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Abstract: In this work, a new approach was tested to assess the cellular composition of tissues by time-
resolved methods of fluorescence analysis of exogenous and endogenous fluorophores. First of all,
the differences in fluorescence kinetics of endogenous fluorophores (coenzymes NADH and FAD) in
tumour and immunocompetent cells were determined. After that, differences in fluorescence kinetics
of photosensitizer 5 ALA-induced protoporphyrin IX were established due to its different metabolism
in cells of different phenotypes. Kinetics of photoluminescence of NADH and FAD coenzymes as
well as photosensitizer were studied by means of two different methods: time-resolved spectroscopy
based on a streak-camera and fibre optic neuroscopy, which served to perform process monitoring
and regular fluorescence diagnosis of the probed region. Time-resolved fluorescence microscopy
(FLIM) was used as a control technique. Time-resolved spectroscopic fluorescence lifetime analysis
was performed on sexually mature female rats induced with glioma C6 brain tumour under in vivo
conditions; thus, under conditions where the immune system actively intervenes in the process of
oncogenesis. In this regard, the aim of the study was to recognize the cellular composition of the brain
tumour tissue, namely the ratio of cancer and immunocompetent cells and their mutual localization.
Understanding the role of the immune system thus provides new ways and approaches for further
diagnosis and therapy, making tumour-associated immune cells a prime target for modern therapies.

Keywords: fibre optic neurosystem; time-resolved laser spectroscopy; laser confocal microscopy; pho-
tosensitizers; endogenous fluorophores (NADH, FAD); spectral-resolved microimages of malignant
neural tissue tumours; tumour-associated macrophages/microglia

1. Introduction

Optical spectroscopy techniques, especially time-resolved optical spectroscopy, for the
analysis of brain condition and function have significant advantages over other techniques
used in neurosurgery and neuro-oncology [1-4]. One important advantage is the high
speed of information processing. Equally important is the wide range of physiological and
morphological parameters available for optical spectroscopy analysis. These methods allow
for a clear correlation between the recorded signal—absorption, fluorescence or different
types of scattering due to both substances originally inherent to neural tissues and cells
and contrasting markers introduced from outside—and small and rapid functional changes
in the examined tissues, and show a strong correlation with the profound metabolic and
structural rearrangements that take place in the development of brain pathologies [5-7].
In particular, time-resolved spectroscopy and microscopy make it possible to assess, by
recording the fluorescence lifetime of externally injected photosensitizers, the condition
of tissues that differ in phenotype due to their different metabolism and the nature of
interaction with photosensitizer molecules [8-10].

However, the specificity of brain tumours lies in their difficult accessibility and depth
of embedding. In this regard, a neurosystem with an intracranial fibre structure has been
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previously developed that enables one to deliver laser radiation to a considerable depth
inside the brain tissue after its intracranial implantation [11].

Thus, laser fluorescence methods and devices with picosecond temporal resolution
seem to be the most promising for intravital video fluorescence monitoring of biotissues
when performing this kind of laser delivery [12-14]. In addition to the analysis of coenzyme
fluorescence signal inherent to biotissues, molecules and nanoparticles with fluorescent
properties, photocytotoxic effect and selective accumulation by various cellular structures
and tumour tissues in comparison with surrounding tissues are also of interest [15-18].
This approach significantly increases the diagnostic informative value of tumour tissue
composition by recognising cancer cells and tumour associated macrophages/microglia
(TAM) [19].

It is known that most tumour cells receive energy differently than healthy cells pri-
marily because of differences in the glycolysis process. Tumour cells obtain energy through
rapid anaerobic glycolysis with lactic acid formation, whereas in normal cells slow glycoly-
sis occurs in the presence of oxygen through slow enzymatic reactions with the formation of
two ATP molecules. Therefore, studies have been carried out to detect differences between
tumour cells and immunocompetent cells, in particular tumour-associated macrophages
(TAM) by the fluorescent signal of the coenzymes HADH and FAD (to which macrophages
are enriched) and the difference in accumulation. FAD, NADH and NADH?2 are important
elements in cellular metabolism as well as endogenous fluorophores through which cell
differentiation can be produced. The fluorescence of these coenzymes depends on their
form and state. In addition, time-resolved spectroscopic analysis was also performed using
the photosensitizer 5-ALA induced PpIX, which is widely used in clinical practice for
effective fluorescence diagnosis (FD) and photodynamic therapy (PDT) [8-10]. Monitoring
of fluorescence lifetime of PS before and after PDT (but with repeated administration of
5-ALA) was performed using a measuring complex based on a streamer camera with
picosecond time resolution coupled to a fibre optic spectrometer. As a result, such a multi-
faceted approach made it possible to analyse the composition of tumour tissue, making
assumptions based on the construction of tissue metabolic relationships and the resulting
fluorescence lifetime data.

2. Materials and Methods

The monitoring of cell growth processes consists in the detection by fluorescence
spectroscopy of areas with increased fluorescence intensity caused either by an increased
concentration of accumulating photosensitizer molecules in the case of glioma or by a
high concentration of nerve cells labelled with special fluorescent proteins. The study
was performed on experimental animals (sexually mature female Wistar rats weighing
200-220 g) with an induced brain tumour. Animal care protocols were used in accordance
with the guidelines of European Convention for the Protection of Vertebrate Animals used
for Experimental and Other Scientific Purposes (Strasbourg, 18.111.1986).

In order to provide access to the tumour bed, an intracranial neurosystem with an
internal fibre optic structure was preliminarily implanted. The fibre optic neurosystem
thereby made it possible to perform in vivo measurements. Both autofluorescence signal
of endogenous tissue fluorophores and fluorescence of exogenous fluorophores using
Alasens®, synthesized by NIOPIK was recorded using the installed fibre optic neurosys-
tem on the model of experimental animals with induced C6 glioma. Sterile aqueous PS
solution for application, concentration ¢ = 100 mg/kg, was prepared one hour before use
by dissolving the required amount of Alasens® powder in 5% sterile sodium bicarbonate
solution.

To study PS photoluminescence kinetics, a measurement setup based on a picosecond
time-resolved (15 ps) Hamamatsu C10627-13 streamer coupled to a fibre optic spectrometer
was previously developed. A Hamamatsu semiconductor laser with a pulse duration of
67 ps and a wavelength of 637 nm was used for excitation. During measurements we used
a time-correlated single photon counting method. Photoluminescence excited in a sample
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by a laser source is collected in an optical fibre and is then fed into a monochromator to
obtain information about the lifetime of the fluorescence and the distribution of the number
of photons recorded by the streamer between lifetime components.

In this work, the method of recording the fluorescence lifetime of NADH, FAD and PS
used a FLIM attachment of laser scanning microscope, which allows evaluating lifetime
distribution in each point of the sample under study. The actual localisation (accumulation
area) and fluorescence spectrum of the PS or endogenous fluorophore is assessed by
analysing the images taken by fluorescence microscopy. Fluorescence kinetic characteristics
were studied using a laser scanning microscope LSM-710-NLO (Carl Zeiss, Jena, Germany).
Excitation was performed with a femtosecond pulsed laser Chameleon Ultra II (80 MHz,
pulse duration 140 fs, wavelength range 690-1060 nm, Coherent Inc., Santa Clara, CA,
USA), wavelength 980 nm. Images were acquired with the following scanning modes:
20x objective, scan area size 400 x 400 um, resolution 1024 x 1024 pixels, scan speed
1.27-3.15 ps/pixel. Total image acquisition time is 18.7 s. The average power density
measured with a Coherent power meter (USA) at the sample location level was 5.42 mW,
with a power density of 7 kW /cm? per scanning spot, 10 pm in size.

3. Results
3.1. Fluorescence Lifetime of Exogenous Fluorophores

Time-resolved spectroscopic analysis of the fluorescence lifetime was performed on
female rats with glioma C6-induced brain tumour under in vivo conditions (Figure 1).
5-ALA induced Pp IX (NIOPIK), which is widely used in clinical practice for effective
fluorescence diagnostics and PDT, was used as PS. 5-ALA was injected into experimental
animals into tail vein at the dose of 10 mg/kg under general anaesthesia. The level of
Pp IX accumulation in norm and tumour in vivo was monitored using LESA-01-Biospect
fibre spectrometer (Figure 2a). As a result, photodynamic treatment with laser radiation
(A = 650 nm, dose 200 J/cm?) was performed at the time of maximum accumulation
(t = 3 h). Measurements were made in vivo by using a fibre optic neural system (Figure 1).
Monitoring of fluorescence lifetime of PS before and after PDT (but with re-injection of
5-ALA) was carried out using a measuring complex based on a streamer camera with
picosecond time resolution, coupled with a fibre-optic spectrometer. The time-correlated
photon counting method was used in the measurement process.

(a) (b)

Figure 1. Image of the intracranial location of the fibre optic neural system after implantation:

(a) schematic representation, (b) in vivo image on an experimental animal.
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Figure 2. (a) PpIX fluorescence spectra characterising the accumulation of PS in a rat brain tumour (glioma C6)-before

PDT, -after PDT, -after PDT while reintroducing PS. (b) Results of time-resolved spectroscopic analysis of PpIX fluorescence

lifetime in a rat brain tumour, presented as a histogram of contribution from different components of fluorescence lifetime.

As a result, at the time of maximum accumulation (t = 3 h), photodynamic treatment
with laser radiation (A = 650 nm, dose 200 J/cm?) was performed. The fluorescence
lifetime of PS before and after PDT (but with re-injection of 5-ALA) was monitored using a
measuring complex based on a streamer camera with picosecond time resolution, coupled
with a fibre-optic spectrometer. The time-correlated photon counting method was used in
the measurement process. Thus, results were obtained on the variation of the luminescence
kinetics of PpIX under in vivo conditions in experimental animals with glioma C6 induced
brain tumour. The presence of three different components characteristic of the fluorescence
lifetime of PrIX was found, but the contribution (number of fluorescence photons) of
each component was strongly dependent on the biological microenvironment and on the
phenotype of the cells with which the fluorophore interacts. In addition, it was found that
PDT and, as a consequence, changes in the metabolic processes within the cells resulted in
changes in the contribution to the fluorescence kinetics of various temporal components,
while the fluorescence lifetime itself did not change (Figure 2b). Based on the results
obtained, the conclusion was made that there are constituents in the tumour that also
actively accumulate PS, but interact with it in a different way. The role of such agents is
primarily claimed by immunocompetent cells, namely macrophages due to their increased
ability to accumulate PS.

This assumption was tested by analysing tumour cryosections before and after PDT [12,13]
using confocal and time-resolved fluorescence microscopy (Figures 3a and 4a). As a result,
fluorescence centres with lifetimes consistent with those previously obtained under in vivo
conditions were detected before and after PDT (Figures 3b and 4b). The localization and
morphology of the cells indicated their immune nature. Their close proximity to the tumour
gave grounds to consider them as tumour-associated macrophages. Thus, the assessment
of tissue cell composition in a non-invasive monitoring mode will enable selective deacti-
vation of pathological cells (including immune cells), which will significantly increase the
effectiveness of antitumour therapy. A special role in such studies can be played by the
developed neuroport. A comprehensive approach in the assessment of the tumour bed
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using a multifunctional neurosystem will allow the analysis of the cellular composition
of tumour tissue at a significant depth in continuous monitoring mode, which will make
significant progress in the effectiveness of brain tumours therapy.

Glioma C6 Glioma Cé

tm = 528 - 2834 [ps)]

(b)

Figure 3. (a) Fluorescence image of PpIX accumulation centres obtained from rat brain cryosections at the border of tumour

and normal tissue by confocal microscopy (20x magnification): Red—Fluorescence in the area 660-720 nm indicating
accumulation of PpIX; Green—Autofluorescence of tissue in the area 450-550 nm indicating live tissue retention. (b) Image
of spatial distribution of fluorescence lifetime obtained from rat brain cryosections at the border of tumour and normal
tissue by FLIM (20 x magnification). The colour scale from orange to blue corresponds to an increase in the lifetime of the
fluorescence from 528 ps to 2884 ps.

Glioma C6

(a) (b)

Figure 4. (a) Fluorescence image of PpIX accumulation centres obtained from rat brain cryosections after PDT at the border

of tumour and normal tissue by confocal microscopy (20x magnification): Red—Fluorescence in the area 660-720 nm
indicating accumulation of PpIX; Green—Autofluorescence of tissue in the area 450-550 nm indicating live tissue retention.
(b) Image of spatial distribution of fluorescence lifetime obtained from rat brain cryosections after PDT at the border of
tumour and normal tissue by FLIM (20 x magnification): The colour scale from orange to blue corresponds to an increase in
the lifetime of the fluorescence from 450 ps to 5353 ps.
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3.2. Fluorescence Lifetime of Endogenous Fluorophores

Tumour cells contain significant amounts of bound NADH, which has a long fluo-
rescence lifetime, whereas immunocompetent cells (macrophages in particular) contain
large amounts of FAD. Based on these properties, the imaging of macrophages in tumours
in vivo was performed. The study of photoluminescence kinetics of NADH and FAD
coenzymes using time-resolved fluorescence microscopy (FLIM) revealed that in certain
large clusters of cells, apparently macrophages, the processes of oxidative phosphorylation
(energy storage as ATP) prevail over the glycolysis process leading to a decrease in NADH
levels and an increase in FADH2 levels. In tumour cells, which form the majority in the
field of view in Figure 5, the reverse energy conversion processes occur and glycolysis
prevails over oxidative phosphorylation reactions, resulting in an increase of NADH level
and a decrease of FADN2 level, which is in general agreement with the theory of oxidative
processes. Using FLIM imaging, coenzyme fluorescence lifetime was assessed: tumour
cells containing significant amounts of bound NADN had a long fluorescence lifetime,
while immunocompetent cells (in particular, macrophages) containing large amounts of
FAD showed a short coenzyme fluorescence lifetime (Figure 6). Based on these properties,
macrophages were visualised in the tumour.

TAM cells
f TAM cells

©

Tumour cells

Tumour cells

(b)

Figure 5. Fluorescence image characterised by spectral signal decomposition in individual fluorescent centres. Experimental

samples in the form of cryosections were obtained from experimental animals: (a) coenzyme fluorescence spectra by the

laser scanning microscope for different areas: cancer cell and TAM; (b) coenzyme fluorescence lifetime by FLIM for different

areas: cancer cell and TAM.
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Figure 6. FLIM image characterising the fluorescence lifetime distribution of exogenous fluorophores
in brain tissue at the border of C6 glioma tumour and normal tissue.

4. Discussion

The main aim of the research was to find spectral-luminescent features associated with
metabolic changes that best reflect the state and composition of brain tumour tissue and
serve as evidence-based prognostic factors. It can be seen that the initial results suggest
that this tactic is promising for further development and use in the clinic.

These studies should provide a basis for finding a correspondence between the tem-
poral fluorescence characteristics of PS absorbed by different cells within a tumour and
the phenotype of these cells, in particular with the possibility to quantify the presence
of tumour-associated microglia and macrophages in tumour tissue along with cancer
cells. As a result, it will be established how the quantitative ratio of tumour-associated
macrophages/microglia influences the pattern of tumour progression.

It is worth noting that recently there has been an increasing number of studies relating
to the role of immunity in the development of tumours of different localization [20-23].
Particularly frequent studies have shown that the prognosis of gastrointestinal tumours
depends on the composition of the tumour tissue [24-26]. In reality, immunity always in-
teracts with a tumour in one way or another if it appears in the body [27-29]. In this regard,
monitoring the course of the dialogue between cancer and immune cells is an important
aspect both for practical purposes such as preventing metastasis, rehabilitating the overall
normal immune response, as well as for the fundamental purposes of investigating the
primary causes of tumour formation in any localization [30].

5. Conclusions

In the course of the study, it was shown that based on fluorescence lifetime mea-
surements, both integral and local characteristics of fluorescence, it is possible to judge
the metabolic activity of both individual cells and the composition of the whole tissue
area. Based on this approach, spectral and temporal characteristics of fluorescence of
fluorophores (both endogenous and PS) interacting with tumour-associated macrophages
(TAM) have been obtained. In this context the methodology of in vivo tumour cell compo-
sition analysis seems to be promising, in particular the evaluation of such an important
parameter as the quantitative content of TAM in tumour tissue, which in turn has an
active influence on tumour progression. Photodynamic treatment has been shown to
alter the metabolic activity of tissues, probably leading to the destruction of TAM that
have accumulated PS, which is undoubtedly an important factor for new approaches to
anti-tumour therapy.
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