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A B S T R A C T   

The fluorescence lifetime of a porphyrinic photosensitizer (PS) is an important parameter to assess the aggre
gation state of the PS even in complex biological environments. Aggregation-induced quenching of the PS can 
significantly reduce the yield of singlet oxygen generation and thus its efficiency as a medical drug in photo
dynamic therapy (PDT) of diseased tissues. Hydrophobicity and the tendency to form aggregates pose challenges 
on the development of efficient PSs and often require carrier systems. A systematic study was performed to probe 
the impact of PS structure and encapsulation into polymeric carriers on the fluorescence lifetime in solution and 
in the intracellular environment. Five different porphyrinic PSs including chlorin e6 (Ce6) derivatives and tet
rakis(m-hydroxyphenyl)-porphyrin and -chlorin were studied in free form and combined with poly
vinylpyrrolidone (PVP) or micelles composed of triblock-copolymers or Cremophor. Following incubation of 
HeLa cells with these systems, fluorescence lifetime imaging combined with phasor analysis and image seg
mentation was applied to study the lifetime distribution in the intracellular surrounding. The data suggest that 
for free PSs, the structure-dependent cell uptake pathways determine their state and emission lifetimes. PS 
localization in the plasma membrane yielded mostly monomers with long fluorescence lifetimes whereas the 
endocytic pathway with subsequent lysosomal deposition adds a short-lived component for hydrophilic anionic 
PSs. Prolonged incubation times led to increasing contributions from short-lived components that derive from 
aggregates mainly localized in the cytoplasm. Encapsulation of PSs into polymeric carriers led to monomer
ization and mostly fluorescence emission decays with long fluorescence lifetimes in solution. However, the ef
ficiency depended on the binding strength that was most pronounced for PVP. In the cellular environment, PVP 
was able to maintain monomeric long-lived species over prolonged incubation times. This was most pronounced 
for Ce6 derivatives with a logP value around 4.5. Micellar encapsulation led to faster release of the PSs resulting 
in multiple components with long and short fluorescence lifetimes. The hydrophilic hardly aggregating PS 
exhibited a mostly stable invariant lifetime distribution over time with both carriers. The presented data are 
expected to contribute to optimized PDT treatment protocols and improved PS-carrier design for preventing 
intracellular fluorescence quenching. In conclusion, amphiphilic and concurrent hydrophobic PSs with high 
membrane affinity as well as strong binding to the carrier have best prospects to maintain their photophysical 
properties in vivo and serve thus as efficient photodynamic diagnosis and PDT drugs.   

1. Introduction 

Porphyrinic photosensitizers (PSs) are used in photodynamic 

diagnosis (PDD) and therapy (PDT) of diseased tissue and in theranostic 
approaches combining PDD and PDT in one treatment [1,2]. The PSs are 
distinguished by their photophysical properties including light 
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absorption in the therapeutic window of 650–850 nm where tissue 
penetration of light is optimal [3]. They exhibit fluorescence emission 
from their excited singlet states with structure-dependent fluorescence 
quantum yields typically lying in the range of 10% for free-base por
phyrins [4,5] but also less or about two- to four times higher [5,6]. The 
formation of highly reactive singlet oxygen through energy transfer from 
the PSs’ excited triplet states to molecular oxygen is mostly responsible 
for controlled tissue damage in PDT [1,7]. In addition, porphyrinic PSs 
normally show low dark toxicity and accumulate in proliferating tissues 
[8]. The development of efficient porphyrinic PSs faces challenges due 
to their often low water solubility and pronounced tendency to form 
aggregates via stacking of the planar macrocyclic ring systems leading to 
fluorescence quenching and consequential loss of their photodynamic 
activity [9,10]. This can be overcome by using suitable drug delivery 
systems, mostly nanosized particles of organic or inorganic materials. 
Therefore, today, PSs are often applied in combination with specific 
supramolecular, nanosized carriers [11,12]. Carriers enhance the solu
bility of the drug. They protect the drug during transport through the 
blood stream by preventing its premature clearance, reduce drug 
toxicity and thus side effects. Carriers possibly increase tumor accu
mulation via the enhanced permeability and retention effect and can 
provide a platform for targeting using specific surface ligands or for 
combining different drugs by co-encapsulation. 

Consequently, studying the relevant photophysical properties of a 
given PS are ideally performed in the biological environment under 
consideration of its formulation. Structure, form, and size of carrier- 
nanoparticles affect cell uptake mechanisms and intracellular fate of 
the encapsulated drug molecules [13–15]. The intracellular PS locali
zation and interaction with cell components, i.e., the immediate mo
lecular surrounding of the PS inside the cell, finally govern its 
photodynamic efficiency and type of cell death pathways [16,17]. 
Numerous studies have addressed the intracellular distribution of por
phyrinic PSs by fluorescence microscopy taking advantage of the 
inherent fluorescence of the porphyrinic compound and applying co- 
staining with organelle specific fluorescent probes. These studies 
revealed that subcellular localization mainly takes place in lysosomes, 
plasma membranes, mitochondria, cytosol, or endoplasmic reticulum 
(ER) [16,18], but rarely in the nucleus. While the fluorescence intensity 
thus provides valuable information about the spatial distribution and 
the overall amount of the intracellular porphyrinic PS, it remains un
clear, to what extent aggregated or bound species are present. Moreover, 
the PS fluorescence may overlap with autofluorescence deriving from 
cell components [19–21]. 

Studying the temporal evolution, i.e., the fluorescence decay dy
namics, adds with the time-component further information to the fluo
rescence maps. This enhances the analytical selectivity for the 
fluorophore of interest, since the porphyrinic PSs typically have 
different fluorescence lifetimes compared to those of cell components. 
Moreover, the fluorescence decay dynamics are sensitive measures for 
PS aggregation and intermolecular interactions and are able to 
discriminate between different species of the same compound [22]. 
Therefore, fluorescence lifetime imaging microscopy (FLIM) is a 
powerful tool that allows monitoring spatially resolved fluorescence 
lifetimes of fluorophores in biological material like tissue or cells 
[10,21–24]. 

In the past, several studies have applied FLIM to address the fluo
rescence decay dynamics of porphyrinic PSs in various biological envi
ronments. They included the intracellular distribution of porphyrins 
[25–28], chlorins [28–31], phthalocyanines [32–34], bacteriochlorin 
distribution in mice [35], and PS distribution in tissue [36] and bacterial 
biofilms [37]. FLIM indicated different environments of porphyrins in 
normal and cancer cells [38]. Recently, it has been shown that the 
fluorescence lifetime of intracellular Ce6 derivatives is pH dependent 
and that this in turn contributed to localization-dependent emission 
decays of the PS, mainly in cytoplasm and lysosomes [31]. Notably, the 
intracellular aggregation behavior of porphyrinic PSs has been 

addressed by FLIM [28–30]. It has been shown that the fluorescence 
lifetime of intracellular PSs decreases over time possibly due to aggre
gation as was observed for tetrakis(m-hydroxyphenyl)chlorin (m-THPC) 
[28,29] and for protoporphyrin IX [26,28]. 

However, the impact of drug delivery systems on the intracellular 
fluorescence lifetimes of porphyrinic PSs has been rarely addressed. The 
aim of the current study was therefore, to determine how polymeric 
carrier systems could affect the time-resolved fluorescence emission 
dynamics of different porphyrinic PSs in the cellular environment. By 
incubating cultured cancer cells for different periods with pure or 
carrier-encapsulated PSs, it was investigated if the previously described 
intracellular PS aggregation could be prevented or reduced by the car
rier. For this, a systematic study was performed using a series of struc
turally related Ce6 derivatives as well as tetrakis(m-hydroxyphenyl) 
porphyrin (m-THPP) and m-THPC (temoporfin, active substance in the 
medicinal form Foscan®), the latter being an approved PDT drug [39] 
(Fig. 1). Structure selection was guided by the aim to cover PSs with a 
range of logP values and thus with differently pronounced tendencies to 
form aggregates in aqueous solutions. The PSs shown in Fig. 1 were 
combined with three different types of carriers for physical encapsula
tion. These included polyvinylpyrrolidone (PVP) that forms a molecular 
network (Fig. 2A) and is an approved, commonly applied and versatile 
carrier system for a wide range of drugs [40,41]. In addition, the micelle 
forming triblock-copolymer Kolliphor P188 (KP, Fig. 2B) and the 
Polyethylene-glycol-(PEG) ester of hydrogenated castor oil Kolliphor RH 
40 (RH, Cremophor, Fig. 2C) were used. Initially, the fluorescence life
time of the pure PS and PS-carriers was determined in solution. Subse
quently, FLIM was applied to HeLa-cells following treatment with the 
various PS formulations. The resulting fluorescence lifetime images 
were evaluated based on single pixel fitting, image segmentation, and 
phasor analysis. The phasor approach is a very powerful method 
allowing for the visualization of populations with similar decay dy
namics as clusters in the phasor space [42]. It has already been applied 
to show the presence of different porphyrin species [31,37] and to 
distinguish porphyrin clusters from intrinsic fluorophores in cells and 
tissues like skin [36]. 

2. Materials and Methods 

2.1. Materials 

2.1.1. Chemicals 
The PSs Ce6, Ce6-serine amide (SerCe), chlorin e4 (Ce4), and Ce6- 

dimethyl ester (CeDME) were obtained from Frontier Scientific 
(Logan, Utah). 5,10,15,20-Tetrakis(m-hydroxyphenyl)porphyrin (m- 
THPP) [43] and 5,10,15,20-Tetrakis(m-hydroxyphenyl)chlorin (m- 
THPC) were kindly provided by the biolitec research GmbH, Jena, 
Germany. PVP (average MW = 10 kDa), the PEG-polypropylene glycol 
(PPG)-PEG triblock-copolymer Kolliphor® P188 (KP, average MW = 8.4 
kDa), and the PEG-ester of hydrogenated castor oil Kolliphor® RH 40 
(RH, average MW = 2.5 kDa) were purchased from Sigma-Aldrich 
(Buchs, Switzerland). Phosphate buffered saline (PBS, 50 mM, pH =
7.3) was prepared by mixing aliquots of 50 mM solutions of KH2PO4 and 
Na2HPO4 (provided by Sigma-Aldrich) in H2O containing 0.9% NaCl. 

2.1.2. Cell Culture 
The human epithelioid cervix carcinoma HeLa Cell Line originating 

from the European collection of authenticated cell cultures (ECACC) was 
purchased from Merck and was tested for absence of mycoplasma 
contamination upon arrival. Cells were cultured in minimum essential 
medium (MEM, Gibco) supplemented with 10% fetal bovine serum 
(FBS), 1% non-essential amino acids, 1% Penicillin-streptomycin- 
glutamine, 0.5% Chlortetracycline, 0.5% sodium-pyruvate and 0.1% 
uridine. The cells were cultivated in 75 cm2 flasks at 37 ◦C with 5% CO2 
and passaged twice a week by washing twice with 5 mL PBS, trypsinated 
for 5 min with 2 mL trypsin-EDTA (0.05%) and deactivated with 2 mL 
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Fig. 1. Structures of the photosensitizers (A) Chlorin e6 (Ce6); (B) Chlorin e6 serine amide (SerCe); (C) Chlorin e4 (Ce4); (D) Chlorin e6 dimethyl ester (CeDME); (E) 
5,10,15,20-Tetrakis(m-hydroxyphenyl)porphyrin (m-THPP); and (F) 5,10,15,20-Tetrakis(m-hydroxyphenyl)chlorin (m-THPC). 

Fig. 2. Structures of the polymeric carrier units and sketch of the carrier particles (A) Polyvinylpyrrolidone (PVP) and PVP-network; (B) Polyethylene-block- 
polypropylene-polyethylene-glycol Kolliphor P188 (KP) and KP-micelles; (C) Polyethylene-glycol-ester of hydrogenated castor oil Kolliphor RH 40 (RH, Cremophor) 
and RH-micelle. 
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MEM. Cells were stored in freezing medium containing 10% dimethyl 
sulfoxide (DMSO), 10% FBS and 80% MEM. Paraformaldehyde (PFA, 
16%, Electron Microscopy Sciences) was used for cell fixation. 

2.2. Sample Preparation 

2.2.1. Solutions for Fluorescence Lifetime Measurements 
For each of the porphyrinic compounds Ce6, SerCe, Ce4, m-THPP, 

and m-THPC, a solution in ethanol was prepared at concentrations of 1 
μM and 100 μM. In addition, aqueous solutions of each compound were 
prepared at concentrations of 1 μM, 10 μM, and 100 μM without carriers, 
as well as encapsulated in KP or PVP. For this, 1 mM stock solutions of 
the PSs in DMSO were diluted with water or a solution of the carrier in 
water to obtain the desired PS concentrations (final DMSO conc. 2%). 
The concentration of KP was kept constant at 3 mM, which is well above 
the critical micelle concentration (cmc) of approximately 0.45 mM [44]. 
For PVP, the molar ratio of PVP: PS was 10: 3. The measurement of the 
first time point (t = 0 h) was performed immediately after dilution. 
Follow-up measurements of each solution were performed after 1 day 
and after 4 days. During this time, the solutions were left standing in the 
dark at room temperature. 

2.2.2. HeLa Cells Incubated with Varying Formulations of Porphyrinic PSs 
The following incubation solutions were prepared using a stock so

lution of 1 mM PS in DMSO: (i) 5 μM PS in PBS; (ii) 5 μM PS / 16.7 μM 
PVP; (iii) 5 μM PS / 3 mM KP or 3 mM RH. Cells were counted and 
seeded on coverslips into 12 well plates in 1 mL MEM to reach a density 
of 360 cells/mm2 after incubation time (HeLa doubling time is 35 h). 
Cells were incubated either with 5 μM pure PS solutions or with 5 μM PS 
/ carrier solution and kept in dark. Exposure to the PS solutions was 3 h, 
12 h, and 24 h. Afterwards cells were collected and washed with PBS, 
fixed with 150 μL of 4% PFA for 15 min and washed twice with PBS. 
Then the coverslips were flipped onto a microscopy slide with PBS as 
mounting medium and sealed with nail polish. The samples were kept in 
the fridge until measurements were recorded. Efficient uptake of Ce6 
derivatives either alone or associated with PVP or KP by HeLa cells has 
been shown in previous studies using flow cytometry [6,15]. 

According to the above sample preparations, all PS concentrations 
mentioned in this study (1/10/100 μM for solutions and 5 μM for cells) 
refer to the PS concentration that was initially added to the solution or 
loading medium. Potential non-encapsulated PSs were not removed, 
because all fluorescence lifetime data obtained with carriers were 
compared to the corresponding carrier-free samples as reference. 
Moreover, this approach allowed to monitor – where applicable – po
tential further disaggregation over time in the presence of carriers or 
upon cell entry. 

2.3. Fluorescence Lifetime Measurements 

2.3.1. Instrumentation 
Fluorescence lifetime measurements were conducted in time- 

correlated single photon counting (TCSPC) mode using a Zeiss LSM 10 
confocal laser-scanning microscope adapted for fluorescence lifetime 
imaging using a FLIM upgrade kit (Becker & Hickl PZ-FLIM-110). A Zeiss 
Achroplan 40× objective with a numerical aperture of 0.75 was used, 
resulting in a theoretical optical section thickness of at minimum 3.1 μm. 

Fluorescence excitation was conducted using a pulsed diode laser 
(PicoQuant LDH-C 400) with a wavelength of 405 nm and a pulse length 
of 130 ps. While for in vivo PDT longer excitation wavelengths in the 
optimal therapeutic window are advantageous, the excitation wave
length of 405 nm used here has often been applied in fluorescence 
lifetime studies on porphyrinic compounds in the literature [22] and is 
expected not to affect the fluorescence lifetime according to previous 
reports [45]. Emission was measured from 590 nm to 720 nm. Mea
surements were conducted at a pulse repetition rate of 20 MHz, yielding 
an average photon counting rate of 105 s− 1. 

The setup further includes a piezo scanning stage (Mad City Labs 
NanoStage) with a maximum scan area of 200 × 200 μm2 and a bright 
field illumination system used for FOV acquisition. The detector used 
was a Becker & Hickl HPM-100-40 hybrid PMT, together with a Becker 
& Hickl SPC-160 digitizer card. The entire setup was controlled through 
the Becker & Hickl SPCM64 software. 

2.3.2. Data Analysis 
Measurements were analyzed using SPCImageNG software (Becker & 

Hickl). Fluorescence decay curves were fitted using eq. (1) 

F(t) =
∑n

i=1
Ai*exp

−

(

t
τi

)

(1)  

where τi represents the individual fluorescence lifetimes and Ai the 
molar fraction of i components. For model-based evaluation, a multi- 
exponential model was used with lifetimes τi constrained to the inter
val [0, 99] ns. The Instrument Response Function (IRF) was estimated 
from the decay curve by differentiation of the rising edge and therefore 
did not need to be measured explicitly. 

Phasor data was calculated in SPCImageNG and subsequently 
exported for further processing in Python using NumPy and scikit-image 
modules. Cell membrane masking was accomplished manually in 
SPCImageNG. 

3. Results and Discussion 

3.1. Fluorescence Lifetime of PSs in Solution 

Porphyrinic compounds have a high tendency to form aggregates in 
water via stacking of their planar π-conjugated ring systems. Besides π- 
π-interactions, hydrophobic van der Waals as well as electrostatic in
teractions and hydrogen bonding can contribute to aggregate formation 
and stabilization. The extent of aggregation depends on factors like 
concentration, temperature, solvent, hydrophobicity, and peripheral 
substitution pattern [46–48]. Depending on the arrangement of the self- 
assembled macrocycles, either H-aggregates with parallel stacked face- 
to-face units or J-aggregates with slipped head-to-tail units are formed 
[49]. Both, aggregate structure, and size have a pronounced impact on 
the photophysical properties of the PS [49,50]. While H-aggregates 
are—with a few exceptions—non-emissive, J-aggregates exhibit fluo
rescence [51]. However, their fluorescence lifetimes are in general 
strongly reduced upon dimer or higher aggregate formation where non- 
radiative processes prevail leading to fluorescence quenching [19,50]. 

In the present study, the fluorescence lifetimes of five PSs, namely 
SerCe, Ce6, Ce4, m-THPP, and m-THPC (Fig. 1), were initially studied in 
aqueous solution without carriers as well as encapsulated either in PVP 
or KP (Fig. 2), before cell experiments were performed. To probe the 
impact of potential aggregation onto the lifetimes, different PS con
centrations were applied (1 μM, 10 μM, and 100 μM) and the solutions 
were left standing at room temperature and measured at three time 
points (0, 1 d, and 4 d). The resulting τ-values for the different condi
tions are displayed as bar plots in Fig. 3. While for the Ce6 derivatives 
(SerCe, Ce6, Ce4) uniform decay curves were obtained not indicating 
pronounced fluorescence quenching (Figs. S1-S3), the decay curves for 
m-THPP and m-THPC clearly appeared more heterogeneous indicating 
the presence of quenched short-lived components (Figs. S4 and S5). The 
main reason for this is most likely the higher tendency of m-THPP and 
m-THPC to form aggregates in aqueous solutions as will be outlined in 
more detail below (see 3.1.1). For comparison, the pure PSs were also 
measured in ethanol solution (Table 1) where they mostly exist as 
monomers. 

3.1.1. Fluorescence Lifetime of PSs in Solution Without Carriers 

3.1.1.1. Ce6 Derivatives. In aqueous solution, SerCe, Ce6, and Ce4 had 
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Fig. 3. Fluorescence lifetimes of the PSs SerCe, Ce6, Ce4, m-THPP and m-THPC in water (2% DMSO) solutions in the absence (blue) and presence of the carriers KP 
(red) and PVP (green). PS concentrations were 1 μM, 10 μM, and 100 μM. Each solution was measured immediately after preparation (t = 0) and subsequently after 1 
day and 4 days. The fluorescence decay curves were fitted with a multi-exponential function (displayed are the weighted average lifetimes τav). Decay curves, fit- 
curves and χr

2-values are given in the supporting material (Figs. S1-S5). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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similar emission lifetimes between 3 ns and 5 ns with only small changes 
over time and over the concentration range between 1 μM and 100 μM. 
This indicates that the Ce6 derivatives mainly exist as monomers in 
water under the applied conditions, since the fluorescence lifetime is a 
concentration independent parameter. However, the logP value and 
thus the hydrophobicity increases from SerCe to Ce4 by two units 
(Table 1). Our previous studies have shown that Ce4 indeed has a higher 
tendency to self-assemble with an onset of aggregation in PBS at a 
concentration of 2 μM [6] whereas dimerization was observed for SerCe 
around 20 μM [44]. Usage of water (2% DMSO) instead of PBS may 
account for a stabilization of the monomeric state in the present set-up 
since high salt concentrations were shown to favor aggregate formation 
of water soluble porphyrins [54]. Nevertheless, decreased τ-values 
observed for Ce6 and Ce4 at a concentration of 100 μM compared to 1 
μM suggest contributions from faster decaying dimeric or oligomeric 
species to the overall emission curves. The fluorescence lifetimes of the 
Ce6 derivatives measured in ethanol (4.5–5.5 ns, Table 1) agreed well 
with literature values [22] and were longer than the ones determined in 
aqueous solution. This difference can be explained by the solvent effect 
that leads to faster decays with increasing solvent polarity, since fluo
rophores exhibit larger dipole moments in the excited states [22,55]. 

3.1.1.2. m-THPP and m-THPC. For the two meso-substituted PSs m- 
THPP and m-THPC, a strong decrease of the fluorescence lifetime in 
water solution was observed even at the lowest concentration of 1 μM 
with τ-values between 0.3 ns and 4.5 ns (Fig. 3) compared to τ-values of 
around 9 ns in ethanol solutions (Table 1). This indicates pronounced 
aggregate formation in aqueous solution that goes along with larger logP 
values for these compounds compared to the Ce6 derivatives (Table 1). 
For m-THPP, the emission decays were also bi-exponential in ethanol. 
The second rather long-lived species for m-THPP at 100 μM (9.26 ns) is 
most likely due to J-type dimer formation and the same may hold for Ce6 
(5.19 ns and 3.95 ns, Table 1). The aggregation behavior of m-THPP and 
m-THPC is well documented in the literature where the formation of J- 
type (also H-type in case of m-THPP) aggregates in water and water- 
alcohol mixtures was proposed [56,57]. For m-THPC in water, there 
was also a drop in τ-values over time (0, 1d, 4d) at 1 μM and 10 μM 
(Fig. 3). This is in agreement with the previously reported time- 
dependent intracellular lifetime decrease of m-THPC from 8 ns to 5 ns 
over a period of 21 h, which was mainly attributed to increased aggre
gation besides potential contributions from self-quenching [29]. Such 
time evolution of self-assembled supramolecular structures is often 
encountered with porphyrinic compounds in aqueous media and con
stitutes a rather unwanted feature in PDT whereas controlled growth can 
be of advantage in other applications like the development of functional 
nanomaterials [58,59]. 

3.1.2. Fluorescence Lifetime of PSs in Solution in the Presence of Carriers 

3.1.2.1. Ce6 Derivatives. Encapsulation of the Ce6 derivatives SerCe, 
Ce6, and Ce4, into KP micelles and PVP yielded prolonged fluorescence 
lifetimes compared to the pure, carrier-free compounds in aqueous so
lution (Fig. 3) and similar or even longer compared to ethanol solutions 
(Table 1). The increase was most pronounced for PVP each at the highest 
chlorin concentration of 100 μM and the τ-values were constant over 
time at any of the applied concentrations. Previously, we have shown 
that amphiphilic Ce6 derivatives are well encapsulated as monomers in 
PVP [6,44,60]. Likewise, Ce6, SerCe, and Ce4 exist as monomers in KP- 
micelles [6,44,61]. The overall longer lifetimes in both carriers can be 
mainly explained by the above-mentioned solvent effect [22,55]. Upon 
encapsulation, the chlorin molecules change from the aqueous bulk 
solution into a hydrophobic microenvironment formed by the micellar 
core and by the cavities in the PVP network. Additional contributions 
may derive from carrier-mediated dissolution of small fractions of ag
gregates existing in water. Similar observations of increased fluores
cence lifetimes have been reported for porphyrinic PSs embedded into 
liposomes [62], surfactant micelles [63,64], or chitosan/PEG films [65], 
in which the hydrophobic PS-polymer/lipid interactions were the 
driving force for disaggregation and localization in the carrier. 

In KP micelles, Ce4 and Ce6 exhibited shorter τ-values at the highest 
concentration of 100 μM compared to 1 and 10 μM and compared to PVP 
(Fig. 3). Micellar systems are in general characterized by internal 
mobility and flexibility of their single polymer chains [6,63,66] or with 
subdomains of different flexibilities [67], respectively. This allows for 
encapsulated drugs to undergo exchange processes between the micellar 
and the surrounding polar aqueous environment. Thus, the reduced 
τ-values at 100 μM are most likely due to a small fraction of aggregates 
as short-lived components in water coexisting with the main long-lived 
components in the micellar compartment. According to our previous 
results, drug binding to PVP is clearly stronger than to micelles thus 
repelling exchange with the surrounding aqueous medium [6,34,44]. 
Therefore, the consistently long lifetimes measured in PVP can be 
attributed to PSs (almost) exclusively residing in the PVP network. For 
micelles, the equilibrium shifts from the aqueous towards the micelle 
compartment with increasing hydrophobicity of the encapsulated PS 
following the order Ce4 > Ce6 > SerCe. However, since SerCe does not 
exhibit strong aggregation, the water-soluble fractions of dimers or 
oligomers do not exhibit pronounced fluorescence quenching. 

3.1.2.2. m-THPP and m-THPC. The capacity of KP micelles for solubi
lizing m-THPP and m-THPC is clearly lower than for Ce6 derivatives. 
The averaged τav-values indicate multiple components including 
monomers, more prevalent at 1 μM, coexisting with oligomers and 
higher aggregates, mainly at 100 μM (Fig. 3). This agrees with previous 
results that have shown a limited capability specifically of KP micelles 
for encapsulating hydrophobic PSs with larger logP values (~ > 5) 
[34,61]. On the other hand, in PVP, long fluorescence lifetimes of about 
10 ns that were constant over time at a concentration of 100 μM suggest 
that both PSs are associated with PVP as monomers. This demonstrates 
that PVP covers a wide range from hydrophilic to hydrophobic com
pounds as delivery system with high versatility [40]. 

3.2. Fluorescence Lifetime Imaging Microscopy of PSs in Cells 

Based on the results obtained for the single PSs and their combina
tions with carrier systems in solution, the subsequent aim was to study 
their decay dynamics in the complex environment of model cancer cells. 
For this, HeLa cells were incubated with the PSs SerCe, Ce4, CeDME, m- 
THPC, and m-THPP (Fig. 1) either alone or encapsulated into micelles 
consisting of KP or RH (used for CeDME, Fig. 2) or into PVP. The in
cubation time was 3 h, 12 h, and 24 h while the total duration of cell 
growth in culture was kept constant (Fig. S6). After removal of the 

Table 1 
Calculated logP values of PSs and measured average fluorescence lifetimes τi in 
ethanol solution from exponentially fitted decay curves (Ai: fraction of each 
component).  

PS LogP a Conc. [μM] τ1 [ns] (A1) τ2 [ns] (A2) χr
2 

SerCe 2.46 1 
100 

4.54 (1) 
n.d. b 

- 
- 

1.27 
- 

Ce6 3.39 1 4.65 (1) – 1.18   
100 5.19 (0.55) 3.95 (0.45) 1.06 

Ce4 4.64 1 5.36 (1) – 1.15   
100 5.45 (1) – 1.15 

CeDME 4.68  5.20 c (1) – – 
m-THPC 6.80 1 8.80 (1) – 1.18   

100 8.85 (1) – 1.29 
m-THPP 6.84 1 9.72 (0.30) 0.30 (0.70) 1.34   

100 11.54 (0.35) 9.26 (0.65) 1.06  

a calculated based on smiles using the free software «ALOGPS2.1» [52] 
b not determined 
c Value reported for CeDME in acetone [53]. 
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incubation media and washing steps fluorescence intensity images of the 
cells were recorded. Fig. 4 depicts the workflow that was applied for 
fluorescence analysis on each of the samples. The time-resolved fluo
rescence decay curves were measured for each pixel and analyzed in two 
different modes: (1) From bi-exponential fitting, the weighted average 
lifetime was calculated and colour-encoded to obtain the fluorescence 
lifetime images; (2) From Fourier transformation of the single pixel 
fluorescence decays, phasor plots were created. In addition, the fluo
rescence images were segmented into pixels deriving from the plasma 
membrane and pixels deriving from the cytoplasm. The two different 
compartments were in turn colour-encoded on the pixel clouds in the 
phasor plots. This allows direct visualization and identification of 
different populations distinguished by their lifetimes. 

The phasor approach results in a polar plot, in which each pixel of the 
fluorescence image is represented by a point (phasor) that is displayed in 
the universal circle. For mono-exponential decays, the phasor is located 
on the semi-circle, and for multi-exponential decays, the phasor co
ordinates derive from a linear combination of the weighted single life
times and the phasor is located inside the universal circle as shown in the 
example of Fig. 4 [42,68]. According to the fluorescence intensity im
ages (Figs. S7 and S8), all PSs examined here, either pure or associated 
with micelles or PVP, were internalized into HeLa cells and localized in 
the cell membrane or cytoplasm excluding the nucleus, as exemplified 
for m-THPC-PVP in Fig. 4. The corresponding lifetime images are dis
played in Figs. S9 and S10. 

3.2.1. Phasor Analysis of Fluorescence Decays after 3 H and 24 H 
Incubation 

In Figs. 5 and 6, the phasor plots are shown obtained from the 
fluorescence lifetime decay data of HeLa cells exposed to the PSs with 
and without carriers during 3 h and 24 h, respectively. The first column 
refers to PSs applied without carrier, and the second and third columns 
refer to PSs applied with micelles and with PVP. White pixel clouds 
originate from the plasma membrane and green pixel clouds from the 
cytoplasm compartments. 

The PSs can be classified into three groups (I – III) according to their 
intracellular fluorescence lifetimes, i.e., to the position of the pixel 
clouds in the phasor space and their time evolution: (I) SerCe; (II) Ce4/ 
CeDME, and (III) m-THPC/m-THPP. This classification coincides with 

the logP value ranges and substitution pattern of the PSs and will be 
outlined in further detail below. 

3.2.1.1. (I) SerCe. Circular pixel clouds located inside the semicircle 
were obtained for SerCe under each condition (carrier/no carrier, short 
and long incubation time). This indicates that multiple states of intra
cellular SerCe with different fluorescence lifetimes exist. In accordance 
with the solution data (Fig. 3), encapsulation of SerCe into micelles or 
PVP did not lead to considerable fluorescence lifetime changes. This was 
mainly attributed to the fact that this chlorin is rather hydrophilic and 
has relatively good water solubility at low concentrations where mono-, 
di-, or oligomers are formed. This means that upon carrier encapsulation 
of SerCe the average fluorescence lifetime is not expected to be strongly 
altered by disaggregation processes. In contrast, in the cellular envi
ronment, contributions from short-lived components must be respon
sible for the shift of the pixel cloud into the inner circle. This shift is 
slightly more pronounced for the cytoplasm compartment colored green 
in the phasor plots (Figs. 5, 6) than for the outer cell membrane region 
(colored white). Since SerCe has only a low tendency to form large ag
gregates, short-lived components most likely emerge from its specific 
microenvironment in the cell or from interaction of the chlorin with 
cellular components located in the cytoplasm and in or on the cell 
membrane. 

3.2.1.2. Cell Uptake Mechanism of Free SerCe. For free porphyrinic PSs, 
cell uptake mechanisms and intracellular localization depend on their 
substitution patterns, which in turn determine amphiphilicity, charge, 
overall hydrophilicity, and the logP value [18,69]. Accordingly, 
amphiphilicity promotes membrane insertion [70,71] but decreases 
passive trans-membrane diffusion. Highly hydrophilic PSs reportedly 
enter cells mainly via the endocytic route by pinocytosis where the PS is 
internalized in the solute [72]. This route typically leads to a subsequent 
lysosomal deposition as depicted in Fig. 7 A (route 1) and applies most 
likely for SerCe. 

The lower pH value in lysosomes (pH 4.0–5.5) [72] compared to the 
cytosol has been recently postulated to cause decreased fluorescence 
lifetimes of radachlorin, a PS mixture mainly consisting of Ce6, in 
different cell types including HeLa cells [31]. The endocytic cell uptake 
pathway has also been proposed for anionic sulfonated aluminum 

Fig. 4. Workflow shown for an example of HeLa cells that were incubated for 12 h with m-THPC-PVP. Single pixels of the fluorescence intensity image were analyzed 
by plotting (photon counts versus time) and fitting the decay curves with a bi-exponential function. Lifetime images are created by colour-encoding the weighted 
average τ-values from the fits. Phasor plots are obtained by Fourier transformations of single pixels and image segmentation separates pixels originating from the 
plasma membrane (white) and the cytoplasm (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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phthalocyanine (AlPcS2) that likewise exhibited intracellular reduced 
fluorescence lifetime possibly also related to lysosomal localization 
[33]. Since SerCe has three ionizable carboxylate groups, the same 
localization- and pH-dependence for its fluorescence lifetime may hold. 
The pKa values of Ce6 derivatives with at least three carboxylate groups 

typically lie above 4 [73], so that they will be protonated in the lyso
somal space. This in turn reduces hydrophilicity and promotes aggregate 
formation. Slow release of the PS from the lysosomes into the cytosol 
over time may account for the shift of the phasor cloud towards longer 
lifetimes after 24 h (Fig. 6). 

Fig. 5. Phasor plots calculated from segmented FLIM images of HeLa cells incubated for 3 h with SerCe, Ce4, CeDME, m-THPC and m-THPP without carrier (first 
column), encapsulated into micelles (second column), and encapsulated into PVP (third column). Pixel clouds originating from the plasma membrane are colored in 
white and pixel clouds originating from the cytoplasm are colored green. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

F.S. Spadin et al.                                                                                                                                                                                                                                



Journal of Photochemistry & Photobiology, B: Biology 254 (2024) 112904

9

3.2.1.3. (II) Ce4, CeDME. Ce4 and CeDME are amphiphilic with two 
and one ionizable carboxylate groups on one side of the chlorin mac
rocycle, respectively (Fig. 1). Their calculated logP values are similar 
with 4.64 for Ce4 and 4.68 for CeDME (Table 1) [52]. Both PSs show 
aggregation in aqueous solution that is — compared to Ce4 — more 

pronounced for CeDME with an onset concentration of ~1 μM [61]. 
The intracellular fluorescence lifetime properties of Ce4 and CeDME 

gave rise to similar patterns in the phasor plots (Figs. 5 and 6). Notice
ably, after 3 h incubation of cells with Ce4, the phasors cluster on the 
edge of the universal cycle independent of the formulation applied, i.e., 

Fig. 6. Phasor plots calculated from segmented FLIM images of HeLa cells incubated for 24 h with SerCe, Ce4, CeDME, m-THPC and m-THPP without carrier (first 
column), encapsulated into micelles (second column), and encapsulated into PVP (third column). Pixel clouds originating from the plasma membrane are colored in 
white and pixel clouds originating from the cytoplasm are colored green. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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for Ce4 in its free form, associated with KP-micelles or PVP (Fig. 5). This 
indicates that in all three cases predominantly monomeric species of Ce4 
with mono-exponential fluorescence emission decays exist. Moreover, 
intracellular Ce4 exhibits a fluorescence lifetime of 6–7 ns, which is 
longer than in ethanol solution (Table 1). Pixel clouds of both com
partments, the plasma membrane, and the cytoplasm, overlap except for 
micelles where a slight shift towards the inside of the universal circle 
appears. The phasors for CeDME are not exactly on but very close to the 
universal circle in the phasor plots for 3 h cell incubation (Fig. 5). Like 
for Ce4, this suggests a predominant monomeric population for pure as 

well as for carrier associated CeDME. 

3.2.1.4. Cell Uptake Mechanism of free Ce4/CeDME. As stated above, 
amphiphilicity promotes interactions with membranes. Depending on 
the logP value of the amphiphilic PS it can pass the membrane by passive 
diffusion that may involve a flip-flop mechanism, which takes place very 
slowly so that the PS can reside a long time in the membrane [73,74]. 
Our previous studies could detect membrane localization of Ce4 in HeLa 
cells with atomic resolution applying high resolution magic angle 
spinning (HR-MAS) NMR spectroscopy. The NMR data of HeLa cells 

Fig. 7. Scheme for proposed cell uptake pathways and intracellular localization and processes for (A) free PSs and (B) PSs encapsulated into carriers. Alternative cell 
uptake routes are numbered 1 for endocytosis, 2 for passive diffusion, and 3 for direct release of the PS from the carrier into the plasma membrane. Created with 
BioRender.com. 

F.S. Spadin et al.                                                                                                                                                                                                                                

http://BioRender.com


Journal of Photochemistry & Photobiology, B: Biology 254 (2024) 112904

11

incubated with Ce4 revealed concentration dependent interaction with 
cellular phospholipid head-groups [15]. It can thus be assumed that Ce4 
and CeDME enter the cells mainly via passive diffusion, as depicted in 
Fig. 7A (route 2), upon which the PS resides in monomeric form 
reaching into the hydrophobic membrane core region, accounting for 
the long-lived species. 

3.2.1.5. Changes Appearing Over Time (24 h). Following 24 h cell in
cubation with Ce4 or CeDME, the pixel clouds in the Phasor plots move 
towards the interior of the universal circle (Fig. 6). This is most pro
nounced for the PS formulation with micellar carriers (KP and RH). 
Thus, the homogeneous, mainly monomeric species observed after 3 h 
become heterogeneous indicating a mixture of components with mono-, 
bi-, or multi-exponential fluorescence decay curves. In addition, the 
pixel clouds associated with the plasma membrane (white) and the 
cytoplasm (green) move apart and appear more separated in the phasor 
plots after 24 h. There is a clear trend towards shorter lifetimes in the 
cytoplasmic compartment. This suggests that the long-lived components 
are better stabilized over time in the plasma membrane. If the PS is 
released into the cytosol, aggregation can take place (Fig. 7A) and ac
count for an increase in short-lived components. As discussed above for 
SerCe, interaction with cellular components and localization in specific 
organelles like lysosomes in the cytoplasm potentially contribute to the 
PS population with short lifetime values. 

3.2.1.6. PVP Versus Micelles. In comparison, there is a clear difference 
after 24 h between micellar systems and PVP. When applied with PVP, 
the pixel clouds for Ce4 and CeDME remain on or close to the edge of the 
semi-circle in the Phasor plots for the plasma membrane compartment. 
Accordingly, PVP is capable to stabilize the monomeric species with a 
long fluorescence lifetime in the cell even after 24 h. Strong binding of 
the Ce6 derivatives to PVP may be responsible for this behavior and 
suggests that a large part of the PS remains associated with its carrier 
inside the cell. This is in agreement with previous studies indicating that 
Ce4 remains largely associated with PVP after efficient uptake into HeLa 
cells. This was concluded from the observation that PVP reduced direct 
Ce4-membrane interaction and significantly attenuated the cell meta
bolic response to Ce4 [15]. On the contrary, PEG-PPG block-copolymer 
and Cremophor micelles are carriers with enhanced internal motional 
freedom of the encapsulated drug allowing faster release [6,66,67] and 
consequently aggregate formation in the cytosol. 

3.2.1.7. (III) m-THPC, m-THPP. Compared to the Ce6 derivatives, m- 
THPP and m-THPC have distinguished structural properties: First, the 
symmetric substitution pattern reduces amphiphilicity and may thus 
hamper monomeric insertion into membrane bilayers. Second, the 
relatively high logP values (Table 1) promote aggregate formation in 
aqueous media as already demonstrated for the corresponding com
pounds in solution. 

In the phasor plots of m-THPP and m-THPC, elongated pixel clouds in 
the interior of the universal circle form a common feature (Figs. 5 and 6). 
Moreover, in none of the applied conditions, a pure monomeric popu
lation was present. Nevertheless, a considerable fraction of long-lived 
species exists after 3 h incubation time for the carrier-free and PVP- 
associated systems, in particular for m-THPP-PVP where the pixel 
cluster lies close to the universal circle for the plasma membrane 
compartment (Fig. 5). For these systems (free/PVP), the cytoplasm 
compartment is always marked by larger contributions from short-lived 
components. Similarly, a long incubation time of 24 h leads to an overall 
shift of the pixel clusters towards shorter lifetimes. In accordance with 
these data, time-dependent intracellular fluorescence lifetime short
ening of m-THPC has been previously reported and was mainly attrib
uted to the formation of aggregates that predominate after 24 h in the 
cytoplasm [29]. In addition, photobleaching of m-THPC may contribute 
to lifetime shortening [33,75,76]. When applied with micelles, the 

phasor plots for m-THPP and m-THPC reflect the presence of heteroge
neous lifetime distributions for both compartments already after 3 h 
incubation without further significant changes after 24 h. 

3.2.1.8. Cell Uptake Mechanism of Free m-THPC/m-THPP. In contrast to 
the short average lifetimes of free m-THPP and m-THPC determined in 
aqueous solutions (Fig. 3), the weighted average lifetime of the same 
carrier-free compounds in the cellular environment is clearly longer 
with contributions from τ-values >8 ns as indicated by the corre
sponding phasor positions near the universal circle. Since these contri
butions derive from the plasma membrane compartment, localization of 
the PSs in the hydrophobic region of the phospholipid bilayers is 
conceivable. For free m-THPC, passive diffusion across the plasma 
membrane (Fig. 7A) is reported to be the main cell uptake pathway 
[77,78]. Moreover, studies have indicated that m-THPC uptake can take 
place in aggregated form (Fig. 7A) with subsequent monomerization 
upon entering the cell [79,80]. This would explain the results found in 
the present work, i.e., the emergence of long-lived (monomeric) m- 
THPC/THPP species when cells were incubated with the free PSs and the 
simultaneous presence of short-lived (aggregated) species in the plasma 
membrane. In accordance with these findings, it has been previously 
reported that very hydrophobic strongly aggregating Ce6-derivatives 
exhibited partial intracellular disaggregation that correlated with the 
extent of hydrophobicity. In this study, uptake of large aggregates was 
proposed by endocytosis [30]. 

3.2.1.9. PVP Versus Micelles. Like for Ce4/CeDME, strong binding to 
PVP may also account for a relatively large fraction of long-lived 
monomeric m-THPP and m-THPC. The impact of PVP onto the fluores
cence lifetime was demonstrated by the data obtained in solution 
(Fig. 3). Since passive diffusion is a proposed cell uptake pathway for 
small NPs including PVP (MW of 10 kDa applied here) [81], PVP loaded 
particles are likely to reside in the plasma membrane. Only a slow 
release into the cytoplasm may lead to the appearance of short-lived 
components in the cytoplasm and an overall spread after 24 h. 

The mechanism how poloxamer micelles enter cells is not yet fully 
understood and several routes have been proposed that may coexist 
(Fig. 7B, routes 1–3). They include endocytosis of the whole particles, 
passive diffusion of small particles, decomposition of the micelles upon 
cell entry, and release of the encapsulated drug at the cell membrane 
[82,83]. Previously, we were able to detect intracellular micelles and 
building blocks thereof following HeLa cell incubation with KP micelles 
[15]. In any case, structural and binding properties of each drug-carrier 
system are crucial factors that determine the effective route(s). There
fore, m-THPC/m-THPP formulation in poloxamer micelles may—at least 
in part—redirect the cell uptake to the endocytic pathway [84]. This 
reduces direct deposition of PS monomers into the plasma membrane. In 
addition, the binding affinity between m-THPC/m-THPP and KP mi
celles is rather low as was indicated by the fluorescence lifetime data in 
solution. Similar like for Ce4/CeDME but more pronounced, release 
from micelles into the cytoplasm promotes aggregate formation and 
possible redistribution to different organelles, among which ER and the 
Golgi apparatus are proposed preferential localization sites of m-THPC 
in cells [85]. 

3.2.2. Summary: Impact of Carriers and of Cell Uptake Pathways 

3.2.2.1. In Solution. The solution data have shown that PS aggregation 
leads to fluorescence lifetime shortening that in turn depends on the 
extent of aggregate formation, i.e., if dimers, oligomers, or polymers are 
formed. Insertion into polymeric carriers leads to monomerization of the 
PSs and can thus maintain or reinstall a long-lived monomeric species. 
The fluorescence lifetimes measured in carrier systems depend on the 
polarity of the carrier microenvironment and on the binding strength. 
Binding to PVP is strong whereas micellar carriers allow exchange with 
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the aqueous medium to different extents. The equilibrium of this ex
change process is governed by the logP value of the PS. 

3.2.2.2. Inside Cells. In the cellular environment monomeric PS species 
with long lifetimes exist if they are (i) not strongly aggregating in the 
cytosol like SerCe, (ii) localize in the hydrophobic region of cell mem
branes (Ce4/CeDME and m-THPP/m-THPC), or (iii) remain associated 
with their carrier (mainly PVP) in the monomeric form inside the cell 
where strong binding to the carrier is advantageous. 

In the cellular environment PS species with short lifetimes emerge if 
they are (i) released from the plasma membrane, endosomes, or carriers 
into the cytosol where aggregation takes place over time, (ii) localized in 
cell compartments with a lower pH value like lysosomes, (iii) interact 
with cellular components like specific proteins (Fig. 7), or (iv) photo
bleaching products with short fluorescence lifetimes are formed. 
Moreover, the strong tendency to form aggregates may also lead over 
time to the formation of oligomers inside the membrane (Fig. 7 A) or 
inside micelles with sufficient internal flexibility. 

3.2.2.3. Cell Uptake Pathways. Cell uptake pathways play a major role 
for the intracellular fate of the PS and its fluorescence properties. For the 
pure PSs, passive diffusion through the membrane enables the PS to 
reside in the membrane in its monomeric form (class II and III PSs). The 
endocytic pathway of hydrophilic PS (class I) replaces membrane 
insertion and leads among other organelles in lysosomal localization 
(Fig. 7A). 

Cell internalization of micelles and PVP takes place via passive 
diffusion and/or via the endocytic pathway (Fig. 7B). The size of the 
carriers can strongly affect the cellular uptake pathway and small par
ticles including PVP with a MW of 10 kDa used in this study are capable 
to enter the cell via passive diffusion [81]. For the less rigid micelles, 
several cell entry routes may coexist including direct drug release into 
the plasma membrane (Fig. 7B) [82,83]. Moreover, it is conceivable that 
– depending on the binding strength between drug and polymer – at 
least a portion of the porphyrinic compound can already be released 
before entering the cell in its encapsulated form. 

4. Conclusion 

Efficient PDT relies on the monomeric state and optimal photo
physical properties of a given PS in the target tissue. Monitoring the 
intracellular fluorescence lifetime provides a meaningful measure to 
assess the performance of the PS directly in the physiological environ
ment. Only long fluorescence lifetimes will allow efficient conversion to 
triplet states of the PS required for the phototoxic reaction. 

In the current study, the FLIM Phasor approach was applied to 
analyze the intracellular fluorescence lifetime distribution of five 
different PSs in their free and carrier-associated forms. The findings 
demonstrate that even hydrophobic PSs that exhibit pronounced ag
gregation in aqueous media can be disaggregated upon interacting with 
cell membranes and thus unfold their PDT efficiency. On the other hand, 
water-soluble, hydrophilic anionic PSs may suffer from partial loss of 
their phototoxic potential upon cell uptake via endocytosis due to 
lysosomal localization and/or interaction with cytosolic components, i. 
e., processes that may lead to fluorescence quenching. 

To date, only few studies have addressed the impact of carriers on the 
intracellular emission lifetime distribution of PSs. Our results have 
shown that drug carrier systems with high binding affinity can maintain 
the monomeric state of the PS inside the cell over prolonged time. The 
time interval shortens with decreasing binding strength leading to drug 
release into the cytosol where aggregation takes place. In this respect, 
PVP turned out to be a more efficient carrier than the rather flexible 
micelles. However, micellar carriers are tunable in size and composition 
for improved drug binding. Therefore, it would be interesting for future 
studies — in particular for hydrophobic PSs like m-THPP/m-THPC — to 

probe further block copolymer micelles with lower HLB values (hydro
philic-lipophilic balance) or self-emulsifying micelles like RH that have 
higher lipophilic capacity [34]. For hydrophilic PSs, the carrier does not 
make a big difference on the cellular level, whereas it remains important 
for protecting the PS during its transport in the bloodstream and for 
enhancing its uptake into tumor tissue. 

The results reported here can contribute to optimize PDT treatment 
conditions, e.g., by estimating the optimal therapeutic time window 
between PS application and light activation. Moreover, the design of 
efficient PS-carrier systems should be governed by high affinity of the PS 
for binding to the carrier and cell membranes. 
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Appendix A. Supplementary data 

The supplementary material contains fluorescence decay curves of 
the photosensitizers in solution in the absence and presence of carriers 
(Figs. S1 – S5), a cell incubation scheme applied in the current work 
(Fig. S6), fluorescence intensity images of HeLa cells after incubation 
with the photosensitizers free or encapsulated in carriers (Figs. S7 and 
S8), and fluorescence lifetime images of HeLa cells after incubation with 
the photosensitizers free or encapsulated in carriers (Figs. S9 and S10). 
Supplementary data to this article can be found online at [https://doi. 
org/10.1016/j.jphotobiol.2024.112904]. 
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[51] U. Rösch, S. Yao, R. Wortmann, F. Würthner, Fluorescent H-aggregates of 
Merocyanine dyes, Angew. Chem. Int. Ed. 45 (2006) 7026–7030, https://doi.org/ 
10.1002/anie.200602286. 

[52] I.V. Tetko, J. Gasteiger, R. Todeschini, A. Mauri, D. Livingstone, P. Ertl, V. 
A. Palyulin, E.V. Radchenko, N.S. Zefirov, A.S. Makarenko, V.Y. Tanchuk, V. 
V. Prokopenko, Virtual computational chemistry laboratory - design and 
description, J. Comput. Aided Mol. Des. 19 (2005) 453–463, https://doi.org/ 
10.1007/s10822-005-8694-y. 

[53] T.E. Zorina, I.V. Yankovsky, I.E. Kravchenko, T.V. Shman, M.V. Belevtsev, V. 
P. Zorin, Evaluation of Phototoxicity and cytotoxicity for chlorin e6 ester 
derivatives and their liposomal forms, Biophysics 60 (2015) 759–766, https://doi. 
org/10.1134/S0006350915050267. 

[54] L.M. Scolaro, M. Castriciano, A. Romeo, A. Mazzaglia, F. Mallamace, N. Micali, 
Nucleation effects in the aggregation of water-soluble porphyrin aqueous solutions, 
Phys. A: Stat. Mech. 304 (2002) 158–169, https://doi.org/10.1016/S0378-4371 
(01)00547-7. 

[55] S. Paul, P.W.S. Heng, L.W. Chan, Optimization in solvent selection for Chlorin e6 in 
photodynamic therapy, J. Fluoresc. 23 (2013) 283–291. 

[56] M. Zannotti, R. Giovannetti, B. Minofar, D. Řeha, L. Plačková, C.A. D’Amato, 
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