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Abstract
To improve methods of laser hyperthermia for the treatment of bulk malignant neoplasms, an urgent task is the development of
techniques and devices that automatically control heating at a given tissue depth and ensure its uniformity. The article proposes
the concept of a system for performing hyperthermia with real-time spectroscopic temperature control and surface cooling, which
allows to record spectra of diffusely scattered radiation and fluorescent signal from various depths of biological tissues by the
means of the variation of the angle and distance between the fiber source of laser radiation and the receiving fiber. Theoretical and
experimental modeling of the spatial distribution of diffusely scattered radiation and temperature inside the tissue with a fiber
optic device providing surface cooling of the irradiated tissue, and recording spectral information from a given depth in real time,
is presented. Simulation of radiation propagation in biological tissues, depending on the distance between the source and the
receiver and the angle of their tilt, was carried out using the Monte Carlo method. Modeling of the temperature distribution inside
the tissues was carried out by means of a numerical solution of the heat conduction equation. Experimental modeling was carried
out on phantoms of biological tissues simulating their scattering properties as well as accumulation of the investigated nanopar-
ticles doped with Nd3+ ions. It was shown that inorganic nanoparticles doped with rare-earth Nd3+ ions can be used as temper-
ature labels for feedback to the therapeutic laser. According to the results of the theoretical simulation, optimal configurations of
the relative arrangement of the fibers were chosen, as well as the optimum surface cooling temperatures for the given power
densities. The heating of the phantom of the neoplasm containing the investigated nanoparticles doped with Nd3+ ions by laser
radiation with an 805-nmwavelength and power density of 1W/cm2 up to 42 °C at a depth of 1 cmwhile maintaining the surface
temperature within the limits of the norm was demonstrated.
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Introduction

Interstitional laser-induced hyperthermia based on temper-
ature rise due to the tissue irradiation can be used in order

to raise the effectiveness of radio- [1] and chemotherapy
[2], as well as the main method of noninvasive tumor
therapy [3].

Modern studies of hyperthermia for clinical use focus
mainly on optimizing the selectivity, homogeneity, and
localization of heating within the tumor, with simulta-
neous temperature evaluation using non-contact methods,
in order to improve the therapeutic effect while minimiz-
ing side effects such as overheating of healthy tissues,
and to exclude the possibility incomplete destruction of
the tumor.

To increase the selectivity of heat delivery to malignant
(tumor) sites, special thermal agents are used (also known
as heating nanoparticles (HNPs, Bnanoheaters^)) [4],
which can be magnetic and plasmon nanoparticles, nano-
particles doped with rare earth ions, carbon nanotubes or
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quantum dots [5]. When using nanoheaters, only the tem-
perature of microvolumes surrounding the nanoparticles
rises, while the temperature of the entire volume of the
irradiated tumor remains the same [6]. Some of the ther-
mal agents not only can be heated by laser radiation, but
also have a thermally dependent luminescence, which al-
lows them to be used to locate the tumor and to monitor
the local heating temperature throughout the entire hyper-
thermia procedure [7]. In the recent years, the efforts of
researchers are aimed at developing a contactless method
for measuring the temperature based on the luminescence
rare-earth doped particles (thermoagents) [8]. Carrying
out hyperthermia with simultaneous control of the local
temperature of nanoparticles makes it possible to select
the optimal mode of action in order to ensure the local
heating and to avoid overheating the surrounding tissues.

The depth of thermal effect during laser-induced hyperther-
mia is limited by the depth of light penetration into biological
tissues. To achieve maximum depth of the therapeutic effect,
laser excitation wavelengths in the NIR range referring to the
so-called Bbiotissue transparency window^ are used (first
transparency window is 650–950 nm, the second is 1000–
1350 nm). In these spectral ranges, the absorption and the
scattering of biological tissue components are negligible com-
pared to the visible range, so that light is minimally attenuated
on the way to the target. This also reduces the non-selective
heating caused by the intrinsic absorption of laser radiation by
biological tissues. The maximum depth of laser exposure for
human tissues is about a centimeter [9]. The treatment of
deeper layers is possible with the use of fiber optic means of
delivering laser radiation or with endoscopic methods. A
promising direction is also the optical clearing of biological
tissues due to a decrease in blood flow by the means of me-
chanical compression or cooling [10].

The literature suggests there is a great promise in using
automated devices that carry out hyperthermia for the treat-
ment of oncological diseases [11]. A number of research
groups have demonstrated that magnetic resonance (MR)
imaging is effective and accurate for noninvasively
assessing temperature changes in tissues associated with
absorption of nonionizing radiation [12, 13]. However,
technical solutions that allow real-time measurements of
temperature fields in the thickness of strongly scattering
biological tissues and regulate the degree of heating of
different zones are lacking [14]. For contactless tempera-
ture evaluation, by far, the most frequently used devices
are thermal cameras, which, hovewer, measure only the
surface temperature. The methods of spectroscopic temper-
ature estimation described in the literature also use spectra
obtained from the surface area of irradiation, so the tem-
perature at depth remains unknown [15].

The article describes the concept of a system for
conducting hyperthermia with real-time temperature

control, which allows to record spectra of diffusely
scattered radiation from various depths of biological tis-
sues by the means of variation of the angle and distance
between the fiber source of laser radiation and the receiv-
ing fiber.

For contactless temperature monitoring, the composite
NPs doped with Nd3+ ions with absorption and lumines-
cence bands in the NIR range providing the maximum
depth of sounding of biological tissues were used as ther-
mal agents.

The system for conducting hyperthermia consists of a laser
source of the near-infrared spectral range and a fiber optic
device for contact irradiation, combined with a spectro-ana-
lyzer, which makes it possible to detect diffusely scattered
radiation and luminescence. The device is a special holder
for the optical fiber, through which the exciting laser radiation
is provided, equipped with a sapphire window with a thermal
sensor and a cooling system [16].

The construction of a fiber optic device for contact illu-
mination makes it possible to vary the angle of inclination
of the receiving fiber relative to the normal to the surface
of the irradiated region and the distance between the source
and the receiving fiber in order to regulate the depth of
sounding [17]. To optimize the design of the device, the
photon-tissue interaction had to be evaluated. To do this,
we simulated the dependence of the depth of sounding on
the distance between the fibers and the angle of inclination
of the receiving fiber relative to the normal to the irradiated
surface using the Monte Carlo method. In order to create a
model based on the results of the simulation, the charac-
teristic slope angles of the fibers relative to the normal to
the biotissue (0°, 30°, 45°) and the distances from the cen-
ter of irradiation (1.5–2.5 cm) were chosen. For the
established optimal configurations, further experimental
studies of the intensity of laser radiation diffuse scattering
and luminescent signal on phantoms of biological tissues
were carried out. The use of the cooling system allows
increasing the depth of thermal effect on biological tissues
and avoiding overheating the surface, where the power
density of laser radiation is maximal. To simulate the spa-
tial distribution of temperature in biological tissues, the
numerical solution of heat equation (finite difference meth-
od, PDE ToolBox, Matlab) was used. Simulation allowed
determining the characteristics of the exciting radiation at
which the power density in the depth of the tissue is suffi-
cient to heat the composite NP accumulated in the neo-
plasm but not to damage the surrounding tissues. It was
also demonstrated that, without the use of a cooling device,
surface superheating occurs. Optimal cooling temperatures
of the sapphire window that allow increasing the depth of
thermal effect and providing even heating of the illuminat-
ed area for various excitation light power densities have
been established.
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Materials and methods

Theoretical modeling

Monte Carlo method for modeling the dependence
of the sounding depth of biological tissues
on the configuration of fibers

The aim of the simulation was to establish the dependence of
the laser sounding depth of biological tissues on the distance
and angle between optical fibers, one of which is a source of
photons, and the other a receiver. The use of such a geometry
allows varying the depth of sounding z by changing the dis-
tance and angle between the fibers. In accordance with the
diffusion theory, the region of the most probable passage of
photons from the detector to the receiver in a semi-infinite
medium has the form of a Bbanana^ [18]. We assume the
depth of sounding to be the distance from the surface of the
irradiated object to the maximum intensity in the region of the
most probable passage of photons between the fibers [19–21].
The intensity distribution maximum in the medium in y-z
cross section at y = 0 (based on symmetry) can be found using
formula [17, 22]:
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However, the diffusion theory is applicable only for the
case of isotropically scattering media with negligible absorp-
tion. And, therefore, for biological systems, it is necessary to
use numerical methods or Monte Carlo simulations, which,
although not allowing us to obtain a solution in a compact
analytical form, give the required results.

In order to describe media characterized by a large scat-
tering anisotropy, the transfer theory is used. The transfer
equation describes the change of beam intensity as the
result of absorption and scattering in the medium. Beam
intensity in a point is described as a sum of two compo-
nents. The first, collimated, describes the light that has not
been absorbed or scattered once. The second, diffuse, de-
scribes the light that was involved in the scattering process.
The main difficulty consists in determining the diffused
component because photon scattering is of random nature.
In order to determine the diffused component and to model
the transfer of light between two fibers in a two-
dimensional medium, the Monte Carlo method was used.
It is based on numerical modeling of photon transfer in
scattering medium. The absorption and scattering are taken
into account throughout the path of photons from the point
of entry into the sample and until their absorption or exit
from the sample.

In this work, the propagation of laser radiation with a wave-
length of 805 nm from two optical fibers in an array of phan-
toms with a concentrations of fat emulsion (Lipofundin®)
corresponding to the scattering properties of brain tissue
(0.4%), muscle tissue (1%), and skin (1.6%) was simulated
using the Monte Carlo method. A series of simulations were
performed in which the distance between the fibers varied
from 0.5 to 75 mm, and the angle of inclination of the fibers
varied from 0 to 75°. For the simulation, MClight software
described in [17] was refined to allow changing the angle of
fibers inclination. The simulation was performed for the case
of fibers with an aperture of 0.22 and optical fiber thickness of
250 μm. Optical parameters of the model medium are present-
ed in Table 1. For the case of phantom models containing the
studied nanoparticles, the effective scattering and absorption
parameters were calculated (see Supporting info). Since the
maximum allowable concentration of injected nanoparticles is
5 mg/kg, they practically do not affect the optical properties of
the studied phantoms (a fraction of a percent difference).

The calculations results are presented in the form of an
image of the light field formed by the propagation of photons
in a given medium. The image has 16-bit dynamic range of
color, which allows catching small changes in brightness of
the light field. The search for a region of space between fibers
in which photons pass with highest probability is as follows.
Regions which photons most often pass through are brighter.
Therefore, if we look for points on the image that are brightest,
we can obtain information about where the photon flux den-
sity is highest. Thus, in the region where the Bbanana^ is
supposed to be located, the brightness maximum is searched
for in each vertical section between the fibers. The result is the
central line of the Bbanana^ shape. In order to find the thick-
ness of the Bbanana^ in each vertical section, the range of
intensity values from the brightness maximum to half the
maximum brightness upwards and downwards is sought.
The located area is colored, and the obtained results can be
saved in a graphical file.

Theoretical modeling of the exciting radiation parameters
for effective hyperthermia in the depth of biological tissue
using the cooling device

Simulation for the selection of optimal parameters of the ex-
citing radiation and the temperature of the cooling device was
carried out for the case of real biological tissues based on the
skin. Simulation of heating under the effect of laser radiation
was carried out for the case of irradiation with a laser with a
wavelength of 805 nm, focused in a spot of 1 cm2.

The choice of parameters for modeling the interaction of
laser radiation with biological objects was carried out on the
basis of information on the skin physiology [23, 24]. The skin
consists of three main layers: the epidermis, which includes
the stratum corneum and the living epidermis, dermis, and
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hypodermis. Approximately 5–7% of the incident light is
reflected by the stratum corneum. The main scatterers in the
biotissue are collagen and elastin fibers in the dermis, as well
as keratin andmelanin in the epidermis. Themain absorbers of
radiation are melanin in the epidermis, and water and hemo-
globin in the dermis. By using a wavelength of 805 nm, ab-
sorption and heating will occur mainly in the dermis region,
since it contains the maximum number of water molecules that
are the main absorbers at this wavelength. The removal of heat
from the site of irradiation and natural cooling occurs due to
thermal conductivity, convective heat transfer or thermal radi-
ation, and also due to blood flow. When simulating the
cooling of the irradiated tissue surface with the help of the
developed device, heat transfer between the biotissues and
the sapphire window was also taken into account at various
cooling temperatures of the window.

The dependence of the temperature spatial distribution in
biological tissues from time is described by the differential
heat equation:

ρ ⋅ c ⋅
∂T r!; t
� �
∂t

¼ div

 
k⋅grad T r!; t

� �!þ Q r!� �
þ S r!� �

; ð2Þ

where ρ–density, с–specific heat of medium, t–time, k–-
thermal conductivity,Q(r) –volumetric density of heat sources
in the medium, and S(r)–heat transfer due to blood flow.
Blood can absorb or release heat depending on how its tem-
perature correlates with the temperature of the surrounding
tissue. The term S(r) can be written as:

S r!
� �

¼ ρ⋅c⋅pb⋅vb Tb−Tð Þ; ð3Þ

where ρb–blood density, vb–blood flow density in tissues, and
Tb–blood temperature.

The generation of heat inside the tissue when irradiated
with a laser beam can be calculated as:

Q r; zð Þ ¼ ma ⋅ 1−Rð Þ ⋅ Io ⋅ e −r2=2σ zð Þð Þ ⋅e − maþm
0
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where Io–intensity of the incident laser radiation, σ–Gaussian
distribution, ma and ms–absorption and scattering coefficients
with anisotropy, respectively, R–reflection coefficient taking
into account the reflection of the incident radiation from the
skin surface, n–refractive index, and x, y–coordinates. To take
into account the effect of the introduction of the studied nano-
particles on the heating of biological tissues under the laser
irradiation, effective thermo-physical parameters were calcu-
lated (see Supporting info).

For simulation, the numerical solution of heat equation
(finite difference method, PDE ToolBox, Matlab) was used.

Experimental section

Synthesis of composite LaF3 nanoparticles doped with Nd3+

ions

In this work, the composite core-shell LaF3@DyPO4 nanopar-
ticles doped with Nd3+ ions synthesized by the co-
precipitation method in aqueous solutions with subsequent
hydrothermal-microwave treatment were used as thermal
agents [25]. The concentration of Nd3+ ions was 1%.

Optical phantoms of biological tissues imitating their
scattering and luminescent properties

The solutions of fatty emulsions were used for modeling of the
biological tissues scattering properties [26]. The optical prop-
erties of fat emulsions are described in detail in the literature
[27, 28]. In this work, a fat emulsion for parenteral nutrition on
a water basis Lipofundin® MST/LST 20% (B.Braun
Melsungen, Germany) was used. To create solid phantoms,
Lipofundin® aqueous solution was added to a previously
boiled 1% agarose solution, poured into a mold, and cooled
until solidified. The size of the investigated cylindrical scat-
tering phantoms was 10 cm in diameter, and the height was
varied from 4 to 8 cm. To study backward diffuse scattering,
an array of phantoms with a concentrations range of fat emul-
sions from 0.2 to 3% was prepared corresponding to the scat-
tering properties of brain tissue (0.4%), skin (1.6%), and mus-
cle tissue (1%). The studied composite NPs (at a concentration
of 5 mg/l) were used as the luminophore. The phantom simu-
lating the neoplasm was a cylinder 0.5 cm in height and 1 cm
in diameter and contained LaF3:Nd

3+ nanoparticles. It was

Table 1 Modeling coefficients
Intralipid concentration, % 0.4 1.0 1.6

Scattering coefficient at 805-nm wavelength ms [cm
−1] 5.3 13.3 21.3

reduced scattering coefficient at 805-nm wavelength ms [cm
−1] 2.50 6.25 10.00

Anisotropy factor g 0.53

Absorption coefficient at 805-nm wavelength ma [cm
−1] 0.012 0.031 0.050
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placed inside a scattering phantom that simulates healthy tis-
sues, and its depth from the surface was controlled in the range
from 5 to 10 mm.

Registration of backward diffuse scattering and luminescence
spectra with a surface cooling device for contact irradiation

The surface cooling device for contact irradiation (Fig. 1) con-
sists of a laser source connected by an optical fiber (1) to a
cooling unit (2), using an SMA fiber attachment, a sapphire
window, and an electronic Peltier element. A sapphire win-
dow equippedwith a thermal sensor is connected to the cooled
side of the Peltier element, and the hot side of the Peltier
element is equipped with a radiator with a large surface and
a hole for the laser irradiation. The cooling is controlled by
electrical unit [16]. The device is equipped with a nozzle (3)
with ports in which the receiving fiber (4) is fixed. The nozzle
allows the receiving fiber to be positioned at different angles
and at different distances from the center of irradiation using
different port groups.

The backward diffuse scattered and the luminescent signals
were investigated when excited by an 805-nm wavelength
laser LFT-805-01-BIOSPEC (Biospec, Russia). The working
plane was illuminated using an optical fiber fixed in the SMA
connector of the surface cooling device for contact irradiation
at a distance of 2 cm from the surface. The irradiated area was
1 cm2. The laser power at the exit from the sapphire window
of the cooling device was varied from 0.3 to 2W. To obtain the
backward diffuse scattering of the laser and the luminescence
spectra, Raman-HR-TEC spectrometer was used (StellarNet,
USA). The receiving fiber was positioned at a distance of 1.5–
2.5 cm from the center of the sapphire window at angles 0°,
30°, and 45° from the surface normal.

The evaluation of the temperature using ratiometric
spectroscopic method by the change in the Nd3+

luminescence spectrum

The ratio of the luminescence intensities from the Nd3+ ion
4F3/2 excited state Stark sublevels, used as the temperature-

dependent parameterΔ, can be calculated in accordance with
the Boltzmann distribution [29]:

Δ ¼ I2
I1

¼ B ⋅ exp
−ΔE
kBT

� �
ð7Þ

where I2 and I1–intensities of transitions from the Nd3+ ion
4F3/2 excited state Stark sublevels, kB–Boltzmann constant,
ΔE–the energy gap between the first and the second Stark
sublevels of 4F3/2 state, T–temperature, and B–constant deter-
mined by the degeneracy of the state and the probability of
spontaneous relaxation.

Thus, for a known energy gap between the Stark sublevels,
which is 42 cm−1 for the LaF3 matrix [30], a calibration curve
can be constructed that makes it possible to calculate the
change in the intensities ratio to the real temperature value.
The procedure is described in detail in [31]. In addition, an
independent monitoring of the tissues phantoms heating tem-
perature using an infrared thermal camera JADE MWIR
SC7300M (CEDIP, France) was carried out.

Results and discussion

Using the Monte Carlo method, the propagation of an 805-nm
laser radiation in biological tissues was simulated for two
optical fibers located at various distances from one another
and inclined at various angles relative to the normal of the
surface. The results of the calculations are presented as an
image on which the light field formed during the passage of
photons through a given medium is displayed (Fig. 2a, c). A
series of calculations was performed for a set of fiber config-
urations, which made it possible to establish the dependence
of the biotissue optical probing depth on the distance between
the fibers (Fig. 2b), and their direction angle relative to the
normal of the surface (Fig. 2d).

It was estimated that the optical probing depth has a power-
law dependence on the distance between the fibers (Fig. 3b)
for all fat emulsion concentrations. At the same time, the depth
of sensing increases with decreasing concentration of the fat
emulsion due to reduced scattering. However, it should be

Fig. 1 Fiber optic device for
controlled local laser
hyperthermia: (1) optical fiber
supplying therapeutic laser
radiation through the device for
forced cooling of the surface
(cooler, 2) (3) nozzle on the cooler
for positioning of receiving
scattered laser radiation and
luminescence fibers (4) at various
angles and distances from the
center of irradiation
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noted that along with an increase in the probing depth, the
brightness of the detected signal decreases with the decrease
of the fat emulsion concentration. The nature of the brightness
dependence on the distance between the fibers does not
change with a change in the fat emulsion concentration.
With an increase in the distance from 1 to 10 mm, a sharp
increase in the depth of sounding is observed, at distances
greater than 10 mm, the depth increase is slower. Since it is
necessary not only to probe the biological tissues with laser
radiation, but also to excite fluorescence in the depth of the
tissues, it is also important to estimate the power density as a
function of depth. Based on the experimental data, the power
density of 0.5 W/cm2 is sufficient to excite the Nd3+ lumines-
cence. Based on the pumping power requirements, the optimal
distance between the fibers is 15 mm. With such a configura-
tion, the provided fluorescence radiation optical probing depth
is about 4 mm. In order to further increase the probing depth, it
is necessary to increase the distance between the fibers.
However, it should be noted that, in this case, the brightness

of the detected signal will be significantly reduced and a lon-
ger accumulation time may be required. In the case where the
scattering is lower, the fibers should be located closer to each
other in order to obtain sufficient brightness.

Figure 3d shows the characteristic dependences of the
biotissue optical probing depth and the brightness of the de-
tected signal on the fibers slope angle relative to the normal of
the irradiated surface, with a fixed distance between the fibers.
It can be seen that the dependence of the probing depth on the
slope angle is less strong than the dependence on the distance.
An addition, the probing depth decreases with the angle in-
crease. On the other hand, as the angle is increased, the inten-
sity of the detected signal also increases. The strongest depen-
dence of brightness on the slope angle is observed for small
distances between fibers. Since, as was shown above, the con-
centration of the fat emulsion affects only the absolute values
of depth and brightness and does not affect the dependence,
the simulationwas performed for 1.0% of the fat emulsion that
is closest to real conditions (skin scattering).

Fig. 2 a The light field produced when photons pass through the 1.6% fat
emulsion solution for distance between fibers 0.5 mm and the slope angle
0° in the pseudocolor and the calculated area of the most probable photon
migration path (shown in red). bThe dependence of optical probing depth
and brightness of the detected signal on the distance between the fibers

and fat emulsion concentration. c The light field produced during the
passage of photons in biotissue for distance between the fibers 5 mm
and slope angle of 45°. d The dependence of optical probing depth and
the brightness of the detected signal on the angle of inclination of the
fibers relative to the normal of the surface at a fixed distance
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Thus, in order to obtain a signal of sufficient intensity from
the maximum depth in the biological tissue, it is most sensible
to use optical fibers located at a long distance from each other
(1.5–2 cm) but at a small angle to the surface (15°–45°). Based
on the simulation results, the characteristic fiber slope angles
relative to the normal of the biotissue were chosen to create a
model of the fiber optic device for hyperthermia: 0°, 30°, 45°

angles and distance 1.5–2.5 cm from the center of irradiation.
These values are optimal for the probing depth of up to 1 cm in
the tissues of the meninges, subcutaneous fat, and mammary
gland tissue.

Theoretical modeling of the laser excitation parameters for
effective hyperthermia in the thickness of biological tissue has
shown that, without cooling, even at 1W/cm2 power density, a

Fig. 3 a The dependence of temperature on the depth of biological tissue
at various pumping power densities without use of surface cooling. b The
temperature distribution profile in the depth of biological tissues at 3 W/
cm2 power density without use of cooling. c The dependence of
temperature on the depth of biological tissue at different power
densities of the exciting radiation with use of cooling (Tcool = 15 °C). d
The temperature distribution profile in the depth of biological tissues at

3 W/cm2 power density with the use of cooling (Tcool = 15 °C). e
Dependence of temperature on the depth of biological tissue at 5 W/
cm2 power density using surface cooling with different the cooler
temperature. f The temperature distribution profile in the depth of
biological tissues at 5 W/cm2 power density with the use of cooling
(Tcool = 0 °C)
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sufficiently strong superheat of the surface was observed, and
the surface temperature reached 50 °C (Fig. 4a). As the power
density increases, the heating becomes more critical, at 3 W/
cm2 the surface temperature reaches 72 °C, while the temper-
ature in the depth of tissues remains unchanged. The depen-
dence of temperature on depth and the temperature distribu-
tion profile in biological tissues for 3 W/cm2 power density of
without cooling are shown in Figs. 3a, b, respectively.

At the next stage, the heating was modeled depending on
the laser excitation power density at a fixed cooler temperature
of 15 °C (Fig. 3c). From the obtained temperature depen-
dences on the depth, it can be seen that at a power density less
than 5 W/cm2, the surface does not overheat, and the maxi-
mum of heating is at a depth of 0.1 cm. The corresponding
temperature distribution profile in the depth of biological tis-
sues is given in Fig. 4d. However, for higher power densities,
the overheating is still observed. Due to this, we simulated the
heating of biological tissues for a fixed excitation power den-
sity 5 W/cm2 and various cooling temperatures (Fig. 3e).

From the data obtained, it follows that using 5 W/cm2

power density requires very low cooling temperatures
(Tcool = 0 °C) in order to obtain a temperature distribution
in the thickness of the tissues similar to that obtained at
3 W/cm2 and the window cooling at 15 °С. In this case, the
surface temperature will be very low, which can also lead
to side effects. The contour plot of the temperature distri-
bution profile in the depth of biological tissues at 5 W/cm2

pumping power density and cooler temperature of 0 °C is
given in Fig. 3f). From the contour plots, it can be seen
that, in addition to the minimization of overheating, the use
of surface cooling also allows shifting the area of thermal
influence deeper into the tissue.

When using averaged parameters for the tissue containing
the NP, the heating temperature remains almost unchanged
and is 50 °C for the surface at 1 W/cm2. However, if the
simulation is carried out for LaF3:Nd@DyPO4, using the ther-
mal parameters for LaF3, which is the core of all NPs and the
average absorption value for Nd and Dy (3.6), calculated by
taking into account the fraction of Dy ions in the shell, the
material will be heated to 57 °С under 1 W/cm2 excitation.
Thus, we can assume that local heating regions arise around
the NPs, which is indirectly confirmed by the results of our
experimental studies, as well as by literature [32].

Experimental modeling of local laser hyperthermia with
the use of surface cooling device for contact irradiation and
composite LaF3:Nd

3+ nanoparticles was carried out on biolog-
ical tissue phantoms simulating their scattering properties, as
well as the accumulation of the investigated luminophore. For
the selected configurations of optical fibers positions, further
experimental studies of the dependences of the intensity of
laser radiation diffuse scattering and the luminescence signal
on the fiber slope angle (0°, 30°, and 45°) from the surface
normal, on the distance between the source and the receiving
fiber, and also on the simulated biotissues scattering charac-
teristics were carried out.

The backward diffuse scattering is an important charac-
teristic of biotissues that allows evaluating the tissue integ-
rity. The change in backward diffuse scattering upon
heating may indicate coagulation or carbonization. To per-
form hyperthermia in vivo, positions of the receiving fiber
should be selected in a way that provides the maximum
intensity of the laser radiation backscattered diffuse signal,
and, consequently, a higher sensitivity to the change in the
properties of irradiated tissues.

As a result of experimental investigations, the dependence
of the intensity of scattered laser radiation on the distance
between the irradiating and receiving optical fibers for differ-
ent slope angels and concentrations of Lipofundin® was ob-
tained (Fig.4).

As can be seen from the obtained dependences, the closer
the receiving fiber is to the irradiated region, the more intense is
the detected signal. At the same time, the slope of the fiber has
practically not affected the intensity of the laser backward dif-
fuse scattering. These results are in good agreement with the
Monte Carlo simulation. By increasing the percentage of
Lipofundin® in phantom, the probability of scattering increases
and, consequently, the mean free path of photons decreases. In
this regard, a decrease in the detected signal intensity is ob-
served as the concentration of Lipofundin® increases.

For a phantom, which simulated the nanoparticles accumu-
lation in the neoplasm, the dependences of the luminescence
intensity of the investigated composite nanoparticles on their
occurrence depth in the biotissue were obtained. For experi-
mental study, a neoplasm phantom was placed inside a scat-
tering phantom that simulates healthy tissue, and its depth

Fig. 4 The dependence of the scattered laser radiation intensity for a
number of concentrations of Lipofundin® on the distance between the
receiving and irradiating fibers for different slope angles of the receiving
optical fiber to the normal of the surface under investigation: 0° (circle,
solid line), 30° (hollow triangle, dashed line), and 45° (diamond)
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from the surface was controlled in the range from 5 to 10 mm.
The distance between the fibers 24 mm was used to record the
luminescence spectra and the slope angle of the receiving fiber
was varied in the 0–45° range. An example of the lumines-
cence spectrum change with the increase of the occurrence
depth of the phantom with the investigated composite nano-
particles is shown in Fig. 5a. The obtained dependences of the
luminescence intensity on the occurrence depth for each slope
angle of the receiving optical fiber are shown in Fig. 5b.

It can be seen that the intensity of the luminescent signal
decreases with increasing occurrence depth of the neoplasm
phantom, but remains sufficient for detection up to a depth
about 1 cm. The intensity of the signal is higher for the case of
using inclined fibers, which also agrees with the results of the
simulation. The measured luminescence intensity is sufficient

for detecting the accumulation of nanoparticles in the neo-
plasm, while all the lines necessary for thermometry are visi-
ble in the luminescence spectrum. The intensity of backward
diffuse scattering with an increase in the depth of occurrence
changes much more weakly than the intensity of the detected
luminescent signal, and can be used tomonitor the state of soft
tissues during hyperthermia, even with a large occurrence
depth of the neoplasm.

The temperature distribution measurements during the hy-
perthermia of neoplasm phantoms lying inside a scattering
media at different depths from the surface were carried out
on solid phantoms prepared according to the procedure de-
scribed in the BMaterials and methods^ section. Based on
the modeling results and experiments to obtain the maximum
signal intensity, the slope angle to normal of the receiving
fiber 30° and the distance 24 mm from the center of the sap-
phire window of the cooling device were used.

The dependence of the heating temperature on the excita-
tion power for the neoplasm phantom, lying at a depth of
5 mm, 7 mm, and 10 mm from the surface, was investigated.
The evaluation of the heating temperature was carried out by
the spectroscopic ratiometric method described in the
BMaterials and methods^ section. In addition, the phantom
was cut along the central axis and the phantom heating tem-
perature was independently estimated using the infrared ther-
mal camera. Room temperature of 23 °C, measured using a
thermal camera, was selected as a starting point for all studied
samples. Between the measurements, the samples were cooled
until they reached room temperature.

The values of the neoplasm phantom heating temperature
obtained by the infrared thermal camera are given in the
Table 2. According to the results obtained using the thermal
camera, the maximum heating temperature of the neoplasm
phantom containing the investigated nanoparticles located at a
depth of 1 cm from the surface was 27 °С under 1.7 W/cm2

laser power density. The heating of phantoms that did not
contain the investigated nanoparticles was negligible. The
use of a surface cooling system can significantly reduce the
heating of tissues at high power densities. For example, when
1.7 W/cm2 power density is used, the heating temperature of
neoplasm reaches 26–27 °C.

The results of temperature estimation by spectroscopic
method using LaF3:Nd

3+ luminescence are also presented in
the Table 2. The maximum temperature calculated spectro-
scopically for neoplasm phantom irradiated by an 805-nm
continuous wave laser with 1 W/cm2 power density was
56 °C for a depth of 5 mm and 54 °C for a depth of 10 mm.

Weak heating of deep-lying neoplasms is associated with a
strong decrease of excitation power density in the depth due to
scattering. By comparing the results obtained with a thermal
camera and a spectroscopic technique, it can be seen that the
temperature values obtained with a thermal camera are signif-
icantly underestimated. This is associated with the cooling of

Fig. 5 a The change of the luminescence spectrum with increasing
occurrence depth of the optical phantom simulating the neoplasm
containing LaF3:Nd

3+. b The dependence of the luminescence intensity
(markers with filling) and scattered laser radiation (hollow markers) on
the occurrence depth of the phantom that simulates the neoplasm, for
different slope angle between the receiving optical fiber and the normal
to the surface under investigation: 0° (green lines), 30° (blue lines), and
45° (red lines)
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the phantom surface due to convection and evaporation of
water from phantom, as well as with the nanoparticle heating
localization. The spectroscopic technique makes it possible to
estimate the direct heating temperature of the particles them-
selves and their nearest microenvironment and to measure the
temperature deep in biological tissue.

Conclusions

Experimental studies carried out using a system for hyperther-
mia with real-time temperature control and cooling of the
irradiated surface have shown great promise of the developed
concept. Using the optimal configurations of the optical fibers
location (angle and distance), determined by the results of
theoretical and experimental modeling, it was possible to re-
liably detect backward diffuse scattering and a luminescent
signal from the depth of about 1 cm. In this case, all the
Nd3+ ions spectral lines necessary for thermometry were ob-
served in the luminescence spectrum in real time.

A comparison of the results of temperature ratiometric de-
termination from the spectra with measurements carried out
using a thermal camera has shown that the ratiometric method
allows estimating the direct heating temperature of the particles
themselves and their nearest microenvironment deep in biolog-
ical tissue, in contrast with thermal camera measurements,
which give information only about the surface temperature.

The use of cooling device helps avoiding overheating
the surface, even at sufficiently high excitation power den-
sities (up to 3 W/cm2), and also shift the area of therapeutic
influence deeper into the biotissue. With the help of a sys-
tem for hyperthermia with real-time temperature control
and cooling of the irradiated surface, the heating tempera-
ture of the neoplasm phantom containing the investigated
LaF3:Nd

3+ nanoparticles reached 42 °C at a depth of 1 cm
under a 805 nm laser irradiation with 1 W/cm2 power den-
sity, while maintaining the surface temperature within nor-
mal limits.
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