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Abstract

New type of highly absorbing core-shell AZO/Au (aluminum doped zinc ox-
ide/gold) and GZO/Au (gallium doped zinc oxide/gold) nanoparticles have
been proposed for hyperthermia of malignant cells purposes. Comparative
studies of pulsed laser hyperthermia were performed for Au nanoshells with
AZO core and traditional SiO2 (quartz) core. We show that under equal con-
ditions, the hyperthermia efficiency in the case of AZO increases by several
orders of magnitude compared to SiO2 due to low heat capacity of AZO. Sim-
ilar results have been obtained for GZO core which has same heat capacity.
Calculations for pico-, nano- and sub-microsecond pulses demonstrate that
reduced pulse duration results in strong spatial localization of overheated
areas around nanoparticles, which ensures the absence of negative effects to
the normal tissue. Moreover, we propose new alternative way for the opti-
mization of hyperthermia efficiency: instead of maximizing the absorption
of nanoparticles, we enhance the thermal damage effect on the membrane of
malignant cell. This strategy allows to find the parameters of nanoparticle
and the incident radiation for the most effective therapy.
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1. Introduction

Conjugates of plasmonic nanoparticles with biomacromolecules are one of
the most important objects of interdisciplinary research with a great potential
in biomedicine and biotechnology [1]. The increased interest in the study of
these objects is explained by the fact that they represent a technological
platform for the design of nanoscale biosensors of a new generation capable
of detecting biomolecular interactions at the level of individual molecules.
Biological complexes based on plasmonic nanoparticles are multifunctional,
and can be simultaneously used both for diagnostics and for therapy, as
well as for medical imaging and monitoring of the process of treatment of
malignant tumors. In addition, these bioconjugates have low toxicity, which
is especially important when using them as a part of complex therapy of
oncological diseases and during their early diagnosis.

Plasmonic photothermal therapy (PPTT) was extensively developed dur-
ing the last decade [2, 3, 4, 5, 6, 7, 8, 9, 10]. The main advantage of PPTT
is thermally selective laser irradiation of malignant tumors which are la-
beled with plasmonic nanoparticles. Laser irradiation causes heating of the
nanoparticles due to strong localization of electromagnetic field, local over-
heating and subsequent destruction of the cell membrane. Besides that,
according to the opinion of authors [4, 5], the destruction may occur due to
formation of nano-sized bubbles of superheated steam around nanoparticles.
Controllable death of malignant cells (apoptosis) takes place if the temper-
ature of the tumor sites containing nanoparticles exceeds ≈ 43 ◦C. The se-
lectivity of exposure is based on the employing DNA aptamers [11, 12, 13]
attached to Au surface of plasmonic nanoparticles, which allows them to bind
to specific membrane proteins of the malignant cells. The targeting propri-
eties are formed by methods of its synthesis. Furthermore DNA aptamers
are of particular interest due to their significantly smaller (≈ 3 nm) size,
compared to antibodies. It allows to achieve the optimal heating regime of
tumor cells with a low intensity of laser pulses.

In hyperthermia of tumors associated with local overheating of malig-
nant cells conjugated with nanoparticles, it is especially important to ensure
that the laser irradiation penetrates into tissue to the maximum depth and
does not affect normal tissue [14, 15]. Thus, the laser wavelength has to
be within the transparency window of biological tissues and hemoglobin,
and, obviously, overlap with the absorption band of nanoparticles. There-
fore, the search of optimal plasmonic nanoparticle configurations capable to
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absorb effectively laser radiation in the transparency window, is of prior-
ity tasks of PPTT. Homogeneous spherical metal nanoparticles are poorly
suited for these purposes. One of effective alternative way is to use multilay-
ered nanoparticles with a dielectric core coated with a metallic shell (usually,
Au) [16, 17, 18]. Employing Au core-shells ensures the biocompatibility of
the multilayered particle and provides the unique ability of nanoparticle to
adsorb aptamers. Multilayered spherical nanoparticles exhibit the maximum
of plasmonic absorption in the near infrared spectral range, which coincides
with the transparency band of hemoglobin and melanin. The coating of
nanoparticle with other material (for example polyethylene glycol) can be
used to control the spectral position of absorption maximum, to reduce the
toxicity of particles and for binding with functional macromolecules [19].

Usually, in PPTT, only absorbing properties of nanoparticles are taken
into account. A number of researches have addressed the problem of opti-
mizing the absorption efficiency of core-shell spherical nanoparticles [20, 21].
However, when using short laser pulses in a real environment, high-gradient,
fast-relaxing thermal fields appear, and the temperature of the cell mem-
brane near heating nanoparticle will depend on a number of factors. If the
size of a particle with the maximum absorption is reduced, then this leads
to a decrease in its heat capacity, which allows a particle to reach a higher
temperature with the same amount of absorbed energy. However, with such
a change in the geometric properties a particle loses the ability to maximize
absorption and its absorption efficiency falls with size reduction. More de-
tailed investigation of thermal response, temperature distribution, electron-
phonon interaction inside plasmonic nanoparticles irradiated by short laser
pulse were performed in [22, 23, 24, 25, 26]. Localization of the temper-
ature fields around nanoparticle can be achieved only by using short laser
pulses instead of continuous laser radiation [27]. Comprehensive calculations
of heat transfer in human body for PPTT purposes have been performed in
Refs. [28, 29, 30, 31, 32]. The role of melting of nanoparticle in high intensity
laser fields was highlighted in Refs. [33, 34, 35].

The goal of this paper is to determine the structure of multilayered highly
absorbing nanoparticles with Au nanoshells taking into account quantum
finite-size effects, to perform comparative studies of the role of the core
material consisting of both traditional dielectric materials (SiO2) and new
alternative plasmonic materials (AZO and GZO [36, 37]) in the process of
hyperthermia of the cell membrane. Mentioned in Ref. [36] new plasmonic
material indium tin oxide (ITO) was not studied in detail in our paper due
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to its moderate toxicity [38]. Employing titanium nitride (TiN) [36] as the
core or shell material does not allow to shift the absorption maximum to the
spectral range of the hemoglobin transparency. Besides that we explore the
effect of the pulse duration of laser radiation on the degree of spatial selectiv-
ity of the damage effect in the malignant cells. To achieve this goal, we have
developed the theoretical model capable to describe the processes occurring
in the “nanoparticle - cell membrane” system. The model includes the main
parameters of the system, such as the geometric dimensions, electromagnetic
and thermal properties of media, the parameters of external laser radiation,
which allows to determine both the nanoparticle absorption efficiency and
the efficiency of membrane damage.

2. Model

A system under consideration includes the following elements: a core-shell
nanoparticle, aptamers adsorbed on the outer surface of the nanoparticle, a
membrane of a malignant cell, and the environment, as shown in Fig. 1. We
limit consideration to with spherical nanoparticles of up to ≈ 80 nm diameter
with either SiO2 or AZO core and thin Au shell.

Figure 1: Schematic representation of the considered system.

Since the size of a nanoparticle is much smaller than the characteristic
size of cells, a membrane of the latter is considered as a flat layer with 5 nm
thickness [39]. A particle is bound with the membrane of a malignant cell
through a 3 nm sized DNA aptamer [11, 12, 13]. The size of the aptamers,
which is determined by the number and sequence of nucleotides in their
composition, is precisely controlled during their synthesis. In our case, the
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conformational state of the used aptamers in the form of a tangle determines
its size equal to 3 nm [13]. Note, that in our paper we did not aim at
studying the dependence of thermal parameters obtained with our model on
the aptamer size.

The synthesized nanoparticles are located in an aqueous low-concentration
electrolytic solution, in which an electric double layer is formed around the
particles and prevents their coagulation [40]. The adsorption of aptamers
on the surface of particles does not significantly affect the thickness of the
electric double layer.

The environment is assumed to be homogeneous and non-absorbing. Laser
radiation which is absorbed by the particle, causes local heating of both the
particle and the environment. Under these conditions, the nearby area of
the membrane is influenced by temperature fields near the particle, which
leads to membrane destruction and subsequent cell death. It is assumed that
the intercellular medium is homogeneous and optically transparent. Laser
radiation, which is absorbed by particles, causes local heating of the parti-
cle and the local environment. Under these conditions, temperature fields
around particles affect the nearby membrane area, which leads to membrane
destruction and subsequent cell death.

The theoretical model includes the following processes:

• The absorption of the incident laser radiation by a particle, which is
described by the absorption efficiency. The latter is determined by
the structure of the particle, the properties of the materials composing
it and depends on the wavelength of the incident radiation, which is
necessary to calculate the temperature fields around the particle. The
Mie theory for multilayered particles [41, 42] was used to calculate
absorption efficiency.

• The propagation of thermal energy in the vicinity of the particle. Calcu-
lations of the temperature of the particle include heating of its electron
subsystem due to absorption of radiation and energy transfer to the
crystal lattice. The thermal conductivity of nanoparticle’s materials
is an order of magnitude higher than of the other components of the
model, therefore the nanoparticle temperature was considered to be the
same throughout its volume at each iteration step. The cell membrane
was considered as a homogeneous layer with constant thermal capac-
ity and thermal conductivity. The transfer of thermal energy from the
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particle to the membrane and the heat distribution over the computa-
tional domain were calculated with the control volume method [43] on
an irregular tetragonal grid. The NETGEN package was used to build
up the grid. The solution of heat conduction equations was carried out
according to a completely implicit scheme using the Pardiso package.

• Membrane heating results in the destruction of its lipids. This process
is of a statistical nature, therefore, we consider a probability of de-
struction of the membrane, which leads to a cell death during thermal
exposure, and describe it with the damage factor.

2.1. Absorption of electromagnetic radiation by core-shell nanoparticle

Scattering and absorption of light by a core-shell spherical nanoparticle
are well defined from the solution of the appropriate electromagnetic prob-
lem [42]. For the sake of simplicity, we skip quite lengthy derivation and
provide the final solution which is used in this work. For hyperthermia pur-
poses, it is convenient to limit the discussion only to the absorption efficiency
of a particle:

Qa =
2

x2
2

∞∑
n=1

(2n+ 1)
[
Re{an + bn} − |an|2 − |bn|2

]
, (1)

where expansion coefficients an and bn are defined as follows:

an =
ψn(x2)[ψ′n(m̃2x2)− Anχ

′
n(m̃2x2)]− m̃2ψ

′
n(x2)[ψn(m̃2x2)− Anχn(m̃2x2)]

ξn(x2)[ψ′n(m̃2x2)− Anχ′n(m̃2x2)]− m̃2ξ′n(x2)[ψn(m̃2x2)− Anχn(m̃2x2)]
,

bn =
m̃2ψn(x2)[ψ′n(m̃2x2)−Bnχ

′
n(m̃2x2)]− ψ′n(x2)[ψn(m̃2x2)−Bnχn(m̃2x2)]

m̃2ξn(x2)[ψ′n(m̃2x2)−Bnχ′n(m̃2x2)]− ξ′n(x2)[ψn(m̃2x2)−Bnχn(m̃2x2)]
,

An =
m̃2ψn(m̃2x1)ψ′n(m̃1x1)− m̃1ψ

′
n(m̃2x1)ψn(m̃1x1)

m̃2χn(m̃2x1)ψ′n(m̃1x1)− m̃1χ′n(m̃2x1)ψn(m̃1x1)
,

Bn =
m̃2ψn(m̃1x1)ψ′n(m̃2x1)− m̃1ψn(m̃2x1)ψ′n(m̃1x1)

m̃2χ′n(m̃2x1)ψn(m̃1x1)− m̃1ψ′n(m̃1x1)χn(m̃2x1)
,

where ξn(z) = ψn(z)− iχn(z), ψn(z) and χn(z) are Ricatti-Bessel functions,
m̃1,2 = m1,2/mg are normalized (to the surrounding medium with refractive
index mg) refractive indices of core and shell, respectively. Size parameters
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are: x1,2 = 2πr1,2/λ, where r1.2 is the outer radius of core and shell, corre-
spondingly, and λ is the vacuum wavelength of the incident illumination.

The dielectric permittivity ε = m2 of non-magnetic Au shell with rela-
tively thin thickness may significantly differ from the permittivity of bulk
Au [44]. So-called finite-size effect (FSE) has to be taken into account, and
the permittivity of Au is modified according to the following expression:

εAu −→ εAu +
ω2
p

ω2 + iγbulkω
−

ω2
p

ω2 + iγω
, (2)

here ω = 2πc/λ is incident frequency, ωp is the plasma frequency, γbulk is the
relaxation constant, and γ is [44]:

γ = γbulk + AL
υF
Le

, (3)

here υF is Fermi velocity, Le is average free path of conduction electrons AL

is dimensionless parameter, in most cases assumed to be close to unity [42].
For Au: γbulk/ωp = 0.00253 and υF/c = 0.0046 [45]. There are several ways
to determine Le [46, 47], however, we use a simplified model: Le = r2 − r1,
which in our case gives an acceptable or even minor error [48] (r2 and r1 are
outer and inner nanoshell radii).

2.2. Thermodynamics

Figure 2 shows the computational domain with principal elements and
the mesh refinement near the regions of strong heterogeneity: the boundaries
“particle-water” and “water-membrane”.

The calculation of heat propagation includes two processes: heating the
particle by incident laser radiation and the propagation of thermal energy
into the medium surrounding the particle.

When calculating the particle heating by radiation in the model, the tem-
peratures of the electron and ion (crystal lattice) subsystems of the particle
material are taken into account separately. This is due to the short duration
of the laser pulse, comparable with the characteristic energy transfer time
between the electron and ion subsystems [35] and the value of the rate of
heat transfer between the electron and ion subsystem [35]

Wex = gVp · (Te − Ti) , (4)

where Wex is the power of heat transfer between electron and ion subsystem,
Vp is the particle volume, g is the temperature-independent rate of energy
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Figure 2: (a) The schematic representation of the computational domain with 124 nm
particle inside. There are three different kinds of boundaries: 1 – the outer boundary,
2 – the symmetry boundary, 3 – the particle-water interface. 4 – the symmetry axis,
and 5 – the membrane position; (b) Fragmentation of the domain to small computational
volumes with variable size; (c) Enhanced details of fragmentation near the particle and
membrane.

exchange between the electron and ion subsystems above the Debye temper-
ature [35], Te and Ti is the temperatures of the electron and ion subsystem.

The distribution of the temperature of the electron and ion subsystems
are assumed to be homogeneous throughout the volume of the particle. This
approximation is acceptable due to the high thermal conductivity of the
electron and ion subsystems compared to the thermal conductivity of the
surrounding medium (water).

The applicability of this approach is justified by the fact that the final
result of the calculations is the temperature value of the environment frag-
ment in which the cell membrane is located. We should also note that the
heating of a particle by radiation and heating of the environment by a par-
ticle have completely different kinetics. In the latter case, the heating rate
is much slower. We aim our study first of all at the description of heating of
the medium surrounding the particle, instead of a detailed description of the
heating processes inside of the multilayered particle.

Thus, in this model, calculation of heating of the particle is carried out
as follows:

• The temperature of the electron subsystem changes due to heating by
external laser radiation (calculation is based on the effective absorption
cross section of the multilayered particle and the intensity of radiation),
as well as due to heat exchange with the ion subsystem. The heat ca-

8



pacity of the electron subsystem was assumed to be linearly dependent
on the temperature: Ce = 68 · Ti[ J

m3K
] [35].

• The temperature of the ion subsystem changes due to heat exchange
with the electron subsystem and with the environment. The heat ca-
pacity of the ion subsystem of the particle was the sum of the heat
capacities of the core and shell.

The calculation of the time dependence of the membrane temperature
was performed using the non-stationary heat conduction equation:

ρC
∂T

∂t
= ∇ (α∇T ) . (5)

Here ρ is a volume density, C is a specific heat, and α is a heat conductivity.
Values of ρ, C and α for different materials used in the model are given in
the Table 1.

Material ρ, kg/m3 C, J/ (kg ·K) α, W/ (m ·K) Ref.
Water 1000 4183 0.6
Membrane 920 1550 0.43 [49]
AZO, GZO 5610 495 - [50, 51]
Au 19320 130 - [51]
SiO2 2650 750 - [51]

Table 1: Properties of materials used in the model.

The doping level of AZO with aluminum is insignificant (2 wt% [37]).
This level considerably affects the optical properties of the material, but the
effect on the heat capacity is negligible [52].

The size of the area under consideration and the characteristic times of
the processes allow us to neglect the influence of convection. Of note, Eq. (5)
can be used if T/|∇T | is larger than the intermolecular distance [53] (0.2 nm
for water), which is valid for the considered system.

The method of control volumes [43] was used for solving and discretizing
the Eq. (5) within the computational domain. The solution was carried out
using a completely implicit first order accuracy scheme. The three types of
boundary conditions were used:

• The temperature of the outer boundary (1) In Fig. 2a of the compu-
tational domain was assumed to be equal to the temperature of the
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human body (T0 = 310 K = 36.85 ◦C). The boundaries of the compu-
tational domain were determined by the condition of negligible heating
of the water in the domain volume by a particle. Considering that,
the size of the domain was taken to be 1 µm. This is a characteristic
cell size and, accordingly, the distance between the centers of the two
nearest cells (intercellular distance).

• To reduce the calculation time, the domain was split into a quarter of
the original size. A symmetry condition was set at the boundaries (for
boundary (2) in Fig. 2b: the heat flux was set to zero).

• The temperature of water-particle boundary — (3) in Fig. 2a is equal
to the temperature of the particle at every moment of time.

To perform calculations for particles of different diameters, it is necessary
to rebuild the mesh. We used NETGEN library for that purpose [54], which
allows to generate tetrahedral meshes for Constructive Solid Geometry. The
solution of the system of linear equations was performed using the Pardiso
package [55].

2.3. Damage factor

The process of thermal destruction of the cell membrane is associated with
the dissolution of its lipids in the surrounding aqueous electrolytic medium
and the conformational transitions of the membrane proteins [56]. This pro-
cess can be described by a simple first order kinetics equation of chemical
reaction. The following equations, which is an analogue of the Arrhenius
equation, can be used to describe the impact resulting in the destruction of
the cell membrane [27, 56]:

dN(t)

dt
= −dΩ(t)

dt
N(t) ,

N(t = 0) = N0 ,

dΩ(t)

dt
= Are

−E/RT (t) .

(6)

Here N is the number of living cells, N0 is the initial number of cells, Ar char-
acterizes the frequency of collisions between interacting molecules at T →∞,
R is the universal gas constant, T (t) is the time dependence of the absolute
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temperature of the cell membrane, E [J/mol] is the energy required for the
destruction of the cell membrane per 1 mole of molecules included in its com-
position [56]. Damage factor Ω is determined by integrating the Eq. (6) over
the heat exposure time:

Ω(t) =

∫ t

0

Are
−E/RT (t)dt , (7)

which characterizes the degree of the membrane damage. The following val-
ues were used: Ar = 2.9×1037 sec−1 and E = 244 kJ/mol, which correspond
to muscle cells [56].

Thus, the fraction of damaged cells is determined by the equation:

k(t) = 1− N(t)

N0

= 1− e−Ω(t) . (8)

A membrane destruction is also considered as a condition for a cell death.

3. Results

3.1. Single particle absorption spectra

The efficiency of the PPTT strongly depends on various factors, however,
the most important one is the wavelength of the incident illumination. In
most of the cases, malignant cells are located deep inside the tissue (except
for skin and oral cancers), thus, the incident laser irradiation can be strongly
absorbed by hemoglobin before reaching the nanoparticle and malignant cell.
In this case, not only the efficient PPTT becomes impossible, but normal cells
can be damaged as well, due to the overheating. To mitigate this issue, it
is convenient to operate in the near-infrared wavelength range, which cor-
responds to so-called biological transparency window where the absorption
of hemoglobin is negligible, as shown in Fig. 3(a) for λ > 600 nm. There-
fore, in this work, we assume that nanoparticles are illuminated with either
tunable Alexandrite laser (700 nm ≤ λ ≤ 800 nm) or a neodymium laser
(λ = 1064 nm).

The choice of the appropriate material and shape of plasmonic nanopar-
ticle for efficient PPTT becomes quite challenging task. However impressive
number of various strategies have been discussed in a recent decade with par-
ticular interest to Au nanorods and spherical SiO2/Au core-shell nanoparti-
cles. These two configurations of nanoparticles attract significant attention
since both of them exhibit strong surface plasmon resonances in near-IR.
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Figure 3: (a) Optical absorption of deoxyhemoglobin (Hb) and oxyhemoglobin (HbO);
(b) Absorption spectra of AZO/Au particles with dsh = 80 nm for different values of dc
which is shown (in nanometers) above each peak of the corresponding curve. Calculations
are performed with and without consideration of quantum finite-size effects, Eq. (2).

In this work, we limit the discussion to the core-shell spherical nanoparti-
cles, however, along with SiO2/Au we consider AZO/Au configuration which
has similar optical properties [21]. We describe the particle’s geometry with
two independent parameters: the total particle diameter dsh and the diameter
of the core dc.

Figure 3(b) shows the absorption efficiency of AZO/Au nanoparticle with
fixed dsh = 80 nm and varying dc. It can be seen that core-shell nanosphere
has tunable optical properties, and the absorption peak of the nanoparticle
can be easily shifted from visible to near-IR range upon increase of the core
size. However, it is important to draw attention to the emergence of FSE
which may affect the Qa. For thick Au shell (up to 15 nm) FSE does not play
a significant role, however, with its further decrease, FSE becomes substantial
and suppresses resonance, keeping its spectral position the same.

3.2. Calculation of temperature fields

Although the absorption spectrum of core-shell nanoparticle provides
quite useful information regarding the optimal regime of its illumination,
the local heating and the radiative heat transfer from nanoparticle to the
cell requires a deeper investigation in order to get insight into the thermal
processes.

Figure 4 (a) shows time-dependent temperature for AZO/Au nanoparticle
illuminated with 70 ps laser pulse at λ = 701 nm. It can be seen that
the nanoparticle reaches its maximum temperature at t = 70 ps (which
corresponds to the pulse end) and releases energy to the surrounding medium
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Figure 4: (a) Time-resolved temperature distribution near AZO/Au nanoparticle with
dc = 54.5 nm and dsh = 68.5 nm: 1 – at nanoparticle’s surface, 2 – at 2 nm distance
from nanoparticle’s surface, 3 – at membrane’s surface. (b) Schematic representation of
the system.

after the pulse end. At the same time, the membrane continues to heat up for
46 ps after the pulse end (t = 116 ps). The temperature of the nanoparticle
quickly falls down, and after ≈ 100 ps, it reaches the temperature of the
membrane. Thus, one may expect the existence of pronounced temperature
gradients between the nanoparticle and the membrane.
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Figure 5: The temperature distribution in the nearest direction to the membrane at dif-
ferent moments: (a) at the pulse end, τ = 70 ps, (b) at the moment of reaching the
maximum temperature of membrane, τ (1) = 124 ps and τ (2) = 116 ps for particles 1 and
2, respectively, (c) at τ = 750 ps. Particle 1: dc = 58.5 nm, dsh = 74.0 nm, λ = 700 nm,
particle 2: dc = 54.5 nm, dsh = 68.5 nm, λ = 701 nm. L is the distance from the surface
of a particle. L = 0 nm corresponds to the particle surface, L = 3 nm is the outer surface
of the membrane, L = 8 nm is the internal surface of the membrane.

The heat capacity of nanoparticle corresponds to its volume. Smaller par-
ticles have lesser heat capacity that allows them to reach higher temperatures
at the short time, and the opposite trend takes place for the larger particles.
Figure 5 demonstrates this effect. We show the temperature distribution
between the nanoparticle surface and the membrane at different moments of
time for two particles with different sizes and same core/shell ratio. Despite
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the fact that a large particle has a larger absorption efficiency: Q
(1)
a = 5.655

vs Q
(2)
a = 5.563 for large and small particle, respectively, a smaller particle

heats up faster to higher temperatures and cools faster. It can be seen from
Fig. 5 (c) that at t = 750 ps, the temperature of a system for smaller particle
falls to lower values compared to the larger particle. However, the damage
factor, which is an integral value according to Eq. (7), for a smaller particle
turns out to be larger: Ω(1) = 19.7 vs Ω(2) = 47.6. Thus, it can be seen that
the highest absorption efficiency does not necessarily imply the best damage
factor, and comprehensive thermodynamic study is required for the search
of optimal nanoparticle configuration for the efficient PPTT.

3.3. Effect of the structure of a multilayered particle on its heating and dam-
age to the cell membrane

It becomes obvious from Figs. 3– 5 that the search for optimal configura-
tion of the particles for efficient PPTT is a non-trivial task. In this section,
we provide comprehensive calculations to fulfill this need. We analyze op-
tical and thermal properties of core-shell particles with AZO or SiO2 core
and Au shell. The diameters of the nanoparticle dsh and the diameter of
the core dc were changed from 40 to 80 nm with a step of 0.5 nm. The
maximum of the absorption efficiency for such nanoparticles lies within the
700 – 800 nm wavelength range, which corresponds to the tunability range
of the Alexandrite laser.

We start with the absorption efficiency shown in Figs. 6(a),(b). The calcu-
lations were performed at the wavelengths which correspond to the peak (or
maximum value) of Qa for each particular geometrical configuration within
700 – 800 nm spectral range, as shown in Figs. 6(c),(d). It can be seen that
an optimal configuration with the highest Qa exists for both AZO and SiO2

cores. In Figs. 6(a),(b) we mark this optimal configuration with blue dots.
The geometrical parameters for both of these particles are given in Table 2.
Hereinafter we will refer to these particles with the superscript A: the ab-
sorption efficiency for optimally absorbing AZO/Au particle is QA

a = 5.655
and for SiO2 is QA

a = 5.39.
Figs. 6(e),(f) show the corresponding damage factor Ω caused by τ =

70 ps laser pulse. Since Ω is the integral of an exponential function, according
to Eq. (7), it is convenient to show it in a logarithmic scale, i.e. ln (Ω). As in
the case for the Qa, one could observe the existence of the configuration with
the maximum Ω, which is again marked with the blue dots in Figs. 6(e),(f).
It can be seen that generally, the particle with the highest Ω is smaller
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than the particle with the highest Qa, but almost with the same dc/dsh ratio.
Hereinafter we will refer to these particles with the superscriptD: the damage
factor for optimally heated AZO/Au particle is ΩD = 47.6 and for SiO2 is
ΩD = 0.022. Of note, corresponding values of damage factor for optimally
absorbing particles are: ΩA = 19.7 and ΩA = 0.011.

It is also important to calculate the maximum temperature Tmax
m of the

membrane during exposure, as shown in Figs. 6 (g),(h). It can be seen that
∆TA = 179.2◦C and ∆TD = 187.6◦C for AZO/Au nanoparticles. This means
that the particle D heats the membrane to 4.7% higher temperature than the
particle A. The same calculation for SiO2/Au particle gives 4.9% difference
between ∆TA and ∆TD.

At high temperatures, the water can vaporize with the subsequent for-
mation of vapor nanobubbles around particles, which can also damage the
cell membrane [4]. However, it was shown in [57] that the nanobubbles are
created only with spinodal crossing, if a finite volume of liquid around a
particle (∼10 nm from surface) is heated above critical spinodal tempera-
ture (∼277◦C). In our case, the temperature of aqueous medium at distances
larger than 3 nm from a particle does not exceed 224◦C, which is not enough
for a bubble formation.

Max absorption (A) Max damage (D)
Parameter AZO/Au SiO2/Au AZO/Au SiO2/Au
dc, nm 58.5 56.0 54.5 48.0
dsh, nm 74.0 76.0 68.5 65.0
λ, nm 700 701 701 700
Qa 5.655 5.39 5.563 5.09
Ω 19.7 0.011 47.6 0.022
Tmax
p , ◦C 344.8 228.7 355.3 242.1
Tmax
m , ◦C 216.2 157.4 224.6 163.3

Table 2: The parameters of AZO/Au and SiO2/Au particles with the maximum absorption
and the maximum damage factor.

All of malignant cells will be destructed under the influence of radiation
with optimal intensity, which yields in Ω = 47.6 and Ω = 19.7. However,
lower radiation intensity will cause rapid decrease of the fraction of destructed
cells. Radiation intensity determines the temperatures of nanoparticles and
the cell membrane, according Eq. (7). The higher the damage factor the
higher the fraction of damaged malignant cells at lower intensity which is
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Figure 7: Cell death ratio k = 1−N/N0 (Eq. (8)) as a function of radiation fluence during
the thermalization period of the system and its return to the initial state. Radiation
fluence J=1.0 mJ/cm2 corresponds to the intensity I = 14.3 MW/cm2 for τ=70 ps laser
pulse.

demonstrated in Fig. 7. The particle D requires lower fluence of irradiating
light than the particle A for reaching the same level of cell death (for example
0.88 mJ/cm2 and 0.92 mJ/cm2 comparatively for 95% death cell ratio).

More significant influence on the ratio k in Eq.(8) will be observed with
changing the material of a core. As can be seen the optical absorption of
particles with a core of AZO and SiO2 and the same Au shell does not
differ much from each other, however, the efficiency of damage to the cell
membrane of SiO2/Au particles is significantly less than that of AZO/Au
particles due to the high heat capacity of SiO2. According to Eq. (8), the
fraction of damaged malignant cells at the values of damage factor Ω = 47.6
and Ω = 0.02 equal to k = 1 and k = 0.02, for AZO/Au and SiO2/Au
nanoparticles, respectively. Thus, not only the ability of the material of a
particle to absorb incident laser radiation of a selected wavelength, but also
the thermophysical properties of the core material affects the efficiency of
the system under study.

Similar results for absorption efficiency have been obtained for GZO/Au
and ITO/Au nanoparticles. Comparison of the spectra for these core materi-
als are shown in Fig. 8 which are similar to AZO/Au nanoparticles with the
same sizes shown in Fig. 6(a). Similar heat capacities for AZO and GZO are
reported in Refs. [50, 51], which along with high particle absorption efficiency
contribute to large values of the damage factor.

Another important tendency was found when the duration of a laser pulse
decreases from submicrosecond to picosecond with the same fluence: signif-
icantly higher temperature gradients are observed near the membrane, as
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Figure 8: Absorption efficiency Qa for (a) GZO/Au and (b) ITO/Au core-shell nanopar-
ticles.

shown in Fig. 9 (a). This ensures a high localization and selectivity of the
thermal effect on malignant cells with attached nanoparticles heated by laser
radiation.

Fig. 9(b) shows that the same temperature of membrane can be reached
for picosecond and submicrosecond pulsed radiation only if the radiation
fluence of submicrosecond pulses will be hundred times higher. Comparative
localization areas for 70 ps an 20 ns pulse are shown at Fig. 10.

The temperature distribution after the 20 ns pulse have significantly lower
magnitudes near a particle and membrane but the temperature slowly reduces
with distance. The dangerous temperature values for normal tissue can be
observed at the distance over 30 nm. Short pulse with τ = 70 ps provides
the localized temperature distribution sufficient for destruction the malignant
cells within the 15 nm distance; the heating beyond this area is negligible.

3.4. Interaction of core-shell particles with Nd:YAG laser radiation

One of the widely used types of lasers applied in medicine are neodymium
lasers with a radiation wavelength 1064 nm. In this paper, we investigate
the possibility of employing nanoparticles with a core-shell structure and
positions of a resonance band coinciding with the wavelength range of a
neodymium laser for the problems of laser hyperthermia.

Fig. 11 demonstrates the absorption efficiency of the AZO/Au and SiO2/Au
particles at λ = 1064 nm corresponding to the radiation of the neodymium
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Figure 9: (a) Time-dependence membrane temperature during irradiation of laser pulses of
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Figure 10: Temperature distribution near SiO2/Au particle when it is exposed to the
Alexandrite pulsed laser radiation of different pulse duration at the moment when the
temperature of membrane is maximum. For the 70 ps pulse, the membrane reaches max-
imum temperature at t=134 ps.

laser.
First of all, calculations show that the size of such particles is doubled in

comparison with particles for the range of 700 – 800 nm of an Alexandrite
laser. The volume of the particle significantly grows, that negatively affects
heat capacity of the particle and the temperature near the membrane that
is demonstrated by Fig. 12. Calculations of the temperature fields and the
damage factor were carried out for particles AZO/Au and λ = 1064 nm. The
results are presented in Fig. 12 (a).

Fig. 12 (b) shows the time dependence of the membrane temperature
when ideally absorbing particles are subjected to the radiation of Alexandrite
(λ = 700 nm) and neodymium (λ = 1064 nm) lasers. Figures demonstrate
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Figure 11: The absorption spectra of (a) AZO/Au and (b) SiO2/Au nanoparticles at
λ = 1064 nm.

that when ideally absorbing particles with maximum absorption in the range
of λ = 700− 800 nm are irradiated by a laser pulse, a much stronger heating
of the membrane of the malignant cell is observed compared to particles with
a resonant band near 1064 nm with the same energy and pulse duration.

4. Conclusion

Application of bioconjugates of ideally absorbing multilayered particles
based on alternative plasmonic materials opens up new possibilities in in-
creace of the efficiency of photothermal therapy, despite the technological
difficulties associated with synthesis of such particles. Such particles make it
possible to shift the absorption maximum into the hemoglobin transparency
spectral band, significantly reduce the intensity threshold of pulsed laser radi-
ation to avoid damage effects on normal cells, and to localize the destructive
temperature field near the particle.The considered nanomaterials can be used
in the form of electrostatically stabilized hydrosols resistant to coagulation
of particles.

A model has been developed that allows one to describe the interaction of
a multilayered plasmonic nanoparticle with optical radiation and calculate
temperature effect to the membrane of malignant cell. The system of cell
membrane in aqueous medium and bioconjugates based on the DNA-aptamer
modified core-shell nanoparticles with a golden shell have been studied. The
absorption spectra and the values of the damage factor were obtained for
particles by various sizes of the core and shell thickness.
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It was shown that the particles with maximum absorption (particles A)
and with maximum damage factor (particles D) may have slightly different
sizes (exact values of the particle parameters are in Table 2).

Aluminum doped zinc oxide (AZO) is a promising plasmonic material
with low internal losses for the near IR range was used and investigated
as a core material. Comparative studies of pulsed laser hyperthermia of
malignant cells were performed using nanoparticles with a core from both
AZO and traditional materials by example of SiO2. It has been shown that
under the same conditions, the efficiency of damage of the cell membrane in
hyperthermia with nanoparticles with an the AZO core increases by several
orders of magnitude compared to the quartz core due to low heat capacity of
AZO. Similar results have been obtained for GZO as the core materials with
low heat capacity.

The importance of using in hyperthermia the picosecond laser pulses has
been shown. Picosecond pulses allow one to concentrate the heat energy
in the small volume around the particle. Localization of the heating area
increases the thermal effect to the malignant cell membrane and decreases
the destructive effect to normal cells adjacent to the particle.

The study of the possibility of employing nanoparticles with a core-shell
structure and a resonant band coinciding with the radiation wavelength range
of a neodymium laser, 1064 nm, for laser hyperthermia shows that the size
of such particles doubles compared to the particles for the 700–800 nm range
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of Alexandrite laser. At the same time, the required thickness of Au shell
is reduced to 10 nm or less, which is accompanied by the manifestation of a
quantum size effect. This effect significantly worsens the resonant properties
of particles and the efficiency of their interaction with radiation. In addition,
a twofold increase in the size results in an increase in the heat capacity of the
particles. It will not allow the particle to heat up to the threshold tempera-
ture of the membrane destruction. This will require a significant increase in
the laser radiation intensity accompanied in such conditions by damage to
the normal cells. Thus, we note that the effective localized hyperthermia of
malignant cells by pulsed radiation of a neodymium laser with the wavelength
of 1064 nm faces serious difficulties. On the other hand application of this
radiation has an advantage in the case when there is a need for penetration
of radiation into the deeper layers of tissue.

All of mentioned above factors such as the size and the structure of parti-
cles, the heat capacity of particles and their material, the laser pulse duration
and the radiation wavelength, the kinetics of high gradient temperature fields
near a particle, the heating of the particle and the environment have a great
effect and determine the maximum achievable value of the damage factor.
They must be taken into account in optimization of PPTT problems.

We also draw an attention to the fact that the high heat capacity of tradi-
tional dielectric materials of the core in multilayered nanoparticles becomes
an obstacle to the further optimization of photothermal methods for treating
oncological diseases.
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