fixed value of E, the slope of the AT function increases when the norm of the incident
field increases. It is clearly shown that the plasmonic heat produced by a gold nanosphere
is greater compared to that produced by of gold nanorod, which is explained by the greater
resistivity in a sphere compared to the rod. Indeed, in a rod the oscillation of free electrons
is carried out according to the longitudinal dimension L which is greater than the sphere
diameter d according to which the charges oscillate in the latter. In particular for the norm
of the incident field E, : 2 V/m,6 V/m and 10 V/m and during the time As = 100 s the
increase of the plasmonic temperature can reach respectively 4.1 °C, 36.9 °C and 102 °C
for a SGNP and 2.9 °C, 25.9 °C and 72 °C for a GNR. Table 1 shows the temperature vari-
ations observed near a spherical gold nanoparticle (SGNP) and a gold nanorod (GNR) dur-
ing plasmon resonance, as a function of different light exposure times and electromagnetic
field intensity.

Consider that the GNPs are distributed periodically in the blood tissue and the dis-
sipation of plasmonic heat is uniform throughout the medium. Indeed, uniform distribu-
tion of GNPs in human blood means dispersing them homogeneously throughout the
medium, avoiding preferential agglomeration in one region over another. This approach
assumes that the composite medium GNPs-blood is made up of identical units that
reproduce throughout the medium. All nanoparticles behave in the same way and pro-
duce the same thermo-plasmonic effect in their blood environment, meaning that plas-
monic heat dissipation is uniform throughout the medium. In practical terms, to achieve
a uniform distribution of GNPs in the bloodstream, it is necessary to follow the fol-
lowing procedure: once GNPs have been synthesized, their surface must be function-
alized to improve their stability and prevent aggregation. This is achieved by coating
the nanoparticles with molecules such as citrate, polyethylene glycol (PEG) or other
surface ligands that provide steric stabilization (Amina and Guo 2020). Figure 10a, b
show the temperature changes throughout the blood medium due to plasmon heat dissi-
pation by an SGNP (r = 20 nm) as a function of the particle concentration in ppm units
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for several values of the radiative exposure time. These curves show that the dissipated
plasmon heat in the blood increases linearly with the concentration of the particles. For
the selected values of the incident field £, = 100 V/m and E, = 200 V/m, the tempera-
ture of the GNPs-blood nanocomposite increases respectively by 7 °C and 27.5 °C for
a time 10 min. The plasmonic thermal power dissipated per gram of gold is the ratio
of the thermal energy delivered in solution to the total mass of the gold in suspension.
Therefore, the thermal power dissipation of the gold nanosphere r = 20 nm under the
SPR conditions was remarkable about: 3.66 W/g, 366 W/g and 977 W /g respectively
for incident field norms 10 V/m, 100 V/m and 200 V/m. Table 2 shows the temperature
variations induced by SGNPs dispersed in a blood medium during plasmon resonance,
as a function of different nanoparticle concentrations in parts per million (ppm) and dif-
ferent resonant light exposure times. These results offer the possibility to estimate the
conditions of use the GNPs injected into oxygenated and deoxygenated human blood in
therapy and diagnostics. Particularly the nanoparticles size for a given shape and their
concentrations, the amplitude of the incident field and the irradiation time. This study
can contribute to many searches on the GNPs, which is a very promising tool for this.
Concern the improvement of the treatment conditions to decrease the radiation doses
received by the patient, and to increase the effectiveness of the treatment by a more pre-
cise localization of the irradiation zone.

4 Conclusion

To conclude, in the first part of this paper we performed a numerical study using the FEM
of the optical properties of GNPS with different morphology, SGNPs, HGNPs, SiO,/Au,
Fe;O,/Au and GNRs injected into oxygenated and deoxygenated human blood. The study
is carried out by modeling this system by a multiphasic inclusion-matrix nanocomposite
in which the GNPs are periodically dispersed in the blood. In the framework of the quasi-
static limit the real system of infinite dimensions is reduced in to elementary cell with peri-
odic boundary conditions. The several phases of the nanocomposite are characterized by
their dielectric permittivity which depend on the frequency of the incident electromagnetic
wave. In this work we modeled the permittivity of gold by the two-CPDM, the complex
permittivity of oxygenated and deoxygenated blood is determined depending on the fre-
quency from the absorption coefficient available in the literature, we also calculated the
permittivity of SiO, and Fe;O, from their refractive indices in the UV-Vis-NIR band. The
FEM allows to calculate the effective permittivity £,; = €/ gt ie;}f from the resolution of
the Laplace equation in the considered domain thus the absorption cross section o, is
obtained and the plasmonic properties are deduced. The obtained results show a strong
dependence of the spectra of the €/ ., €”. and ¢,,; of GNPs on their shapes and on the
oxygen saturation of the blood where they are injected. In the vicinity of the wavelength
Amax corresponding to the SPR of the gold nanostructures, the real parts 52 " undergo a very
strong change between two extreme values at the same time the imaginary part takes a
maximum value. These changes are very significant in the gold nanoshells, HGNPs and
SiO,/Au compared to other structures SGNPs, Fe;O,/Au and GNRs. For all these par-
ticles, the absorption spectrum shows the appearance of a secondary peak near the blue
at A =415 nm when these particles are injected into oxygenated human blood, this peak
which is due to the oxygen absorption in this band disappears in the case of deoxygen-
ated blood. For all these nanoparticles which have the same volume the main peak which
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appears with the same characteristics in both cases oxygenated and deoxygenated blood,
This SPR-peak is shifted differently depending on the shape towards the near infrared in
the following order: GNRs, Fe;0,/Au, SiO,/Au, HGNPs and SGNPs. The peculiarity for
GNRs is that their spectra show two plasmonic absorption peaks, the main peak is due to
the resonance of the longitudinal mode which is localized in the NIR band and the second
less intense located in the visible is due to the resonance of the transverse mode. The study
of the composition effect of the core/shell nanoparticles, HGNPs, SiO,/Au and Fe;O,/Au
shows that when the gold shell thickness decreases the SPR-peak position shifts towards
the NIR. This shift is more significant for these nanoshells in the following order: Fe;0,/
Au, SiO,/Au and HGNPs. For GNRs our study shows that when the aspect ratio increases,
the SPR-peak shifts towards the NIR. This study makes it possible to estimate the SPR
wavelength of these nanoparticles when they are injected into oxygenated and deoxygen-
ated human blood. Effectively the SPR-peak position and the absorption amplitude can be
adjusted by modifying the thickness of the gold shell in the HGNPs, SiO,/Au and Fe;0,/
Au nano-shells and by modifying the longitudinal and transverse dimensions of the GNRS.

In the second part of this work, we carried out a thermo-plasmonic study of gold nano-
sphere and gold nanorods in oxygenated human blood. The calculation of the enhanced
local electric field at plasmonic resonance gives the possibility to determining the con-
verted heat quantity by these GNPs. Our results show that, at the SPR the local field is
strongly enhanced in the vicinity of the nanoparticles, this enhancement is quantified using
the exaltation factor, this last depends on the particle shape and does not depend on the
intensity of the incident field. Gold nanoparticles at low concentrations deliver remark-
able thermal power and heat resistively under a local field exalted at the SPR due to the
high resistivity of the smaller nanostructures. In particular we have shown that the local
temperature increase in the vicinity of the particle can reach 102 °C and 72 °C respectively
for SGNP and GNR during the time 100s and for an incident field equal to 10 V/m. After
the heat transfer processes in the blood tissue which will homogenize the temperature of
the medium, the temperature changes in the medium are calculated depending on the con-
centration of nanoparticles in ppm units. The increasing temperature of gold nanoparti-
cles depends on a combination of factors, including their geometry and optical absorption
efficiency. Our comparison studies with SGNPs, HGNPs, SiO,/Au, Fe;0,/Au and GNRs
indicate that all of these gold nanoparticles could absorb and convert NIR light into heat
in the blood tissue. By quantifying the amount of heat produced by gold nanoparticles as a
function of size and concentration, this study establishes the critical design metrics needed
for the formulation of plasmonic nanoparticles to improve non-invasive thermal destruc-
tion of cancer.
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