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Abstract. The efficiency of using silicon nanoparticles, produced 
by laser ablation of porous silicon in liquids, as agents for hyper-
thermia of tumours using laser radiation with wavelengths of 633 
and 800 nm is evaluated. Using the optical parameters of the 
nanoparticles suspensions determined earlier by the spectropho-
tometry measurements, the heating of tumour tissue with embedded 
nanoparticles is numerically modelled. The heat transfer equation 
is solved by the finite element method which considers the volumet-
ric distribution of the absorbed light power, calculated by the 
Monte Carlo technique, as a distributed heat source. The simula-
tions performed indicate that embedding silicon nanoparticles with 
a concentration of up to 5 mg mL–1 into a tumour allows its maxi-
mum temperature to be increased by 0.2 – 4 °С in comparison with 
heating the tumour without nanoparticles depending on the irradia-
tion wavelength and intensity. 

Keywords: pulsed laser ablation in a liquid, light scattering, Monte 
Carlo technique, finite elements method, hyperthermia.

1. Introduction

Hyperthermia is a tumour therapy approach consisting in heat-
ing a tumour to temperatures in the range of 41 – 45 °С, which 
causes irreversible functional changes, including blood supply 
disorders and death of malignant cells [1 – 5]. The localisation 
of the temperature increase exclusively in the tumour is key for 
hyperthermia, since it allows avoiding negative impact on the 
surrounding healthy tissues [6, 7]. The use of optical radiation 
is a promising solution to this problem: the impact localisation 
and targeting are provided owing to possibilities for configura-
tion of the irradiation beam profile and focusing only in the 
tumour region. Additionally, targeting can be ensured by direct 
injection or accumulation of nanoparticles with a large absorp-
tion cross section in tumour [8].

Hyperthermia of biological tissues using nanoparticles of 
various shapes and their combinations as agents for local 
enhancement of absorption has been actively discussed 
recently [9 – 14]. The requirement for embedding the nanopar-
ticles into biotissue and their subsequent biodegradation limit 
the nanoparticle size down to 100 nm [15, 16]. Traditionally 
such nanoparticles are fabricated from substances with high 
absorption in the diagnostic transparency window of biotis-
sues: carbon, gold, silver, silicon, and iron [17, 18], which pro-
vides a high absorption contrast and localisation of the 
required heat.

However, for successful therapeutic use of hyperther-
mia, it is extremely important that the indicated nanopar-
ticles were biocompatible and biodegradable. In this con-
nection, the use of silicon nanoparticles (SNPs) as agents 
for hyperthermia, which are effectively released from the 
body by dissociation to orthosilicic acid – a natural com-
pound for the human body [19, 20], has a high potential. 
The SNPs fabricated with the use of porous silicon are of 
special interest, since this substance is formed by silicon 
nanocrystals with a size of 2 – 5 nm (microporous silicon, 
MCPS) or 5 – 50 nm (mesoporous silicon, MSPS) separated 
by pores with dimensions comparable to the sizes of nano-
crystals. This material can be produced using electro-chemi-
cal etching of monocrystalline silicon plates in an electrolyte 
containing fluorine ions. At the same time, the sizes of pores 
and nanocrystals will be primarily determined by etching con-
ditions (electrolyte composition, etching current density) and 
the initial plates doping degree (as a rule, mesoporous silicon 
layers are formed on heavily doped substrates, while for 
microporous ones moderately doped substrates are employed) 
[21, 22]. To obtain nanoparticles suitable for further use in 
biomedicine, the manufactured layers of porous silicon are 
subjected to additional mechanical grinding [23 – 27] or ultra-
sonic grinding [28 – 33], which, however, in most cases does 
not allow obtaining particles with an average particle size less 
than 100 nm. Until now, the efficiency of tumour hyperther-
mia with embedding SNPs fabricated of porous silicon was 
demonstrated for heating with ultrasound [23], radiofre-
quency [24], and near-infrared [29, 30] irradiation. However, 
these studies were performed for relatively large nanoparticles 
with an average size of at least 100 nm, for which a significant 
problem of targeted delivery remains open.

An alternative technique for fabricating SNPs is the tech-
nique of pulsed laser ablation in liquids allowing one to man-
ufacture SNPs with sizes of tens of nanometres with a high 
degree of chemical purity [34 – 38] suitable for biological 
applications. Using porous silicon as targets for ablation 
allows the threshold of this process to be significantly lowered 
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in comparison with the case of ablation of crystalline silicon 
[39] due to the smaller thermal conductivity of the porous 
matrix as compared to a bulk material and destruction of 
Si – Si bonds in the crystal lattice during electrochemical etch-
ing. As a result, it leads to a significant increase in the mass 
outcome of SNPs with the same energy characteristics of laser 
radiation.

Recently it has been shown that under irradiation of uni-
cellular organisms of Paramecium Caudatum suspended in 
an aqueous suspension with a focused laser beam with a 
wavelength of 808 nm and an intensity of 15 kW cm–2 the 
addition of SNPs with sizes less than 50 nm manufactured 
by laser ablation of crystalline silicon leads to an increase in 
heating compared to the case without nanoparticles (for up 
to 2.5 °С) and to cell death upon the corresponding increase 
in temperature [37]. In the same work a numerical simula-
tion of heating was performed for SNPs suspended in water 
without living organisms for the beam parameters used in 
the experiment, which showed the fundamental possibility 
of heating such suspensions in the focus of the laser beam 
from 30 °С to temperatures exceeding 55 °С. At the same 
time, the description of hyperthermia of real biological tis-
sues, including both tumours and healthy tissues, requires 
accounting for their absorption, scattering, and thermal 
conductivity properties. It should be noted that in works on 
photohyperthermia using SNPs produced by ultrasound 
grinding of porous silicon matrices [29, 30], only empirical 
data on the impact of non-monochromatic light in the wave-
length range of 780 – 1400 nm for cells and tumours in tis-
sues are considered without an analysis of the effect of these 
properties on the efficiency the considered therapy approach. 
In this regard, the simulation of heating of biotissues with 
embedded SNPs with continuous laser radiation is of impor-
tance, since such a study would allow assessing the possibil-
ity of application of SNPs less than 100 nm in size in photo-
hyperthermia. An additional advantage of the considered 
nanoparticles consists in their potential use as contrast 
agents in non-invasive imaging modalities [26, 34, 38, 39], 
which will allow controlling the targeted delivery of SNPs 
before the procedure, thus implementing the principles of 
theranostics: performance of diagnostics and therapy with 
the same agents.

In this paper, a numerical simulation of heating of a bio-
tissue model by a continuous-wave laser radiation was per-
formed for different wavelengths and intensities. The biotis-
sue model is represented by a two-layer medium, in which the 
top layer mimics normal human skin, and the lower one mim-
ics a tumour with embedded SNPs with typical size less than 
100 nm fabricated by laser ablation of porous silicon films in 
water and ethanol.

2. Methods and materials

In this work, a numerical simulation of the process of 
heating a tumour with embedded SNPs with radiation of 
a continuous-wave laser is reported for two wavelengths, 
633 and 800 nm, located within the biotissues transparency 
window (600 – 1300 nm), which provides radiation penetra-
tion depth in biological tissue of the order of units of mil-
limetres. The radiation intensity was varied in the range of 
100 – 500 mW cm–2, for which, according to the Letokhov 
scheme [40], a biotissue is only heated, which excludes more 
significant effects, for example, tissue thermal destruction. 

Moreover, the intensities of this range are widely used in pho-
todynamic therapy and provide heating to temperatures not 
exceeding or insignificantly exceeding 42 °С (see, for example, 
[41, 42]). The irradiation area of the laser beam on the tissue 
surface was assumed to have the square shape with an area of 
1 cm2 with uniform intensity distribution, which can be 
achieved with typical laser radiation homogenisers (see, for 
example, [43]). The simulation was performed for several 
types of SNPs, the parameters of which correspond to the 
SNPs formed by picosecond laser ablation of porous silicon 
films in water and ethanol, described in detail in paper [38]. 
For all selected types, the SNP average diameter ranged from 
14 to 65 nm.

For calculations, the object under study was repre-
sented by a two-layer medium mimicking biotissue: the 
parameters of the upper layer correspond to those of nor-
mal human skin, while for the lower one they correspond 
to a subcutaneous tumour (Fig. 1). In this study the case of 
targeted delivery of SNPs to the tumour is considered. In 
the model employed, it is assumed that after the SNPs are 
administered into biotissue, they are contained only in the 
lower layer of the medium corresponding to the tumour. 
The skin layer thickness was considered equal to 0.2 mm 
(which corresponds to the typical thickness of human epi-
dermis), while the thickness of the entire sample was 
10 mm. In transverse section, the considered medium is a 
square with a size of 51 ́  51 mm.

The optical properties of the upper and lower layers of the 
biotissue model at two considered wavelengths correspond to 
those of human skin and basal cell carcinoma [44] and are 
presented in Table 1.
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Figure 1. Biotissue model employed in the numerical experiment.

Table 1. Optical properties of biotissue model layers for wavelengths 
of 633 and 800 nm [44].

Layer
l = 633 nm l = 800 nm

ma/cm–1 mt/cm–1 g ma/cm–1 mt/cm–1 g

Skin 2.5 177.5 0.8 1.9 136.9 0.8

Tumour 1.7 151.7 0.8 0.9 100.9 0.8



 O.I. Sokolovskaya, S.V. Zabotnov, L.A. Golovan, et al.66

The values of the optical parameters of the SNPs were 
chosen in agreement with the results reported in paper [38]. 
The values of absorption coefficient factors ma and extinction 
coefficient mt = ma + ms (where ms is the scattering coefficient), 
as well as anisotropy factor g for the fabricated SNP suspen-
sions were reconstructed by analysing of the measured spectra 
of collimated transmittance, diffuse transmittance, and reflec-
tance using the inverse Monte Carlo technique [45] and are 
presented in Table 2.

In suspensions fabricated by laser ablation in liquids, the 
main volume is occupied by a buffer liquid: the mass fraction 
of nanoparticles is ~0.5 mg mL–1 [38]. In paper [46] it was 
demonstrated that for intravenous injection the mass concen-
tration of silicon particles in different organs, including 
tumour, can reach 0.01 % – 0.08 %, which approximately cor-
responds to the concentrations of 0.1 – 0.8 mg mL–1. It should 
be noted that upon local injection higher concentrations of 
nanoparticles in tumour can be achieved: in [47], when esti-
mating the effect of hyperthermia, the concentrations of 
upconversion nanoparticles in the range of 2 – 9 mg mL–1 are 
considered. In this study, the concentrations of SNPs in the 
range of 0.31 – 5.00 mg mL–1 are considered. Partial light scat-
tering s

suspm  and absorption a
suspm  coefficients of SNPs in 

medium are determined as follows: 

Cs
susp

s
npm s= ,  Ca

susp
a
npm s= , (1)

where s
nps  and a

nps  are the scattering and absorption cross sec-
tions of a single SNP; and С is the SNP concentration in the 
medium. It is assumed that the concentration C tum of SNPs in 
tumour increases by a multiplicative factor of k with respect 
to the SNP concentration in the suspension; therefore, the 
partial scattering and absorption coefficients accounting for 
scattering and absorption by nanoparticles embedded in the 
tumour also increase by a factor of k, respectively. In calcula-
tions it is assumed that after embedding into the tumour the 
volume fraction of SNPs remains small, and the scattering 
and absorption coefficients can be considered as additive 
quantities [48]. Thus, the tumour is characterised by scatter-

ing ( ms), absorption ( ma), extinction ( mt) coefficients, and 
anisotropy parameter g:
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where superscripts ‘tum’ and ‘tum + np’ refer to tumour 
and tumour with embedded nanoparticles, respectively. In 
calculations, in accordance with the selected concentra-
tions of SNPs in the tumour, k varied from 0.62 to 10. 
Optical properties of the tumour containing SNPs, calcu-
lated within the frames of the assumptions made, are pre-
sented in Table 3. 

Numerical simulation of temperature volumetric distri-
bution in the medium under laser irradiation was performed 
in two stages. At the first stage, the volumetric distribution 
of absorbed power (absorption map) in the medium under 
consideration (Fig. 1) is simulated using the Monte Carlo 
technique [49 – 51] for a continuous-wave laser radiation. 
The principle of this technique consists in calculating a large 
number of random trajectories of photons in the medium 
followed by statistical analysis of the data obtained. To 
increase the efficiency of calculations, when simulating a 
single trajectory, a photon packet (hereinafter, a photon) is 
considered instead of a single photon, to which the weight of 
W = 1. is assigned upon entering the medium. At each itera-
tion step of the algorithm, the photon moves in the medium 
for a distance 

s
ln
tm
x

= - , (6)

where x is a random number in the range (0, 1), in the direc-
tion determined by the value of the anisotropy factor and the 
Henyey – Greenstein phase function. As a result, the photon 
experiences elastic scattering, which changes the movement 
direction, and absorption, which causes a photon weight loss 
proportional to a decrease in photon packet energy: 

.W Wa
tm

m
D =  (7)

Table 2. Optical parameters of SNP suspensions fabricated by laser 
ablation of porous silicon in liquids, and average sizes of SNPs [36].

Wavelength/
nm

Target type 
and buffer 
liquid 
for ablation

ma/cm–1 mt/cm–1 g

SNP mean 
size and 
dispersion/
nm

633 MCPS 
in water

0.078 1.03 0.30 65 ± 22

MCPS 
in ethanol

0.201 1.12 0.31 28 ± 22

MCPS 
in water

0.586 2.32 0.19 14 ± 10

MCPS 
in ethanol

0.371 2.72 0.40 25 ± 13

800 MCPS 
in water

0.040 1.35 0.38 65 ± 22

MCPS 
in ethanol

0.009 0.60 0.34 28 ± 22

MCPS 
in water

0.036 0.82 0.03 14 ± 10

MCPS 
in ethanol

0.019 1.26       0.36 25 ± 13

Table 3. Optical properties of tumour with embedded SNPs.

Wavelength/
nm

Target type 
and buffer liquid 
for ablation

ma/cm–1 mt/cm–1 g

633 MCPS in water 2.48 161.95 0.77

MCPS in ethanol 3.71 162.83 0.77

MCPS in water 7.56 174.89 0.74

MCPS in ethanol 5.41 178.88 0.75

800 MCPS in water 1.30 106.76 0.79

MCPS in ethanol 0.99 106.99 0.77

MCPS in water 1.26 109.46 0.74

MCPS in ethanol 1.09 113.70 0.75
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The computational grid for the absorption map consists 
of voxels, three-dimensional cells of parallelepiped shape. At 
each step of calculating the trajectory next node the energy 
corresponding to the photon weight loss is added to the cur-
rent value of the absorption map element corresponding to 
the voxel containing the trajectory node. The ratio of the total 
energy absorbed in each voxel to the voxel volume is a dis-
crete function of the volumetric density of heat sources 
Qext(x, y, z) for the medium, where x, y, and z are the coordi-
nates of voxel centres. The size of the computational grid vox-
els was 1 ́  1 ́  0.1 mm.

The simulations were performed for 105 photons (the 
standard deviation of the integral of the absorption map for 
such statistics amounted to 1 %).

At the second stage of simulations, the obtained discrete 
functions of heat sources Qext(x, y, z) were used to solve the 
nonstationary heat transfer equation for biological tissue 
(Pennes biothermal equation) [52]: 

¶
¶ ( )C t
T Tpr k#d d-  

 ( )C T T Q Qbl bl bl bl met extr w= - + + , (8)

where r is the biotissue density; Сp is the biotissue heat 
capacity at a constant pressure; k is the thermal conductiv-
ity; rbl, Cbl, Tbl and wbl are the density, the heat capacity, the 
temperature, and the blood perfusion coefficient (blood 
transfer through capillaries and extracellular spaces in tis-
sue [53]), respectively; and Qmet is the speed of metabolic 
heat generation the per unit volume [54]. The solution of 
the Eqn (8) was performed in the COMSOL Multiphysics® 
software package using the finite element method [55 – 57]. 
Boundary conditions were as follows: a constant tempera-
ture of 37 °С on the medium surfaces within biotissue, and 
convection at the skin – air boundary [58]; convective heat 
transfer coefficient h = 18 W m–2 K–1, and air temperature 
was assumed to be 25 °С. The initial temperature of the 
entire medium was 37 °С, and the blood temperature was 
Tbl = 37.15 °С.

The values of the parameters in the heat transfer equation 
used in the simulations are presented in Table 4.

The computational grid employed for the solution of 
the heat transfer equation corresponded to that used for 
calculating absorption maps by the Monte Carlo tech-
nique.

The modelling performed allowed us to calculate ther-
mal fields in biotissue both for a tumour without SNPs and 
for tumours with different concentrations of SNPs. The 
dependence of the temperature depth profile on the radia-
tion power and concentration of nanoparticles in biotissue 
was studied.

3. Results and discussion

Figure 2 shows the central in-depth sections of the absorp-
tion map Qext(x = 0, y = 0, z), representing dependences of 
the volumetric density of the absorbed light power along the 
axis of the incident laser beam on depth z for media without 
SNPs and with different types of SNPs for irradiation at 
wavelengths of 633 (Fig. 2a) and 800 nm (Fig. 2b). The 
results are presented for the maximal considered intensity I = 
500 mW cm–2.

Table 4. Thermophysical properties of the studied biotissues [59].

Biotissue Cp/
J kg–1 K–1

r/
kg m–3

k/
W m–1 K–1 wbl/s–1 Qmet/

W m–3

Skin 2291 1180 0.580 0.0005 420

Tumour 4200 1150 0.561 0.0036 420

Blood 3770 1060 – – _
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Figure 2. Effect of the embedding of SNPs into the tumour on the in-
depth distribution of the volumetric density of the laser radiation power 
Qext absorbed by biotissue on the laser beam axis (х, у = 0) in a two-
layer biological tissue (dashed lines indicate the skin – tumour bound-
ary) upon irradiation with continuous-wave laser radiation with an in-
tensity of 500 mW cm–2 at wavelengths of (a) 633 and (b) 800 nm.
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The most pronounced changes in the absorbed power 
density distribution are observed at the skin – tumour bound-
ary (indicated in Fig. 2 by a vertical dashed line), which are 
caused by the difference in layer optical properties. Absorption 
of the radiation in both biotissue layers is larger at a wave-
length of 633 nm as compared to 800 nm; which is due to the 
larger value of the biotissue absorption coefficient in the visi-
ble range (see Table 1). The addition of SNPs to the lower 
layer increases its absorption and scattering coefficients 
(Tables 1 and 3), which leads to an increase in the absorbed 
power. It is quite expected that embedding SNPs with a higher 
partial absorption coefficient increases the absorbed power 
volumetric density. This effect is the most pronounced at a 
wavelength of 633 nm (Fig. 2a), where SNPs fabricated by 
ablation of mesoporous silicon in water and ethanol provide 
a 2- and 3-fold increase in the maximum absorbed power in 
tumour, respectively, while the in-depth decay of the absorbed 
power density is also more pronounced for these types of 
nanoparticles.

Note an accompanying effect consisting in the reduction 
of the absorbed power in the upper layer caused by increased 
absorption of radiation in the lower layer resulting in the 
decrease in the intensity of the backscattered diffuse compo-
nent arriving to the upper layer from lower one. For SNPs 
with lower absorption (microporous silicon ablated in water 
and ethanol), this effect is less pronounced.

Since for a wavelength of 800 nm, the absorption coeffi-
cient of both biotissue and SNPs is much smaller than that for 
633 nm, the contribution of the backscattered diffuse wave to 
the absorbed power is not essential in this case, and the 
embedding of SNPs does not noticeably affect the absorbed 
power density in the upper layer (Fig. 2b), while an increase in 
the absorbed power at depths exceeding 0.4 mm in the second 
layer monotonically depends on the value of the partial 
absorption coefficient of SNPs.

The largest values of the absorbed power volumetric den-
sity in this case are achieved for SNPs fabricated by laser 
ablation of micro- and mesoporous silicon in water, which 
determined the selection of these SNP types for further calcu-
lations. 

Figures 3a and 3b show two-dimensional distributions 
Qext(x, y = 0, z) in the medium for irradiation at a wavelength 
of 633 nm (uniform illumination of the 10 ́  10 mm area) for 
the cases without SNPs in tumour (Fig. 3a) and with the 
embedded-in-tumour SNPs ablated from mesoporous silicon 
in water (Fig. 3b). As shown above, embedding the specified 
SNPs in the tumour layer localises the radiation absorption, 
while the absorbed radiation power density for I = 
500 mW cm –2 increases up to three times (Fig. 2 a). Figures 3c 
and 3d show two-dimensional distributions Qext(x, y = 0, z) 
in the medium for irradiation at a wavelength at 800 nm for 
the cases without SNPs in tumour (Fig. 3c) and with the 
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embedded-in-tumour SNPs ablated from microporous silicon 
in water (Fig. 3d). For the wavelength of 800 nm the effect of 
absorption localisation in the tumour layer is significantly 
weaker, manifested by a small (up to 1.5 times) increase in 
absorbed energy in the presence of SNPs (Fig. 2b).

For the distributed heat sources calculated by the Monte 
Carlo technique, the biothermal equation (8) was numerically 
solved for the two-layer biotissue both with and without 
embedded SNPs. The calculated temperature distribution 
maps corresponding to the cases in shown Figs 3a – 3d are 
demonstrated in Figs 3e – 3h, respectively. 

One can see that for almost all considered regimes, the 
medium is heated to temperatures in the range of 42 – 50 °С 
sufficient for photohyperthermia performance at depths of up 
to 5 mm.

For a more detailed analysis, Fig. 4 shows the in-depth 
profiles of temperature field distributions (central sections) 
for the medium containing SNPs of various types for irra-
diation at wavelengths of 633 (Fig. 4a) and 800 nm (Fig. 4b) 
with an intensity of 500 mW cm–2. For the case without 
SNPs, the heating of biotissue is higher for irradiation at a 
wavelength of 633 nm due to higher absorption in tumour 
layer as compared to a wavelength of 800 nm. The presence 
of SNPs fabricated by ablation of mesoporous silicon in 
water at a concentration of 5 mg mL–1 in the tumour leads 
to additional heating in comparison with the tumour with-
out SNPs (Figs 4a, 4b): for a wavelength of 633 nm and 
intensity of 500 mW cm–2 the additional temperature 
increase in DT with respect to the case without SNPs is 
1 – 4.2 °С, while for a wavelength of 800 nm it amounts to 
DT = 0.2 – 1.3 °С. The observed maximum additional heat-
ing values provided by the SNPs with the highest absorption 

coefficients at corresponding wavelengths is quite expected. 
It should be noted that due to heat transfer in the presence 
of SNPs, the effect of reducing the absorbed power density 
in the upper layer at the wavelength of 633 nm does not 
affect the temperature field, and temperature variations 
with depth are negligible both in the upper layer and in the 
lower layer at depths of up to 1 mm, while the increase in 
temperature is proportional to the partial absorption coef-
ficient of SNPs.

For a more detailed study of the heating process, the 
kinetics of biotissue heating was calculated at different 
depths: at the skin – tumour boundary, the skin is a tumour 
(Figs 5a and 5d), as well as at depths of z = 1 mm (Figs 5b 
and 5e) and z = 4 mm (Figs 5c and 5f) in the tumour layer. 
The most essential temperature rise occurs in the first 200 s 
of irradiation, followed by a significant slowing of the heat-
ing rate. For all considered depths, the tendency towards 
saturation of the local heating was observed after 300 s of 
irradiation.

Thus, the case of irradiation for 600 s shown in Fig. 4 
corresponds to the stationary phase of the considered pro-
cess. In general, the information on biotissue heating kinet-
ics is useful in developing protocols for performing hyper-
thermia, more exactly, in working out the recommenda-
tions for the optimal exposure time, since an excessive heat 
can lead to an undesirable heating of the surrounding 
healthy tissues.

As shown above, embedding of the SNPs from mesopo-
rous silicon ablated in water at a concentration of 5 mg mL–1 
into the tumour layer upon irradiation with an intensity of 
500 mW cm–2 leads to the heating of the model object to a 
temperature of 54 °С (Fig. 4), whereas for the successful 
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Figure 4. In-depth temperature distribution in the medium without SNPs and in the presence of various types of SNPs in the tumour layer in 600 s 
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implementation of hyperthermia a temperature of ~42 °С is 
required. Therefore, effective hyperthermia performance is 
possible at lower irradiation intensities. Additional estima-
tions show that the intensities required for heating the consid-
ered medium up to a temperature of 42 °С in the absence of 
SNPs, are 200 and 250 mW cm–2 for irradiation at wave-
lengths of 633 and 800 nm, respectively.

Figure 6 shows the results of temperature profile simula-
tions for biological tissue without SNPs and with SNPs fab-
ricated by ablation of mesoporous silicon in water in differ-
ent concentrations upon irradiation of the model medium 
with I = 200 mW cm–2 at a wavelength of 633 nm and with 
I = 250 mW cm–2 at a wavelength of 800 nm. The maximum 
thickness of the tumour layer L42, in which the condition of 
hyperthermia is satisfied, i.e. the temperature exceeds 42 °С 
[6], increases with an increase in the concentration of SNPs in 
tumour (insets in Fig. 6).

With an increase in the mass concentration of SNPs in 
tumour from zero to 5 mg mL–1 the maximum heating depth 
L42 varies from 0.3 to 1.8 mm for a wavelength of 633 nm 
and from 0.9 to 1.6 mm for a wavelength of 800 nm. This 
result indicates that, despite the greater absorption at a 
wavelength of 633 nm (Table 3) and, accordingly, a smaller 
depth of radiation penetration into tissue (see Fig. 3), the 
tumour is heated more effectively as compared to using a 
laser beam at a wavelength of 800 nm, again, due to a larger 
absorption of radiation.

Les us consider a point А (x = 0, y = 0, z = 1 mm) within 
the tumour layer and trace the effect of the radiation inten-
sity and SNPs concentration in the tumour on its tempera-
ture. The choice of this point is governed by its location on 
the beam axis and the maximum depth at which the effective 

tumour heating is still possible (Fig. 6). Figure 7 shows 
the isotherms at point A in two coordinates: intensity of 
laser radiation and concentration of SNPs in the tumour 
layer.

The same tumour temperature can be achieved at vari-
ous concentrations of SNPs and radiation intensities. The 
typical hyperthermia temperature of 42 °С is achieved at 
concentrations ranging from 0 to 5 mg mL–1 and corre-
sponding intensities from 220 to 170 mW cm–2 for a wave-
length of 633 nm (Fig. 7a) and from 255 to 225 mW cm–2 for 
a wavelength of 800 nm (Fig. 7b). This result fully confirms 
the appropriate choice of the intensities range employed for 
calculation of the in-depth temperature distributions shown 
in Fig. 6.

It is worth mentioning that the obtained estimates of 
the heating values are in good agreement with the results of 
other works on monitoring biological tissue temperature 
upon heating by optical radiation with close parameters. In 
paper [41] the heating of a rabbit ear ranged from 3.5 to 
8 °С upon irradiation at a wavelength of 660 nm with 
intensity of 200 mW cm–2 for the full light dose of 
50 – 100 J cm–2. Note that the thermal conductivity of a 
rabbit ear and its thickness (about 1 mm) are smaller in 
comparison with the considered biotissue, which leads to 
greater heating as compared to the estimates obtained in 
this study. The results of temperature monitoring of pho-
todynamic therapy of basal cell carcinoma in paper [42] 
showed that the temperature of biotissue during irradia-
tion at a wavelength of 660 nm with an intensity of 
300 mW cm–2 for 480 s reached 42 °С, which is also in good 
agreement with the results obtained in our study for a close 
wavelength (633 nm).
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Figure 5. Kinetics of tumour heating without SNPs ( ) and in the presence of SNPs ( ; 5 mg mL–1) ablated from mesoporous silicon in water 
at depths of z = (a, d) 0.2, (b, e) 1.0, and (c, f) 4.0 mm for irradiation at wavelengths of (a – c) 633 and (d – f) 800 nm with an intensity of 
500 mW cm–2. 
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4. Conclusions

In this paper, the Monte Carlo technique and finite elements 
method were employed for calculating absorption maps and 
solving the nonstationary heat transfer equation, respec-
tively, to perform numerical simulations of heating of a two-
layer medium mimicking a biotissue. The simulation results 
show that silicon nanoparticles fabricated by picosecond 
laser ablation of micro- and mesoporous silicon in water 
and ethanol are promising for photohyperthermia of 
tumours. The presence of SNPs in biotissue increases the 
absorption of continuous-wave laser radiation at wave-
lengths of 633 and 800 nm at depths of up to 1 mm. An addi-
tional temperature increase of 0.2 – 4 °С in the tumour with 
respect to the tumour without SNPs was demonstrated 
depending on the wavelength and the intensity of laser radi-
ation, as well as on the target type employed in SNPs fabri-
cation by the laser ablation technique. The largest tumour 
heating is achieved with embedding SNPs with the maxi-
mum absorption at the corresponding wavelengths: SNPs 
fabricated by ablation of mesoporous silicon in water (for 
irradiation at a wavelength of 633 nm) and SNPs fabricated 
by ablation of both meso- and microporous silicon in water 
(for irradiation at a wavelength of 800 nm). Numerical sim-
ulations showed that the temperatures of hyperthermia per-
formance (~42 °С) can be achieved with continuous-wave 
laser radiation with the intensities of 200 and 250 mW cm–2 
for the wavelengths of 633 and 800 nm, respectively. 
Embedding SNPs with concentration of 5 mg mL–1 into the 
tumour layer for irradiation with continuous-wave laser 
irradiation at a wavelength of 633 nm with intensity of 
200 mW cm–2 increases the depth of hyperthermia effect on 
the tumour from 0.3 to 1.8 mm.
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