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Nanoparticles [Ru(dipy);]>" @ SiO, as thermosensors and probes for
luminescence tomography of biological samples
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New luminescent nanomaterials attract tremendous interest, and in this work, silicon dioxide SiO, nanoparticles
of 55nm size containing tris(2, 2’-bipyridyl) ruthenium (II) complexes [Ru(dipy)s]*" are tested as nanoprobes for
biomedical applications. We have shown that calibration of the spectral parameters of the luminescent response
based on the ratiometric method allows the use of nanoparticles in biological media as thermosensors with
an accuracy of +£2°C in the biologically significant temperature range of 20—50°C. In addition, a fluorescent
tomography method has been proposed and implemented. As a result, a three-dimensional model of the surface
of the grape snails nervous system was obtained with a resolution of 10um. This allowed us to perform a
demonstration experiment - remote measurement of the local temperature of a selected area on the surface of a
neuron.
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Introduction

The creation of nanoscale sensors and probes is one
of the promising and rapidly developing areas of nan-
otechnology. Special attention should be paid to materials
in which the parameters of the luminescent response
(intensity, shape of the emission spectrum, peak position,
luminescence decay time, etc.) depend on the state of
the local environment [1-6]. This feature allows creating
luminescent sensors for remote monitoring of environmental
characteristics with minimal impact on the environment,
which is especially important when working with biological
objects [7-10].

Temperature is one of the most important physiological
parameters. To date, fluorescent proteins [11,12], quantum
dots [13,14], nanodiamonds [15], gold nanoclusters [16],
molecular systems [17,18] lanthanide nanoparticles [19],
polymer and upconversion nanoparticles [20-22] are of-
fered as temperature sensors with high spatial resolution
Unfortunately, it is impossible to give preference to any one
type of sensor suitable for a wide range of biological tasks
among the rather large variety of luminescent nanomaterials,
and therefore the search and development of new systems
continues constantly.

Visualization is another important biomedical task, when
probes embedded in a biopreparation make it possible
to detect their position using luminescent spectroscopy
methods, which are highly sensitive (with the possibility
of registering an optical signal from a single nanoobject in
photon counting mode). This technology underlies such
urgent tasks as visualization of individual organs, drug
transport, selective exposure to individual areas of biological
tissue, test systems, etc. [23-25].

We test in this paper the suitability of 55nm silicon
dioxide nanoparticles (NP) encapsulated with tris(2, 2’-
bipyridyl) ruthenium complexes (II) [Ru(dipy)s]** for use
as fluorescent bioprobes.  These NPs were proposed
in Ref [26], where their magnetic-fluorescent properties
were used in experiments on controlling the activity of
motor neurons obtained from the spinal cord of newborn
(P1—P3) rats Wistar. The magnetic function of the NPs
was provided by additional encapsulation of the NPs of
superparamagnetic iron oxide. The spectral properties of
[Ru(dipy)3])** complexes inside the silicon dioxide shell in a
biologically significant temperature range of 20—50°C were
studied for expanding the functionality of NPs (without
magnetic nanoparticles) for their use in a wider range of
biological tasks. These studies made it possible to calibrate
the spectral intensity of the NPs luminescent response
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Figure 1. Schematic representation of ruthenium complexes [Ru(dipy);]*" placed in a silicon shell SiO, (a). Temperature dependence
of luminescence spectra under laser excitation at a wavelength of 405 nm (b).

in saline solution for implementing remote temperature
measurement.

Terrestrial pulmonate mollusks such as grape snails Helix
lucorum of the Crimean population were selected for testing
the calibrated NPs as thermosensors. These animals, along
with other species of mollusks, are currently one of the
most sought-after objects of biological research on the work
of the nervous system and behavioral reactions [27,28].
In particular, grape snails are widely used in experiments
analyzing learning and memory mechanisms because of
their relatively simple nervous system, which nevertheless
provides a rich variety of behavioral responses. Their wide
range is determined by complex interactions of uncondi-
tioned reflexes modulated by the processes of habituation,
sensitization and associative learning. At the same time,
a rather narrow ensemble of neurons for a particular
behavioral reaction reliably provides the functionality of the
nervous system of the grape snail. An important factor
is that the sizes of neuron bodies up to 200—300um
in diameter make it possible to accurately identify the
location of cells of individuals of this species.  This
important circumstance opens up great opportunities for
the implementation of various experiments using bioimaging
based on fluorescent nanoprobes. In addition, an interesting
feature is the superficial nature of the location of neurons in
the ganglia.

We propose in this paper to use NPs as luminescent
probes on living tissues of the isolated nervous system of
the grape snail for implementing topographic mapping of
their surface. NPs act as local luminescence sources in
this technique, the position of which in a three-dimensional
coordinate system is determined by optical confocal mi-
croscopy, which is capable of detecting radiation from single
NPs in the photon counting mode with a lateral resolution
of 1um. In particular, such a technique, unlike traditional
magnetic resonance imaging methods with a resolution of
the order of 1 mm allows for detailed examination of objects
at the cellular level. A three-dimensional digital model
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with a spatial resolution of 10um was obtained in our
luminescent tomography experiment. This made it possible
not only to determine the morphology of individual sites in
detail, but also to provide precision access to the objects
of interest for further work with them. Since the NPs used
for luminescent tomography are also temperature sensors,
a demonstration experiment was performed to measure the
local temperature on the surface of a separate pre-selected
neuron, which was accessed using a three-dimensional
model.

1. Experiment

[Ru(dipy)s]** complexes encapsulated in a shell SiO,
with a size of 55 £ 5nm were used as luminescent probes
(Fig. 1,a). It is known that encapsulation of fluorescent
organic or inorganic compounds in silicon nanoparticles is
one of the effective ways to protect against the negative
effects of surface luminescence quenchers in biological
media [29,30]. The approaches used to create luminescent
NPs in this paper, were described in detail in [26], where
their detailed characterization was also presented.

The temperature dependence of the luminescent proper-
ties of NPs placed in a saline solution was studied using a
confocal microscope. A diode laser with a wavelength of
405 nm was used as an excitation source. Laser irradiation
caused intense luminescence, clearly visible to the naked
eye (Fig. 1,b). The recording system made it possible to
detect the luminescence spectrum in the wavelength range
of 350—1100nm. A 4x lens collecting radiation and a laser
beam positioning system provided a spatial lateral resolution
of the microscope 10 um.

The data were recorded as follows in the luminescent
tomography experiment. The sample, which is a living
isolated nervous system of a grape snail in saline solution,
was placed in the focal plane of the lens. Next, the object
was scanned repeatedly using a positioning system based
on a galvanometric scanner that moves a laser beam along
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the surface of the sample. Axial scanning was performed by
adjusting the height of the microscope slide. Thus, an array
of data was collected, representing the dependence of the
luminescence intensity on the coordinates of the focal spot.
The area of the scanned surface was 2.7 x 2.7mm. The
spectrum of the recorded luminescence, shown in Fig. 1,5,
and also in Ref. [26], corresponded to the characteristic wide
structureless line of complexes [Ru(dipy);]**.

The isolated nervous system of the terrestrial pulmonate
mollusk Helix Iucorum (grape snail) of the Crimean
population was selected as a biological preparation. The
nervous system of the preparation included a subcaryngeal
ganglia complex consisting of pleural, parietal, pedal and
visceral ganglia. Tungsten brackets were used to fix the
circumflex ring. Connective tissue sheaths on the surface of
nerve cells were removed using tweezers and a miniature
scalpel under a binocular microscope. The biopreparation
was placed in a saline solution of the following composition:
NaCl — 80 mM, KCI — 4mM, CaCl, — 7mM, MgCl, —
5mM, NaHCO3; — 5mM; pH=7.6—-738.

2. Temperature calibration of
nanoluminophores

It is known that in the [Ru(dipy) 3]>* complex, as a result
of light absorption in the 405 nm region, a state with charge
transfer from the metal to the ligand occurs. The relaxation
process of this excited state goes through several stages. At
first, the singlet excited state turns into a triplet state due
to rapid intercombination processes. This is followed by
transitions through the multiphonon transition and radiative
relaxation. In turn, radiative transitions resulted in the
appearance of a wide emission band from the orange to the
near infrared range, the characteristic form of the spectrum
of which is shown in Fig. 1,5 [31,32].

The study of temperature dependence and verification
of the possibility of remote temperature measurement were
performed as follows. It is known that the aqueous medium
and its temperature can have a significant effect on the
luminescence parameters of NPs. Since it was not possible
to vary the temperature of the NPs inside a living biological
product, a saline solution was chosen as a model medium
close to a living biological preparation. Thus, the NPs were
placed in a saline solution, the temperature of which slowly
varied in the biologically significant range of 20—50°C.
Fig. 1, shows these very spectral intensities obtained with
an optical confocal microscope.

It can be seen that the luminescence brightness, which
represents the full integral intensity, has a pronounced
temperature dependence. However, it is impractical to
use this parameter for NP temperature calibration and
subsequent temperature measurement. This is attributable
to a huge number of related factors (such as the geometry of
the experiment, the length of the optical path, scattering in
the medium, laser parameters, parameters of the recording
system, etc.), which together have a significant impact on

the intensity of the recorded signal. Practically, their simul-
taneous control is a rather difficult task, which complicates
the experiment a great deal. Neglecting these factors results
in a very poor repeatability of the results due to constantly
occurring systematic errors.

There is another approach using the ratiometric principle.
It is based on the analysis of temperature dependences of
relative intensities of various sections of the luminescence
spectrum. The main advantage of the ratiometric approach
is that it makes it possible to eliminate systematic errors
associated with the recording of absolute values of lumines-
cence intensity.

Thus, the ratiometric method was used as the basis
for calibration of the temperature dependence of the
NPs in saline solution. First, the luminescence spectra
were ,cleared“ using the Fourier transform from the
high-frequency Fourier component associated with low-
amplitude random fluctuations of the signal. Next, the
smoothed spectral dependencies were normalized to their
maximum values. The temperature dependences of the
luminescence spectra processed in this way are shown
in Fig. 2, a.

In general, it is clearly seen that the spectral profile
of the normalized luminescence varies quite slightly in a
given temperature range. Meanwhile, there are areas where
the spectral intensity significantly depends on temperature.
Thus, obvious changes in the luminescence signal are
present in the regions of 550—580 and 590—610 nm.

A comparative analysis of changes in various regions
of the normalized spectral intensity with temperature was
carried out to find optimal parameters. As a result, it
was found that the best result in sensitivity and signal-to-
noise ratio is achieved in the case of choosing R-function
defined as the ratio of intensities for the spectral ranges of
555—574nm (1) and 581-582nm (I,):

R=1/l,. (1)

This R-function is well approximated by a linear depen-
dence of the following form in the temperature range of
20-50°C

R(T) =0.012- T + 5.638. (2)

It is important to note that the expression (2) is also a
calibration function for remote temperature measurement
(Fig. 2,b). It was found under the conditions of our
experiment, by calculating the mean square deviation based
on the calibration function (2) with multiple measurements
that the accuracy of temperature determination is +2°C.
It should be clarified that this value is mainly determined
by the parameters of the recording system of an optical
confocal microscope. It is known that the accumulation of
a signal (for example, under the same conditions without
increasing the recording time, but by narrowing the spectral
ranges to significant regions 555—574 nm and 581—582 nm)
can significantly increase the accuracy of temperature
measurement by the proposed method.

Technical Physics, 2024, Vol. 69, No. 9
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Figure 2. a — smoothed and normalized spectral luminescence intensities depending on temperature. The areas 555—574

and 581—582nm are highlighted in color for calculating R-functions (/); » — R-function that can be used as a calibration for remote
temperature measurement (red line). Black squares — the result of an experimental measurement.

It should be noted that, despite the relatively high
absolute sensitivity of Sa in the selected temperature range
dR(T) 3 o -1
Sa = T =12-107° (°C)", (3)
a rather large measurement error indicates additional factors
affecting the recorded luminescence. The photodegradation
of NPs under the impact of intense radiation perhaps may
be one of these factors. The photostability of the NPs and
the effect of prolonged laser exposure have not been studied
in this paper. It should be noted that the importance of
such information for the practical use of NPs in the role of
thermosensors, given that the intensity of laser excitation
in an optical confocal microscope reaches values of the
order 10> W/mm? [33]. The study of the parameters and
mechanisms of the proposed photodegradation is the subject
of further study.
The relative sensitivity is of great importance from the
point of view of practical application:

Sa 1

S(T) = RT) T+469.8

(4)

Its maximum value in the temperature range of 20—50°C
is 0.002 (°C)™"', which also indicates a significant depen-
dence of the accuracy of temperature measurement on the
experimental error of measuring the luminescence signal.

3. Determination of the morphology of
the surface of the nervous system of
the grape snail

The surface of the isolated nervous system of the grape
snail was coated with luminescent NPs for implementing
the luminescent tomography. 0.1 ml of an aqueous colloidal
solution with a concentration of NP equal to 0.5g/l was
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added to the biopreparation for this purpose. Effective
adsorption of SiO,-nanoparticles on biological tissues [34]
led to rapid deposition of most NPs [Ru(dipy)s]** @ SiO,
on the surface of the nervous system.

The configuration of the confocal microscope used en-
sured the recording of an optical signal from an object with
an axial resolution of 10 um. A lateral change of the surface
coordinate was achieved with a resolution of 10 um using
a galvanometric scanner. As a result, this technique made
it possible to measure the intensity of the optical signal
depending on the position on a given scanning plane (optical
slice).

17 optical sections Sxyz with a scanning field with
the size of 2.7 x 2.7mm were taken for performing the
tomography of the surface of the nervous system based
on the recording of the luminescent response with the
excitation by 405 nm laser, where Sxyz — the intensity of
the luminescent signal, X and Y — surface coordinates,
Z — the position of the focal plane of the optical confocal
microscope. The position of the Z coordinate differed
in the taken 17 optical sections of the same part of the
sample which provided information about the depth of the
luminescent layer. Further, the array of experimental data
was processed as follows. The height of the surface with the
specified X- and Y-coordinates Hxy was determined based
on the analysis of the signals of all scans:

Hyy = &= —— (5)

where dZ — the distance between the focal planes of
neighboring scans, which in experimental conditions was
equal to 22um. The results of the described procedure
are shown in Figure 3, where an image of the same
area taken with an optical microscope is also shown for
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Figure 3. The surface of the subcaryngeal ganglia complex (nervous system of the grape snail). @ — optical microscope image; b —
three-dimensional surface of a biological sample based on layered scanning of the luminescent signal of nanoparticles [Ru(dipy)3]2+ @
SiO,. The point A indicates the surface of the neuron where the local temperature was measured.
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Figure 4. The NP luminescence spectrum on the surface of
the nervous system of the grape snail in the region A in Fig. 3,
on the basis of which the ratio R=1;/1, = 5.905 is calculated.
The insert shows the calibration R-function and evaluation of the
local temperature of T = 22 +2°C.

comparison. It can be seen that the resulting digital three-
dimensional surface by processing a luminescent signal
on a confocal microscope unambiguously corresponds to
an optical image. Moreover, it allows obtaining much
more detailed information about the morphology of the
surface than a two-dimensional image of an optical micro-
scope.

The access to any point of the scanned surface with the
possibility of exposure to laser radiation or recording of
an optical signal is the next promising opportunity. It is

important to note that confocal microscopy methods can
provide spatial resolution of up to 1 um.

In our case, the NP used in luminescent tomography
are also thermosensors, which made it possible to monitor
the local temperature. Fig. 4 shows the results of a
demonstration experiment on measuring temperature on the
surface of a neuron — region A in Fig. 3,b. The analysis
of the luminescence spectrum based on the calibration
R-function (2) gives the value of the local temperature
22 +2°C. These data are quite consistent with the tem-
perature of the saline solution of 23 + 0.5°C, which was
controlled by the classical method using a thermistor.

Conclusion

The paper presents the results of the application of the
NPs [Ru(dipy);]*" @ SiO, with a size of 55nm in the
role of thermosensors and fluorescent probes suitable for
use in living biological environments. A ratiometric method
for remote temperature measurement is implemented based
on confocal microscopy methods by calibrating the spectral
features of the luminescent response. The measurement
accuracy in the biologically significant temperature range
of 20—50°C was =£2°C under the conditions of the
experiment.

A method of luminescent tomography is proposed and
the surface of the living nervous system of the grape
snail is mapped by applying NPs to it and scanning a
luminescent signal. The resulting digital three-dimensional
model with a spatial resolution of 10 um not only reflects
complete information about the morphological features of
the surface, but also provides access to any point of the
surface for further experiments. In particular, this made
it possible to conduct a demonstration experiment on the

Technical Physics, 2024, Vol. 69, No. 9
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remote measurement of temperature on the surface of a
selected neuron with an accuracy of £2°C. In conclusion,
we would like to note that the presented results, together
with the paper [26], indicate the multifunctional nature
and versatility of the approach to creating fluorescent NPs
based on a silicon shell SiO, and encapsulated complexes

[Ru(dipy)s]**.
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