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INTRODUCTION ical field in a procedure known as Photodynamic Therapy
(PDT), which is being used to treat a variety of diseases

Photosensitization reactions play fundamental roles  gych as malignant tumors [1-5] and many non-oncologi-

on the interaction bet?veen light and matter. The basic  ca] diseases such as age-related macular degeneration [6],
concepts of these reactions have been applied to the med- psoriasis [7], arthritis [8,9], and photoinactivation of vi-
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Figure 1. Mechanism of photosensitization. The photosensitizer (PS) absorbs light forming an excited singlet state
(PS(S,)). The PS(S,) is converted to triplet excited state (PS(T,)) via the intersystem crossing. Then, PS(T,) can transfer
energy to oxygen, generating singlet oxygen ('O,) or abstraction of electron or hydrogen-producing radicals such as

O, and OH".

rus and bacteria [10]. The photodynamic effect starts with
the light absorption by the photosensitizer (PS), initially
forming singlet ('"PS*) and subsequently (as a result of
intersystem crossing) triplet excited states (*PS*). *PS*
are both stronger reducing and oxidizing agents than the
ground state molecule (PS) and have a longer lifetime
than the singlet excited state ("PS*). Consequently, *PS*
can transfer energy to oxygen (type II process) forming
singlet oxygen ('O,) or can directly react with biological
substrates (type I process) [11,12].

In most cases, 'O, is the main oxidant species that
triggers the harmful effects of PDT by damaging many
biomolecules (guanine in nucleic acids, tryptophan, tyro-
sine, histidine, methionine in proteins, unsaturated lipids).
The lifetime of 'O, in living cells have been reported to be
very short, ~0.4 s, meaning that 'O, diffusion distance is
limited to ~ 0.3 um. A likely contribution of highly reac-
tive hydroxyl radical (OH") is expected. Hydroxyl radical
(OH"), which is the most reactive oxygen radical known,
is produced by the Fenton reaction with the reduction of
hydrogen peroxide. Its diffusive pathway has not been
measured (OH" is too reactive), but undoubtedly it is very
small. There are also the direct-contact reactions that
damage targets at molecular contacts with the PS, gener-
ating many reactive radicals [11-13]. Hydrogen peroxide
and anion radical superoxide (O, ) can also be generated
during the photosensitized process. These species have
low reactivity and can diffuse for dozen of micrometers
[13,14]. They can induce biological responses at distanc-
es, but these effects are secondary to the photon absorp-
tion and photosensitization processes that will damage
targets in the close proximity of the PS [14,15] (Figure 1).

Even though several parameters such as lower ten-

dency of PS aggregation, higher absorption in the red
spectral region and higher efficiency in the generation of
'O, [16-20] are important parameters for the optimization
of the PDT efficiency, recent reports demonstrated that
the intracellular PS localization site and the consequent
type of cell death mechanism are more relevant for the
final photodynamic efficiency [21,22]. Indeed, several
authors have shown that subcellular localization is a fun-
damental factor to be considered in terms of controlling
PDT efficacy, since it defines the type of organelle dam-
age, and consequently the type of cell death mechanism
[22-25]. Hence, defining the PDT intracellular target is
essential [26-30]. Confocal fluorescence microscopy has
provided the possibility to evaluate the subcellular local-
ization of PSs by co-localization protocols, in which cells
are co-stained with probes, which specifically accumulate
in certain organelles and PSs. By integrating the cellular
regions whose fluorescence profile of both the probe and
the PS co-stain, the areas of PS localization is estimated
[23,31,32]. Although being conceptually simple the pro-
tocols present limitations.

There are conceptual and practical limitations of
the classical co-localization protocols that should be ex-
plained. The conceptual one is that the exact site of pho-
todamage is difficult to define, since diffusive species do
play a secondary role in the biological response. Howev-
er, this is not terribly important since the primary relevant
species are very reactive and have a limited pathway in
cells (described above). The major limitation is a practi-
cal one. Classical co-localization protocols rely on probes
with high fluorescence quantum yields, but usually this
is not the case for most PSs, since they are designed to
generate triplet species. Therefore, usually the co-local-
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ization protocols require high PS concentrations to com-
pensate the low fluorescence emission. Consequently, the
key intrinsic intracellular targets may be blurred because
PSs will also localize in many low-affinity binding sites.
Interestingly, by using methods that sense the biologi-
cal activity/structure of intracellular organelles, we can
perform the organelle-targeting analysis at very low PS
concentration. In here, we describe a protocol to identify
intracellular sites of photodamage after irradiating cells
previously incubated with nanomolar PS concentrations
and subsequently treated with probes that sense organelle
damage. By using this protocol, we could establish good
correlations between the major sites of intracellular dam-
age mediated PSs and their photobiological effects.

PROTOCOL

Preparation of Cells in Microscopy Coverslips

1. Wash glass coverslips with 70% (v/v) ethanol for
cleaning and sterilization.

2. Remove the excess of ethanol by washing with
MilliQ water and expose coverslips under UVC light for
15 minutes.

3. Put the clean, sterile, and dried coverslip into each
well of the plate.

4. Choose adherent mammalian cells, such as HelLa
cells (human cervical adenocarcinoma) [33], to perform
intracellular organelle-targeting for photodamage.

NOTE: We used HeLa cells (ATCC® CCL-2) here
as a biological cell model.

5. Seed =2-3 x 10° cells on each 6-well plate contain-
ing the coverslip previously cleaned and sterilized.

NOTE: Depending on the cell type, a surface coating
to facilitate the adhesion of cells to the glass coverslip is
required. The source and concentration of coating agent
may vary depending on the histological cell type. Of note,
HeLa cells can adhere directly on the glass in presence of
medium supplemented with 10% (v/v) fetal bovine serum
(FBS) without previous coating.

6. Incubate the seeded cells in a 37°C incubator un-
der a moist atmosphere of 5% carbon dioxide for 18 h to
24 h to reach at least a cellular confluence of 75%.

NOTE: Culture conditions and incubation time to
reach an optimal cell density depends on the cell type and
the population doubling times.

Photosensitization of Cells

1. After having selected a suitable incubation time
for reaching optimal confluence, wash the cells with
phosphate buffer saline (PBS) and incubate with pho-
tosensitizer of interest in DMEM media containing 1%
(v/v) FBS during 3 hours in a 37°C incubator under a
moist atmosphere of 5% carbon dioxide.

415

NOTE: The photosensitizer concentration and time
incubation should be set according to the half-maximal
inhibitory concentration (IC,) values previously ob-
tained. For instance, the photosensitizers used were TPP-
S,, and CisDiMPyP in a level at nanomolar range (i.e., 30
nM and 100 nM), respectively.

CAUTION: The photosensitizer solubility in aque-
ous media depends on its physical-chemical molecular
properties. Optimal conditions of media to solubilize
photosensitizer need to be previously determined.

2. After a suitable incubation time with photosen-
sitizer, wash the cells with PBS before the photosensiti-
zation step that is performed using light emission diode
(LED) at a determined irradiance and time. Use light dose
of =2 J/em? with LED with maximum wavelength in 522
+ 20 nm as an optimal condition to perform photosensi-
tization in HeLa cells using 30 nM TPPS, and 100 nM
CisDiMPyP.

NOTE: Dark control is performed under similar con-
ditions than described above. However, in dark control,
the cells are incubated with a photosensitizer, but without
light irradiation.

NOTE: The maximum wavelength of LED and op-
timal conditions of irradiations may differ regarding the
system used. It should be previously determined in agree-
ment with the photosensitizer type.

3. Once the irradiation is completed, the PBS media
is replaced by DMEM 10% (v/v) FBS and the cells are
incubated in a 37°C incubator under a moist atmosphere
of 5% carbon dioxide, during the required time to eval-
uate the photodamaged organelle after PDT (named here
as “post-PDT time”).

Staining Intracellular Targets with Specific
Organelle Probes After Photosensitization

1. 3 h after photosensitization, incubate the cells
using a particular probe for mitochondria or lysosomes.
Stain the Hela organelles using 1 pM mitochondrial
probe or 200 nM lysosomal probe for 30 minutes in a
37°C incubator under a moist atmosphere of 5% carbon
dioxide.

NOTE: Other organelles can be selected for in-
vestigation in terms of intracellular photodamage, e.g.,
endoplasmic reticulum. The following conditions probe
concentration or incubation time depends on the probe
source and histological cell type used in the experiment.

2. Wash cells with PBS twice and fix them in 4%
(w/v) formaldehyde in PBS pH 7.4 for 15 minutes at
room temperature in the absence of light.

NOTE: It is highly recommended to perform the ma-
nipulation with formaldehyde by using protective glasses
and gloves.

3. Wash cells with PBS three times at 5-minute in-
tervals at room temperature and in the absence of light.
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Table 1. Excitation and emission wavelengths of confocal microscopy selected according to the

probes.
Probe excitation emission Setup Microscope
Mitochondrial probe 579 nm 599 nm Laser for excitation in 543 nm and filter set emission
in 565 to 615 nm
Lysosomal probe 577 nm 590 nm Laser for excitation in 543 nm and filter set emission

4. Remove any excess of liquid from the sample
and add one drop of the antifade reagent containing
4,6-diamidino-2-phenylindole (DAPI) onto a clean slide
and carefully lower the coverslip onto the antifade reagent
to avoid trapping any air bubbles.

5. Seal it with nail polish and store the sample pro-
tected from light at 4°C until the analyses under confocal
microscopy.

NOTE: Sealing the edges retards the oxidation and
extends the life of the sample for several months at 4°C.

Confocal Microscopy

1. Check the excitation and emission wavelengths
available at confocal microscopy required for the chosen
probe. The lasers and filters considering the mitochondri-
al and lysosomal probes are listed in Table 1.

Quantifying the Microscopy Data by Using Image J

1. Open the image of interest on Image J software.

2. Select the cell to be analyzed by delimiting a
square around (Figure 2).

3. Select the red channels to quantify the pixels only
from red fluorescence (Figure 3).

4. In “Analyze” and “Set Measurements,” select
“Mean gray values” and “Integrated density” (Figure 4).
“Mean gray values” represents the sum of the gray values
of all the pixels in the selection divided by the number of
total pixels. “Integrated density” the product of Area and
Mean Gray Value.

5. Go back to the image of interest and in “Ana-
lyze”> “Measure” (Figure 5) to get the mean gray values
and integrated density of red pixels at the selected square
area.

6. Perform it to every single cell from different imag-
es of independent experiments and normalized the num-
ber of fluorescent pixels in the cells treated by control
cells and expressed as arbitrary units (a. u.).

REPRESENTATIVE RESULTS

The mechanism of dye accumulation in lysosomes
is based in the positive electrochemical potential kept
in the internal lumen of this organelle. Weak base com-
pounds, which freely diffuse through membranes in

in 565 to 615 nm

their unprotonated form, become protonated and conse-
quently trapped in the acidic environment of lysosomes.
The term “lysosomotropic agents” is commonly used
to define weak amine bases that retain 100-fold higher
concentrations within lysosomes compared to the cyto-
sol [34-36]. The lysosomal probe used here consists of a
fluorophore linked to a weak base. Therefore, in case of
damaged lysosomes the staining fails. As can be observed
in Figure 6, lysosomes are well stained in both non-treat-
ed and cells treated with PS that are not concentrated in
lysosomes, e.g., CisDiIMPyP. However, after irradiating
cells previously incubated with a PS that accumulates in
lysosomes, e.g., TPPS, [21,37,38], lysosome staining
becomes vanishingly small (non-visible at the conditions
used in this study) (Figure 6).

A similar concept can be extrapolated to other organ-
elles. For example, mitochondria exhibit a negative trans-
membrane potential of around -180 mV due to ion proton
pumps of the respiratory electron transport chain [39].
Consequently, mitochondria attract positively charged
dyes by electrostatic forces [40,41]. The mitochondrial
probe used here contains a reduced positive group deriv-
ative of dihydro-X-rosamine that leads to mitochondrial
membrane accumulation. However, it does not emit
fluorescence unless it is oxidized. Therefore, it becomes
fluorescent only when accumulated in mitochondria that
is actively breathing [42,43]. Note that red fluorescence
is only present in non-treated cells or in cells treated with
photosensitizer that does not accumulate in mitochondria,
e.g., TPPS, (Figure 7). On the other hand, cells treated
with a photosensitizer that is known to photodamage mi-
tochondria, e.g., CisDIMPyP [21], are not stained by this
mitochondrial probe (Figure 7).

The principle of this methodology has been used in
different works from our and other groups. For instance,
our recent work showed that irradiating cells previously
incubated with DMMB (1,9-dimethyl methylene blue) at
nanomolar levels reduce staining of both mitochondria
and lysosome probes, consequently implying the parallel
damage in both mitochondria and lysosome [22]. Another
example, reported by Xu et al. [44], demonstrated that the
red fluorescence of JC-1 (5,5',6,6'-tetrachloro-1,1",3,3'-te-
trethyl benzimidazolylcarbocyanine iodide) gradually
and proportionally decreases according to the higher lev-
el of mitochondrial damage in HeLa cells after photosen-
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Figure 2. Representative image to show the selected cell in the yellow rectangle. Blue color represents the fluorescence
of DAPI and red color the fluorescence of lysosomal probe.
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Figure 3. Representative image of only the red channel evident to quantify the pixels. Yellow rectangle depicts the
analyzed cell and red color the fluorescence of lysosomal probe.
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Figure 4. Steps to measure the red pixels. Figure 5. Finally measuring it and getting the values.
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Figure 6. Fluorescence images 3 hours after PDT-treatment of HelLa cells with 100 nM CisDiMPyP and 30 nM
TPPS,, and non-treated cells (Control). First column: blue fluorescence of DAPI-stained nuclei; second column: red
fluorescence of lysosomes; third column: both channels (blue and red) merged. Scale bar represents 20 ym. This
figure was reproduced from Tsubone et al. [21], with permission from Springer Nature under the terms of the Creative
Commons Attribution 4.0 International License.
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Figure 7. Fluorescence images 3 hours after PDT-treatment of HelLa cells with 100 nM CisDiMPyP and 30 nM
TPPS,, and non-treated cells (Control). First column: blue fluorescence of DAPI-stained nuclei; second column: red
fluorescence of mitochondria; third column: both channels (blue and red) merged. Scale bar represents 20 ym. This

figure was reproduced from Tsubone et al. [21], with permission from Springer Nature under the terms of the Creative
Commons Attribution 4.0 International License.
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Figure 8. Average of red fluorescence calculated by relative to the fluorescent pixels number in the treated cells
compared to control (taken as 100%). (A) Lysosomal probe and (B) Mitochondrial probe. Each circle represents one
cell, and lines indicate the mean = SD. *p<0.05, **p<0.03 and ***p<0.001 are considered statistically significant.
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Table 2. Co-localization percentage of porphyrins with mitochondrial probe and lysosomal probe
after 3 h incubation in HeLa cells. This figure was reproduced from Tsubone et al. [21], with permission from
Springer Nature under the terms of the Creative Commons Attribution 4.0 International License.
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Figure 9. (A) Confocal fluorescence microscopy images of HelLa cells, showing blue fluorescence for DAPI-stained
nuclei, red fluorescence related to photosensitizer (1 uM) and green fluorescence related to mitochondria (150 nM of
the probe). The right column shows the overlay from three channels (blue, red and green). (B) Confocal fluorescence
microscopy images of HelLa cells with blue fluorescence of nucleus (DAPI), red fluorescence of porphyrins (1 uM) and
green fluorescence of lysosomes (150 nM of probe). The right column shows the overlay from three channels (blue, red
and green). Scale bars correspond to 20 um. This figure was reproduced from Tsubone et al. [21], with permission from
Springer Nature under the terms of the Creative Commons Attribution 4.0 International License.

sitization with a cationic porphyrin derivative (mitoTPP).

This methodology allows not only the visualiza-
tion of photodamaged organelles, but also the estimate
of mean fluorescence values in terms of pixels before
and after the treatment (Figure 8). Details about how to
quantify the number of fluorescent pixels is described in
protocol item 5.

DISCUSSION

Identification of the intracellular targets of pho-

todamage is an essential tool in terms of controlling and
maximizing the PDT efficiency [21-23,25]. The classi-
cal experimental protocol used to define the subcellular
localization sites relies on the treating cells with both
the PS and an organelle marker before light exposition
[24,31,37,45-48]. Calculating the number of pixels that
show fluorescence of both PS and marker provides the
percentage of the PS accumulation within the specific
organelle. This classical methodology usually requires
the incubation of cells with relatively high PS concentra-
tions, suffering from accuracy and precision.
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To exemplify the limitations of co-localization as-
says, Figure 9 illustrates data from HeLa cells co-stained
with PSs (1 pM) and probes (Table 2). Overlay values
suggests partial localization of both CisDiMPyP and
TPPS2a at lysosomes and mitochondria (Table 2). Of
note, CisDiMPyP and TPPS2a at low concentrations, spe-
cifically accumulate within mitochondria and lysosomes,
respectively (Table 2). This information is key to define
the respective mechanisms of cell death which are apop-
tosis and autophagy related cell death for CisDiMPyP and
TPPS2a, respectively [21,33,34].
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