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Abstract: Hyperthermia acts as a powerful adjuvant to radiation therapy and chemotherapy. Recent
advances show that gold nanoparticles (Au-NPs) can mediate highly localized thermal effects upon
interaction with laser radiation. The purpose of the present study was to investigate via in silico
simulations the mechanisms of Au-NPs and microwave-induced hyperthermia, in correlation to
predictions of tumor control (biological endpoints: tumor shrinkage and cell death) after hyperthermia
treatment. We also study in detail the dependence of the size, shape and structure of the gold
nanoparticles on their absorption efficiency, and provide general guidelines on how one could modify
the absorption spectrum of the nanoparticles in order to meet the needs of specific applications.
We calculated the hyperthermia effect using two types of Au-NPs and two types of spherical tumors
(prostate and melanoma) with a radius of 3 mm. The plasmon peak for the 30 nm Si-core Au-coated
NPs and the 20 nm Au-NPs was found at 590 nm and 540 nm, respectively. Considering the plasmon
peaks and the distribution of NPs in the tumor tissue, the induced thermal profile was estimated
for different intervals of time. Predictions of hyperthermic cell death were performed by adopting
a three-state mathematical model, where “three-state” includes (i) alive, (ii) vulnerable, and (iii) dead
states of the cell, and it was coupled with a tumor growth model. Our proposed methodology and
preliminary results could be considered as a proof-of-principle for the significance of simulating
accurately the hyperthermia-based tumor control involving the immune system. We also propose
a method for the optimization of treatment by overcoming thermoresistance by biological means and
specifically through the targeting of the heat shock protein 90 (HSP90), which plays a critical role in
the thermotolerance of cells and tissues.

Keywords: hyperthermia; gold nanoparticles; simulation; thermoresistance; tumor control

1. Introduction

Although, great advances have been made in early diagnosis and treatment of cancer, it remains
one of the leading causes of death worldwide. Radiotherapy, chemotherapy, and surgery represent
the main modalities of cancer treatment, while recent advances in the biology of cancer led to the
development of new therapeutic strategies that result in the attack of the cancer cells by the immune
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system. However, a great number of cancer patients develop side effects, thereby making these
treatments painful and very unpleasant due to the intrinsic sensitivity of the adjacent normal tissue [1],
while novel therapies such as immunotherapy are still very expensive and inefficient [2]. As a result,
targeted therapies are becoming increasingly urgent because they can minimize any side effects
and make the treatment more efficient. Even though hyperthermia is not the preferred method of
primary cancer treatment, historical evidence suggests that thermal therapy was used in ancient
times; as Hippocrates stated “what medicines do not heal, the lance will; what the lance does not heal, fire
will” [3]. Hyperthermia, with or without enhancement of its effects by gold nanoparticles (Au-NPs),
has the potential of eliminating the side toxic effects of traditional cancer therapies acting primarily as
an adjuvant to radiation or chemotherapy [4]. Metallic nanoparticles (NPs), like gold NPs, strongly
absorb and scatter light close to their localized surface plasmon resonance (LSPR) and therefore can
be used as heat emitters. As a result, they convert electromagnetic energy into heat, thereby causing
hyperthermic cellular damage [5]. Heat delivered within the hyperthermia range (42–48 ◦C) induces
tumor cell death, primarily by denaturation of essential cellular proteins [6].

The efficacy of LSPR in gold nanoparticles changes among different shapes [7,8].
Von Maltzahn et al. [9] showed that 120 nm silica core–15 nm gold nanoshells exhibit significantly
lower absorption of light compared with nanorods of axial sizes of 12.7 nm and 47 nm, and a narrower
bandwidth as well. Meanwhile, Pattani et al. [10] calculated that spherical nanoparticles of 120 nm
silica core–7 nm gold shells exhibited higher temperatures than gold nanorods with axial sizes of
25.8 nm and 7.4 nm. The present study is restricted only to spherical nanoparticles.

The GNP size is also a crucial parameter in bio-distribution, circulation in blood, and cellular
uptake. Even though nanoparticles with intermediate sizes of 20–60 nm tend to have the highest cellular
uptake [11], they also tend to induce systemic toxicity due to injuries in liver, lungs, and spleen [12],
compared with smaller sized NPs of 5–10 nm that are highly excreted from renal and hepatobiliary
pathways [4,13,14]. Meanwhile, larger sized nanoparticles exhibit larger absorption cross sections and
thus a higher LSPR effect, which is shown in the first part of our study. Overall, as Levy et al. [15]
concluded, the optimum size for a GNP expressed as the number of particles in a cell might differ
when their mass is considered, which further attests to the complexity of GNP size and its effect on
bioavailability and cellular uptake.

Different kinds of cell death instigate different immune responses. Apoptotic cancer cells are
suggested to stimulate tumor cell repopulation and induce immunological silence or tolerance [16].
In contrast, cancer cells in response to certain anticancer treatments, including cytostatic drugs,
radiotherapy, or application of heat above 47 ◦C for up to 10 min, the so-called “thermal
ablation” range, undergo necrosis or necroptosis, that is, immunogenic cell death (ICD) [17].
ICD possesses immunogenic potential, leading to the release of immunostimulatory factors and
endogenous molecules, referred to as damage-associated molecular patterns (DAMPs), and to
the extracellular milieu, capable of priming an effective cancer-specific immune response, thereby
leading to the destruction of any surviving, therapy-resistant cancer cells and the development
of immune memory [18]. This is considered a very important biologically based evolution of
cancer therapy, also targeting unavoidably any metastases. This cell debris binds to the cognate
receptors of innate immune cells such as dendritic cells (DCs) to stimulate their maturation into
professional antigen-presenting cells (APCs) and consequently activates CD4+ CD8+ T lymphocytes
by DC-mediated antigen presentation. In addition, ICD is associated with increased infiltration of
lymph nodes by B cells, which produce tumor-specific antibodies [19]. Hyperthermia also inhibits
DNA repair, including proper processing and amendment of double-strand breaks (DSBs), making it
a potent radio- and chemosensitizer, for various types of cancer, including tumors of head and neck,
bladder, breast, and cervix [18].

However, cells utilize an evolutionarily conserved defense mechanism that renders them
thermotolerant, the so-called heat shock response, where molecular chaperones such as heat shock
proteins (HSPs) bind to client proteins denatured by heating in order to mediate their proper folding,
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their transport into organelles, or their proteosomal degradation [20]. For example, it has been
shown that HSP90 inhibitor Ganetespib enhances the cytotoxic effects of hyperthermia, with or
without radio- or chemotherapy, and decreases thermotolerance in cervix cancer cell lines [18]. At the
transcriptoanal level, heat-activated heat shock factor 1 (HSF1) in mammals induces the expression
of genes encoding HSPs (e.g., HSP70 and HSP90) [21]. Of importance, extracellular or membrane
bound HSPs (e.g., HSP90) can also act as DAMPs, without contributing to the immunogenic potential
of necrotic cancer cells though [22].

In the first part of our study, we investigated the effect of the size, shape, and structure of the
nanoparticles on their absorption efficiency for the optical spectrum. This simulation involves the
calculation of the absorption cross section of spherical particles and nanoshells using Mie’s theory [19].
The nanoparticles under investigation have spherical, with diameters ranging from 10 nm to 1000 nm,
and ellipsoid shapes, and their structure involves gold (bulk), silica cores with gold in the outer layer,
and golden cores with a TiO2 outer layer.

In the second part of our study, we present a simulation framework of tumor response during
hyperthermia treatment mediated by lasers and Au-NPs, and hyperthermia induced by microwaves
without the contribution of the nanoparticles. The primary goal of this simulation study was to obtain
the thermal profiles of the two types of spherical tumors and estimate the level of tumor shrinkage.
In the first form of thermal therapy (i.e., laser-induced hyperthermia with Au-NPs), we predicted
the optimal radiation wavelength based on nanoparticles’ selected sizes and material type. We then
computed the thermal profile both in the tumorous and the surrounding healthy tissue for a given
nanoparticle distribution in the tissue. In the second form of therapy, we investigated the thermal
distribution produced by an antenna tuned in varying microwave frequencies. By using a three-state
mathematical model of hyperthermic cell death [23], an exponential tumor growth model [24] and
calibration of models against experimental data, we obtained a long-term evolution of tumor size
for melanoma and prostate cancer. In addition, by our simulation approach, we predict an enhanced
tumor shrinkage upon HSP90 inhibition, as also indicated by experimental evidence. The tumors are
considered spherical with a radius approximately 3 mm.

2. Materials and Methods

2.1. Effect of the Size, Shape, and Structure of the Nanoparticles on Their Absorption Efficiency

In this section, we performed a detailed study on the dependence of the absorption efficiency
of nanoparticles on their size, shape, and structure. The absorption and scattering cross section of
a spherical particle can be calculated using Mie’s theory [19], which has also been applied in the case
of nanoshells [25], i.e., nanoparticles in the form of two concentric spheres with different materials in
the inner and outer layer. According to this theory, the absorption efficiency of a nanoshell, namely the
ratio of the absorption cross section to the geometrical cross section is given by the formula

Qabs =
2
x2

2

∞

∑
n=1

(2n + 1)
(

Re[an + bn]− |an|2 − |bn|2
)

(1)

where

an =
ψn(x2)[ψ

′
n(m2x2)− Anχ′n(m2x2)]−m2ψ′n(x2)[ψn(m2x2)− Anχn(m2x2)]

ξn(x2)[ψ′n(m2x2)− Anχ′n(m2x2)]−m2ξ ′n(x2)[ψn(m2x2)− Anχn(m2x2)]
(2)

bn =
m2ψn(x2)[ψ

′
n(m2x2)− Bnχ′n(m2x2)]− ψ′n(x2)[ψn(m2x2)− Bnχn(m2x2)]

m2ξn(x2)[ψ′n(m2x2)− Bnχ′n(m2x2)]− ξ ′n(x2)[ψn(m2x2)− Bnχn(m2x2)]
(3)

and

An =
m2ψn(m2x1)ψ

′
n(m1x1)−m1ψ′n(m2x1)ψn(m1x1)

m2χn(m2x1)ψ′n(m1x1)−m1χ′n(m2x1)ψn(m1x1)
(4)

Bn =
m2ψn(m1x1)ψ

′
n(m2x1)−m1ψ′n(m1x1)ψn(m2x1)

m2χ′n(m2x1)ψn(m1x1)−m1χn(m2x1)ψ′n(m1x1)
(5)
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Here, m1 = n1/nm, m2 = n2/nm, x1 = 2πR1nm/λ, x2 = 2πR2nm/λ and ψn(ρ) = ρjn(ρ),
χn(ρ) = −ρyn(ρ), ξn(ρ) = ρh(1)n (ρ), where n1, n2, nm are the complex refractive indices of the inner
layer, the outer layer and the surrounding medium respectively, R1, R2 are the radii of the inner and
outer layer respectively, λ is the wavelength of the incident radiation in vacuum and jn, yn, h(1)n are the
spherical Bessel functions of the first, second and third kind respectively. These equations can be easily
simplified to the case of a single layer spherical nanoparticle setting An = Bn = 0.

Further, the dielectric constant ε(ω) of small metal particles should be modified in order to
consider the scattering of free electrons on the surface of the nanoparticle. Thus, it takes the form [26]

ε
(

ω, Le f f

)
= εbulk(ω) +

ω2
p

ω2 + iωυF/L∞
−

ω2
p

ω2 + iω
(

υF/L∞ + AυF/Le f f

) (6)

where ω is the angular frequency of the incident radiation, Le f f is the reduced mean free path length
of free electrons, εbulk(ω) the dielectric constant of the bulk material, ωp the plasma angular frequency,
υF the Fermi velocity, L∞ the mean free path length of free electrons, and A a dimensionless constant
which is usually assumed to be close to unity. The values of these constants for gold are usually taken
as [27] ωp = 1.37× 1016 rad/s, υF = 1.4× 106 m/s, L∞ = 4.2× 10−8 m, and A = 1. On the other hand,
Le f f is set equal to the thickness of the gold layer. The dielectric constants of the bulk materials as well
as the surrounding medium are taken through a reliable online database [28].

First, we consider the effect of the particle size on its absorption cross section. As shown in Figure 1,
the absorption cross section of the nanoparticles increases relatively to their diameter. However,
the peak of the absorption cross section does not change significantly and remains in the region of
500 nm.Nanomaterials 2019, 9 FOR PEER REVIEW  5 
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Figure 1. Absorption spectra of gold nanoparticles of different diameters (10–1000 nm). The cross
section increases, but the peak lies in the region of 500 nm for all curves.

From Figure 2, it is deduced that the absorption cross section of the gold nanoparticles increases
inversely with their diameter ∼ dP, where the exponent p is of the order of 1.5. This finding shows
that, for larger nanoparticles, the absorption cross section does not increase as rapidly with their size
as in the case of small nanoparticles, where according to the dipole approximation, the absorption
cross section increases ∼ d3.
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Figure 2. The absorption cross section of gold nanoparticles as a function of their diameter. The red
line is a fitting curve based on the function y = αxp, where α = 2.9 × 10−4 and p = 1.46. The incident
wavelength is assumed to be 532 nm, which is a common laser wavelength corresponding to the second
harmonic of Nd:YAG lasers and is also in the region of maximum absorption of gold nanoparticles.

We have also studied the behavior of the absorption efficiency of a nanoshell consisting of a silica
core surrounded by a gold layer, as in the case of the hyperthermia simulations. The absorption
spectrum of the nanoshell appears to be red-shifted as the thickness of the gold layer decreases
(Figure 3).
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Figure 3. Absorption efficiency spectrum of a gold nanoshell as a function of the thickness of the
gold layer. The spectrum is red-shifted as the nanoshell thickness decreases. The particle diameter is
assumed to be 30 nm, as in the case of the hyperthermia simulations.

The absorption spectrum can also be red-shifted by covering the gold nanoparticle with
an appropriate layer of dielectric material (e.g., a TiO2 layer), as shown in Figure 4.



Nanomaterials 2019, 9, 167 6 of 19

Nanomaterials 2019, 9 FOR PEER REVIEW  6 

 

 
 

Figure 3. Absorption efficiency spectrum of a gold nanoshell as a function of the thickness of the gold 
layer. The spectrum is red-shifted as the nanoshell thickness decreases. The particle diameter is 
assumed to be 30 nm, as in the case of the hyperthermia simulations. 

The absorption spectrum can also be red-shifted by covering the gold nanoparticle with an 
appropriate layer of dielectric material (e.g., a TiO2 layer), as shown in Figure 4. 

   
 
 

Figure 4. Absorption efficiency spectrum of a gold nanoparticle covered with a TiO2 layer as a 
function of the thickness of the titanium layer. The spectrum is red-shifted as the thickness of the 
dielectric layer increases. The particle diameter is assumed to be 30 nm. 

 

Figure 4. Absorption efficiency spectrum of a gold nanoparticle covered with a TiO2 layer as a function
of the thickness of the titanium layer. The spectrum is red-shifted as the thickness of the dielectric layer
increases. The particle diameter is assumed to be 30 nm.

Another way to red-shift the absorption spectrum of gold nanoparticles is by modifying their
shape. Specifically, according to Gann’s theory [29–31], the absorption cross section of a non-spherical
nanoparticle having the form of a prolonged ellipsoid is given by the formula

γabs =
2πVε3/2

m
3λ ∑

j

(
1/P2

j

)
ε2(

ε1 +
1−Pj

Pj
εm

)2
+ ε2

2

(7)

where V is the volume of the nanoparticle, εm the dielectric constant of the surrounding medium, λ the
wavelength of the incident radiation in vacuum, and ε1, ε2 the real and imaginary part of the dielectric
constant of the nanoparticle respectively. The parameters Pj, often referred as depolarization factors,
are given by the relations

PA =
1− e2

e2

[
1
2e

ln
(

1 + e
1− e

)
− 1
]

(8)

PB = PC =
1− PA

2
(9)

where

e =

√
1− 1

r2 , r =
`A
`B

(10)

Here `A > `B = `C are the lengths of the principal semiaxes of the ellipsoid. As shown in Figure 5,
the absorption cross section of the nanoparticle increases and red-shifts significantly as the ratio of the
principal semiaxes increases.
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Based on the above analysis, the absorption spectrum of the nanoparticles can be tailored to
meet the needs of specific applications, either by using a layered structure or by altering the shape of
the nanoparticles.

2.2. Simulations for Nanoparticle and Microwave-Induced Hyperthermia and Hyperthermic Cell Death

In this part, we present a novel study, the aim of which is to calculate the tumor response under
hyperthermic conditions. To this end, we tested two methods of thermal treatment. The first method is
the nanoparticle-induced hyperthermia and the second method is the traditional microwave-induced
hyperthermia. The pipelines that we followed for this study are synopsized in Figure 6a,b.
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2.3. Nanoparticle- and Microwave-Induced Hyperthermia

The first part of the study is focused on the prediction of the thermal profile inside the
tumor. The simulations have been developed and formulated with Comsol 5.2 simulation software
environment (www.comsol.com). The simulation is divided broadly into two major steps. The first
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part involves the search of the optimum wavelength in which the heat absorption by nanoparticles
is maximized. Two types of nanoparticles were investigated. The first type is a spherical gold
nanoparticle with a diameter of 40 nm (Figure 7a,c). The second type of nanoparticle has a silica core
with a diameter of 20 nm and is coated with a 5 nm thick gold layer (Figure 7b,d). The density power
of the incoming laser beam was set at 20 W/cm2. The beam is considered as a continuous wave (CW),
and the incoming wave is plane. Water was set as the surrounding environment for both types of
nanoparticles. The optical properties of gold were retrieved from Rakic [32], and the ones of silica from
the built-in library of Comsol.

∇× (∇× E)− k2
0εrE = 0. (11)

The scattering boundary condition on the surface of nanoparticles are defined from the equation:

n× (∇× (E + Eb))− (jk + 1/r)n× (E× n) = 0. (12)

Equation (11) describes the scattering of an incoming plane electromagnetic field, E(r, ϕ, z) =

Ẽ(r, z)e−imϕ, on the surface of a nanoparticle, and εr = (n′ − jn′′ )2 is the complex valued relative
permittivity calculated from the refractive index n = n′ − jn′′ of each material, k0 is the free space
wavenumber. Finally, in Equation (12), n is the vector perpendicular to the surface of the nanoparticle,
and Eb = Ee−ik0x is the background electric field.
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with a 40 nm diameter surrounded by 225 nm of water; (b,d) AuSiO2NP with a 30 nm diameter (20 nm
SiO2, 5 nm Au layer) surrounded by 225 nm of water.

In the second part, the laser radiation was applied in the tumor region, where a solution
of nanoparticles was injected and diffused in the tissue, and the thermal profile was obtained.
The equations that were used for simulation are the following:

∂ci
∂t

+ ∇·(−Di∇ci) = Ri (13)

ρCpu∇T + ∇q = Q + Qbio (14)

Qbio = ρbCp,bωb(Tb − T) + Qmet. (15)

Moreover, Equation (13) describes the diffusion of the injected nanoparticles solution inside the
tumorous tissue, where ci is the variable of concentration of the nanoparticles, Di is the diffusion
coefficient of each material, and Ri is a generation term that was set at 30 nanoparticles/m3.
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The concentration of NPs injected into the tumor is 40 µg/mL [33]. The solution is injected into
the center of the tumor. The last equations, Equations (14) and (15), represent the diffusion of the
heat produced by the nanoparticles, inside the tumor and the surrounding region, where q = −k∇T
(k = the thermal conductivity), u is the normal vector, ρ and ρb are the densities of each tissue and of
the blood, respectively, Cp, and Cp,b are the specific heat capacities of tissues and blood, T and Tb are
the temperatures of tissue and arterial blood, ωb is the blood perfusion rate, and Qmet is the metabolic
heat source. The values of the various parameters are presented in Table 1.

The results were also compared with microwave-induced hyperthermia for both melanoma
and prostate cancer. Here, we used the same theoretical background for electromagnetic scattering,
but different geometries that include the transrectal microwave antenna for the prostate (Figure 8) and
an antenna that is in contact with the skin for the melanoma (Figure 9). Both antennas are operating in
433 MHz and 2.4 GHz.
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For the corresponding geometries, fine-sized, free tetrahedral meshes for the nanoparticles,
the details of which are shown in Table 2 and Figure 7c,d, and normal-sized, free triangular meshes for
the melanoma and prostate tumor geometries were selected and are shown in Table 3.
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Figure 10. Simulation of microwave-induced temperature effects on prostate tissue. (a) Temperature
distribution at the 9th min of treatment where the antenna is tuned at 2.4 GHz with power of 10 W.
(b) Temperature distribution at the 30th min of heating where the antenna was tuned at 433 MHz with
power of 30 W. The unit of the contours is in Celsius degrees, and the unit of x- and y-axes in meters.

Table 1. Selected parameters for blood, dermis, epidermis, fat, tumor, and muscles tissues, as used in
Equations (2)–(4).

Specific Heat
Capacity

Cp (J/kg/◦C)

Density
ρ (kg/m3)

Thermal
Conductivity
k (W/m·◦C)

Blood Perfusion Rate
w (m3/m3·s)

Metabolic
Heat Source
qm (W/kg)

Diffusivity
m2/s

Blood 3617 [34] 1050 [34] 0.52 [34] - 1090 [35] -

Dermis 3300 [36] 1200 [36] 0.45 [36] 1.25 × 10−3 [36] 1200 [37] -

Epidermis 3590 [36] 1200 [36] 0.23 [36] 0 [36] 1200 [37] 6.2 × 10−11

[38]

Fat 2348 [34] 911 [34] 0.21 [34] 1.25 × 10−3 [36] 464 [37] -

Tumor/Muscle 3421 [34] 1090 [34] 0.49 [34] 1.65 × 10−3 [34] 991 [34]

Table 2. Parameters of the meshes for the corresponding geometries of nanoparticles.

AuNP 20 nm
(Surrounded by 225 nm of Water)

(Figure 7a,c)

AuSiO2NP 30 nm
(Surrounded by 225 nm of Water)

(Figure 7b,d)

Max element size 39.2 nm 38.4 nm

Min element size 4.9 nm 4.8 nm

Max element growth rate 1.45 1.45

Curvature factor 0.5 0.5

Resolution of narrow regions 0.6 0.6
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Table 3. Parameters of the meshes for the corresponding geometries of melanoma and prostate tumors.

Melanoma
(Figure 9)

Prostate
(Figure 10)

Max element size 5.36 mm 5.36 mm

Min element size 24 µm 24.5 µm

Max element growth rate 1.3 1.3

Curvature factor 0.3 0.3

Resolution of narrow regions 1 1

2.4. Estimation of Hyperthermic Cell Death

The second part of the study concerns the prediction of the tumor response and, specifically,
the tumor size during the days the patient received laser-induced hyperthermia treatment with Au-NPs.
In this part, the models that were used are (i) a three-state mathematical model of hyperthermic cell
death [23] and (ii) an exponential model of tumor growth [24]. The first model predicted the shrinkage
of the tumor due to hyperthermia treatment and the second one the growth of the tumor because of
the survived cells and their subsequent growing and recovering. This last effect is consistent with the
idea of cancer recurrence. Recurrence occurs mainly because this “insignificant” number of cancer cells
that survived the treatment is too small to be detected in follow-up tests, and unfortunately, over time,
these cells start to grow into tumors or cancer.

The prediction of hyperthermic cell death is thoroughly described in a study by O’Neil et al. [23],
where they present a three-state mathematical model of hyperthermic cell death in which the
“three-state” term stands for the (i) alive, (ii) vulnerable, and (iii) dead states of the cell. The benefits
of using this model is its flexibility of describing the cell death due to necrosis (fast cell death) and
apoptosis (slow-programmed cell death). The equations that are used are the following:

A + V + D = 1 (16)

dA
dt

= −k f A + kb(1− A− D) (17)

dD
dt

= k f (1− A− D) (18)

dD
dt

= ks(1− D). (19)

In the first equation (Equation (16)), the three states of the cells are taken into consideration; A for
alive, V for vulnerable, and D for dead. Equations (17) and (18) describe the rates of the alive and dead

cells during fast cell death. The parameter k f = k f e
T
Tk (1− A) is a forward rate parameter, where k f is

a scaling constant, T is the temperature variable, Tk sets the rate of exponential increase according to
temperature, and kb is a backward rate constant. The last equation, Equation (19), describes the rate
changes of dead cells during slow cell death, where ks = ksD(1− D)(D− Dτ)

2. The constant ks is
a baseline scaling value for ks, and Dτ is a threshold value of maximum cell death for cultures that
have suffered minimal thermal damage. The parameters k f , kb, Tk, ks, and Dτ were estimated using
the function “fmincon,” which finds the minimum of constrained nonlinear multivariable functions,
provided by MATLAB; experimental data for melanoma were obtained from Blanco-Andujar et al. [39]
and Feng et al. [40], and for prostate cancer were derived from Huang et al. [41]. The optimized
parameters are presented in Table 4. In slow cell death, the cells can be considered either as “dead” or
“not dead.” As a result, in slow cell death, there is not a vulnerable phase, and k f = kb = 0.
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Table 4. Parameters for the hyperthermic cell death model.

Melanoma Prostate Cancer

Temperature (degrees Celsius) 48 50

k f (min−1) 0.25481 0.18946

kb (min−1) 0.66477 0.23063

Tk (degrees Celsius) 40.1513 39.678

ks (hours−1) 0.59547 0.316× 10−3 (no data)

Dτ 0.45003× 10−3 0.208 (no data)

2.5. Tumor Growth Model

Besides the cell death model, the growth of the tumor was modeled with a simple exponential
growth [24], when the effect of the treatment was over. The equation is the following:

dV
dt

= a0V. (20)

Here, the coefficient a0 was estimated from experimental data. The simple exponential model
was calibrated against experimental data from Proia et al. [42] for melanoma and Gao et al. [43] for
prostate cancer (Table 5). Proia et al. also investigated the melanoma growth differentiation upon
HSP90 inhibition (Figure 11).
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Figure 11. Tumor growth model. Prostate tumor growth in the absence of therapy and melanoma
growth patterns both in the presence and absence of HSP90. The experimental data were taken from
Proia et al. [42] for melanoma and Gao et al. [43] for prostate cancer.

Table 5. Calibrated parameters for the tumor growth model.

Melanoma Melanoma (HSP90 Inhibited) Prostate Cancer

α0 (s−1) 0.328 ± 0.003 0.237 ± 0.005 0.243 ± 0.016
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3. Results

From the first simulation study, we observed in Figure 10a the wavelengths in which the LSPR
effect occurred. The plasmon peak for the Au-SiNP and AuNP was found at 590 and 540 nm,
respectively. Experimental data show that the plasmon peak for AuNPs, with a diameter approximately
40 nm, can be found at 535 nm [44], and Sambou et al. [45] showed that for the (20 nm diameter)
silica-core/(5 nm thickness) Au-NPs it can be found at around 600 nm. Moreover, we simulated
the diffusion of nanoparticles inside the tumorous tissue. The tumor was considered spherical with
a radius of approximately 3 mm and a volume of 113 mm3. In the diffusion study, the NPs diffuse
radially, following a Gaussian form, outwards both to the tumorous (r ≤ 3 mm) and the surrounding
healthy tissue (r > 3 mm), forming a concentration gradient (Figure 12b). The distribution of the NPs in
the cancerous region has taken place in such a way that the induced thermal effect would not damage
the healthy tissue. Concluding the first part of our study, we have produced thermal profiles of the
tumorous and the surrounding healthy tissue at the 10th minute of the heating procedure (Figure 12c).
The intratumoral temperature surpasses the threshold of cell damage, while the temperature of the
surrounding healthy tissue, between 3 and 6 mm, is raised to a degree that can cause damage.
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Figure 12. Resonant wavelength of two different size nanoparticles. (a) The blue line corresponds to
the 40 nm AuNP and the orange line to the 30 nm Au-SiNP. (b) Distribution of NPs inside the tumorous
tissue 1 h after the injection in the center of the tumor. (c) Temperature rise during the first 10 min of
NP laser-induced heating.

The temperature generated by the nanoparticle-based therapy appears to be sufficient for
the eradication of the corresponding tumors. The effect of the traditional microwave-induced
hyperthermia for the melanoma and prostate tumor, respectively, are shown in Figures 10 and 13.
In the microwave-based therapy, the increased temperature was distributed in a much larger area
compared to the NP-generated temperature. Apparently, combining hyperthermia with NPs resulted
in an enhanced therapeutic effect probably because of the tumor-targeted delivery of NPs. Microwave
ablation enables rapid heating, which leads to coagulative necrosis [46]; however, this heat is not
limited to the tumorous tissue but propagates outwards into adjacent tissue [47].
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Figure 13. Simulation of microwave-induced temperature effects for melanoma tissue. (a) Temperature
distribution at the 9th minute of treatment where the antenna is tuned at 2.4 GHz with power of 10 W.
(b) Temperature distribution at the 30th minute of heating and the antenna is tuned at 433 MHz with
100 W power. The unit of the contours in Celsius degrees, and the unit of x- and y-axes in meters.

Generally, the antitumor effectiveness of thermotherapy is dependent on the temperature and
duration of therapy [48]. Specifically, in the melanoma when the antenna is tuned at 2.4 GHz at 10 W
(Figure 13a), the temperature can activate apoptotic mechanisms at the 9th minute of the therapy.
When the antenna is set at 433 MHz and 100 W (Figure 13b) at the 30th minute, the temperature is
high enough to induce necrosis in the cells. Our findings also support the “dogmatic notion” that
apoptosis is not the preferred form of cell death, given that apoptotic cells do not possess such a high
immunostimulatory potential. Membrane rupture and release of DAMPs, like in the case of necrotic
cells, is required to prime immunity [16,49].

In the prostate cancer, we followed the same procedures as in the case of melanoma. When the
antenna was set at 2.4 GHz and 10 W, the temperature that is generated is capable of inducing apoptotic
mechanisms at the 9th minute of therapy (Figure 10a), and when the antenna was set at 433 MHz and
30 W, cell necrosis can begin at the 30th minute (Figure 10b). Comparing the two frequencies, 2.4 GHz
and 433 MHz, differences in the distribution of the temperature in the space could be observed.

Regarding the second simulation case study, we present the tumor evolution over time for two
cases: (i) prostate cancer and (ii) melanoma. Both tumor volumes are set at 113 mm3. The temperature
for the hyperthermic cell death of the prostate tumor is set at 50 ◦C and 48 ◦C for the melanoma.
The use of the three-state model helps us observe the fast cell death during the first 30 min of heating
for the melanoma and 15 min (Figure 14a) prostate cancer (Figure 14c). The reduced viability due to
the slow apoptotic cell death for the next 48 h after treatment is shown in Figure 14b–d. From the cell
death and the tumor growth model, we obtained the evolution of tumor size during time (Figure 15).
The results depicted in Figure 15 indicate the reduction of tumor size when the patient receives therapy
every 4 days for seven sessions in the Melanoma case, and on the 0th, 2nd, and 6th days in the Prostate
case. In the first two days of each 4-day interval, the cells were damaged and underwent apoptotic cell
death. In the next two days, the cancer cells recovered and started to proliferate again. This resulted in
a slight increase in the tumor volume after the hyperthermic treatment. Therefore, tumor cells appear
to develop resistance to thermotherapy, as in the case of chemoradiotherapy [50,51], leading to tumor
regrowth. In a clinical setting, this can contribute to cancer’s recurrence and relapse [50].

Of particular importance, inhibition of HSP90 is associated with increased tumor shrinkage
(Figures 11 and 15), which could be translated to increased overall survival in cancer patients [50].
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This is probably due to the “thermoresistance” potential of HSP90 [18]. Moreover, the interacting patterns
of HSP90 (HSP90AA1) were investigated with the usage of STRING v10.5 [52], a comprehensive database
of protein associations derived from diverse sources. A highly interconnected HSP90-mediated network
was generated (Figure S1). HSP90 interacts with several fellow HSPs and other molecular chaperones,
including DNAJB1, AHSA1/2, CDC37, and CDC37L1. HSP also appears to be associated with
cancer-relevant factors, such as the hypoxia-inducible factor HIF1A, the prominent tumor suppressor
TP53, CDK1, SRC, MYC, NOS3, VEGFA, EGFR, ERBB2, MAPK1, AKT1/2, and RPS6KB1. This suggests
that HSP90 and the HSP90-interacting molecules are functionally associated to confer resistance to
heat-treated tumors. At the same time, these data open the possibility for better hyperthermia-based
tumor treatment when for example combined with siRNA or other molecular targeting of not only
HSPs but also another closely associated protein, as shown in Figure S1.
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Figure 14. Simulation of tumor response to hyperthermia treatment. (a,c) Depiction of the
fast cell death that occurs during the treatment for melanoma and the prostate cancer cells.
(b,d) Depiction of post-treatment slow cell death for melanoma and the prostate cancer cell, respectively.
The experimental data have been taken from Blanco-Andujar et al. [39] and Feng et al. [40] for
melanoma, and Huang et al. [41] for prostate cancer.
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4. Discussion

Simulations provide useful tools in cancer therapy based on their ability to visualize and predict
the phenomena that occur during cancer treatment (e.g., radiation effects), further enabling therapy
optimization, in order to be as effective as possible and to minimize the side effects in adjacent normal
tissues. Microwave-induced hyperthermia is governed by physical mechanisms and effects that can be
easily modeled because of the existing knowledge on electromagnetism and heat transfer effects.

In this simulation study, we present a hyperthermia treatment model mediated by Au-NPs,
which includes a prediction of the thermal effect on tumor evolution, i.e. estimation of tumor
shrinkage over time with the usage of mathematical models. We have also performed simulation
of microwave-induced temperature effects for melanoma and prostate tissue. In this case, we have
demonstrated the presence of quantitative and qualitative differences between different types of
tissues, but with significant increases in temperatures above 50–60 ◦C in some tissue areas. We have
deduced from this current study that depending on the energy and frequency used, these temperature
effects can be modulated in order to target specific tumor regions. We also provide insights for
a possible creation of a model for the role of HSP90 protein and potentially other HSPs and closely
associating proteins revealed by the use of bioinformatics. In the case of prostate tumors, we observed
a much higher potency of HSP90 inhibition toward thermosensitization. Interestingly, in a recent
work, the knockdown of HSP70 and HSP90 was efficiently exploited by the use of gold nanorods
loaded with HSP inhibitor-VER-155008 micelles for the destruction of colon cancer cells mediated by
mild-temperature photothermal therapy [53].

Our findings revealed that the nanoparticle-induced hyperthermia has a more localized thermal
effect, in the tumor tissue, as compared to the microwave-induced hyperthermia in the given
frequencies. This result was expected, because the thermal profile is strongly correlated with the
distribution and the density of the nanoparticles in the tumor tissue. On the other hand, differences in
penetration depth among the two frequencies were observed. Microwave-induced hyperthermia, as it



Nanomaterials 2019, 9, 167 17 of 19

is currently applied, lacks the ability of precise heat localization compared to the nanoparticle-induced
hyperthermia. Therefore, its application in the clinic can be improved by the implantation of iron
oxide nanoparticles that can enhance the localized heat effect in tumor tissue.

The findings of the present study could be exploited for the design of anti-neoplastic therapeutic
strategies, where radiation/NP-induced thermotherapy and simultaneous pharmacologic inhibition
of molecular chaperones (HSPs) could be utilized to both sensitize resistant cancer cells to death and
increase their immunological potential. For example, hypoxia-related studies have shown that in
breast cancer cells the uptake of NPs was increased in hypoxic microenvironments, as compared to
normoxic conditions in head and neck squamous cell carcinoma (HNSCC) cells [54].

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/2/167/s1.
Figure S1. HSP90 interactome; confidence score of interactions more than 90%. The nodes represent genes/proteins
and the lines indicate connection between nodes. The molecular action visualization mode was used.
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