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Abstract: We report an investigation of the in vivo accumulation of Radachlorin photosensitizer in
a murine model in several types of normal and tumor tissues based on an FLIM-assisted analysis
of fluorescence intensity images, time-resolved fluorescence signals, and phasor plots. Experiments
were performed on ex vivo histological samples of normal and tumor tissues. It was shown that
the investigation of fluorescence intensity distributions combined with that of time-resolved fluores-
cence images can be used for qualitative and—under some limitations—quantitative analyses of the
relative uptake of this photosensitizer in tissues. The phasor plot representations of time-resolved
fluorescence signals were shown to be suitable for identification of the accumulation of predominant
photosensitizers in tissues.
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1. Introduction

A number of advantages offered by photodynamic therapy (PDT) in the treatment
of various malignancies [1–3] and benign pathologies [4–6] have boosted research on a
vast array of phenomena associated with different aspects of the treatment procedure.
The fundamentals and applications of PDT were discussed in detail in quite a few review
papers (see, e.g., [7–9]). The PDT efficacy depends on several factors, including the local
concentration of the photosensitizer (PS), the amount of light absorbed, and the tissue
oxygenation [7]. An important aspect that is essential for efficient PDT is the extent of
accumulation of PS molecules in a target tissue. The uptake of PSs by cells of different
lines was intensively studied in recent years; see, e.g., [10–12]. However the analysis of PS
accumulation in tissues is a more challenging problem. The only direct way to analyze the
amount of PSs in tissue is to record the fluorescence signal. In clinics, such an analysis is
routinely performed for diagnostics or intraoperative imaging by using protoporphyrin IX
(PpIX), although it is mainly aimed at the localization of tumor boundaries, since PpIX is
produced more efficiently in cancerous tissues [13–16]. For research purposes, the detection
of PS fluorescence distributions is also performed ex vivo on histological samples of target
tissues [17,18].

However, the analysis of steady-state PS fluorescence signals in both cells and tissues
may produce erroneous results caused by contributions from other chromophores that emit
in the same spectral range, as well as by changes in PS molecules due to various processes,
e.g., aggregation, binding to surrounding biomolecules, or formation of photoproducts [19].
These changes may considerably affect the phototoxicity of PS molecules without noticeable
changes in the fluorescence intensity, since the produced species often have overlapping
fluorescence spectra [20]. Therefore, monitoring of steady-state fluorescence signals may
not be informative in the analysis of changes in PS molecules caused by their own evolution
under photoexcitation and by interactions with the microenvironment in cells and tissues.
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More informative data on PSs’ fluorescence parameters in cells and tissues can be
obtained by utilizing fluorescence lifetime imaging microscopy (FLIM). It is known that
the fluorescence decay rate of a fluorophore depends on the rates of both radiative and
non-radiative relaxation of excited molecules. Therefore, the decay dynamics are sensitive
to all changes in the molecule itself and in its microenvironment. PS molecules can provide
quite different toxicities if they are in an initial free form, in the form of aggregates or photo-
products, or are bound to different biomolecules or intracellular organelles. Although these
changes are scarcely distinguishable through steady-state recording of the fluorescence
intensity, they may be revealed by utilizing time-domain measurements [20,21].

Numerous papers are published annually on FLIM-assisted research on various pro-
cesses in cells in vitro with both endogeneous and exogeneous fluorophores; see [22–27]
for some recent examples. In vivo studies utilizing FLIM have also gained popularity
both for research purposes and as a diagnostic tool in clinics [28–31]. Some studies also
concerned time-resolved detection of photosensitizer fluorescence and its analysis [19].
At the same time, analyses of ex vivo tissue samples are relatively rare so far. One of
the first applications of the FLIM of endogeneous fluorophores along with multiphoton
imaging for the analysis of samples obtained from resected brain tumors [32] allowed
for the segmentation of a tumor from normal brain tissue. However, no identification of
fluorescing agents was performed in that paper. Rodimova et al. [33] used fluorescence
lifetimes of the endogeneous fluorophore NAD(P)H in rat liver tissue samples in order to
map tissue metabolism. The lifetimes of the same cofactor were applied by Lukina et al. for
the analysis of energy metabolism in postoperative glioma and colorectal tumor samples of
individual patients [34]. To the best of our knowledge, no research on the accumulation
of exogenous PSs in tissues through a time-resolved analysis of tissue samples has been
reported so far.

In this paper, we present an FLIM-assisted investigation of ex vivo samples of malig-
nant and normal tissues in a murine model with mammary adenocarcinoma intended for
the analysis of the in vivo accumulation of a chlorin-based PS, Radachlorin, in these tissues.

2. Materials and Methods
2.1. Radachlorin Photosensitizer

As a photosensitizer, we used Radachlorin (RadaPharma, Russia), which is a clinically
approved chlorin-based PS that comprises sodium salts of chlorin e6 (≈80%), purpurin
5 (≈15%), and chlorin p6 (≈5%). The basic photophysical properties of Radachlorin in
solutions were thoroughly studied by a number of research groups (see, e.g., [35–39]). The
dynamics of the in vitro accumulation of Radachlorin in cells of established cell lines of
different origins and the kinetics of its photobleaching in cells and on biological surfaces
were recently reported in [12,40]. The in vitro responses of cells of established lines and
those obtained from tumor materials of patients to photodynamic treatment (PDTr) with
Radachlorin were analyzed using digital holographic microscopy [41,42]. The results
obtained demonstrated considerable variations in the sensitivity of different cell lines to
PDTr with Radachlorin, which could be partially explained by the differences in PS uptake
and photobleaching rate, as well as in the intracellular concentration of molecular oxygen
and antioxidant species [12].

Radachlorin is an efficient photosensitizer that exhibits relatively low dark toxicity
and rapid and efficient accumulation in target tissues [36]. Radachlorin is applied primarily
for cancer treatment through the photosensitized generation of singlet oxygen and other
reactive oxygen species, as was demonstrated in several clinical studies [43,44] and in vitro
experiments [45]. Aside from its antitumor performance, it was shown to be promising for
the inactivation and inhibition of viral [46] and microbial [47,48] pathogens.

2.2. Animals

One female and five male FVB/N strain mice with 20–22 g of body weight and carrying
the erbB2 (HER2) gene (originating from Charles River Laboratories and maintained as
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local breeding stock in the husbandry of N.N. Petrov National Medical Research Center of
Oncology) were used in this study. This mice strain is characterized by a high incidence of
the development of spontaneous HER2-positive mammary adenocarcinomas (in females,
up to 100%; in males, in rare cases) [49]. The animals were maintained on a 12:12 light/dark
cycle (lights on at 08:00 a.m., lights off at 08:00 p.m.) at 22 ± 2 ◦C with a 50 ± 20%
average humidity, and with ad libitum access to tap water and the PK120 laboratory diet
(Laboratorkorm, Moscow, Russia). The animal experiments were performed in compliance
with the ethical principles established by the European Convention for the Protection
of Vertebrate Animals used for Experimental and Other Scientific Purposes (accepted in
Strasbourg 18.03.1986 and confirmed in Strasbourg 15.06.2006). The study was approved by
the Local Ethical Committee of FSBI of the N.N. Petrov National Medical Research Center
of Oncology (Protocol No. 20 of 19.11.2020).

2.3. Mammary Cancer Model and PS Administration

Male mice were inoculated subcutaneously with a 20% suspension of tumor tissue
taken from a female mouse of the same strain with a spontaneous mammary adenocarci-
noma that was 10 mm in diameter, with a slight modification of the procedure described
earlier [50]. A total of 21 days after inoculation, when the tumor reached about 10 mm in
diameter, the skin above the tumor was depilated, and Radachlorin (10 mg/kg) or placebo
(sterile 0.9% NaCl solution) was injected intraperitoneally. After 3 h, the animals were
euthanized via CO2 inhalation, and the tumors were immediately excised, placed in an
ice-cooled PBS solution, and divided into two equal parts. One part of the tumor was
irradiated with a 662± 3 nm semiconductor ALOD-01 laser apparatus (Alcom Medica LLC,
St. Petersburg, Russia) with a dose of 300 J/cm2, and the other part served as a control
without further treatment. The time for PS accumulation was chosen based on our previous
studies [51]. The comparative analysis of irradiated and non-irradiated photosensitized
tumor samples allowed us to verify the suggested approach, since partial photobleaching of
the PS resulted in an a priori decrease in its concentration.

In addition to the tumor tissues, samples of testicular tissues were taken from the mice
that were treated and not treated with Radachlorin. Testicular tissue was chosen due to (1)
its blood–tissue barrier and (2) our previous observations of the penetration of Radachlorin
into the testicles. The analysis of PS accumulation in testicles is considered to be important for
further applications.

2.4. Preparation of Histological Tissue Samples

Immediately after excision, the tissue samples were ice-cooled and packed into a dark
container; within 15 min, they were transported to a room for the preparation of cryosec-
tions. Upon arrival, the samples were fast-frozen in an automatic sample preparation
device (PrestoCHILL; Milestone, Italy). Tissue sections that were about 3 µm thick were
prepared on a freezing rotary microtome (Leica CM1950; Germany), placed on glass slides,
mounted with a ready-made mounting medium (Vitrogel; Italy) based on acrylic resins
with a refractive index of 1.5, and covered with cover slips. The obtained tissue slides were
placed in a dark container without access to light and were transported to the laboratory
for fluorescent analysis. The samples were examined by means of fluorescence lifetime
imaging microscopy (FLIM) within the next 24 h after preparation.

2.5. Examination of Histological Samples through FLIM

Confocal fluorescence microscopy assisted by time-resolved fluorescence lifetime
imaging was employed for the analysis of the content and distribution of Radachlorin in
the histological preparations. The device was based on a Nikon TI2-A inverted microscope
with a 20 × 0.7 NA microscope lens equipped with the DCS-120 confocal FLIM System by
Becker&Hickl. Time-resolved fluorescence signals were recorded in several dozen fields of
view in each sample with an HPM-100-40 Hybrid GaAsP Photodetector (Becker&Hickl,
Berlin, Germany) within the spectral band of 608–683 nm, and an interference bandpass
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filter was chosen. The excitation of the fluorescence of Radachlorin was performed with a
picosecond laser (BDS-SM; Becker&Hickl) operating at 405 nm with a pulse duration of
60 ps. The laser pulse frequency was set to 20 MHz so that the complete fluorescence decay
could be observed. The signal accumulation time comprised 100 s, and the FWHM of the
instrument response function (IRF) of the system was equal to 120 ps. The relatively low
intensity of the excitation laser’s radiation allowed us to maintain almost bleaching-free
conditions during the analysis of the samples. To achieve robust results, special care was
taken to ensure that no significant decrease in fluorescence intensity occurred after several
measurements of the same field of view with the same accumulation time of 100 s.

The acquired FLIM images were analyzed using a self-developed MATLAB-based
software and the SPCImage NG Data Analysis Software (Becker&Hickl) for the evaluation
of the fluorescence lifetime images. To enhance the accuracy, spatial binning was performed
when analyzing the obtained time-resolved signals so that each analyzed signal would
contain at least 2000 photons.

Phasor plots [52] of the FLIM images were calculated from the data obtained for
5 investigated samples using the SPCImage NG Data Analysis Software. Note that the
phasor plots were constructed based on the data obtained from several fields of view within
each sample.

2.6. Analysis of the Fluorescence Lifetime Distributions

Alongside the data on the fluorescence intensity distributions obtained through con-
focal fluorescence microscopy, time-resolved photon counting provided information on
the fluorescence lifetimes at each pixel of the image. Representative examples of the FLIM
images of the same fields of view as the fluorescence intensity images shown in Figure 1a–e
are displayed in Figure 1f–j, where the pseudocolored lifetime scale within the range of
2–5 ns was used. As can be seen in Figure 1, the lifetime distributions determined in the
samples with and without Radachlorin were significantly different.

Moreover, due to the apparent inhomogeneity of the microenvironment within the
samples, some variations in the fluorescence lifetime were found in all of the samples. This
was especially clear for the Radachlorin-containing samples shown in Figure 1i,j, and this
was due to the uneven distribution of PS molecules in the tissues. A statistical analysis of
the data collected from several dozens of FLIM images in each sample was performed for
the estimation of the mean values of the fluorescence lifetimes.

The recorded time-resolved fluorescence signals demonstrated a multi-exponential
decay and could be approximated by the function:

I(t) = I0N ∑
i

aie−t/τi , (1)

where i ≥ 1, N is a fluorophore concentration, τi is a fluorescence decay time, ai is a
corresponding weighting coefficient, and I0 is a constant proportional to the excitation light
intensity, dipole transition matrix elements, and fluorescence quantum yield.

However, for the sake of clarity and the simplicity of the analysis, the fluorescence
lifetimes shown in Figure 1f–j were calculated using a single-exponential fitting function.
To justify the eligibility of this simplified approach, we compared the accuracy of the fitting
of the signals with the single- and double-exponential functions. As the time-resolved
fluorescence signals in the Radachlorin-containing samples were notably inhomogeneous,
only homogeneous areas with similar morphologies were selected in each field of view
for further analysis. Binning over 49 pixels was performed to increase the number of
recorded photons and to enhance the fitting quality. Single- and double-exponential fitting
was performed for each of the selected areas, and the data obtained were averaged over
each sample.
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Figure 1. Typical fluorescence intensity images (a–e) and corresponding fluorescence lifetime images
(f–j) recorded in the spectral range of 608–683 nm for the five samples: (a,f) control sample of
the tumor tissue, (b,g) control sample of the testicular tissue, (c,h) photosensitized tumor tissue
exposed to laser radiation prior to sample preparation, (d,i) photosensitized tumor tissue, and (e,j)
photosensitized testicular tissue. Histograms of the intensity distributions in the fluorescence intensity
images are shown below the images (a–e) for comparison.

3. Results and Discussion
3.1. Detection of Radachlorin Distributions through the Analysis of Fluorescence Intensity in the
Spectral Range of 608–683 nm

Along with the detection of Radachlorin fluorescence in the samples obtained from the
PS-treated animals, robust fluorescence signals were also observed in the control samples
that did not contain PSs. These signals were apparently related to autofluorescence from
intrinsic fluorophores, which could be excited at 405 nm and could fluoresce in the range of
608–683 nm, such as FAD, PpIX, etc. Figure 1 demonstrates the typical fluorescent images
of different samples obtained at the same excitation laser intensity and accumulation time.
The images clearly show that even control samples obtained from non-treated animals
exhibited weak fluorescence.

As can be seen from the images in Figure 1, the fluorescence intensity was distributed
highly inhomogenously in both the control samples and the samples obtained from animals
treated with Radachlorin. Therefore, a numerical analysis of several dozens of fields of view
within the samples was performed for a qualitative evaluation of the relative accumulation
of Radachlorin in the samples. Note that the observed mean fluorescence signals in all
images in Figure 1 were much higher than the dark noise level of about 2500 photons per
second. The mean values of the fluorescence intensity were calculated for each fluorescent
image within the areas covered by tissue.

The results obtained are shown in a box-plot form in Figure 2a. In spite of some
variations in fluorescence intensity in different fields of view in each sample, a clear
difference in the mean fluorescence intensity was observed among the samples. The
fluorescence intensity of the control samples of both the tumor and testicular tissues
(Figure 1a,b) was nearly the same and had no statistically significant differences, which led
to the conclusion that approximately the same concentrations of autofluorescent species
were in these tissues.
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Figure 2. Statistical results for the mean intensity (a) and mean lifetimes (b) of the fluorescence
signals in tissue samples within the spectral range of 608–683 nm.

Meanwhile, the fluorescence intensity in the tumor tissue taken from the PS-treated
mice (Figure 1d) was about four times higher than that in the control samples. In the
testicular tissue, the fluorescence intensity was even higher (Figure 1e), at about five-fold
what it was in the control samples. Taking into account the inevitable contribution from
autofluorescence in Figure 1a,b, the mean Radachlorin fluorescence intensity was estimated
to be 4.3 × 104 photons per second in the tumor tissue (Figure 1d) and 6.7 × 104 photons
per second in the testicular tissue (Figure 1e).

In addition, as can be seen in Figure 1c,d, the fluorescence intensity of the Radachlorin-
containing tumor tissue irradiated by the 662-nm laser at 300 J/cm2 (2.6 × 104 photons
per second) was significantly lower than that of the non-irradiated photosensitized tumor
tissue (4.3 × 104 photons per second). The major reason for this noticeable difference in
fluorescence intensities was PS photobleaching.

3.2. FLIM-Assisted Analysis of Fluorescence Lifetime Distributions

Table 1 presents the decay times, corresponding weighting coefficients, and χ2 values
calculated from the single- and double-exponential fits.

Table 1. Characteristic decay times and amplitudes of fluorescence determined by the single- and
double-exponential fitting.

Sample Single-Exponential Fit Double-Exponential Fit

τ, ns χ2 a1, % a2, % τ1, ns τ2, ns χ2

photosens. tumor tissue 3.9 ± 0.3 2.1 ± 0.4 55.0 ± 6.6 45.0 ± 6.6 1.0 ± 0.2 5.0 ± 0.3 1.3 ± 0.2

photosens. testicular tissue 4.1 ± 0.2 2.3 ± 0.5 52.5 ± 5.8 47.5 ± 5.8 1.4 ± 0.4 5.3 ± 0.3 1.5 ± 0.3

As can be concluded by considering the χ2 values in Table 1, single-exponential fit of
our time-resolved fluorescence signals was quite a rough approximation, while double-
exponential fit provided more reliable results. At the same time contribution of each term
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in the sum in Equation (1) to the fluorescence intensity in Figure 1 is proportional to the
corresponding decay times τi according to the expression:

Itot = 〈I(t)〉 = I0N ∑
i

aiτi, (2)

where Itot is a total fluorescence intensity in each pixel in Figure 1, i = 1, 2 and angular
brackets mean integration over time.

Since the decay times τ2 in Table 1 are much longer than the times τ1, they gave the
major contribution to the fluorescence intensities Itot in Figure 1. Therefore, even in the case
of double-exponential fit the fluorescence intensity was roughly proportional to a single
term I0Na2τ2 in Equation (2). In the case of single-exponential fit the fluorescence intensity
was proportional to the term I0Nτ, where τ is given in the 2-nd column in Table 1. Having
in mind a highly sophisticated structure of the images in Figure 1 that allowed to perform
only a qualitative analysis, we used both single- and double-exponential approaches to
study the relative uptake of the PS in tissues since both of them had similar accuracy within
the calculated error bars.

For better elucidation of the nature of Radachlorin fluorescence lifetimes in tissues
these lifetimes were measured also in solutions. According to our experiments in various
solutions Radachlorin fluorescence decayed monoexponentially. The determined fluores-
cence lifetime of Radachlorin in water comprised about 3.5 ns, while in 50% water-ethanol
and 50% water-methanol mixtures, the organic solutions with lower polarity than that of
pure water, the lifetime rose up to 4.5 and 4.2 ns, respectively.

There could be several physical reasons for the double-exponential decay of Radachlo-
rin fluorescence in tissues. As can be seen in Table 1 and in Equation (2), the exponential
decays with the times τ1 and τ2 contributed to the fluorescence intensity almost equally.
In addition, the longer lifetime τ2 was close to the lifetime recorded for free Radachlorin
in organic solutions, while the lifetime τ1 was 4–5 times shorter. Therefore, the longer
lifetime τ2 could characterize relatively free Radachlorin molecules in the intercellular
space or in the cell cytosol, while the shorter lifetime τ1 could characterize interactions
with the cellular organelles. Radachlorin molecules could collect at cellular organelles and
undergo a reversible chemical reaction with the microenvironment upon laser excitation.
It is known [53] that the reversible chemical reactions in the excited molecular states can
result in biexponential fluorescence decay kinetics in which the value of an additional decay
time (τ1 in Table 1) depends on the reaction details and can be much shorter than the initial
one [54]. The reason for the multiexponential decay of Radachlorin’s fluorescence could
also be the contribution from multiple autofluorescing species in the environment, such
as flavins and porphyrins, which fluoresce in the range of 608–683 nm under excitation at
405 nm.

The fluorescence decay times τ averaged over the images in Figure 1f–j are presented
in Figure 2b. As can be seen in this figure, the typical fluorescence lifetimes in all control
samples were practically the same and varied within the range of 2.45–2.65 ns. These
values nicely fit the longest lifetimes observed in FAD in cells [55]. At the same time, the
fluorescence decay times in the Radachlorin-containing tissues shown in Figure 2 were
considerably longer and varied within the range of 3.7–4.5 ns. These values were close
to the Radachlorin fluorescence lifetimes in the solutions mentioned above and those
in living cells (of about 4–5 ns), which we very recently reported [56]. Therefore, the
analysis of fluorescence intensity and mean lifetimes shown in Figure 2 undoubtedly
suggests that Radachlorin gave a major contribution to the fluorescence intensity in all of
the Radachlorin-containing samples.

The data in Figure 2 can also be used for the estimation of the PS uptake in tissues.
As can be seen in Equation (2), the fluorescence intensity Itot was proportional to the
product of the PS concentration N and the fluorescence lifetime τ. Therefore, the ratio
Itot/τ can be used for the analysis of the PS uptake if all other experimental parameters
in Equation (1) are the same. As can be seen in Figure 2, the range of variations in the
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fluorescence lifetime in the samples was smaller than that of the fluorescence intensity. This
result suggests that the samples exhibiting more intensive fluorescence contained higher
amounts of Radachlorin.

We did not proceed with more detailed calculations of the PS uptake in this study
because the data in Figure 2 were obtained from different fixed samples, and we could not
be certain that other experimental parameters (e.g., quantum yield) in these samples were
the same. However, we believe that a similar approach can be applied for the analysis of
the PS uptake in the same tissues under different conditions or for the monitoring of PS
photobleaching in a sample as a function of time.

3.3. Analysis of Time-Resolved Signals Using Phasor Plots

The variations in the fluorescence lifetimes could be analyzed by using phasor plot
representations, which allowed the evaluation of the fluorescence lifetimes and visual identi-
fication of whether the signals obeyed single- or multi-exponential decay kinetics [52,57,58].
Figure 3 presents phasor plots that were constructed for a number of fields of view in each
tissue sample. As can be seen in Figure 3, the locations of the points inside the semicircles
indicate the multi-exponential decay kinetics of the detected signals (see [59,60] for a detailed
description of phasor analysis). It is important to note that the laser light at 405 nm used in
our experiments could also result in the excitation of a variety of intracellular autofluorescent
species [61,62]. This excitation was clearly visible in the control samples that did not contain
Radachlorin.

The phasor analysis demonstrated that the time-resolved signals from the control
samples were definitely multi-exponential (due to the tissue autofluorescence), while in
the presence of Radachlorin, the signals typically became more ‘single-exponential’ due to
the domination of Radachlorin’s fluorescence with an intensity that was 4–6 times greater
than that of the autofluorescent species. The contribution of Radachlorin’s fluorescence
brought the phasor plot data closer to the lifetime of about 5.1–5.2 ns, which was close to
Radachlorin’s fluorescence lifetime in living cells [56]. The typical fluorescence lifetimes
and locations of the data in the phasor plots for the sample of photosensitized tumor
tissues irradiated with the 405-nm laser had intermediate values between the control and
PS-loaded samples, but the non-irradiated samples. As we mentioned above, this could be
due to the partial photobleaching and degradation of PS molecules.

Figure 3. Phasor plot of the data from five analyzed samples on the time-resolved fluorescence signals
within the spectral range of 608–683 nm. Note that to obtain reliable results, the phasor plot’s points
were collected from several fields of view in each sample. The stars indicate the positions of the
central mass coordinate for each sample. The black arrows indicate shifts of the phasor plot’s position
with increasing Radachlorin concentration. The fluorescence signals from the control samples were
due to the autofluorescence of the tissues.
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The clearly visible trajectory of the phasor plots corresponding to the increasing PS con-
centration is indicated in Figure 3, which describes the transformation of the time-resolved
fluorescence signal from the control sample (exhibiting autofluorescence only) to the purely
single-exponential Radachlorin fluorescence signal. In addition to the comparison of the
accumulation of Radachlorin in different tissues, the phasor plot can also be used for the
identification of the areas of predominant PS accumulation within the same field of view.
To achieve that, one can use the phasor plot reciprocity [52,58] and identify only the pixels
that are located close enough to the point of the single-exponential Radachlorin lifetime of
about 5.1 ns. An example of such an allocation of the areas with predominant Radachlorin
accumulation within a single field of view using the phasor plot is shown in Figure 4 for
the samples of photosensitized tissues of a tumor (Figure 4a,b) and testicle (Figure 4c,d).

Figure 4. Selection of the areas close to the semicircle of the phasor plot allows the identification of
areas of predominant Radachlorin accumulation. Examples of fluorescent images (a,c) and corre-
sponding phasor plots (b,d) with predominant accumulation of Radachlorin PS in the samples of
photosensitized tumor tissue (a,b) and photosensitized testicular tissue (c,d).

4. Discussion and Conclusions

In this study, we demonstrated the applicability of time-resolved fluorescence mi-
croscopy, the estimation of fluorescence lifetime values, and a phasor plot analysis of ex
vivo samples for the investigation of the relative accumulation of the Radachlorin photosen-
sitizer in different types of tissues. The proposed approach can be used for the evaluation of
the accumulation of Radachlorin in tissues in in vivo studies using macro-scanner TCSPC
detection systems [63,64], time-gated wide-field detection [65], or fiber optics [66]. More-
over, we believe that the analysis of time-resolved fluorescence signals in vivo and phasor
plot analysis can potentially be used for the evaluation of Radachlorin photobleaching in
the course of photodynamic therapy.

The major advantage of an analysis based on time-resolved data is the independence
from the fluorescence signal intensity. The detected fluorescence intensity may depend on
a variety of conditions, including the laser intensity, exposure, sensitivity, sample thickness,
etc. On the other hand, the fluorescence lifetime imaging and phasor plot analysis allowed
for the easy detection of PS-loaded tissues independently from the detected intensity
and without taking into consideration the diversity of experimental parameters. The
relatively long fluorescence lifetime of Radachlorin in cells and tissues makes it easy
to detect the difference between time-resolved signals from tissues with low and high
PS concentrations. Since the fluorescence lifetime of Radachlorin is longer than typical
autofluorescence lifetimes, when a complex multi-exponential signal is fitted with the
single-exponential decay function, the resulting fluorescence lifetime depends on the ratio
of the intensities of Radachlorin and autofluorescence. Therefore, the tissues and the areas
with enhanced Radachlorin accumulation can be distinguishable from samples or areas
in which Radachlorin did not accumulate, or those in which it accumulated in only a
small amount. Thus, in spite of the excitation of Radachlorin molecules within the Soret
absorption band at the wavelength of 405 nm, where many autofluorescent species were
excited as well, the application of time-resolved fluorescence analysis allowed robust data
on relative PS accumulation in tissues to be obtained.

The application of time-resolved fluorescence microscopy allowed us to demonstrate
that the accumulation of Radachlorin in testicular tissues was higher than that in tumor
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tissues, which should be taken into account when applying PDT with Radachlorin. Pho-
todynamic treatment of the photosensitized tumor resulted in photobleaching of the PS
molecules, which could also be detected by the analysis of time-resolved fluorescence
signals. Partial photobleaching of the irradiated tumor sample resulted in somewhat of a
decrease in the PS concentration in comparison with that in the tumor sample that was not
subjected to irradiation. A comparative analysis of both the fluorescence lifetime images
and phasor plots of these samples allowed us to see the difference: The typical fluorescence
lifetime in the irradiated sample was about 0.8 ns lower than that in the non-irradiated one.
Moreover, the typical positions of the coordinates in the phasor plot of the irradiated sam-
ple were closer to those in the control sample, which additionally validated the proposed
approach of FLIM-assisted analysis.
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