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Single-Point Laser Irradiation Photodynamic Therapy: From
Selective Plasma Damaging to Cell Death from Within the
Tumor

Cristina S. Carrizo, Jaime Fernández de Córdoba, Ana Oña, Gianluca D’Agostino,*
and Sebastián A. Thompson*

Photodynamic therapy (PDT) is a clinically approved anticancer treatment
based on the generation of reactive oxygen species (ROS) when a
photosensitizing agent (PS) is irradiated with specific light. Typically,
irradiation is performed to cover the entire tumor or treatment area. However,
this approach presents some disadvantages, including irradiation of the
surrounding normal tissue. Therefore, this study introduces a novel
phototherapeutic approach using single-point laser irradiation. With the
plasma membrane as the primary organelle target, it is demonstrated that
single-point laser irradiation induces plasma membrane damage in cancer
cells using two clinically approved fluorescent markers for Glioblastoma:
Protoporphyrin IX (PPIX), which localizes to the plasma membrane, and
Sodium Fluorescein (NaF), which remains in the extracellular space,
contacting the membrane. Single-point laser irradiation in photodynamic
therapy induces plasma membrane disruption in both cases, resulting in
selective necrotic cancer cell death. Interestingly, this approach induces cell
death from within the spheroids, and the cell death gradually extends to the
rest of the spheroid, minimizing damage to the surrounding tissue. In
conclusion, this study presents a novel approach using focused laser
irradiation and clinically approved dyes to induce precise, targeted cell death
within the tumor, suggesting potential for theranostic applications in tumor
eradication.
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1. Introduction

PDT is an anti-cancer treatment that re-
lies on the generation of toxic ROS when
a PS is irradiated with specific light.[1–5]

Generally, these ROS can induce cell death
via apoptosis or necrosis, depending on
several variables such as PS concentra-
tion and localization, light power, and du-
ration of irradiation.[6,7] With the idea of
irradiating the whole tumor, usually the
light irradiation is induced to a larger
area.[8] This logic methodology is meant to
achieve the whole tumor eradication and
greater penetration depth that increases
with the beam size.[8] However, this ir-
radiation can present some disadvantage
such us the irradiation to the surrounded
normal tissue or the impossibility of tar-
geting specific subcellular compartments.
To bring new capabilities to the field of
PDT, in this report we explore the perfor-
mance of Single Point Laser Photodynamic
Therapy (SPL-PDT) targeting, as example,
the plasma membrane. As it described in
the last years, targeting the plasma mem-
brane have the advantages of lower time
of dye incubation and rapid cell death

by necrosis.[5,6,9–11] Here, we present the capabilities of SPL-PDT
using two clinical fluorescent markers that interestingly remain
within or close to the plasma membrane: PPIX (metabolized
from 5-Aminolevulinic Acid (5-ALA)) and NaF, respectively.[12]

These dyes are employed to visualize Glioblastoma in the opera-
tion room. 5-ALA/ PPIX and NaF present a different mechanism
by which they localize in the tumor.[13] When 5-ALA is adminis-
tered to the patient, it ismetabolized by the tumor cells into PPIX,
the molecule that fluoresces under blue light. This tumor local-
ization is used by neurosurgeons to define the tumor borders.
On the other hand, NaF is injected intravenously just before the
intervention due to its rapid tumor localization.[12–16] The tumor
localization of NaF is based on the vascular leakage present in
the tumor compared to normal tissue. While not as specific as 5-
ALA, both fluorescent markers are currently employed to guide
surgery based on their fluorescent properties. Fluorescence-
guided surgery has improved the precision and effectiveness of
glioblastoma resection and, thus, patient survival.[17–20]
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Taking advantage of the dye’s localization in the tumor, current
research also includes the utilization of these fluorescent mark-
ers as PSs in PDT. In this report, we employ these dyes to demon-
strate the capability of SPL-PD. We believe that SPL-PDT extend
the PDT capability and, after future validations in animal models
and clinical samples isolated from tumors, the outcomes of SPL-
PDT can rapidly be translated to the clinic since employs clinical
fluorescent markers.

2. Experimental Section

2.1. Reagents

Dulbecco’s modified Eagle medium (DMEM)–Glutamax (31966
057), penicillin–streptomycin (15070-063), and DMEM without
phenol red (21063-029) were purchased from GIBCO. Fetal
bovine serum (SV30160.3) from HyClone was heat inactivated
at 56 °C for 30 min before use. The dishes for microscope imag-
ing were 35 mm culture dishes with 20 mm treated glass bottom
surface (734 2904, VWR).

2.2. Cell Culture Preparation

HELA and U87 cells were maintained in DMEM–Glutamax
medium, supplemented with 10 % fetal bovine serum and
penicillin–streptomycin, at 37 °C, 5 % CO2 atmosphere. U87
cells were washed in phosphate buffer saline (PBS) solution and
detached with 0.05 % trypsin diluted in medium. For the exper-
iments, 35 000 cells were plated on 35 mm culture dishes, in a
final volume of 2mL of growingmedium. 24 h after, themedium
was replaced by complete medium (Serum 10%) or complete
medium. NaF final concentration was 1 µm. Cell were incubated
with 5-ALA (1 µm) for 24 h with or without serum.

2.3. Spheroids Culture

U87 cells were detached, counted and centrifuged at 1100 rpm,
5 min at room temperature. Cells were diluted to have a final
concentration of 500 cell / 20 µL and were plated drop by drop
in the upper lid of a p60 petri dish and were cultured inverted
allowing spheroid formation by gravity. In order to avoid evapo-
ration, 1 mL of sterile PBS was added in each dish. Cells were
cultured for 72 h under standard culture conditions. Before the
experiment, the drops from each dish were carefully collected us-
ing complete medium and transferred to a µ-slide 8 well glass
bottom dish (IBIDI) for confocal analysis.

2.4. Confocal Microscopy

Cells were plated as described previously in the cell culture prepa-
ration paragraph of this material and methods section. Images
were acquired using a Leica STELLARIS 8 STED 3X multispec-
tral confocal system (Leica Microsystems) equipped with an in-
cubation system (Okolab) to maintain living cells under standard
culture conditions (37 °C, 5 % CO2), and using a water immer-
sion HC PL APO CS2 63x NA 1.20 objective (Leica Microsys-

tems). For fluorescein imaging, samples excitation was achieved
using a White laser line (WLL) settled at 488 nm with a power of
101 nW or 405 nW for 2D monolayers or spheroids respectively,
measured at the sample plane. Fluorescence emission was col-
lected using a hybrid spectral (HyD S1) detector in the range of
500–672 nm, settled in analog mode with gain factor settled at
38.3% for 2D monolayer experiments or at 9.8% for spheroid ex-
periments. For PPIX imaging, samples excitation was achieved
using a 405 nm laser with a power of 1.30 nW measured at the
sample plane, and fluorescence emission was collected using a
hybrid spectral (HyD S3) detector in the range of 614–755 nm,
settled in analog mode with gain factor settled at 41 %. For PI
imaging samples excitation was achieved using aWhite laser line
(WLL) settled at 550 nm with a power of 205 nWmeasured at the
sample plane, and fluorescence emission was collected using a
hybrid spectral (HyD S3) detector in the range of 614–755 nm,
settled in analog mode with gain factor fixed at 2.5%. Transmit-
ted light images were acquired using a Trans PMT and gain set-
tled at 24.1 %, using the same 488 nm laser. For experiments
showed in Figure 1. 3, 4, 5, and 6, pixel size was 241 nm, and sin-
gle images focusing the median cell plane have been acquired.
For experiments showed in Figure 2, pixel size was 180 nm. For
spheroids z-stack a Z step size of 1 µmhave been used. 3D image
reconstruction was performed using the 3D package of the LAS
X software. Bleaching conditions for experiments performed in
Figures 2 and 3 were achieved using the WLL in the bleach point
mode settled at 488 nm (fluorescein) or 580 nm (PPIX) with a
power of 4.2 µW or 10.7 µW respectively, measured at the sam-
ple plane, for 1 min. U87 cells were irradiated 1 min (Fluores-
cein) and 30 seoconds (PPIX) while HELA was irradiated for 30
s (Fluorescein) and 15 s (PPIX) For experiments presented in
Figure 5 laser spheroids were irradiated using the same laser con-
ditions for 3 min. In order to visualize fluorescein or PI internal-
ization, images were acquired 10 min and 1 h after laser bleach-
ing. Plasma membrane marker (Wheat Germ Agglutinin) was
incubated with cells at a concentration of 5–10 µg mL−1 for 10–
30 min at 37C. Apoptosis was detected using CellEvent Caspase-
3/7 Detection Reagents (C10430) following manufacturer’s pro-
tocol.

3. Results

3.1. Fluorescein and Protoporphyrin Localization in U87
Glioblastoma Cells under Different Serum Conditions

We first evaluated the localization of NaF and PPIX in U87
glioblastoma cells cultured under various serum conditions to
cover the different clinical scenarios. As it can be observed
in Figure 1a, confocal images revealed the same extracellular
pattern of NaF distribution independently on the serum avail-
ability. As it is already reported,[15] concerning the intracellu-
lar Fluorescein concentration, cells cultured without serum for
24 and 48 h showed progressively increased fluorescence inten-
sity (Figure 1a,b) but insignificant compared with the extracellu-
lar NaF concentration. Moreover, we showed that PPIX localizes
specifically within the plasma membrane of U87 glioblastoma
cells cultured in the absence of serum (Figure 1c,d).
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Figure 1. NaF and PPIX cellular localization in U87 glioblastoma cell line. a) Representative confocal images of fluorescein (upper panels) or bright field
images (lower panel) of U87 cells cultured with serum (left panel), without serum for 24 h (central panel) or 48 h (right panel). Scale bar is 20 µm. b)
Mean fluorescence intensity quantification of fluorescein in cells cultured with serum, or without serum for 24 h or 48 h. ** P value = 0.0036, and ***
P value = 0.0002. c) Representative confocal images of protoporphyrin (upper panels) or bright field images (lower panel) of U87 cells cultured with
serum (left panel), or without serum for 24 h (right panel). Scale bar is 20 µm. d) Mean fluorescence intensity quantification of protoporphyrin in cells
cultured with serum, or without serum for 24 h. **** P value < 0.0001. Concerning PPIX, the localization on the plasma membrane and mitochondria is
presented when cells were incubated without serum for 24 h compared to those with serum, as confirmed by confocal imaging and quantitative analysis
(Figure 1c,d). These findings agree with the literature where the mechanism involve the transport of the PPIX by the Bovine Serum Albumin (BSA) to
the extracellular compartment.

3.2. SPL-PDT Induces Plasma Membrane Damage Following
Laser Bleaching in U87 Cells Treated with NaF and PPIX

Since the two fluorescent markers are localized close or on the
plasma membrane, we explore the possibility of plasma mem-
brane damage by laser bleaching of U87 cells. The results ob-
tained in 2D Glioblastoma cell culture are shown in Figure 2.
As it can be observed in the Figure 2a–d, the plasma mem-

brane damaging is only observed when the dyes are present. In
untreated control cells (Figure 2a–c) laser bleaching did not visi-
bly alter the plasma membrane, as evidenced by the unchanged
bright field images. In contrast, cells treated with NaF and ex-
posed to laser bleaching exhibited visible damage to the plasma
membrane at the bleaching sites, highlighted by decreased fluo-

rescence intensity and structural disruptions in the irradiated re-
gions (Figure 2b). Concerning PPIX, the same effect is presented
in cells treated with protoporphyrin and 5-ALA, where laser
irradiation led to clear membrane damage in serum-deprived
conditions (Figure 2d). The observed damage was corroborated
by magnified images of the irradiated areas, showing marked
plasma membrane compromising post-bleaching and the ab-
sence of plasma membrane after irradiation only in NaF treated
cells. These findings suggest that both fluorescein and protopor-
phyrin sensitize the plasmamembrane to laser-induced damage.
Interestingly, PPIX induces greater plasma membrane damage
than NaF, as evidenced by the extent of membrane disruption
and bubble formation (Figure 2g). Should be noted that the same
results were obtained using HELA cells (Figure S1, Supporting
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Figure 2. Plasma membrane impairment upon laser bleaching in U87 cells treated with fluorescein and protoporphyrin. a) Representative confocal im-
ages of NaF (left panel) or bright field images (right panels) of control U87 cells, untreated with NaF, before bleaching (upper panel) or after bleaching
(bottom panel). Bleaching points are highlighted with blue dots and white arrows. Magnified area corresponding to the irradiated plasma membrane
region, highlighted by the rectangular selection in the post-bleaching bright field image, is represented (small left panel). Scale bar is 10 µm. b) Rep-
resentative confocal images of NaF (left panel) or bright field images (right panels) of U87 treated with NaF before bleaching (upper panel) or after
bleaching (bottom panel). Bleaching points are highlighted with blue dots and white arrows. Magnified area corresponding to the irradiated plasma
membrane region, highlighted by the rectangular selection in the post-bleaching bright field image, is represented (small left panel). Scale bar is 10 µm.
c) Representative confocal images of protoporphyrin (left panel) or bright field images (right panels) of control U87 cells, treated with 5-ALA with serum,
before bleaching (upper panel) or after bleaching (bottom panel). Bleaching points are highlighted with blue dots and white arrows. Magnified area cor-
responding to the irradiated plasma membrane region, highlighted by the rectangular selection in the post-bleaching bright field image, is represented
(small left panel). Scale bar is 10 µm. d) Representative confocal images of protoporphyrin (left panel) or bright field images (right panels) of U87 cells
treated with 5-ALA without serum, before bleaching (upper panel) or after bleaching (bottom panel). Bleaching points are highlighted with blue dots and
white arrows. Magnified area corresponding to the irradiated plasma membrane region, highlighted by the rectangular selection in the post-bleaching
bright field image, is represented (small left panel). e) Representative confocal images of cells after irradiation: control (top left panel) or treated with
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Information). To confirm that the plasma membrane was com-
promised, we label the plasma membrane with Wheat Germ Ag-
glutinin (WGA-plasmamembranemarker). As it can be observed
on Figure 2e, the plasma membrane is destroyed (absence of the
plasma membrane marker) where the laser was irradiated. This
lack of plasma membrane was only presented in PS-treated cells
as supported by the quantification of the WGA fluorescence lev-
els within the irradiated region of the plasmamembrane which is
significantly different betweenNaF treated cells compared to con-
trol counterpart (Figure 2f). Control experiment in Figure 2e (no
PS and irradiation) confirm that the plasma membrane marker
is not photo bleached. Interestingly, only when the irradiation is
performed in a single point, the plasma membrane is compro-
mised and not when the irradiation is performed in a bigger area
highlighted by the red rectangular region (Figure S2, Supporting
Information).

3.3. SPL-PDT for Plasma Membrane Impairment and Cell Death
Induction in U87 Cells

To confirm the plasma membrane is compromised and the dam-
age is not reversible (under these conditions), we follow the ir-
radiated cells through time. Concerning NaF, the confocal im-
ages presented in Figure 3a demonstrate the impairment of the
plasma membrane and the internalization of the NaF to the in-
tracellular compartment.
This trend was mirrored in protoporphyrin-treated cells but

utilizing propidium iodide staining, which indicates compro-
mised membrane integrity and the subsequent induction of cell
death.[21] The time-dependent damage captured in the bright
field images provides visual evidence that laser-induced bleach-
ing in combination with photosensitizers disrupts cellular struc-
ture, ultimately leading to cell death. As it can be noted in both
situations, the cell death is only induced to the irradiated cell and
not to the surrounding no-irradiated cells, further supporting the
specificity of laser bleaching. To identify the cell death mecha-
nism, we studied caspase-3/7 activation, a hallmark of apopto-
sis. As shown in Figure 3c, caspase-3/7 remains inactive in both
FN- and PPIX-treated cells after been irradiated. As a positive
control, cells treated with H2O2 exhibit caspase-3/7 activation,
as indicated by the increased intensity of the apoptosis marker
(Figure 3d).

3.4. Localization of Fluorescein and Protoporphyrin in U87
Spheroids

To implement these findings in a clinically relevant model,[22]

we first study the localization of the markers in U87 spheroids.
Figure 4 highlights the spatial localization of NaF and protopor-
phyrinwithinU87 spheroids. Confocal z-stack images (Figure 4a)
showed that fluorescein accumulated primarily in the outer lay-
ers of the spheroid, while in the inside some extracellular re-
gions show accumulation of NaF (Figure 4a,c). As it is expected,

the PPIX is localized in the same intracellular organelles and in
the plasmamembrane (Figure 4b,d) corroborating the results de-
scribed above obtained in 2D monolayer models.

3.5. SPL-PDT in U87 Spheroids

Then, we tested the effects of laser bleaching on U87 spheroids.
Concerning the NaF, taking advantage of the dye localized inside
the spheroids, the bleaching was performed inside the spheroids
to minimize the possible irradiation outside the spheroids (nor-
mal tissue). As it can be observed in Figure 5a, the structure of
the spheroids is compromised as it is illustrated in the time-laps
images (Figure 5a).
Bright field images confirmed the physical disruption caused

by laser irradiation (Figure 5a second row). 30 min post-
bleaching, confocal images revealed a more pronounced entry of
fluorescein, indicating that laser treatment not only impairs fluo-
rescence but may also induce structural changes in the spheroid
that influence compound retention (Figure 5a-right image). To-
gether with that, the PI internalization was observed in the ir-
radiated zone only in the spheroids treated with NaF (Figure 5b
and control-no NaF Figure 5c). Quantification of both Fluores-
cein and PI internalization are shown in Figure 5d,e showing that
SPL-PDT inducedNaF internalization (significant after 20 and 30
min upon irradiation) as well as cell death, as suggested by PI ac-
cumulation at the irradiation site within the spheroids, only in
NaF-irradiated treated spheroids and not in the respective con-
trols not treated with the PS and not irradiated, supporting our
previous findings obtained in single cell experiments.
On the other hand, we tested the effects of laser bleaching on

PPIX localizationwithinU87 spheroids (Figure 5f). PPIXwas ini-
tially well-distributed across the spheroid (Figure 5f, upper left
panel), and, after irradiation, there was a photobleaching in the
region irradiated (Figure 5f, second row). Of note, 10min after PI
addition, the dye only penetrated in the irradiated cells with com-
promised plasma membranes (Figure 5f, center right panel). By
1-h post-irradiation (Figure 5f right image), the spheroid exhib-
ited widespread cell death, as reflected in the propidium iodide
accumulation, demonstrating the efficacy of laser treatment in
combination with protoporphyrin for inducing cell death in 3D
tumor models (quantification Figure 5g). Notably, representative
confocal maximal z-projection of propidium iodide, correspond-
ing to the spheroid, 10 min post laser irradiation (Figure 5h) fur-
ther demonstrate that laser bleaching was restricted to a single
area of the spheroid.

4. Discussion

Here we present a novel photodynamic mechanism based on
compromising the plasma membrane by single point laser: SPL-
PDT. In the case on damaging the plasma membrane, the lo-
calization of the fluorescent marker on or close by the plasma

NaF (bottom left panel). Center panels: cells labeled with a plasma membrane marker. Bleaching points are highlighted with blue dots. Right panels:
bright-field images. Scale bar is 10 𝜖m f) Quantification of plasmamembrane marker intensity comparing control cells (black line) with cells treated with
NaF (red line). g) Bubble quantification (bubble size—area—and plasmamembrane damage—distance) in cells treated with NaF or PPIX and irradiated
under the same conditions.
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Figure 3. Plasma membrane impairment and cell death induction in U87 cells treated with NaF or protoporphyrin. a) Representative confocal images
of fluorescein (upper panel) or bright field images (lower panels) of U87 cells treated with fluorescein before bleaching (left panel), after bleaching
(central panel) and 15 min after laser bleaching (left panel). Bleaching points are highlighted with blue dots and white arrows. Scale bar is 10 µm. b)
Representative confocal images of protoporphyrin (red-upper panel), propidium iodide (blue-upper right panel) or bright field images (lower panels) of
U87 cells treated with fluorescein before bleaching (left panel), after bleaching (central panel) and 15 min after laser bleaching (right panel). Bleaching
points are highlighted with blue dots. (c) Representative confocal images of irradiated cells treated with NaF (upper panels) or protoporphyrin (bottom
panels), showing no activation of caspase-3/7 (right panels). d) Cells treated with H2O2 showing caspase-3/7 activation (positive control). Bleaching
points are highlighted with blue dots and white arrows. Scale bar is 10 µm.

membrane is requiered.[5,6,9–11] To achieve this, we first investi-
gated the localization of the clinical markers NaF and PPIX. Con-
cerning NaF, we demonstrated that it remains extracellularly, in-
dependent of the serum concentration. This localization is ob-
served in both 2D cell culture and spheroids. Regarding PPIX,
consistent with the literature,[23] we observed the porphyrin lo-
cated in the mitochondria and plasmamembrane only in serum-
deprived cell culture conditions. When serum is present, it is be-

lieved that PPIX is actively extracted by binding to albumin. Once
the localization of both markers was defined in 2D cell culture
models, we explored the possibility of inducing plasma mem-
brane damage using a point-focused laser. The objective of this
damage is to enable selective induction of single-cell death. For
this, we induced plasma membrane compromising using both
clinical markers. The plasma membrane damage was demon-
strated by tracking the uptake of NaF or PI (in the case of PPIX).

Adv. Therap. 2025, e00541 © 2025 Wiley-VCH GmbHe00541 (6 of 9)

 23663987, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adtp.202400541 by U

niversidad A
utonom

a D
e M

adrid, W
iley O

nline L
ibrary on [02/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

Figure 4. Fluorescein and protoporphyrin localization in U87 spheroids. a) Representative confocal z-stack images of fluorescein (green-left panel) and
bright field image (grey-right panel) of a U87 spheroids treated with fluorescein. White labels indicate the z-stack range between images. Scale bar is
20 µm. b) Representative confocal z-stack images of protoporphyrin (red-left panel) and bright field image (grey-right panel) of a U87 spheroids treated
with 5-ALA without serum. White labels indicate the z-stack range between images. Scale bar is 20 µm. c) Magnification of the 30 µm image presented
in panel a. Scale bar is 20 µm. d) Magnification of the 24 µm image presented in panel b. Scale bar is 20 µm.

As expected, cell death followed plasma membrane compromise
based on the damage incurred. We have demonstrated that the
plasmamembrane is damaged close to the laser irradiation point
(Figure 2e). In addition, we have quantified that the plasmamem-
brane damage is bigger in PPIX treated cells compare with fluo-
rescein treated cells (Figure 2g). This is expected since the PPIX is
located on the plasma membrane while the fluorescein remains
extracellularly (close to the plasmamembrane). This damage was
only inducedwhen the laser was focused on one point rather than
wide-area irradiation (Figure S1b, Supporting Information). Con-
cerning selectivity, it should be noted that this technique is highly

selective to only the cell irradiated. As shown in Figure 3, there is
no plasma membrane damage induced in the neighboring cells.
However, stress can be observed in the surrounding cells due to
the cell death induced in the irradiated cell.
The cell death mechanism was also investigated. For this,

we employed an apoptosis marker for caspase-3/7 together with
propidium iodide (PI) incorporation. As shown in Figure 3c,d,
caspase-3/7 was not activated. This, together with PI incorpora-
tion, indicates that the main form of cell death is necrosis.
This cell death mechanism was later tested in spheroids. We

then evaluated the ability of SPL-PDT to induce cell death in

Adv. Therap. 2025, e00541 © 2025 Wiley-VCH GmbHe00541 (7 of 9)
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Figure 5. Fluorescein and protoporphyrin localization after laser bleaching in U87 spheroids. a) Representative confocal images of fluorescein (upper
panel) and bright field image (lower panel) of a U87 spheroid treated with fluorescein before bleaching (left panel), after bleaching (central left panel),10
min after laser bleaching (central right panel) and 30 min after laser bleaching (right panel). Scale bar is 20 µm. b) PI internalization. c) PI internalization
in not NaF irradiated-treated spheroids. d) Quantitative NaF internalization (e) Quantitative NaF internalization. f) Representative confocal images
of protoporphyrin (red-upper panel), propidium iodide (blue-upper panel) and bright field image (lower panel) of a U87 spheroid treated with 5-ALA
without serum before bleaching (left panel), after bleaching (central left panel), 10 min (central right panel) and 1 h after laser bleaching (right panel).
Scale bar is 20 µm. g) PI internalization quantification of irradiated PPIX spheroids versus control spheroids (no PPIX) (h) Representative confocal merge
of protoporphyrin (after irradiation) and maximal z-projection of propidium iodide, corresponding to the spheroid represented in panel b, 10 min post
laser irradiation. Scale bar is 20 µm.
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spheroids. For this, the dyes needed to be localized within the
spheroid structure. Interestingly, NaF, localized internally within
the spheroids (and extracellularly), and that fluorescein concen-
tration can be used to induce damage to the spheroids. This
approach presents several advantages. First, irradiation is per-
formed only inside the spheroid, generating no irradiation or
damage to the surrounding normal tissue. Second, photo dam-
age is induced at the center of the spheroid. This central dam-
age disrupts the 3D structure of the spheroid and uptake of PI,
as observed in Figure 5a–c. Regarding PPIX, damage can also
be induced at the center of the spheroid, as PPIX is uniformly
distributed. As shown in Figure 5e–g, cell death is induced only
in the irradiated part of the spheroid, leaving the other parts in-
tact. This again corroborates the cell death selectivity of this tech-
nique.

5. Conclusion

To the best of our knowledge, PDT using single-point laser irra-
diation has not been explored. Here, we have presented a new
photodynamic therapy mechanism through the combination of
clinical fluorescent markers and focused laser technology. This
necrotic cell death is induced by compromising the plasmamem-
brane in a precise and selective manner in 2D glioblastoma can-
cer cells. The method was also tested in a spheroid model, where
it enabled cell death induction at the center of the spheroids. Fu-
ture steps to improve SPL-PDT include changes in the organelle
target or the use of two-photon microscopy, where fluorescent
markers can be activated at the laser focus, further enhancing
the selectivity of cell death.
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