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Abstract: Variations in the fluorescence lifetimes of Radachlorin photosensitizers in HeLa and
A549 cells, caused by photodynamic treatment, were studied using fluorescence lifetime imaging
microscopy (FLIM). An analysis of FLIM images of the cells demonstrated a substantial decrease
in the mean Radachlorin fluorescence lifetime and intensity as a result of UV irradiation of the
photosensitized cells at different doses, with higher doses causing a more pronounced decrease in the
mean fluorescence lifetime in cells. The post-treatment decrease in Radachlorin fluorescence intensity
was accompanied by the appearance of an additional rapidly decaying fluorescence component
and a nonlinear decrease in the weighted fluorescence lifetime obtained from double-exponential
fits of time-resolved fluorescence signals. Experiments performed in the aqueous solutions of the
photosensitizer revealed similar irreversible changes in the Radachlorin fluorescence lifetime and
intensity. Therefore, the observed phenomena occurred most likely due to the photodegradation of
the photosensitizer molecules and can be applied for dosimetry and monitoring of irradiation doses
in different areas of malignant tissues in the course of photodynamic treatment.

Keywords: fluorescence lifetime imaging microscopy; photosensitizer; Radachlorin; photodynamic
treatment; photobleaching; time-resolved fluorescence

1. Introduction

Besides the utilization of high-performance photosensitizers with targeted delivery
to tumor tissues, the efficient implementation of photodynamic therapy (PDT) requires
a sufficient amount of reactive oxygen species (ROS) to be generated in a malignant tumor.
This makes reliable PDT dosimetry very important for successful cancer treatment [1–3]. In
particular, PDT dosimetry can be based on the estimation of the delivered light dose [4,5]
and photosensitizer (PS) concentration in tumor tissues [6,7]; however, an assessment of
the resulting dose requires the application of a special model providing a combination
of these data [3,8]. This approach for the estimation of effectively generated ROS is
unlikely to be very accurate due to a variety of processes affecting light penetration through
tissues [9], different levels of tissue oxygenation [10], and the intracellular distribution of
a particular photosensitizer [11,12]. The estimation of the PDT dose via the detection of
singlet oxygen phosphorescence is very difficult [13,14], yet possible in clinical practice,
although it is informative for the estimation of photosensitizer efficacy in experiments
in model solutions [15,16] and in living cells in vitro [17,18]. Another common approach
that can be used for real-time PDT dosimetry relies on the monitoring of photosensitizer
fluorescence intensity [19–21]. However, the accuracy of this approach is quite low due to
the non-uniformity of the absorption and scattering properties of tissues [22,23], as well
as the potential dependence of fluorophore fluorescence intensity on microenvironment
properties, acidity in particular [24]. Nevertheless, an analysis of the distributions of
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photosensitizer fluorescence intensity is applied for the intraoperative delimitation of
tumor boundaries [25,26].

An analysis of the photobleaching kinetics of a PS can also be used for evaluation
of the PDT dose, so far as ROS tend to cause the destruction of both the intracellular
compartments and the PS molecules themselves [27–29]. However, being also based
on the detection of fluorescence intensity, which depends not only on the amount of
fluorescent molecules but also on their fluorescence quantum yield, diffusion, absorption,
and scattering in tissues, this approach suffers from low accuracy. The autofluorescence
of tissues and potential fluorescence signals from photoproducts produced in the course
of PS bleaching [27,30] may also contribute to the resulting signal and produce erroneous
data. Meanwhile, time-resolved fluorescence lifetime measurements basically do not
depend on the fluorophore concentration, the intensity of excitation light, and scattering
and absorption properties of the surrounding tissues. The fluorescence lifetime can be
sensitive to many parameters of the surrounding microenvironment, including acidity,
temperature, viscosity, and the presence of specific quenchers [31–33], which makes this
parameter quite informative in the analysis of PS behavior during photodynamic treatment
of cells and tissues. A multi-exponential analysis of the obtained time-resolved data allows
for the robust separation of signals from different fluorescent species [34] and for sorting
the autofluorescence signal [35]. The analysis of time-resolved fluorescence signals was
applied for characterization of various PSs in solutions [36], cells in vitro [37,38], and
tissues in vivo [39,40]. The utilization of fluorescence lifetime spectroscopy and microscopy
allowed for the analysis of photoproduct formation [41,42], the intracellular localization of
PS molecules [24,38], and their internalization in an aggregated form [43].

We have recently shown that time-resolved fluorescence spectroscopy using Radachlorin
allows assessing variations in microenvironmental acidity, polarity, and viscosity [24,36,44].
The FLIM-assisted imaging provided data on the PS uptake, concentration, and fluores-
cence quantum yield in cells and tissues [24]. In this study, we present an analysis of
changes in the fluorescence characteristics of Radachlorin in cells in vitro as a result of
photodynamic treatment.

2. Materials and Methods
2.1. Radachlorin Photosensitizer

The experiments were performed with Radachlorin (RadaPharma, Russia), a second-
generation clinically approved PS comprising a composition of sodium salts of chlorin e6
(∼80%), purpurin 5 (∼15%), and chlorin p6 (∼5%). Molecular structures of Radachlorin
constituents are depicted in Figure 1a. Molecular weights of the constituents comprised:
chlorin e6—596.7 g/mol, chlorin p6—582.6 g/mol, and purpurin 5—566.6 g/mol. Radachlo-
rin is produced in different formulations: a water-soluble concentrate for preparation of
solutions for intravenous infusion, a solution for treatment of various medical conditions
in the oral cavity, and gels for treatment of skin diseases [45]. The stock solution for
intravenous injections, which is easily dissolved in water and water–alcohol solutions, cell
culture media, etc., was used in the experiments.

Radachlorin has been applied in clinical practice for a relatively long time, so its
performance in patients in vivo is predictable with sufficient reliability. The PS was shown
to be efficient in PDT of various malignancies: non-melanoma skin cancers [46,47], early
esophageal cancer [48], non-small-cell lung cancer [49], cholangiocarcinoma [50], and some
other cancers. The drug is also applied for treatment of some benign conditions and is used
as an antibacterial [51] and antiviral [52] agent.

Different aspects of variations in the photophysical properties of Radachlorin with
microenvironment pH, polarity, and viscosity were intensively studied in solutions. These
properties included absorption and fluorescence spectra, fluorescence quantum yield
and lifetimes, fluorescence anisotropy, and rotational diffusion time (see [44] and ref-
erences therein) as well as quantum yield and characteristic times of singlet oxygen
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phosphorescence [16]. However, some subtle processes of its performance on the cellu-
lar level are still unknown.

Figure 1. (a) Molecular structures of Radachlorin components. (b) Radachlorin absorption and
emission spectra and emission spectrum of the UV LED light source utilized for photodynamic
treatment of living cells. Radachlorin emission spectrum was obtained in aqueous solution at pH 7.5,
with Radachlorin concentration of 20 µg/mL and laser excitation at 405 nm.

2.2. Cell Cultures

Fluorescence lifetime imaging of Radachlorin PS in living cells was performed on
cell samples of two established lines: human cervix epidermoid carcinoma HeLa and
human alveolar basal epithelial adenocarcinoma A549. Cell lines were obtained from the
Institute of Cytology, the shared research facility “Vertebrate cell culture collection”, sup-
ported by the Ministry of Science and Higher Education of the Russian Federation (Agree-
ment #075–15-2021–683). Cells were cultivated in the Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin at
37 ◦C in 5% CO2 atmosphere during 48 h. Then, Radachlorin was added to the culture
medium at the concentration of 20 µg/mL (33.5 µM), and cells were cultivated further for
24 h in dark conditions to prevent the unintentional photodynamic treatment and PS pho-
tobleaching. No dark toxicity of Radachlorin was observed in control experiments when
analyzing the survival of HeLa and A549 cells incubated in Radachlorin solutions with PS
concentrations of 10, 20, and 40 µg/mL. No ethidium bromide or annexin-V fluorescence
featuring cell necrosis and apoptosis, respectively, were detected after 48-hour incubation
of photosensitized cells in dark conditions.

2.3. FLIM of Intracellular Radachlorin

Recording of FLIM data was performed using the TCSPC technique with a confocal
fluorescence scanning module DCS-120 from Becker & Hickl installed on a Nikon TI2-A
inverted fluorescence microscope. Recording of fluorescence images was performed at
excitation of PS molecules with a 405 nm picosecond laser BDS-SM-405-PS-101 operating at
a repetition rate of 20 MHz and a power density of 0.15 mW/cm2. Time-resolved signals of
Radachlorin fluorescence were recorded in a single-photon counting mode using a hybrid
GaAsP photodetector HPM-100-40 (Becker & Hickl, Berlin, Germany) with an instrumental
response time accuracy of 120 ps. Spectral selection of Radachlorin fluorescence from
weak autofluorescence of living cells was provided via a bandpass optical filter with
a transmission band of 608–683 nm. Physiologic conditions of live cell samples (37 ◦C,
5% CO2 atmosphere) in the course of monitoring were provided via a H301-mini incubator
(Okolab, Japan) installed in the microscope. A 60×, NA = 1.49 microscope lens (Nikon,
Japan) was used for FLIM monitoring of living cells with a 90 × 90 µm field of view. The
collection of fluorescence signals from cell samples for 50 s at relatively low irradiation
power density allowed for avoiding significant impact on living cells. The pixelwise
fitting of the obtained time-resolved signals was performed with SPCImage software
8.5 NG (Becker & Hickl, Germany), which included convolution of a decay function with
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the automatically approximated IRF. A preliminary 3 × 3 pixel binning of FLIM data
allowed us to obtain robust time-resolved signals typically with 8000–12,000 photons
(when monitoring cells before PDT).

The control experiments showed that saturation of the accumulated photosensitizer
in cells was attained after 4–6 h of cell incubation in the Radachlorin solution in DMEM.
No statistically significant changes in the mean Radachlorin fluorescence lifetime were
observed in cells incubated with Radachlorin for 4, 6, 8, or 24 h. The potential undesired
photobleaching of intracellular Radachlorin during incubation was avoided by keeping cell
samples in dark conditions. Therefore, variations in the fluorescence lifetime observed after
excitation could be attributed to the effect of cell irradiation and the generation of reactive
oxygen species. It should be mentioned that, in general, some variability in the mean
Radachlorin fluorescence lifetime was observed among individual cells. Typical variations
of this parameter in HeLa and A549 cells amounted to ±0.3 ns and ±0.4 ns, respectively. The
diversity of the mean lifetime of Radachlorin fluorescence could be due to slightly different
amounts of the photosensitizer accumulated in the lysosomes and cytoplasm of the cells
at different stages of the cell cycle and different pH levels of intracellular media in them,
since the acidity of the surrounding microenvironment can significantly affect Radachlorin
fluorescence lifetime [24]. Despite the diversity of the mean fluorescence lifetime among
individual cells, the applied experimental protocol of consecutive monitoring and analysis
of the same set of microscopic fields of view allowed robust distinguishing of variations in
the fluorescence properties of the intracellular photosensitizer.

2.4. Photodynamic Treatment of Cells and Analysis of Their Response

Photodynamic treatment of living cells was performed using a UV LED light source
with the emission spectrum roughly coinciding with the Soret absorption band of Radachlo-
rin, as shown in Figure 1b. Two sets of experiments were performed, allowing for varying
the PDT dose by changing either the irradiation power density or duration. In the first
set, the irradiation power density was varied in the range of 13–46 mW/cm2 by installing
a proper set of optical filters, while the irradiation duration remained the same and equaled
5 min. In another set of experiments, the irradiation time was varied from 140 to 460 s at
a constant power density of UV LED of 27 mW/cm2. In both cases, the irradiation dose was
varied within approximately the same range, from 3.8 to 12.4 J/cm2. Note that utilization
of the broadband UV LED rather than a 405-nm laser allowed us to achieve homogeneous
irradiation of the entire sample and to avoid speckle noise.

The choice of specific irradiation doses was based on the results of our previous
works [53,54], where treatment conditions, typically leading to the apoptotic and necrotic
pathways of cell death for cells of various types, were determined. Cell death via necrosis
was confirmed using the acridine orange and ethidium bromide test assay, while apop-
tosis was detected using an Annexin-V fluorescence stain. Observation of changes in
cellular morphology after photodynamic treatment was performed using the differential
interference contrast (DIC) microscopy on a Nikon TI2-A inverted fluorescence microscope.

2.5. Radachlorin Photobleaching in Aqueous Solution

The dynamics of Radachlorin photobleaching in cells were compared with those in
aqueous solutions. In these experiments, a Petri dish containing 200 µL of PS solution
in water at the concentration of 5 µL/mL was installed in the FLIM microscope and
continuously irradiated via the same UV LED source at the power density of 55 mW/cm2.
Due to the relatively thin layer of PS solution in the Petri dish of about 0.2 mm thick and the
low PS concentration, the absorption of exciting radiation did not exceed 15%, allowing us
to achieve high uniformity of the photobleaching speed in the entire volume of the solution
and to avoid an influence of diffusion.
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3. Results and Discussion
3.1. Dose-Dependent Changes in Cellular Morphology in Response to Photodynamic Treatment

The response of living cells to photodynamic treatment with Radachlorin was analyzed
at several irradiation doses, ranging from 3.8 to 12.4 J/cm2. The sets of DIC microscopy
images and fluorescence lifetime images of the same fields of view in the cell samples
were obtained. It was shown that at low doses the typical cellular response included cell
shrinkage and rounding, and formation of small blebs on cellular membranes, featuring the
apoptotic pathway of cell death (see sets of DIC images corresponding to the irradiation
power densities from 13 to 31 mW/cm2 in Figure 2). Higher irradiation doses yielded
another pattern of changes in the cell morphology, including formation of big blebs and
minor increases in the contrast of intracellular structures, indicating membrane rupture and
ongoing cell necrosis (see sets of DIC images corresponding to the power densities of 40 and
46 mW/cm2 in Figures 2 and 3, respectively). It is worth noting that despite the sufficiently
homogeneous distribution of UV light among the cells, it was hardly possible to induce
identical responses from all cells within the field of view. This was due to both the diverse
antioxidant activity of cells at different stages of the cell cycle [55,56] and differences in PS
accumulation by individual cells, which might vary from one cell to another by more than
30%, as we have shown in [54].

Figure 2. Response of HeLa cells to photodynamic treatment with Radachlorin at different irradiation
doses varied by changing the UV LED power density. The power density and corresponding dose are
indicated next to each set of images, the irradiation duration comprised 5 min. Images on the (left): DIC
microscope images and corresponding FLIM images of Radachlorin fluorescence. On the (right): mean
Radachlorin fluorescence lifetime and intensity as a function of time before and after irradiation.
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Figure 3. Response of A549 cells to UV LED irradiation. On the (left): DIC microscope images and
Radachlorin fluorescence lifetime images before and after 5 min irradiation at 46 mW/cm2. On the
(right): mean Radachlorin fluorescence lifetime as a function of time after 5-min irradiation of cells at
different power densities.

3.2. Fluorescence Lifetimes of Radachlorin in Living Cells before and after Photodynamic Treatment

The analysis of time-resolved Radachlorin fluorescence signals and their further pixel-
wise fitting with a single-exponential function allowed us to observe the noticeable decrease
in the PS fluorescence lifetime τf l following sample irradiation. Four sets of the FLIM im-
ages of Radachlorin shown in Figure 2 clearly demonstrate the decrease in color-encoded
fluorescence lifetime by 10–25%, depending on the irradiation power density applied to the
sample. Moreover, the initial rapid drop in the Radachlorin fluorescence lifetime gradually
rose with the irradiation dose (see plots of the mean fluorescence lifetime in Figure 2).
Similar patterns were observed in A549 cells, where the typical Radachlorin fluorescence
lifetimes were slightly lower than those in HeLa cells (see Figure 3) and the increase in the
irradiation power density led to a more significant decrease in τf l .

As can be seen from the plots in Figure 2, the most prominent decrease in Radachlorin
fluorescence lifetime occurred between the measurements corresponding to cells before and
right after irradiation, and this drop became more pronounced with the increasing dose. A
somewhat slower, although noticeable, decrease in the mean fluorescence lifetime of the
order of 0.3–0.4 ns was observed further for several dozens of minutes after irradiation.
This prolonged decrease in the Radachlorin fluorescence lifetime could not be due to cell
monitoring via FLIM since the typical dose of UV irradiation in the course of monitoring
did not exceed 7.5 mJ/cm2, which is several hundred times lower than the doses used for
photodynamic treatment. Moreover, corresponding variations in the average fluorescence
intensity (right column in Figure 2) demonstrated that almost no photobleaching of the
photosensitizer occurred after the photodynamic treatment. The observed minor variations
in the fluorescence intensity were within measurement error bars, limited by variations in
the cell morphology and Z-drift of the microscope stage.

The statistical analysis of FLIM images of cells obtained at the same irradiation dose
but demonstrating different morphological changes has shown that the decrease in mean
fluorescence lifetime depended solely on the irradiation dose and did not depend on the
individual cellular response. As can be seen from each set of FLIM images in Figure 2,
irrespective of changes in cell morphology within the field of view, the Radachlorin fluores-
cence lifetime varied by a similar amount in all the cells. This evidences that the decrease
in fluorescence lifetime did not occur due to specific processes involved in apoptosis or
necrosis but rather resulted from basic chemical and photochemical processes in cells
triggered by photodynamic treatment. The noticeable decrease in Radachlorin fluorescence
lifetime was evident even in cells that did not show any changes in morphology in response
to treatment.

Similar variations in the PDT dose were also performed by changing the irradiation
time in the range from 140 to 460 s at the constant power density of 27 mW/cm2. This
provided variations in the PDT dose in a range of 3.8–12.4 J/cm2. The sets of obtained FLIM
and DIC images and the dynamics of the Radachlorin fluorescence lifetime in HeLa cells
are shown in Figure 4. The comparison of data in Figures 2 and 4 shows that Radachlorin
fluorescence lifetime exhibited similar behavior as a function of irradiation dose, regard-
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less of whether it was varied by changing the irradiation duration or power density. As
can be seen from the graphs in Figures 2 and 4, the initial rapid decrease in Radachlorin
fluorescence lifetime in the course of irradiation was followed by its further minor and
slow decrease. The increase in irradiation dose resulted in a more significant initial drop
in the mean Radachlorin fluorescence lifetime in the treated cells. However, although the
two applied scenarios of dose variations provided about the same doses at each step, the
extent of the decrease in mean fluorescence lifetime was somewhat different. Therefore,
not only the dose itself but also the regime of its delivery affected the extent of the decrease
in Radachlorin fluorescence lifetime. This result correlates well with our previous find-
ings, which showed that variations in the PDT mode resulted in different cell responses,
observed using digital holographic microscopy [57]. Since one of the main factors causing
Radachlorin photobleaching is interactions with ROS, the observed tendencies can be due
to their different rates of generation in cells and are indicative that not only the amount of
generated ROS determines both cell responses and dynamics of Radachlorin fluorescence
lifetime but also the generation rate is influential as well. Notably, some shortening of the
fluorescence lifetime after irradiation was also observed in another porphyrin derivative,
Talaporfin sodium, in W31 and WFB cells [58].

Figure 4. Response of HeLa cells to photodynamic treatment with Radachlorin at different irradiation
doses varied by changing the irradiation duration. The irradiation duration and corresponding
dose are indicated next to each set of images, the irradiation power density comprised 27 mW/cm2.
Images on the (left): DIC microscope images and corresponding FLIM images of Radachlorin
fluorescence. On the (right): mean Radachlorin fluorescence lifetime as a function of time before and
after irradiation.
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3.3. Radachlorin Photobleaching in Aqueous Solution

The observed variations in Radachlorin fluorescence lifetime after photodynamic
treatment could result either from changes in the microenvironment (in particular, we
have recently observed the strong dependence of Radachlorin fluorescence lifetime on the
pH and polarity of the surrounding medium [24]) or from photoinduced modifications of
the Radachlorin molecules themselves. The potential variations in the microenvironment
properties were not induced via specific intracellular biochemical reactions accompanied
by either apoptotic or necrotic cell death, as the actual decrease in Radachlorin fluorescence
lifetime occurred at the very first minutes of irradiation, and a similar decrease in lifetime
was observed in all individual cells independently based on their specific response to treat-
ment. Therefore, we believe that photosensitizer photobleaching was mostly responsible for
the observed phenomena. To validate this assumption, we performed a set of experiments
aimed at the analysis of Radachlorin photobleaching dynamics in an aqueous solution by
monitoring its fluorescence intensity and decay traces during continuous irradiation of
the solution.

The results obtained for the variations in the fluorescence lifetimes and intensity in
the course of photobleaching are shown in Figure 5a. As can be seen from Figure 5a, the
decrease in Radachlorin fluorescence intensity of more than two orders of magnitude was
observed within 20 min of solution irradiation by the UV LED at the power density of
55 mW/cm2. The kinetics of fluorescence intensity (black curve) is followed by the decrease
in the fluorescence lifetime (blue dots), which is accompanied by the appearance of a rapidly
decaying component (see time-resolved fluorescence signals in Figure 5b). When fitted
with a single-exponential function, the time-resolved signals provided fluorescence lifetime
values, which decreased from 3.4 ns to 2.4 ns (see filled blue circles in Figure 5a). A more
accurate double-exponential fitting of the fluorescence decay traces showed a gradual
increase in the portion of a rapidly decaying component with a lifetime of 1.0 ± 0.4 ns up
to 65% and a decrease down to 35% of the portion of a component with a longer lifetime
of 3.8 ± 0.4 ns. Note that the indicated fluorescence lifetimes of the two components are
mean values obtained from several experiments. The mean weighted fluorescence lifetime
is plotted in Figure 5a by empty light-blue rhombi. As can be seen from the plot, the
dynamics of the mean weighted fluorescence lifetime coincides well with the kinetics of
fluorescence intensity.

Figure 5. (a) Fluorescence intensity and lifetime of aqueous solution of Radachlorin under continuous
irradiation by UV LED at the power density of 55 mW/cm2. The fluorescence lifetime obtained from
the single-exponential fitting is shown with blue-filled circles, and the mean weighted fluorescence
lifetime obtained from the double-exponential fitting is shown with light-blue rhombi. (b) Time-
resolved fluorescence signals obtained at different stages of the photobleaching process. Color arrows
in (a) indicate the actual time when the corresponding time-resolved signals in (b) were recorded.

The observed conformity of the dynamics of Radachlorin fluorescence lifetime in
aqueous solution and in cells suggests that photobleaching of the photosensitizer was
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mainly due to light-induced transformations of its molecules rather than to interactions with
specific intracellular microenvironments. Another set of control experiments confirmed
that the decrease in fluorescence lifetimes caused by photobleaching was irreversible, and
Radachlorin fluorescence did not recover for at least 6 h after the irradiation. Note that the
similar behavior of the fluorescence lifetime as a result of photobleaching has been reported
for some other fluorophores [59–63]. Variations in the fluorescence lifetime observed in
our experiments can be explained by the formation of free radicals enhancing fluorescence
quenching and accelerating the depletion of the excited states of photosensitizer molecules
through nonradiative transitions, resulting in the decrease in the fluorescence lifetime.

A relatively low amount of photons available for registration in live-cell experiments
(especially when working with the partially photobleached photosensitizer) does not allow
for an accurate investigation of whether a single- or double-exponential fitting model is
more suitable for a particular application. Another factor affecting the choice of a fitting
model is the diversity of microenvironment properties (pH, polarity, viscosity, etc.) in
the intracellular compartments, which may cause variations in the fluorescence lifetimes.
Therefore, in contrast with the experiments on Radachlorin photobleaching in aqueous
solutions, where the appearance of the rapidly decaying fluorescence component was
clearly visible, a robust conclusion on a similar effect in living cells after their irradiation
is hardly possible. However, an analysis of the chi-squared parameter has shown a slight
increase in its value after the photodynamic treatment of cells. The typical mean chi-
square of the single-exponential fits of Radachlorin fluorescence signals in non-irradiated
cells laid within the range of 1.04 to 1.13, while cell irradiation led to an increase in this
parameter up to the range of 1.2 to 1.36. Two examples of the time-resolved signals
fitted with single-exponential function along with the residual plots corresponding to the
control cells and cells exposed to treatment are shown in Figure 6. As can be seen from
Figure 6, the irradiation of photosensitized cells by UV LED resulted in a more rapid
decay of fluorescence signals. Moreover, similar to that in aqueous solution (Figure 5), the
fluorescence decay kinetics in cells after their irradiation was fitted more accurately by
a double-exponential function with the appearance of the second, more rapidly decaying
component (see Figure 6b).

Figure 6. (a) Radachlorin fluorescence decay trace in HeLa cells before irradiation and its single-
exponential fit. (b) Radachlorin fluorescence decay trace in HeLa cells after irradiation and its single-
and double-exponential fits.

Definitely, the conditions of PS photobleaching in cells are quite different from those
in solutions. The differences are both in the physical characteristics (polarity, pH, and
viscosity) and the chemical composition of the surrounding medium, including the presence
of various organic substances, antioxidants, and quenchers of singlet oxygen and other ROS.
Moreover, the intracellular distribution of the three Radachlorin components may also differ,
although the major areas of fluorescence localization are lysosomes [24]. Nevertheless, the
observed similarity of Radachlorin photobleaching processes in solutions and cells allows
us to consider the analysis of Radachlorin fluorescence lifetime as a promising auxiliary
tool for monitoring the effect of photodynamic treatment on cells and tissues.
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4. Summary and Conclusions

In this work, we studied variations in the fluorescence lifetimes of Radachlorin photo-
sensitizer in HeLa and A549 cells treated with different doses of UV irradiation, inducing
the photosensitized generation of reactive oxygen species. Cells irradiation at different
doses resulted in diverse changes in their morphology, as recorded using DIC microscopy.
The analysis of FLIM images of PS-containing cells demonstrated the substantial decrease
in the mean Radachlorin fluorescence lifetime and intensity after cell irradiation at all the
applied doses. Experiments performed in aqueous solutions revealed similar irreversible
changes in Radachlorin fluorescence lifetime and intensity as a result of photobleaching.
The decrease in Radachlorin fluorescence intensity during photobleaching was accompa-
nied by the appearance of the rapidly decaying fluorescence component and the nonlinear
decrease in both single-exponential fluorescence lifetime and weighted double-exponential
fluorescence lifetime. The extent of the decrease in Radachlorin fluorescence lifetime as
a result of photodynamic treatment of HeLa and A549 cells was related to the irradiation
dose: the dose increase (by either increase of irradiation duration or power density) caused
a more significant decrease in the mean fluorescence lifetime inside the cells. However, the
two regimes of dose variation led to slightly different extents of the decrease in mean fluo-
rescence lifetime. The observed phenomena was likely to occur due to photodegradation
of the PS molecules, in particular, because of the production of PS quenchers, specifically
ROS, during PDT, as well as due to different fluorescence lifetimes and photostability of
Radachlorin constituents.

The observed tendencies of the decrease in Radachlorin fluorescence lifetime due
to PDT can be used for PDT dosimetry and monitoring of irradiation doses in different
areas of malignant tissues. The more common method of PDT dosimetry based on the
analysis of slow losses in fluorescence intensity during photobleaching [64–66] has some
disadvantages over monitoring the decrease in the fluorescence lifetime reported in this
study. The major disadvantage is the dependence of the detected fluorescence intensity
on excitation and emission light scattering, the impact of fluorescence quantum yield, and
the diffusion of PS molecules. The fluorescence lifetime affected by PS photobleaching can
be used as a more robust and independent indicator of Radachlorin photodegradation.
We believe that further development of this approach based on the observed changes in
the fluorescence lifetime during PDT may lead to novel methods for the assessment of
PDT efficacy.
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