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a b s t r a c t

Photodynamic therapy is a therapy that utilizes a specialized drug, a photosensitizer, which is not toxic
by itself, but upon activation with light, is activated and leads to the production of singlet oxygen species.
This production of singlet oxygen species starts a cascade that leads to cell death. Photodynamic therapy
is a potential treatment for cancer patients, and it might be helpful to promote human health by provid-
ing alternative treatment to cancer. In-vitro study with Visudyne (VD) in KB carcinoma cells unveiled the
mechanism of cell injury to cell death upon photodynamic therapy (PDT). In this study, we investigated
real time monitoring of the production of singlet oxygen (SO), reactive oxygen species (ROS), mitochon-
dria integrity and chromatin integrity in VD treated live cells by irradiating with a mercury lamp light
source and 665–675 nm and 480–560 nm emission filter. Upon PDT we also observed cytoskeleton
remodeling and cytochrome –C release using immunofluorescence techniques. We investigate the cyto-
toxicity of PDT and performed quantitative analysis for SO, ROS and mitochondrial potential change using
colocalization analysis between VD and mitochondria.
Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Photodynamic therapy (PDT) is a type of cytotoxic therapy that
uses a specialized drug, the photosensitizer, and light (Brown et al.,
2004). The photosensitizer is introduced to the patient, but is not
toxic by itself. The photosensitizer becomes activated by light
and reacts with oxygen to produce singlet oxygen species, which
leads to cell death. Currently, PDT has been approved for use in
several diseases including actinic keratosis (Patel et al.,2014), skin
cancer (Zeitouni et al., 2013), esophageal cancer (Fayter et al.,2010)
and non-small cell lung cancer (Fayter et al., 2010). One major lim-
iting factor for the approval of PDT use in more diseases is its tox-
icity (Huang, 2005).5 Once the photosensitizer enters the patient’s
blood stream, it will not only localize to abnormal tissue but to
normal tissue as well. Since the drug is activated with light, tissue
toxicity to light exposed areas such as skin and eyes is of major
concern. One way to prevent these toxicities is to have the patient
completely separate from light exposed areas until the photosensi-
tizer has been cleared from their body. But, this is impractical and
is an area of concern in our research. Decreasing the amount of
dose given to patient may reduce the amount of photosensitizer
localized to normal tissue and reduce toxicities. A way to accom-
plish this is to improve the potency and specificity of the drug at
diseased tissues. Therefore, the development of modified photo-
sensitizer that can target specific cells in tissue and organelles once
it enters the cell are of paramount interest. During drug develop-
ment process to find the most optimum drug, comparative param-
eters must be defined in order to evaluate different efficacy of
modified photosensitizers at the cellular level. These parameters
should be those which are part of the mechanism of action of the
drug, because these are relevant to the toxicity of the drug to the
cell. As stated before, it is well known singlet oxygen production
is produced (Dolmans et al., 2003). by the reaction of the photosen-
sitizer, light and oxygen. However, the process in between singlet
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Fig. 1. Structure of Visudyne (verteporfin,) benzoporphyrin derivative.

Fig. 2. VD-PDT reduces cell viability of human KB carcinoma cells. Merged image of Hoech
Hoechst and ROS, (b) VD treated KB cells shows PI (pink), Hoechst (blue) and ROS (gree

Fig. 3. VD subcellular localization in the mitochondria. Human KB cells stained with; (a
(green) and VD (red) in human KB-cells.
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oxygen production and cell death in solid tissue is not well under-
stood. In this paper, Visudyne (verteporfin,) benzoporphyrin
derivative (BPD) (Fig. 1), a photosensitizer which has been FDA
approved for treatment of wet age-related macular degeneration,
(Arnold et al., 2002; Bressler et al., 2005) was used to treat human
KB head and neck cancer cells to study the mechanism of action of
this photosensitizer. The parameters obtained from our study of
VD mechanism of action will greatly facilitate the discovery and
optimization of novel therapeutics. Furthermore, elaborate knowl-
edge of VD (Pogue et al., 2001) mechanism of action may also be
helpful in targeted PDT (Mahalingam et al., 2018, Celli et. al.,
2011) in which the photosensitizers may show improved potency
by targeting to certain cellular organelles.

2. Materials and methods

2.1. Cell culture, plating

KB cells were cultured using RPMI media (GibcoTM, USA) with
1% Penicillin/streptomycin (GIbcoTM, USA) and 5 % FBS (Atlanta
biologicals, USA). After reaching about 90% confluence of the cells
the dividing took were used to plate the cells in 500 lL media to
reach around 90% confluence for 2–3 days. Due to the light sensi-
tive nature of VD as a photosensitizer drug, the incubations were
performed for all dye and drug in the dark.

2.2. Cell death experiment

KB cells were incubated with 50 nM of VD diluted in RPMI
media for 1 h. Cells were washed 2X with PBS (Gibco, USA) fol-
st (blue), PI (pink) and ROS (green) of: (a) Untreated KB cells shows only signal from
n).

) Mitotracker green (b) VD drug. (c) colocalization (yellow) between mitochondria



Fig. 4. VD-PDT produce singlet oxygen species in VD treated human KB-cells after
irradiation: (a) Before light treatment, (b) after light treatment. Intensity map of
SOSG (Singlet Oxygen Sensor Green) signal of VD treated cells (c) before light
treatment and (d) after light treatment.

Fig. 5. Singlet oxygen quantification in VD-PDT KB cells after light treatment shows sta
intensity map of SOSG sensor in KB cells after light treatment (b) without VD treatmen
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lowed by incubation in 5 lM ROS and 5 lg/mL Hoechst diluted in
RPMI for 30 min. Cells were again washed 2X with PBS and kept in
CO2 independent media and irradiated using 690 nm light. ROS
were captured at 488/520 nm followed by Hoechst at 350/461Cells
were then incubated with 1 lg/mL propidium iodine for 30 min in
RPMI. Cells were washed 2X with PBS and then imaged at
535/617 nm.

2.3. Mitochondria membrane potential experiment

1 h incubation of KB cells with 50 nM VD drug in RPMI media
followed by washing twice with PBS. 7.665 lM JC-1 (Life Technolo-
gies, USA) in RPMI media was prepared and cells were incubated
for 10 min and washed twice with PBS and kept in CO2 indepen-
dent media. JC-1 was captured before irradiation at 590 nm (J-
aggregates) and 529 nm (green monomers). Visudyne drug was
activated by irradiation of light at 690 nm. JC-1 imaging was cap-
tured immediately for 2-minute intervals at 590 and 529 nm for
12 min.

2.4. Microscopy and imaging analysis

The colocalization tool in Bioimage XD software was used for
colocalization analysis (Dunn et al., 2011). Singlet oxygen produc-
tion (SOP) was measured using Image J to obtain SOSG intensities.
tistically significant increase (P < 0.01) compared to control (a) 2.5 D fluorescence
t (c) VD treatment.
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Image J was used to map fluorescence intensities. Image J was used
to map fluorescence intensities and also for the analysis of Mito-
chondria membrane potential by calculating the ratio of green to
red channel intensities. Experiments of colocalization, Singlet Oxy-
gen, ROS, Cytoskeleton, mitochondria and DNA structure, Apopto-
sis and Statistics has given in Supplementary section.

3. Results

3.1. Analysis of cell death

To evaluate the VD toxicity with KB cells, we performed viabil-
ity assays using propidium iodide (PI) by VD treated KB cells irra-
diation with 690 nm light. We observed two different groups after
irradiation, control group which was KB cells without VD treat-
ment (Fig. 2a) and VD treated cells (Fig. 2b). As shown in Fig. 2,
after irradiation, PI staining was observed only in VD treated KB
cells (Fig. 2b).

3.2. Cellular localization of Visudyne

The sub cellular fate of VD was determined by fluorescent
confocal microscopy. Initial subcellular localization appeared to
Fig. 6. PDT of KB cells treated with VD increases ROS generation, especially in the cell nuc
treated, (e) no VD treatment). Increasing ROS signal in cells after light treatment in (c) VD
treatment of (b) VD treated, (f) no VD and after (d, h) light treatment (d) VD, (h) no VD. 2
after light treatment (j, l), (j) VD, (l) no VD.
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exhibit a mitochondrial distribution, so KB cells were treated
with VD and mitotracker. As shown in Fig. 3, when the mito-
tracker (green channel) and VD (red channel) were combined,
an intense colocalization signal was detected. This result
strongly supports the subcellular localization of VD to the
mitochondria.
3.3. Singlet oxygen species production

The effect of VD on cellular reactive species generation was
investigated. A higher intensity of SOSG (Singlet Oxygen Sensor
Green) fluorescence, which corresponds to an increase in singlet
oxygen species production, was observed in VD treated cells
(Fig. 4b) when compared to a VD treated non-irradiated control
group (Fig. 4a). Cellular Intensity map of SOSG signal (Fig. 4d) cor-
roborates our finding that VD elicits an increase of cellular singlet
oxygen production. To further assign singlet oxygen generation,
total intensity of fluorescence was quantified (Waters, 2009)
employing image J (n = 25) (Fig. 5). We observed statistically
higher singlet oxygen production in VD treated cells after light
treatment (Fig. 5c) compared to no VD treated control group after
light treatment (Fig. 5b) (P < 0.00001).
leus. ROS mostly generated in mitochondria of cells before light treatment in (a) VD
treated cells compare to (g) no VD treatment. Intensity heat map before (b, f) light

.5D intensity plot of ROS intensity before (I, k) light treatment (i) VD, (k) no VD, and



S.M. Mahalingam, N. Arumugam, L. Shing Wong et al. Journal of King Saud University – Science 35 (2023) 102871
3.4. Reactive oxygen species production

The next step in determining the mechanism by which PDT
works was by studying the production in ROS following VD-PDT.
We observed that ROS (Fig. 6) was predominantly present in mito-
chondria before and after irradiation. However, upon irradiation,
significant increase of ROS in VD treated cells was noted (Fig. 6c,
d, i) compared to control group (no VD with light) (Fig. 6 g, h, i).
Interestingly, intensity map (Fig. 6, b, d, f, h) and 2.5 D plot
(Fig. 6 i, j, k, l) show that upon irradiation, ROS signal was primarily
observed in the nucleus, demarcated from cytoplasmic
localization.
3.5. Changes in mitochondria membrane potential

Based on our results of VD mitochondria cellular fate, we fur-
ther studied the effect of VD on mitochondria membrane potential
(Dwm). We observed red aggregate of JC-1 dye, a sign of normal
polarized mitochondria membranes, in both; no VD, no irradiation
control group (Fig. 7a) and VD treated group prior to irradiation
(Fig. 7b). The same ratio of green monomer (green channel) to
red complex (red channel) of JC-1 dye was preserved before
(Fig. 7a) and after irradiation (Fig. 7c) in cells not treated with
VD, indicating light treatment does not directly affect mitochon-
drial membrane potential. (Fig. 7a, c). In the presence of VD, green
monomer was elevated, and red aggregate was decreased after
irradiation, indicating the decline of mitochondrial membrane
potential (Perry et al., 2011) (Fig. 7d). Membrane potential was
investigated using ratiometric analysis (Salido et al., 2007) of green
monomer to red aggregate. We observed four-fold decrease of
Dwm after 12 min from irradiation in VD treated cells compared
to control (Fig. 7e).
Fig. 7. VD-PDT reduce mitochondria membrane potential in human KB-cells. JC-1 signal i
before and (d) after light treatment. (e) Green to red channel ratio during longitudinal stu
cells (grey). The difference in each point is statistically significant (P < 0.001).
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3.6. Structural changes in mitochondria, actin, and DNA

We investigated the effect of VD-PDT on morphological changes
of actin cytoskeleton, mitochondria and cell nucleus. We observed
morphological alteration of mitochondria in VD treated cells after
light treatment (Fig. 8b) compared to VD treated cells before light
treatment. (Fig. 8a). The VD-treated cells show a more diffuse
staining and mitochondria swelling, which is a sign of cell damage.
As shown in Fig. 8b, mitochondrial aggregates and mitochondria
swelling are identified after light irradiation in VD treated cells
(Fig. 8b). Disintegrated network of actin cytoskeleton (Fig. 8d)
was observed after light irradiation in VD treated cells compared
to (specifics) control group (Fig. 8c) indicating actin depolymeriza-
tion after VD-PDT treatment. We also observed structural changes
of the nucleus in VD treated cells (Fig. 8f) compared to control cells
(Fig. 8g). In VD treated cells (Fig. 8f), the nucleus shows pyknosis
which is also a sign of cell damage.
3.7. Apoptosis through Cytochrome c release from the mitochondria

As shown in Fig. 9, we identified mitochondria release Cyto-
chrome C release in VD treated cells (Fig. 9b) compare to mito-
chondrial Cytochrome C in control cells (Fig. 9a). Moreover, we
also observed cell blebbing, the hallmark event of cell apoptosis,
in VD treated cells after irradiation (Fig. 9b inset).
4. Discussion

In this study, we used VD to propose a molecular mechanism for
VD PDT in human KB cells. The identification of drug mechanism of
action is a pertinent issue not only in the clinical efficacy but also
in the development of novel targeted photosensitizers (Allison and
Moghissi, 2013). Targeted PDT photosensitizers will allow us to
n control cells (a, c), (a) before (c) after light treatment and VD treated cells (b, d), (b)
dy for 12 min upon light treatment on VD treated KB-cells (red) and control (no VD)



Fig. 8. VD-PDT treatment in KB cells leads to changes in intracellular structures
after irradiation. Mitochondria morphology (a, b) and Actin cytoskeleton (c, d) show
more diffused structure after light treatment in VD treated cells: (b) mitochondria,
and (d) actin cytoskeleton compare to (a) mitochondria and (c) actin cytoskeleton in
no VD treated cells after light treatment. DNA condensation is observed in VD
treated cells after light treatment (f) compare to no VD treated cells after light
treatment.
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improve its therapeutic efficacy and increase its clinical potency.
This will diminish drug toxicity by reducing the dose needed for
the same therapeutic effect. Our results demonstrate VD preferen-
Fig. 9. VD-PDT treatment leads to apoptosis in human KB cells. Anti-Cytochrome C in hum
(inset).
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tially localizes to the mitochondria, which is in agreement with
prior studies reported VD mitochondrial localization in pancreatic
cancer cells (Celli et al., 2011), endothelial cells and prostate cancer
cells (Fateye et al., 2015). Based on VD mitochondrial sub cellular
fate, we hypothesized that mitochondria assume a pertinent role
in VD-PDT mediated cell apoptosis (Wei and Li, 2020). Singlet oxy-
gen species production is the hallmark of PDT mechanism (DeRosa
and Crutchley, 2002). Light activates the reaction between photo-
sensitizer and molecular oxygen, generating singlet oxygen species
(Jarvi et al., 2011). We observe increase of singlet oxygen produc-
tion after light irradiation. Based on its predominant cytoplasmic
localization, we predict the singlet oxygen is mostly generated in
mitochondria (Turrens, 2003). Because singlet oxygen species is
only part of cellular reactive compounds (Lee et al., 2004). Our
result suggests that VD-PDT initiates not only the production of
singlet oxygen but also the other reactive species. Furthermore,
its nuclear localization suggests the effect of VD-PDT in the nuclear
reactive species production (Kotiadis et al., 2014) and or mitochon-
dria nucleus retrograde signaling (Provost et al., 2010). Our finding
strongly supports this prediction of initial signs of cell damage and
pyknosis (Robbins and Cotran, 2014) upon VD-PDT. Highly reactive
singlet oxygen is damaging to membranes (Blokhina et al., 2003)
thus we assumed that the enhancement of singlet oxygen produc-
tion in mitochondria will cause its membrane deterioration. Using
JC-1 assay we proved this hypothesis by measuring the mitochon-
dria membrane potential. In the normal polarized state consisting
of a negative membrane potential, JC-1 will localize to the mito-
chondria and form aggregates that emit red fluorescence while a
depolarized membrane hinders the entry of JC-1 into mitochondria
thus increasing the green fluorescence of the JC1 monomer
(Perelman et al., 2012). As expected, we observed the reduction
in mitochondrial membrane potential upon irradiation of the VD-
treated KB cells at 690 nm. We believe that this cascade mecha-
nism begins with the localization and photoactivation of the VD
drug in the mitochondria and the consequent production of oxygen
species that the Induce depolarization of the mitochondrial mem-
brane. The membrane potential of the mitochondria is also crucial
for ATP production through oxidative phosphorylation
(Huttemann et al., 2008). Therefore, we then investigated actin
polymerization, because its structure is ATP dependent. Actin,
which is essential for structural integrity (Stricker and Falzone,
2010), molecular signaling of cells (Obrdlik et al., 2008) and mito-
chondria motility (Boldogh and Pon, 2006; Olson and Nordheim,
2010) was found to be depolymerized upon VD-PDT treatment.
Considering the roles of action network in sensing and mediating
an KB-cells after light treatment in (a) no VD (b) VD treated cells show cell blebbing
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apoptosis (Desouza et al., 2012), we studied signs of cellular apop-
tosis VD-PDT treatment. We observed the release of mitochondrial
cytochrome c to the cytoplasm upon VD-PDT and blebbing of cells,
both signs of cell apoptosis (Jiang and Wang, 2004).

5. Conclusion

This study has not only shown the mechanism by which the
PDT agent VD works, but deduced parameters by which photosen-
sitizers can be compared in order to determine the most potent
and efficacious drug. We conclude VD has a considerable localiza-
tion to the mitochondria, and it mediates its damage through this
organelle. Our mechanistic investigation suggests that the cell
death in KB cells induced by VD-PDT is as follows: VD localizes
in mitochondria (80% colocalization) which leads to increasing
SO (60%) and ROS (70%) generation. PDT with VD decreases (50%)
mitochondrial membrane potential over time and leads to mito-
chondrial deformation. These phenomena suggest the disruption
in mitochondrial retrograde signaling which is marked with
nuclear changes in VD treated cells and also the depolymerization
of the actin cytoskeleton ultimately leading to cell death. The
mechanism of cell death via PDT in VD treated KB cells begins with
VD localization to the mitochondria, therefore exploration of better
mitochondria targeting drugs for use in PDT therapy is recom-
mended. Therefore, designing drugs that increase localization to
the mitochondria is an area of future research. We suggest param-
eters; Singlet oxygen species, reactive oxygen species, mitochon-
drial membrane potential change, morphological studies and
Cytochrome C release to be considered for in vitro studies on mod-
ified compounds to determine efficacy and potency improvement
and select the drugs, which are to be further investigated in animal
models.
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