
Abstract. The spatial temperature distribution in biological
tissues upon interaction of laser radiation with plasmon-
resonance nanoparticles is simulated numerically. Exper-
imental thermograms of model objects and real biological
tissues are obtained in vivo for different localisation depths of
nanoparticles in different irradiation regimes. The results
obtained in the study can be used for the development of
methods of laser photothermolysis of malignant tumours.

Keywords: photothermolysis, plasmon resonance, biological tissue,
nanoparticles.

1. Introduction

The unique optical properties of plasmon-resonance nano-
particles along with a high speciécity of biomolecular
recognition open up new possibilities for their applications
in biomedical diagnostics [1], directed drug delivery [2], and
optical visualisation and photothermal therapy [3, 4]. The
possibilities of optimisation of nanoparticle parameters and
laser irradiation regimes during photothermal action in
oncology were considered in papers [5, 6].

The application of plasmon-resonance nanoparticle in
biomedicine has two main aspects: biospeciéc `aiming' at
certain tissues or cells and optical plasmon resonance [1 ë 5].
The addressed accumulation of particles inside a biological
target or near it can be achieved passively or actively. In the
érst case, non-functionalised inert particles are accumulated
inside a speciéed biological target due to size-determined
effects. For example, nanoparticles with a silicon nucleus

and a gold shell with external diameter 130 nm penetrate
through vessel walls and are accumulated in malignant
tumour tissues having a high vascularization due to neo-
angiogenesis and the enhanced porosity of vessel walls [7].
The second, active approach is based on the use of particle
conjugates with biospeciéc molecules, for example, tumour-
speciéc antibodies, which can provide their speciéc delivery
to malignant cells. Such a procedure of conjugate formation
is called functionalisation [8], and the term `conjugate' is
often used to refer to functionalised nanoparticles [9, 10].
An optical plasmon resonance is caused by coherent
oscillations of free electrons in metals under the action
of the electric component of a light wave. These oscillations
enhance the scattering and absorption of light at resonance
wavelengths caused by the multipolarity of the polarisability
tensor. By exposing nanoparticles to laser radiation at a
wavelength in the region of their absorption band, it is
possible to produce the local heating of nanoparticles and
surrounding cells or the localised extraction of an incap-
sulate drug. The érst method forms the basis of
photothermal therapy [4], while the second one is related
to the address delivery of drugs [2, 11].

To perform eféciently photothermal therapy of malig-
nant tumours, it is necessary to match three important
factors: the laser radiation wavelength, the absorption
maximum of light by gold nanostructures, which are
used as selective absorbers, and the transparency of a tissue
for laser pulses. It is known that the optical transparency
window of biological tissues covers the near-IR spectral
range from 750 to 1100 nm. The lower boundary of the
range is determined by strong scattering of short-wavelength
radiation in biological tissues and absorption of light by
melanin and blood, while the upper limit is determined by
absorption of light in water. The spectral shift of plasmon
resonances to the near-IR range is a principal factor for
photothermal therapy and can be achieved only by using
structured nanoparticles or nanorods [12, 13] because usual
gold nanospheres have a broad resonance only in the visible
region.

The use of gold nanorods and nanoshells makes it
possible to tune a plasmon resonance in a broad spectral
range (from 600 to 1500 nm) by varying the axial coefécient
of nanorods or relation between the nucleus diameter (SiO2)
and the gold shell thickness (Au). We used in our experi-
ments plasmon-resonance gold nanoshells fabricated at the
laboratory of biosensors and nanostructures at the Institute
of Biochemistry and Physiology of Plants and Microorgan-
isms, RAS (Saratov).
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2. Theoretical simulations

2.1 Spatial distribution of absorbed laser radiation
We simulated the spatial distribution of absorbed photons
during the propagation of an electromagnetic wave through
a system of discrete particles taking multiple scattering into
account. The diffusion scattering of laser radiation at
808 nm in a disperse system of gold nanoparticles was
calculated by the Monte-Carlo method. Simulations were
performed for gold spherical nanoshells with a SiO2

nucleus. The nucleus diameter was 140 nm and the gold
shell thickness was 15 nm. The extinction maximum of
these particles is located at l � 800 nm. The trajectories of
107 photons were calculated in simulations. A chain of
random events consisting in the displacement of a photon
by some distances, scattering or absorption by a particle
was simulated for each photon with the help of a random
number generator. The scattering probability in the
speciéed direction in each scattering event was determined
for a particle with the speciéed diameter of a silicon nucleus
and the gold shell thickness by using the Mie theory. The
realisation of scattering or absorption in each interaction
event between a photon and a particle is also a random
process, whose probability is determined by the relation
between the extinction and scattering coefécients. The
values of the real and imaginary parts of the refraction
index of gold taking into account dispersion in the spectral
range of interest to us were borrowed for experimental
papers [14 ë 16].

We used in calculations the polarisation-averaged angu-
lar dependence of the scattering intensity by neglecting pola-
risation effects. According to [17], such averaging in the case
of a nonpolarised incident beam and multiple scattering
leads to the error that does not exceed a few percent.

Figure 1 shows the spatial distribution of the absorbed
radiation power at the plasmon-resonance frequency for
gold nanoshells with a SiO2 nucleus uniformly distributed in
water. It was assumed in simulations that incident radiation
propagated perpendicular to the surface of an inénite
horizontal layer containing nanoparticles (shown by the
arrow in the égure). Variations in the concentration of

particles and, correspondingly, in the scattering regime
(from single to multiple scattering) lead to changes in the
spatial distribution of the absorbed power. If the concen-
tration of particles is high, laser radiation is predominantly
absorbed near a surface, while at low concentrations the
radiation can penetrate much deeper. The grey scale in
Fig. 1 corresponds to different densities of photons
absorbed at a given point.

The model of a medium inénite in the transverse
direction can be used in calculations of the spatial dis-
tribution of absorbed photons because the laser beam
diameter (2 mm) is small compared to the diameter
(10 mm) of the cell containing the suspension of particles.
Our calculations show that the fraction of photons reaching
the cell walls does not exceed hundredths of percent and the
neglect of boundary effects in this case does not affect the
énal result.

In real applications of hyperthermia, tumours are often
located not on the tissue surface but at some depth [18].
Therefore, if the selective accumulation of particles in a
tumour tissue was achieved, their concentration will be also
maximal at some distance from the surface. The problem is
to perform the hyperthermia of such a tumour without
damaging upper-lying tissues [19]. The model calculations of
the spatial distribution of absorbed photons presented
below allow us to estimate the maximum depth of the
region of the enhanced concentration of particles at which
the level of absorbed energy is sufécient for increasing
temperature in this region by the speciéed value. A bio-
logical tissue was simulated in calculations by a system of
weakly absorbing spherical particles with the refractive
index 1:44� i0:0001, which were embedded into a medium
with the refractive index 1.34. One of the methods for
increasing the volume density of absorbed laser energy in
the required region is the laser beam focusing. Computer
modelling should help us to estimate the eféciency of such
focusing in real biological tissues, when the laser beam is
broadened due to scattering. We considered in simulations
the cases of a parallel incident beam and a beam focused at
the centre of a layer or a spherical volume with nano-
particles.
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Figure 1. Computer simulations of the spatial intensity distribution of absorbed laser radiation in the suspensions of nanoparticles at concentrations
5� 109 (a) and 1� 109 mLÿ1 (b).
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It is also interesting to consider situations when the laser
beam diameter is comparable with the diameter of the
region of high concentration of nanoparticles or larger. The
region containing nanoparticles was assumed spherical in
calculations. Figure 2 shows that upon irradiation by a
broad parallel beam, a greater part of photons are absorbed
in the front half of the region (region II), whereas upon
focusing the beam to the centre of the region, absorbed
photons are localised near the beam waist and on the front
surface of this spherical region. The grey scale (at the right)
corresponds to the density of absorbed photons on a surface
10 mm2 in the range 0 ë 0.01% of the total number of
incident photons.

2.2 Calculation of temperature éelds

Calculations of temperature effects appearing due to
absorption of laser energy by nanoparticles should take
into account the énite volume of the suspension of gold
particles and heat transfer at the cell walls because due to

the thermal diffusion the region of elevated temperatures
greatly exceeds the region in which a greater part of
absorbed photons is localised.

The axial symmetry of the calculation region allows us to
simulate thermal processes by using the two-dimensional
Poisson equation written in the cylindrical coordinate
system [20]:

div�l gradT�r; z�� � Q�r; z�,

where l is the heat-transfer coefécient; r and z are the
transverse and longitudinal coordinates; T(r; z) is the
temperature distribution; Q(r; z) is the internal heat release
power caused by the absorbed laser radiation. The thermal
properties of water and cell walls were assumed constant,
and the symmetry axis of the calculation region coincided
with the laser beam axis.

Heat exchange at boundaries was modelled by the
boundary conditions
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Figure 2. Computer simulations of the spatial distribution of laser power absorbed in structured systems containing nanoparticles: (a, b) layered
structure: 1-mm-thick layer I contains weakly absorbing scattering particles (the volume fraction of particles of diameter 0.5 mm is 0.1); 0.5-mm-thick
layer II contains, along with weakly absorbing particles, 15-nm-thick gold nanoshells with a silicon nucleus of diameter 140 nm; layer III, as layer I,
contains weakly absorbing scattering particles; (c, d) in a medium with scattering particles, a sphere of diameter 0.5 mm is located, which contains,
along with scattering particles, plasmon-resonance gold nanoshells with the same parameters as in Figs 2a, b.
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where a1 and a2 are the heat-transfer coefécients on the side
and open boundaries of the region and T0 is the temper-
ature of the environment, which was set equal to 25 8C in
simulations.

The Poisson equation was solved by the Galerkin
method of énite elements (weak formulation). Temperature
was approximated by a linear combination of basis func-
tions (shape functions) on linear triangular énite elements.
A system of algebraic equations was solved by the Gauss
method for banded matrices. Calculations were performed
on a nonuniform énite-element network with a total number
of nodes equal to 1800.

We calculated the isotherms of stationary temperature
éelds for thermal sources Q(r; z) obtained by computer
simulations for particles at concentrations 5� 109 and
1� 109 mLÿ1, which were contained inside cylindrical
volumes of the same dimensions as those of `eppendorf'
cells used in experiments (the cell diameter and height were
10 and 40 mm, respectively). In the case of high concen-
trations of particles, the temperature maximum is located
near the liquid surface and is 63.4 8C. Near the side walls
and at the top of the cell, temperature decreases down to
62.2 8C due to heat transfer from the liquid surface and
through side walls. The maximum temperature drop in the
scattering volume under study is TmaxÿTmin � 24:5 8C. In
the second case, when the concentration of particles is
109 mLÿ1, the total heating is weaker, however, the temper-
ature maximum equal to 45.4 8C is located at a distance of 4
mm from the surface, i.e. considerably deeper than at high
concentrations of particles. The maximum temperature drop
is 15.2 8C. Near side walls on the side of the entrance part of
the cell, temperature is lower by 1.1 8C than at the cell
centre.

The decrease of temperature along the cell axis is
explained by the absorption of laser radiation during its
propagation deep into liquid. The lower temperature near
side walls on the side of the front surface of the cell is
explained by heat transfer through side walls and from

liquid surface; however, heat transfer from the liquid surface
at a depth more than 8 mm is virtually absent. Temperature
distributions obtained by numerical simulations are in good
agreement with experimental results and show that at high
concentrations of particles the region of elevated temper-
ature is localised near the surface and low-lying layers are
almost not heated. An important result of simulations is the
conérmation of the fact that due to the surface heat transfer
even in the case of the uniform distribution of nanoparticles
in the medium, the maximum heating can be observed not
on the layer surface but at some depth. These effects are
even more pronounced in the case of the nonuniform
distribution of nanoparticles in the volume under study.
Temperature éelds calculated for this case are presented in
Fig. 3. Therefore, the real temperature of deeply lying layers
of a biological tissue can be higher than the surface
temperature measured with an infrared imager.

3. Experiment

We measured spatial temperature distributions of suspen-
sions of gold particles at different concentrations in
eppendorf test tubes and biological tissues in vivo for
different penetration depths of nanoparticles. The contact-
less measurements of spatial temperature distributions were
performed by using an IRISYS 4010 infrared imager
(Infrared Integrated System Ltd., Great Britain). This
imager has an uncooled bolometric array, its sensitivity
(the temperature difference equivalent to noise) is 0.15 8C,
and the range of measured temperatures is ÿ10ÿ�250 8C.
The scan rate is eight frames per second, the storage map of
the infrared imager provides the recording of up to 6000
thermograms of size 1206120 pixels. The minimal distance
from the objective to the object surface providing distinct
focusing is 15 cm, and the spatial resolution is no less than
0.3 mm. Thermograms were analysed by using an Imager
IRISYS software package.

To perform correct temperature measurements with an
IR imager, it is necessary to eliminate the inêuence of
scattered laser radiation. This condition is fulélled in our
case because an IRISYS 4010 infrared imager is sensitive in
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Figure 3. Temperature calculations for a layered system in Fig. 2a exposed to laser radiation: (a) isotherms (égures at the curves indicate temperature
in 8C; (b) temperature distribution over depth.
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the spectral range from 8 to 14 mm, whereas the wavelength
of a semiconductor laser used in our experiments was
808 nm.

Figure 4 presents thermograms measured for a colloidal
solution of gold nanoshells with a SiO2 nucleus in a
cylindrical cell. The distinct boundaries of the heated region
correspond to the cell boundaries. Laser radiation propa-
gated parallel to the cell axis and thermograms were
recorded on the side of the cell. Such a conéguration allows
the temperature distribution over the cell depth to be
obtained with a constant error. The independent measure-
ments of temperature with a thermocouple showed that this
error did not exceed 2 8C in the temperature range under
study. The absence of resonance absorption by the cell walls
in the spectral range 6 ë 12 mm permits us to compare
temperature at the cell centre and on its side surface.
Samples were irradiated by a 2-W, 808-nm PhotoThera
cw semiconductor laser. The Gaussian beam diameter at the
1/e2 level was about 5 mm, which corresponds to an average
power density of �10 W cmÿ2. At the left and bottom of
thermograms are presented the temperature distributions
along light straight lines in thermograms (the laser beam
direction is shown by the arrow).

The thermal action of laser radiation on biological
tissues is based on the absorption of radiation and trans-
formation of its energy to heat. The eféciency of this action
depends on its temperature and duration. At temperatures
up to 45 8C, no irreversible damage of tissues is expected
(cells can be destructed only after prolonged enough
heating).

At temperature about 60 8C, the denaturation of pro-
teins occurs rapidly enough. It can be complete or partial,
reversible or irreversible. The degree of denaturation de-
pends to a great extent on the action time. The denaturation
rates of different protein structures can strongly differ. The
critical temperature of the denaturation onset of most of the
tissue components under real conditions is about 57 8C.

The noticeable dehydration of biological tissues starts at
a temperature of about 70 8C. As the water boiling temper-
ature is achieved, water in tissues transforms to vapour,
producing a considerable excess pressure. During slow
heating, the vapour has time to escape from a biological
tissue through numerous pores, which usually exist or

formed under the vapour pressure and also due to thermal
destruction of the matrix. This process is called photo-
evaporation. The heating rate of the tissue at a temperature
of about 100 8C considerably decreases due to a consid-
erable consumption of energy for evaporation. After the
evaporation of water, the dried tissue is rapidly heated up to
a temperature of 150 8C at which the carbonisation process
begins. During carbonisation, hydrogen escapes from
organic molecules and énely divided carbon (carbon black)
is formed.

We present the results of experimental in vivo studies of
the skin temperature of laboratory animals upon subcuta-
neous and intramuscular introduction of suspensions of
gold nanoparticles. Experiments were performed with white
laboratory rats in accordance with standards of human-
itarian treatment of animals by the method approved by the
committee on ethics at the Saratov State Medical University
(protocol n. 13, 10.04.2007). Animals subjected to the
general anaesthesia were éxed in the horizontal position
on their back and their abdomen was shaved from a
diaphragm to a pubic joint before the introduction of
nanoparticles. Three sites on each side were marked sym-
metrically with respect to the middle line of the abdomen.
The suspension of gold nanoparticles in amounts of 0.1 mL
was introduced by the depth from 0.5 to 5 mm into sites at
the right of the middle line. Symmetrical sites at the left of
the middle line were used to control temperature produced
upon laser irradiation without nanoparticles. The distance
from the end of the optical ébre of a laser to the skin surface
was 10 mm. The time interval between the introduction of
nanoparticles and the beginning of laser action was 2 ë
4 min.

The coagulation of the tissue in the site with nano-
particles embedded at a depth of 0.5 mm was observed
already within 10 s after continuous laser irradiation. This
was visually manifested in the appearance of a white burn
spot. After further irradiation, water was evaporated in this
spot and the tissue was carbonised. The maximum temper-
ature at the spot centre achieved 180 8C (Fig. 5). The control
site without nanoparticles irradiated in the same regime was
heated only up to 46 8C. This temperature causes no
irreversible damage of the tissue if the heating time does
not exceed several minutes.
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Figure 4. Thermograms of a suspension of plasmon-resonance gold nanoparticles in a 1.5-mL standard eppendorf test tube after irradiation for 2 min
by a 2-W cw laser at concentrations of particles 5� 109 (a) and 0:61� 109 mLÿ1 (b); the arrow shows the propagation direction of radiation.
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When nanoparticles were embedded at a depth of 5 mm,
the maximum temperature at the spot centre after laser
irradiation during 30 s achieved 65 8C. This resulted in most
cases in visually observed burns, which were conérmed by
subsequent histological analyses.

In the case of the intramuscular introduction of nano-
particles to a depth of about 5 mm, no visual changes on the
skin of animals was observed after laser irradiation;
however, the temperature at the spot centre measured
with the infrared imager achieved 52 8C, which is on average
exceeds by 6 8C the temperature measured in the control site
without nanoparticles irradiated under the same conditions.
According to computer simulations, temperature in deep
tissue layers for such localisation of the region containing
nanoparticles can considerable exceed the surface temper-
ature measured with an infrared imager (Fig. 3b). This
experiment is very important for the substantiation of

the possibility of hyperthermia of not only surface but
also deeper located tumours. The obtained results prove that
the photothermolysis of such tumours can be performed
without the damage of upper-lying tissues. This conclusion
is also conérmed by the results of histological studies.

Independently of the method of introducing nanopar-
ticles and temperature achieved at the centre of a heated
region, the size of the region itself where temperature
exceeds the temperature of the surrounding tissue (the
temperature distribution full width at half-maximum) is
virtually the same, amounting to 1 cm. Temperatures
obtained in experiments with animals in vivo upon local
injections of nanoparticles exceed temperatures observed in
similar experiments on the laser heating of the colloidal
solution of gold nanoparticles in a cell (Fig. 4). This can be
explained by the displacement of water from the injection
region, whereas nanoparticles remain. A drastic increase in
the temperature is observed after the evaporation of water;
however, only a very small amount of water is evaporated
from a 2-mL cell during irradiation for 2 ë 3 min. Never-
theless, is should be noted that the formation of island
structures of coagulated nanoparticles was also observed in
some experiments with solutions in cells.

Figure 6 presents the dynamics of the temperature
distribution investigated upon continuous and pulsed laser
irradiation. Thermograms of the rat skin surface were
recorded during heating with intervals of 6 s. The curves
in Fig. 6 represent half the symmetric proéle of thermo-
grams. The total irradiation time in all cases was 30 s. The
irradiation by 2-W, 1-ms laser pulses with an off-duty ratio
of 7 was used to obtain temperatures in the range from 40 to
45 8C. This temperature regime is optimal for stimulating
apoptosis in tissue cells. In this case, tissue regions not
containing nanoparticles are virtually not heated.

4. Conclusions

We have performed computer simulation of the spatial
intensity distribution of laser radiation absorbed in samples
containing plasmon-resonance particles. Based on the
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results of simulations, the parameters of thermal sources
have been determined in the medium under study and
temperature éelds produced by these sources have been
calculated. Thermal effects appearing upon laser irradiation
of colloidal solutions of gold nanoparticles in cells and at
different depths of injection of nanoparticles to laboratory
animals in vivo have been studied experimentally. It has
been shown that the temperature of irradiated objects
considerably increases in the presence of nanoparticles. The
dynamics of laser hyperthermia has been investigated upon
continuous and pulsed laser irradiation.
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