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Introduction

Fluorescence lifetime imaging unravels
the pathway of glioma cell death upon
hypericin-induced photodynamic therapyf

Miriam C. Bassler,+%° Jonas Hiller, (2 ® Frank Wackenhut, (2 *2
Sven zur Oven-Krockhaus, 2 ° Philipp Frech,® Felix Schmidt, € °
Christoph Kertzscher, ©2° Tim Rammler, Rainer Ritz,® Kai Braun,”
Marcus Scheele, (2° Alfred J. Meixner (2 *° and Marc Brecht*®°

Malignant primary brain tumors are a group of highly aggressive and often infiltrating tumors that
lack adequate therapeutic treatments to achieve long time survival. Complete tumor removal is
one precondition to reach this goal. A promising approach to optimize resection margins and
eliminate remaining infiltrative so-called guerilla cells is photodynamic therapy (PDT) using organic
photosensitizers that can pass the disrupted blood-brain-barrier and selectively accumulate in tumor
tissue. Hypericin fulfills these conditions and additionally offers outstanding photophysical properties,
making it an excellent choice as a photosensitizing molecule for PDT. However, the actual hypericin-
induced PDT cell death mechanism is still under debate. In this work, hypericin-induced PDT was
investigated by employing the three distinct fluorescent probes hypericin, resorufin and propidium
iodide (PI) in fluorescence-lifetime imaging microscopy (FLIM). This approach enables visualizing the
PDT-induced photodamaging and dying of single, living glioma cells, as an in vitro tumor model for
glioblastoma. Hypericin PDT and FLIM image acquisition were simultaneously induced by 405 nm laser
irradiation and sequences of FLIM images and fluorescence spectra were recorded to analyze the PDT
progression. The reproducibly observed cellular changes provide insight into the mechanism of cell
death during PDT and suggest that apoptosis is the initial mechanism followed by necrosis after
continued irradiation. These new insights into the mechanism of hypericin PDT of single glioma cells
may help to adjust irradiation doses and improve the implementation as a therapy for primary brain
tumors.

common representative.”> The World Health Organization
(WHO) classifies glioblastoma as a WHO grade IV astrocytoma

Among the deadliest and most challenging to treat cancers are
malignant primary brain tumors, encompassing different
tumor types depending on the cellular origin.' They are known
to grow aggressively, infiltrating the surrounding healthy brain
tissue in the process.>® Many of the emerging primary brain
tumors are astrocytomas, of which glioblastoma is the most
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due to its aggressive and fast growth and the high degree of
tissue infiltration.® To this day, there is no cure and treatment
is limited to improving the patients’ quality of life until their
inevitable death.” The established treatment of primary brain
tumors includes an initial tumor resection in a surgical proce-
dure using fluorescence-supported tumor tissue visualization.®
For this purpose, the patient is administered a fluorescent dye,
capable of passing the disrupted blood-brain-barrier that
selectively accumulates in the cancerous tissue. Precise tumor
removal is then aided by the use of intermittent dye-specific
illumination, which allows better contrast between healthy and
cancerous brain tissue.” The application of 5-aminolevulinic
acid (5-ALA), as a precursor dye, is currently considered the
gold standard for primary brain tumor surgery.'®'" This mole-
cule exhibits high water-solubility, which facilitates its imple-
mentation as pharmaceutical formulation, and thus its
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administration to the patient. After accumulating in the brain
tumor, 5-ALA is enzymatically transformed into Protoporphyrin
IX (PpIX),"* which is the fluorophore used for tumor visualiza-
tion. The brain tumor surgery is followed by radiochemother-
apy to reduce residual tissue and thus improve the overall
tumor removal.'*'* However, these therapies do not selectively
affect cancerous tissue and result in collateral damage of
healthy, surrounding brain cells. Photodynamic therapy (PDT)
is a recent therapeutic approach, with the goal of establishing a
tumor specific therapeutic alternative to chemo- or radiother-
apy. It focuses on enhancing the functionality of the already
administered fluorescent dye used for tumor visualization to
additionally act as a photosensitizing agent.'”> In PDT, photo-
sensitizers are optically excited followed by a transition to the
triplet state, which further reacts with biological substrate or
surrounding oxygen to form highly reactive oxygen species
(ROS).'® These species induce a high oxidative stress and a
pronounced level of photodamage inside the tumor cells,
resulting in cell death.

As 5-ALA and thus PPIX are specifically enriched in brain
tumors, their application in PDT was expected to be a promis-
ing approach. Several studies were performed to investigate the
potential of 5-ALA-PDT for PDT applications.'”'® Eskiler et al.
demonstrated the effectiveness of 5-ALA-PDT in the treatment
of breast cancer,"® whereas its photodamaging capabilities on
rhabdomyosarcoma were shown by Atif et al.>° Hypericin is a
promising alternative photosensitizer for PDT. Like 5-ALA, it
can pass the disturbed blood-brain barrier and additionally
exhibits a high triplet quantum yield that allows for an effective
ROS formation.>"** A direct comparison between hypericin and
5-ALA revealed a significantly higher photo-cytotoxicity of
hypericin.”® Hypericin uptake and distribution was further
studied in tumor spheroid models** followed by hypericin
PDT.>® Although hypericin, like the photosensitive compound
PpIX metabolized from 5-ALA, is mostly apolar, the two photo-
sensitizers exhibit different accumulation behaviours in cancer
cells. PpIX is synthesized from 5-ALA primarily in the mito-
chondria through the heme biosynthetic pathway, leading to its
predominant accumulation in the mitochondria.”**” In con-
trast, hypericin does not require metabolic conversion and
accumulates based on its physicochemical properties and the
cellular microenvironment. Hypericin has been shown to accu-
mulate in the perinuclear region of various tumor cell lines,
with primary enrichment in the endoplasmic reticulum (ER)
and Golgi apparatus, as well as in mitochondria and
lysosomes.”®*° The localization of the photosensitizer within
the cell significantly influences PDT progression. In PpIX-
induced PDT, mitochondrial damage is expected to play a
central role. In contrast, hypericin-induced PDT may involve
additional effects, such as endoplasmic reticulum (ER) stress or
interference with protein processing, which could critically
affect the cell death mechanism.

To further understand hypericin PDT, it is essential to
uncover the mechanistic steps involved in the damage and cell
death process it induces. Cellular damage can follow certain
pathways until the cells are finally dead, which is very
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characteristic and can be assigned to concrete cell death
mechanisms. The two most common programmed cell deaths
are apoptosis and necrosis.***> Apoptosis can be triggered
intrinsically via a mitochondrial pathway or by external
stimuli.** Depending on the pathway type, it undergoes a
cascade of various protein or enzyme activations, including
Bax, apoptotic protease, caspases or procaspase 8, that initiate
the systematic progression of cellular degradation.®* Typical
morphological features of apoptosis are cell and nucleus
shrinkage, nuclear chromatin condensation, nucleus break up
and membrane blebbing.?** Necrosis, however, is induced via
caspases-independent pathways and shows a partly different
morphological outcome, entailing bleb formation, cellular
swelling, chromatin condensation and cellular lysis.*>*®
Further cell death mechanisms are ferroptosis or paraptosis
as well as several hybrid forms, which are all either morpholo-
gically or genetically distinguishable from one another.>”*® So
far, hypericin PDT was tested on umbilical vein endothelial,
HepG2 and A431 human epidermoid carcinoma cells, where
apoptosis was observed to be the dominant cell death
mechanism.>*™*' Necrosis was demonstrated to be the type of
cell death mechanism in human colon adenocarcinoma HT-29
cells,*> whereas paraptosis was identified to be the underlying
cell death mechanism in OVCAR-5 cells."® Glioma cell lines
were (already) used as in vitro brain tumor models. Investiga-
tions upon hypericin PDT revealed either apoptosis or necrosis
as the primary cell death mechanism.**™*” These studies were
mainly performed with flow cytometry, biological assays, or
different microscopy techniques, like confocal, conventional,
and total internal reflection fluorescence microscopy. Distin-
guishing between different types of cell death is important for
therapeutic applications due to their effect on the immune
system. Necrosis can lead to inflammation through the release
of intracellular contents. Apoptosis typically does not lead to
inflammatory responses as the cell contents are contained and
processed by phagocytes.*™"

This study deals with the investigation of hypericin PDT
on single, living glioma cells by means of spatially
resolved fluorescence spectroscopy and fluorescence lifetime
imaging microscopy (FLIM). Three fluorescent markers: hyper-
icin, resorufin and propidium iodide (PI), were chosen to
initiate and monitor hypericin-induced PDT. FLIM is an ideal
method for studying the effects of PDT on cell morphology as it
enables intra-cellular differentiation between fluorescent dyes
based on their distinct fluorescence lifetimes (FLTs), even when
their emission spectra overlap significantly. Imaging the
fluorescence lifetime ensures high image contrast in fully
fluorescent samples and provides spatially-resolved,
quantitative insights into the accumulation of the dyes and
changes in their distribution and photophysical properties
as PDT progresses.”> " An introduction to the theory, acquisi-
tion, and analysis of fluorescence lifetime data is given
in Section 1 of the ESL{ Combining FLIM with spatially
resolved fluorescence spectroscopy allows imaging the photo-
damaging progression and identify the underlying cell death
mechanism.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Materials and methods
Cell culture

Cell experiments were performed with the glioma cell line U-87
MG (ATCC HTB-14). Cells were grown in Eagle’s Minimum
essential medium (MEM, no glutamine and phenol red,
Gibco™) supplemented with 10% fetal calve serum (FCS), 1%
penicillin/streptomycin, 1% r-glutamine and 1% sodium pyr-
uvate (all purchased from Gibco™). They were seeded with
densities between 5000 cells per cm”® and 20 000 cells per cm?
and cultivated in glass-bottom cell culture dishes (Willco Wells,
HBST-5040) for 24 h prior to further treatment. Cell culture
dishes were equipped with glass coverslip bottoms of 170 pm
thickness on average and coated with FCS to improve cell
adherence. After 24 h, cells were mostly attached to the cell
culture dish bottoms and used for hypericin incubation. Culti-
vation was accomplished at 37 °C and 5% CO, atmosphere.

Hypericin incubation

Aliquots of hypericin (PhytoLab GmbH & Co. KG) stock solu-
tions in dimethyl sulfoxide (DMSO; Molecular Probes™ D12345)
with a concentration of 0.1 mM were freshly thawed for each
cell incubation. Dilutions of this stock in complete cultivation
medium and additional 10% FCS were prepared to achieve a
final hypericin concentration of 1 pM. This procedure was
adapted from Ritz et al*® Dilutions of DMSO in complete
cultivation medium and additional 10% FCS were used for
controls, resulting in 1% DMSO within the final cultivation
mixture. The hypericin and DMSO cultivation mixtures were
added to the cells and incubated for 30 min at 37 °C and 5%
CO, conditions, respectively. Both incubations were disrupted
by removing the cultivation mixtures and washing three times
with phosphate buffered saline (PBS). Afterwards, fresh cultiva-
tion medium was added to the hypericin-incubated and control
cells. All preparation steps and incubation experiments were
performed in the dark. Cells were kept at 37 °C and 5% CO,
atmosphere until resorufin and PI treatments or FLIM
measurements.

Resorufin conversion

U-87 MG cells were additionally incubated with a resazurin
incubation mixture to convert resazurin to resorufin by meta-
bolism in the cells. For this purpose, a resazurin stock solution
with a concentration of 0.011 mg ml~" in PBS was diluted 1: 10
in complete cultivation medium and the final 4.3 pM resazurin
incubation mixture was added to the cells overnight at 37 °C
and 5% CO, atmosphere. During this period, resazurin was
quantitively metabolized to resorufin, which was mainly
released into the cultivation medium by the cells. Resorufin
conversion was completed after the incubation mixture turned
from blue (resazurin) to pink (resorufin). No further exchange
of cultivation medium was performed, since the released
resorufin was needed for FLIM experiments. Hypericin-
incubated-samples and controls were treated similarly accord-
ing to this procedure. All preparation steps and incubation
experiments were performed in the dark. Cells were kept at
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37 °C and 5% CO, atmosphere until PI supplementation or
FLIM measurements.

PI supplementation

Aliquots of PI stock with a concentration of 500 pg ml~" in PBS
were freshly thawed for each cell treatment. To obtain a final PI
concentration of 15 pg ml~" (22.4 uM) in the cell culture dish,
100 pl PI stock was added to the cultivation medium after 100 pl
cultivation medium was removed. This approach was carried
out identically for hypericin-incubated cells and control cells.
All preparation steps and incubation experiments were per-
formed in the dark. Cells were kept at 37 °C and 5% CO,
atmosphere prior to the optical measurements.

Fluorescence lifetime imaging microscopy (FLIM)

FLIM experiments were performed with custom-built, inverted
confocal laser stage scanning microscopes. A 405 nm laser
diode (LDH P-C-405, PicoQuant GmbH, Germany) and a super-
continuum laser (SuperK Extreme EXB-4, NKT Photonics)
equipped with an acousto-optic tunable filter (AOTF SuperK
SELECT UV/VIS-nIR, NKT Photonics) were employed as excita-
tion sources. Both sources supply picosecond pulses with
adjustable repetition rates ranging from 2 to 78 MHz. Focusing
of the excitation laser and collection of scattered and emitted
light was achieved with high numerical aperture oil immersion
objective lenses (Zeiss Plan-Apochromat, 100x, 1.4 Oil DIC and
alpha Plan-Fluar 100x/1,49 Oil M27, Carl Zeiss AG, Germany).
Two additional long-pass filters (458 nm: RazorEdge LP Edge
Filter 458 RU, Semrock; 532 nm: LP EdgeBasic™ Filter 532,
Semrock) were introduced into the detection beam paths to
exclude the detection of the excitation wavelength. Single
photon avalanche diodes (SPAD; PDM series, Micro Photon
Devices, Italy) with an active area of 100 um coupled with time-
correlated single photon counting electronics (HydraHarp 400,
PicoQuant GmbH, Germany) were used to acquire time-
resolved photoluminescence data. The SymPhoTime64 soft-
ware package (PicoQuant GmbH, Germany) was used to acquire
and analyze time-correlated single photon counting (TCSPC)
data. Further data analysis and plotting were carried out using
the open-source general-purpose programming language
Python.

Positioning, focusing, and determination of suitable acqui-
sition parameters for each investigated cell was performed with
low laser irradiance of 1.5-2.5 pW pm ™2 to avoid damaging the
cell prior to PDT induction. An irradiance between 5.5 yW pm 2
and 8 uW pm™> was set for PDT initiation of hypericin-
incubated cell, whereas control cells were measured at a mini-
mum irradiance of 8 uW um > up to 20 uW um 2 The
laser power was adjusted and regularly checked with a power
meter (Optical power meter 1830-C Picowatt Digital, Newport)
throughout the measurement session to ensure power stability.
In total, 60 single cells were measured by FLIM for all incuba-
tion conditions to confirm all observations and ensure a high
reproducibility (n = 60). Laser powers were measured in front of
the 50/50 beam splitters in both setups. The cumulative losses
through the beam splitter and the objective (the diameter of the
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collimated laser beam is approx. 20% larger than the back
apertures of the objectives) are estimated to be approx. 70%. As
the Airy disk contains 84% of the total excitation power, the
irradiance I in the diffraction limited focus with a radius of
approx. 4/4 is estimated to be:

0.3-0.84- \%%
W) =

where P is the laser power measured in front of the objective
and / is the excitation wavelength. The total exposure time per
pixel (exp/pix) in a FLIM image is calculated according to:

tawell (18] + dioc[pm]

texp/pix [I’LS] = dpixel [um}

where tqwen is the dwell time per pixel and tg and dpixe are the
diameters of the diffraction limited focal spot and the image
pixel size, respectively.

Widefield fluorescence imaging

The acquisition of widefield fluorescence images was per-
formed with a custom-built, confocal microscope, equipped
with a supercontinuum laser source (SuperK Extreme EXB-4,
NKT Photonics) and a multi-channel tunable filter accessory
(AOTF SuperK SELECT UV/VIS-nIR, NKT Photonics), controlled
by the NKT Photonics CONTROL 1.2 software. Suitable long-
pass filters were used to exclude the excitation laser wavelength
from the detected signal. Widefield illumination was achieved
by a lens (@1” UVFS Plano-Convex Lens, f = 150.0 mm, ARC:
350-700 nm, Thorlabs LA4874-A-ML), focused on the back focal
plane of the objective (alpha Plan-Fluar 100x/1,49 Oil M27, Carl
Zeiss AG, Germany). After light collection, a second lens
(Biconvex lens; N-BK 7; D = 25.4; F = 100; mounted, Qioptiq
G063854000) was used to focus the sample’s fluorescence on
the detection camera (ORCA-Flash4.0 V2 camera, Hamamatsu
Photonics). Image acquisition was controlled by the camera
software (HoKaWo 3.0). Each recording was manually stopped
after cell death. The employed imaging camera can only record
the total steady-state fluorescence signal; hence the localization
of the different fluorescent markers and their individual con-
tributions cannot be determined using this method. It should
be noted that, in contrast to confocal scanning with a diffrac-
tion limited focal spot size, in widefield illumination the whole
cell is exposed to laser irradiation for the entirety of the
measurement. This, in conjunction with the large diameter of
the collimated laser beam (several millimeters), leads to no
direct comparability of the exposure times and the irradiation
levels of the cells in widefield fluorescence image acquisition
and the parameters texp/pix and I, defined for the acquisition of
confocal scanning measurements.

Fluorescence spectra acquisition

Fluorescence spectra were acquired using an Acton SP300i
spectrometer (Princeton Instruments, USA) with a grating of
300 grooves per mm, coupled to a thermoelectrically cooled
CCD camera (PIXIS 100, Princeton Instruments, USA) at a
detector temperature of —45 °C. Spectra acquisition was
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controlled by the Winspec software package (Princeton
Instruments, USA).

Results

The focus of this manuscript is the investigation and visualiza-
tion of cell damage and death caused by PDT on a subcellular
level. For this purpose, three different dyes, the chemical
structures of which are shown in Fig. 1(a), were employed.
The first probe is hypericin, which takes on a dual function as
both a fluorescent marker and the photosensitizer for PDT. The
second dye, resorufin, is mainly released into the surrounding
medium and only a small amount remains in the cell’s cyto-
plasm. Thus, it enables drawing conclusions on the cell
membrane integrity and indicates if the surrounding medium
is entering the cell. The third fluorescent probe is propidium
iodide (PI), which is only fluorescent when intercalated into
DNA/RNA. Furthermore, it is unable to diffuse through intact
cell membranes and can only enter the cell/nucleus in case of
decreasing membrane integrity or even rupture. Therefore, PI
mainly functions as an indicator for cellular damage and death.
These three dyes have very distinct optical properties. The
respective fluorescence spectra and lifetime histograms are
presented in Fig. 1(b). All three dyes have different fluorescence
emission maxima (584 nm resorufin, 600 nm hypericin and
622 nm PI), however, there is a significant overlap between the
individual spectra making it difficult to distinguish the dyes
only based on the fluorescence intensity. In contrast, the
fluorescence lifetime strongly differs for these dyes, where
resorufin has the shortest lifetime of 2.8 ns, followed by
hypericin with 6.8 ns, and PI with a long lifetime of 12 ns in
complete cell culture medium. The TCSPC histograms of the
individual dyes and the fits thereof are displayed in Section 2 of
the (ESIt). Fig. 1(c) shows an exemplary FLIM composite image,
which is the superposition of a photoluminescence (PL) inten-
sity image (gray in Fig. 1(c)) and a FLT image. In the final FLIM
composite image, the FLT is represented by the color and the
fluorescence intensity is given by the brightness. The black
curve in Fig. 1(d) presents the histogram of the photon arrival
times for all pixels in the FLT image showing three maxima at
the average lifetimes of the three fluorescent probes. Addition-
ally, the histograms of the regions of interest (ROI) marked in
Fig. 1(c) are given in Fig. 1(d) in the respective colors. This data
shows that the polar compound resorufin is mainly located
outside the cell. As expected, we observe the highest accumula-
tion of hypericin in the ER, but it is also distributed throughout
the cytoplasm, likely associated with mitochondria, the Golgi
apparatus, and lysosomes. A small amount of PI can already be
detected inside the cell nucleus. The ability to detect this small
amount of PI in the early stages of cell death, when membrane
permeabilization is just beginning, is made possible by the
single-molecule sensitivity of the employed confocal micro-
scope. The accumulation behaviour of the dyes can be deduced
from their individual contributions to the overall fluorescence

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of hypericin-induced PDT in single glioma cells. (a) The chemical structures of hypericin, resorufin and PI. (b) The fluorescence
spectra and fluorescence decay curves for hypericin (green), resorufin (blue) and PI (red) in medium solution, acquired by excitation with a 405 nm laser.
The respective fluorescence lifetimes t are 2.8 ns for resorufin, 6.8 ns for hypericin and 13 ns for PI. (c) depicts a composite FLIM image of a single glioma
cell in an early PDT stage. The composite FLIM image's color is given by the FLT recorded at each pixel, while the brightness is determined by the PL
intensity. Three regions of interest (ROI) are indicated in (c), where the fluorescence signal is dominated by one specific dye, [ROI#1 (nucleoli): PI, ROI#2

(ER): hypericin, ROI#3 (medium): resorufin]. The occurrence histograms in (d

FLT for the full image (black) and the ROIs in (c).

of the cell, which are exemplarily imaged in Fig. S3.3 of the
ESLT

FLIM composite image series were acquired to reveal reg-
ularities in the progression of cellular damage to determine a
plausible mechanism of glioma cell death induced by hypericin
PDT. FLIM image acquisition and hypericin PDT are simulta-
neously initiated by the excitation laser and image sequences
are recorded for single glioma cells. The first step is to locate a
cell of interest and to determine suitable acquisition para-
meters with a low irradiance of around 1 pW pm™ 2, which
was found to not cause significant photodamage to the cells.
For image acquisition, the irradiance is increased to initiate
PDT while simultaneously acquiring time-resolved PL data. The
irradiance was adjusted to 7-10 uW um ™2, which is low enough
to cause a slowly proceeding cell damage and thus to enable the
visualization of the PDT progression over the course of multiple
images (which are labeled M1...M8). The acquisition and
analysis principles of FLIM images presented in this work are
given in Section 3 of the (ESIt). Fig. 2 shows the progression of
PDT for a single glioma cell incubated with hypericin and
resorufin displaying individual stages of cellular damage. In
Fig. 2(a) M1, the cell is still intact, as indicated by its morphol-
ogy with an elongated shape with narrow branches and the

© 2024 The Author(s). Published by the Royal Society of Chemistry

) display the number of photons that are associated with a certain average

bulky body center containing the cell nucleus (dark due to
extremely low fluorescence intensity). Resorufin with a FLT of
2.8 ns dominates the fluorescence of the medium surrounding
the cell. Hypericin with a FLT of 6.8 ns is mainly accumulated
in the ER around the nucleus but can also be found within the
cytoplasm. In contrast to the fluorescence emitted from the
outside medium and the cell’s ER, the overall fluorescence of
the cytoplasm is not dominated by a single dye but is a
combination of both hypericin and resorufin fluorescence. As
a result, the intensity weighted average fluorescence lifetime
value (tavine) Of the cytoplasm is approx. 5 ns, in between the
values recorded for the two contributing dyes. With ongoing
PDT progression (Fig. 2(a) M2-4), overall cell and nucleus
contraction and rounding can be observed, which is accompa-
nied by a formation of cell membrane blebs. Blebs mainly occur
at membrane sites around the ER and expand to create large
protrusions (M4, white arrows). While the cell membrane is
already severely distorted by surface protrusions in M4, its
integrity is still maintained as indicated by the low fluorescence
intensity inside the protrusions and no significant increase of
the amount of resorufin in the cell. Between Fig. 2(a) M5 and
M6 rupture of the cell membrane occurs. During the final
stages of PDT (Fig. 2(a) M6-M8) the cell membrane stability
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cb00107a

Open Access Article. Published on 08 October 2024. Downloaded on 7/21/2025 4:58:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Chemical Biology

a) Aexe = 405 nm; I = 9.4 yW/um?; Image size = 24x24 ym in 200x200 pix; texp/Pix = 3.4 ms per frame
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(a) Composite FLIM image series of a single glioma cell after hypericin incubation and resorufin conversion. Cell contraction and rounding can be

observed in M1 to M3, together with a decrease of hypericin PL intensity. Formation of protrusions of the cellular membrane close to the ER is visible in
M4. Further swelling until rupture of the cell membrane occurs between M5 and M8. (b) Series of fluorescence spectra acquired in the cell’s ER at the
locations marked by the white cross in M1-M7. (c) Evolution of the overall fluorescence intensities of hypericin and resorufin recorded in each image of
the series. The acquisition parameters of the imaging series are displayed on top of the figure.

is compromised. The decreasing ta,m: values in the cell from
approx. 5 ns in Fig. 2(a) M5 to approx. 3.5 ns in M8 indicate that
the cell is progressively flooded with the surrounding medium,
resulting in expansion and complete rounding of the cellular
body. At this stage, cell organelles are hardly visible anymore
and resorufin is the dominant fluorescence emitter within the
entire glioma cell.

With ongoing deformation and membrane blebbing the
hypericin fluorescence in the overall image steadily decreases,
as shown in Fig. 2(c), where the sum of all photons emitted by
hypericin and resorufin are displayed for each image in the
series (for information on how the total fluorescence emitted by
the individual dyes in each image is extracted see Section 3.1 of
the ESIT). This trend is also evident from the spatially resolved,
steady state fluorescence spectra displayed in Fig. 2(b),
acquired in the cell’s ER after each FLIM acquisition. At time
point M1, the fluorescence spectrum shows a strong signal of
Hypericin at 600 nm with a small contribution of resorufin
(shoulder at 584 nm). Over the course of the PDT, the

1224 | RSC Chem. Biol., 2024, 5,1219-1231

fluorescence signal of hypericin steadily decreases, whereas
the resorufin signal increases. Especially at Fig. 2(a) M7, a
strong increase of the resorufin fluorescence intensity can be
observed, which is consistent with the average FLTs observed in
the FLIM images. At Fig. 2(a) M8, the cell is completely flooded
with the surrounding medium and the overall fluorescence
spectrum closely resembles the emission of resorufin with only
a small contribution from hypericin. A second series of FLIM
composite images for a hypericin-incubated and resorufin
surrounded cell is displayed in Section 4 of the ESL{ The same
mechanistic steps in the cell death are observed there, namely a
contraction and rounding of the cell, a steadily decreasing
hypericin contribution to the overall fluorescence, the for-
mation of numerous small surface blebs that quickly merge
to form larger surface protrusions, easing of the membrane
stability and finally flooding of the cell with the surrounding
medium.

To ensure that the reproducibly observed cell death is
caused by hypericin-induced PDT and is not solely a result of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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photodamage caused by the laser irradiation, control measure-
ments of glioma cells that were not incubated with hypericin
were performed at laser powers larger than the ones used for
hypericin PDT induction of 7-9 uyW pm™? at Ay = 405 nm.
These control experiments of cells without hypericin incuba-
tion are displayed and discussed in Section 5 of the ESL{ In
summary, without the presence of the PDT sensitizer hypericin,
we observed no significant cell damage after irradiating the
single glioma cells in a comparable manner.

Further experiments were carried out, where PI was supple-
mented to the cultivation to act as a fluorescence marker
sensitive to cell stress and death in the lifetime imaging
measurements. The investigation of hypericin PDT on a single
glioma cell with resorufin and PI present in the culture medium
is displayed in a series of FLIM composite images in Fig. 3.

Again, resorufin is mainly located in the surrounding med-
ium, as demonstrated by average FLTs of 3 ns around the
glioma cell. Immediately after PDT induction (Fig. 3(a) M1), the
cell morphology is unchanged, and the glioma cell has an
elongated, narrow shape. Hypericin is accumulated throughout
the entire cell with the largest concentration inside the ER, as
illustrated by the bright green color for hypericin FLTs of
approximately 7 ns. Only miniscule amounts of PI are found
inside the cell, as the selective permeability of the membrane is

a)
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still intact. The contribution of the individual dyes to the
overall fluorescence decay of the intact cell, and their evolution
as the PDT progresses are depicted and discussed in Section 6
of the ESL{ In the early stages of PDT, contraction of the
cellular body accompanied by membrane bleb formation is
observed (Fig. 3(a) M2-4). At this early stage of cellular damage,
small amounts of PI are found to already enter the cell and bind
to DNA in the nucleoli in the nucleus. As a result, from Fig. 3(a)
M2-4 the nucleoli become increasingly fluorescent with a long
average FLT of 12-13 ns (red). The small membrane blebs on
the bottom of the cell in Fig. 3(a) M3 merge and form a large
protrusion in M4/M5. This is accompanied by a strong increase
in PI fluorescence, as can be seen in Fig. 3(b) and the FLIM
image itself. The final steps of PDT (Fig. 3(a) M5-8) are
characterized by the glioma cell fully rounding and flooding
with the surrounding medium. Large areas with average life-
times above 9 ns show a strong increase of the amount of PI
binding to DNA and/or RNA compared to earlier stages. This
drastic increase of PI fluorescence is also evident from Fig. 3(b).
However, remnants of the ER are still observed as spots in the
cytoplasm. The FLT of 13 ns observed in the nucleus (red color)
shows a strong accumulation of PI and indicates the final cell
death. Overall, the fluorescence intensity is increased in the
entire cell, which is illustrated by the brighter and more intense

Aexe = 405 nm; I = 7.8 uyW/um?; Image size = 24x24 ym in 300x300 pix; texp/PiX = 7.5 ms per frame
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(a) Composite FLIM image series of a single glioma cell after hypericin incubation, Pl supplementation, and resorufin conversion. (b) Evolution of

the overall fluorescence intensities of hypericin, resorufin and Pl recorded in each image of the series. The fluorescence spectra acquired at the position
markers are displayed in Fig. 4. The acquisition parameters of the imaging series are displayed above.
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false colors of the FLTs. Fig. 3(b) illustrates this trend by
showing the fluorescence intensity of the three fluorescent
probes during PDT progression. Again, a decrease of the
hypericin fluorescence intensity can be observed, which is
accompanied by a strong increase of the resorufin and PI
fluorescence intensity at later PDT stages. A comparable PDT
progression of another single glioma cell with hypericin incu-
bation and resorufin and PI supplementation is depicted in
Section 7 of the ESIL{ Within the composite FLIM images,
steady state fluorescence spectra were recorded at the spatial
positions marked in Fig. 3. These spectra are presented in
Fig. 4.

After the recording of each FLIM image presented in Fig. 3,
fluorescence spectra were acquired at different spatial positions
corresponding to certain cellular features; namely ER, nucleus,
protrusion and outside. The exact positions are indicated in
Fig. 3. Each subplot of Fig. 4 shows a 2D surface representation
(left), the individual spectra (upper right) and the spectral
composition (lower right) determined by spectral unmixing.
In this context, the spectral composition refers to the relative
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contribution of the individual components to the sum spec-
trum and is not a direct measure of the concentrations of the
dyes (see ESLt Section 8 for more information). The spectra
acquired in the ER are shown in Fig. 4(a). At time point M1, the
fluorescence spectrum shows a strong signal of hypericin at
600 nm with a small contribution of resorufin (shoulder at
584 nm). In the first steps of the PDT (M1-4), the hypericin
fluorescence intensity in the ER decreases, which can be
attributed to a combination of direct photobleaching of hyper-
icin due to the irradiation and bleaching due to the formation
of ROS created in the immediate surrounding of the hypericin
during the PDT. The triplet transition and the quenching of the
triplet absorption in the presence of oxygen was confirmed with
nanosecond transient absorption measurements of hypericin
in DMSO and in aqueous solution which are displayed and
discussed in Section 9 of the ESIL.{ The fluorescence intensity of
resorufin and PI are hardly altered since the selective perme-
ability of the still intact cell membrane prevents them from
entering the cell. At later stages, the contributions of resorufin
and PI to the spectra significantly increase, indicating the
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Fig. 4 Spatially resolved fluorescence spectra recorded on the locations of the corresponding markers indicated in Fig. 3. All spectra were recorded at

the same wavelength and laser power used for the FLIM image acquisition (Aexc = 405 nm, | = 7.8 pyW pm™
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2) with an integration time of one second.
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influx of the surrounding medium into the cell (as reflected by
the increased resorufin PL intensity) and the progression of
cellular damage (as reflected by the increased PI PL intensity).
In Fig. 4(b), the corresponding spectra acquired in the cell’s
nucleus are shown. For the early measurements (M1-M4), the
fluorescence intensity in this region is only approx. 20% of the
PL intensity of the spots measured in the ER (see inset in the
top right plot in Fig. 4(b)) and only small amounts of hypericin,
resorufin and PI can be found. The spectral composition
suggests that the main fluorescence component is hypericin,
followed by resorufin. After M5, the PI fluorescence intensity
strongly increases, until hardly any signal of hypericin and
resorufin are visible, suggesting strong damage to the cell and
ultimately cell death. Fluorescence spectra acquired in the large
protrusion after M4 (Fig. 3) are shown in Fig. 4(c). Immediately
after bleb formation in M4, the spectra closely resemble the
spectrum of a combination of resorufin and hypericin, which is
validated by the spectral composition plot. This implies that
the initial protrusion is filled with the cell’s cytoplasm, within
which both dyes are found to contribute approximately equally
to the overall PL decay. In the next measurement (M5), however,
the membrane stability appears to be compromised as the
composition changes towards higher contributions of resorufin
and PI, which are entering the damaged cell. Over the course of
PDT, the hypericin fluorescence intensity decreases, whereas
resorufin only shows small changes. The main indicator of the
overall cell damage is again PI, which shows a strong increase
of its fluorescence intensity at the later PDT stages. Finally, the
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fluorescence spectra acquired from the medium outside the
cell are shown in Fig. 4(d) and are mainly dominated by
resorufin. Only at the last PDT stages, a small amount of
hypericin and PI are observed here, since they are released into
the medium due to the damaged cell membrane.

A typical acquisition time for a FLIM image is 5-10 min,
hence fast dynamics of the PDT process cannot be resolved. By
contrast, morphogenic changes can be visualized much faster
with widefield fluorescence images. This enables insights into
cellular processes that are happening too fast to be captured by
the slow, pixel-by-pixel-scanning based FLIM measurements.
Fig. 5 shows selected frames of a video recorded at 0.33 frames
per s to visualize fast dynamics of hypericin-induced PDT in
single glioma cells. More widefield fluorescence image series
are shown in Section 10 of the ESI.f The stages of cell death
observed in the widefield images are in good agreement with
those observed by means of confocal scanning measurements.
In the beginning, the cell has an intact, elongated shape and
the strongest total fluorescence signal is observed in the ER
which we know from the FLIM experiments to be caused by
hypericin accumulation. With ongoing PDT progression, we
observe cell contraction, rounding, and a decrease of the
hypericin fluorescence, especially in the ER. After approx.
120 s, the cell surface exhibits blebs that merge to form larger
protrusions. This is followed by a significant increase of the
overall PL throughout the whole cell body, with the most
pronounced increase observed in the nucleolus. This results
from an increasing PI intercalation into RNA and DNA in the

|
600 pW 5pm 600 uW

g) 4~ 237s h)

]
600 uW 5pm 600 yW

(a) Series of widefield fluorescence images showing the effect of hypericin-induced PDT on a single glioma cell incubated with hypericin and PI.

Different stages of cell damage are deductible, including rounding of the cell body (b)-(d), membrane bleb formation (d)-(f), explosive membrane
rupture ((g), yellow arrow), and finally cell death (h). The membrane rupture is accompanied by the release of cytoplasm content into the extracellular
environment. The overall recorded fluorescence intensity is continuously increasing, which results from more Pl entering the damaged cellular body and

binding to RNA/DNA.
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nucleus and fragments in the cytoplasm due to a loss of cell
membrane stability. The rapid acquisition time of the widefield
fluorescence measurements allows us to capture the explosive
rupture of the cell membrane (Fig. 5(g)) occurring after 237
seconds of irradiation. The final stage of PDT is illustrated in
Fig. 5(h), where the rounded cell exhibits a high total fluores-
cence intensity signal, which from the FLIM experiments we
know to be nearly exclusively PI emission, indicating cell death.

Discussion

Spatially resolved fluorescence lifetime measurements and
spectroscopic examination of hypericin-induced PDT on glioma
cells revealed a sequence of cell damaging steps that include
cell shrinkage and rounding, membrane bleb formation, degra-
dation of the ER and finally breakdown of membrane stability
resulting in flooding of the cell with the surrounding medium
(Fig. 2 and 3).

The cellular contraction and rounding we observed shortly
after initiating the PDT with the excitation laser is reported to
be a typical feature of early apoptotic cell death.>*™® In the early
stages of PDT, following and accompanying the contraction
and rounding, we reproducibly observed membrane blebbing,
which is morphologically characterized by the formation of
small bubble-like bulges on the cell surface that can expand
and retract over time.>® During bleb expansion, the pressure
inside the cell temporarily increases and cytoplasm from the
cell body flows into the bleb.®® A prominent example of this
membrane blebbing can be seen in FLIM image M3 of Fig. 3(a),
where the cellular membrane towards the bottom of the image
shows small bubble-like bulges. This type of membrane bleb-
bing is also reported to be a typical feature of apoptotic cell
death.>>"®

As the PDT progresses, the formation of one or multiple
large membrane protrusions was observed. These are caused by
a detachment of the membrane from the cytoskeleton (acto-
myosin cortex).®®* Such protrusions are characteristic for
necrosis, and are described to be larger, more transparent
and non-retractable in comparison to apoptosis blebs.®%?
The formation of such large surface protrusions, which we
most commonly observed forming close to the ER, being the
site of highest hypericin concentration, can be seen in panel
M4 of Fig. 2 and 3. The extent of this phenomenon is perhaps
most dramatic in the panels following M5 of Fig. S4.1 in the
ESL.f The fact that initially only very little fluorescence is
recorded from within the protrusions, despite using an extre-
mely sensitive avalanche photodiode for detection, indicates
two key points. Firstly, the stability of the cell membrane, at
this stage, is still largely intact. If the membrane had been
compromised, the surrounding medium would have flooded
the cell, and the photoluminescence of resorufin would have
been detected inside. Secondly, the cytoskeleton of the cell
initially remains mostly intact. Otherwise, the fluorescence of
cellular components from within the cytoskeleton would have
been detected within the protrusion. This tells us that the
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protrusion is a result of an active cellular process set in motion
by the PDT, rather than a passive event caused by membrane
rupture or cell lysis. As the PDT progresses, the cell membrane
stability eases and the surrounding medium floods the cell. This
results in resorufin and/or PI dominating the photoluminescence
(PL) of the cell, as seen in the final panels of the FLIM series.

We quantified the fluorescence emitted by the individual
dyes to show that the absolute amount of hypericin fluores-
cence from the cells decreases drastically as PDT progresses
(Fig. 1(c), 2(b) and 4(a)—(c) of the main manuscript and Fig. S4.1
of the ESIY). Given that very low powered, pulsed excitation was
used, this decrease in hypericin fluorescence is unlikely to be
solely due to photobleaching. Instead, we attribute it to the
decomposition of cellular structures where hypericin accumu-
lates and the degradation of hypericin itself caused by PDT-
generated reactive oxygen species. This hypothesis is supported
by the loss of distinct ER structure observed in the FLIM
images, ultimately leaving behind only fragmented remnants
of the ER. This is to be expected, as hypericin accumulates in
the ER, making it the primary site of PDT-induced ROS produc-
tion, resulting in a significant level of ER stress during PDT.
The ER as an important reaction site in hypericin PDT is highly
linked to mitochondria via mitochondria-associated mem-
branes (MAMs) that are stated to play a role in various cell
death mechanisms in cancer, including apoptosis and
necrosis.® The activated cell death mechanism is supposed
to be strongly dependent on the stressors, availability of certain
compounds in the ER and mitochondria, and on cellular, as
well as environmental conditions.®®>™®” ER stress is reported to
primarily induce apoptosis,®®”’° but was in some cases also
shown to cause necrosis.”*7*

The observed initial contraction and rounding of the cell
and the observation of small, retracting membrane blebs imply
that hypericin-induced PDT of glioma cells initially triggers
apoptosis. The formation of the large surface protrusions
indicates that this initially apoptotic cell death is followed by
necrosis as the PDT progresses. The assumption of an initial
apoptotic and continued necrotic cell death mechanism is also
supported by the observed breakdown of membrane stability
and flooding of the cells with the surrounding medium (Fig. 2:
between M6 and M7, Fig. 3: between M5 and M6). Widefield
fluorescence images revealed that the rupture of the membrane
resulting in the release of cytosolic content occurs in an
explosive manner (Fig. 5(g)). The abrupt pressure release due
to membrane rupture is defined to be a necrotic attribute,
which further emphasizes the previously proposed mechanism
of cell death.”® After membrane disruption, large amounts of PI
diffuse into the cell at once intercalating into DNA/RNA frag-
ments in the cytoplasm and nucleus, marking the final stage of
necrotic cell death, where no apoptotic bodies are observed. In
conclusion, based on the analysis of FLIM composite images,
spatially resolved spectroscopy and widefield fluorescence
microscopy, apoptotic and necrotic features were observed for
hypericin-induced PDT on glioma cells, suggesting apoptosis to
be the initial mechanism followed by necrosis after sustained
irradiation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In this work, the mechanism of hypericin-induced PDT was
investigated in single glioma cells. For this purpose, glioma
cells were incubated with hypericin and supplemented with the
two additional fluorescence markers resorufin and PI. These
three fluorescence markers were chosen as they display distinct
FLTs, which allows us to easily distinguish and locate them
within a glioma cell. Furthermore, all three markers serve a
specific purpose, i.e., hypericin is deployed as photosensitizer
for PDT, resorufin is used to label the surrounding medium
and PI indicates cellular stress/damage. The combination of all
three fluorescence compounds enables us to investigate the
individual steps of hypericin-induced PDT on glioma cells and
to deduce specific damaging patterns that are indicative of the
different programmed cell death mechanisms. We attribute the
observed initial cell body shrinkage and bleb formation to be
typical features of apoptosis, while the formation of large, non-
retracting protrusions, the absence of apoptotic bodies and the
explosive membrane rupture were identified as necrotic cell
death characteristics. In accordance with control cells, all
observed cellular changes during hypericin PDT were proven
to be treatment-specific and not to be triggered by laser
irradiation. As a result, the cell death occurring in hypericin-
induced PDT on glioma cells was found to be primarily apop-
tosis followed by necrosis. Our study generated new insights
and perspectives on hypericin PDT that should contribute to its
successful implementation and improvement as an application
in brain tumor treatments.
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