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Background: Many aspects are currently being investigated, with the aim of improving the application of PDT in
the clinic by rendering it more effective. One of the current trends focuses on the use of nanocarriers. The aim of
this study is to describe novel photosensitizers among polyol amide chlorin e6 derivatives for photodynamic
therapy (PDT) using liposomes.

Methods: In addition to their intracellular localization and antiproliferative activity against HCT116 cells, ap-
propriate photophysical features have been determined (especially high 'O, quantum yield production).
Results and conclusions: Fluorescent microscopy demonstrated that the compounds entered the endoplasmic
reticulum (ER), lysosomes, mitochondria and partially the cytoplasm. All of the chlorins showed no dark cy-
totoxicity; however, high phototoxicity was observed. Using optical and electron microscopy, we investigated
the impact of chlorin-based PDT upon cell damage leading to cell death. Chl ara 3 was identified as the most
promising compound among polyol amide chlorin e6 derivatives and improved phototoxicity was observed as
compared with a clinically approved temoporfin. Our results indicate that newly-synthesized chlorins seem to be
promising candidates for PDT application, and two of them (chl ara 3 and chl mme 2) may create promising new
drugs, both in the form of a free compound and as a liposomal formulation.

1. Introduction radicals (type I reaction) and/or reactive cell-damaging singlet oxygen

oy (type II reaction), (5) chemical stability both in darkness and

Photodynamic therapy is a non-invasive treatment based on the
administration of photosensitizers (PS) and non-ionizing light. These
elements, in the presence of oxygen, are sufficient to induce photo-
chemical reactions that destroy malignant tissue without major side
effects [1]. Since the efficacy of PDT is largely dependent on the
properties of PS, these compounds should be characterised by: (1) high
accumulation at the tumour tissue (preferably amphiphilicity, which
improves drug accumulation), (2) low dark toxicity, (3) high absorption
coefficients in the spectrum region of 600-800 nm, (4) high photo-
toxicity conditioned by the efficient generation of peroxides and free

during irradiation, (6) chemical purity and accessibility [2,3]. Ad-
ditionally, photosensitizers should have a moderate fluorescence
quantum yield (®y), favourable to photodynamic diagnosis (PDD). Ex-
cessive @ may reduce the therapeutic efficiency of PDT by limiting ®r
production (®¢ + ® < 1) [4]. Effective penetration of PS into the site
of its activity is equally important, as the 'O, diffusion path ranges from
only 10 nm-55 nm [5]. Thus, the sites of induced photodamage reveal
the subcellular location of photosensitizer [6].

The most commonly used PS are porphyrin derivatives, chlorins,
bacteriochlorins, phthalocyanines, naphthalocyanines or taxaphyrins.
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Although the best-studied group of photosensitizers are porphyrin de-
rivatives, unfortunately all of them tend to aggregate, which affects
their limited cytotoxic properties. It has been shown that the ability to
produce free radicals decreases along with increasing aggregation
[7,8]. Chlorins and bacteriochlorins are reduced poryphyrins with one
and two reduced double bonds in pyrrole rings, respectively. These
photosensitizers can be obtained both by chemical synthesis and by the
modification of molecules of natural origin, such as protohexine or
chlorophyll a [9]. They have strong absorption maxima; for chlorins at
about 650 nm and for bacteriochlorins at 710 nm [10,11]. The last Q
band in absorption spectra is much more intense and shifted towards
longer wavelengths, which makes them more useful in photodynamic
therapy. Chlorins are also more stable in solutions than bacteriochlorins
[12]. A significant problem affecting porphyrins and aromatic systems,
in general, is aggregation [4]. Hydrophobic porphyrins form dimers or
higher aggregates much easier, but on the other hand, their hydro-
phobicity determines easy penetration through cell membranes [13].
Amphiphilic chlorins still have a high affinity for cell membranes but a
lower tendency to aggregate, since amphiphilicity regulates this phe-
nomenon and thus affects the photophysical properties of the com-
pound [7].

Chlorins, however, do not show such great solubility problems as in
the case of phthalocyanines and naphthalocyanines, which are strongly
hydrophobic compounds and consequently do not dissolve in most in-
jection fluids, which significantly limits their use. In addition, the am-
phiphilic character of the investigated chlorin derivatives allows good
penetration through phospholipid membranes in the cell.

One of the chlorins which has attracted widespread attention thanks
to its advantageous photophysical properties and numerous successful
modifications, e.g. nanoparticles, [14] nanomicelles [15], and nano-
vectors [16], is chlorin e6. Also, conjugations of this PS with peptides,
lipoproteins, sugars, polyethylene glycols, and polyamines to increase
the PDT efficiency, have been reported [17-22]. Several glycoconju-
gates of chlorins [23], porphyrins [24-26] and phthalocyanines [27]
have recently been developed since glycoconjugation allows for effec-
tive binding to sugar-binding lectin-type receptors in some types of
malignant cells [24,28]. This paper describes the results obtained for
three novel chlorin e6 derivatives. Two of them were covalently linked
with polyol amines derived from glucose and arabinose. The novel
polyolamide chlorin e6 derivatives show striking beneficial differences
compared with the known porphyrinoid sensitizers with attached hy-
drophilic moieties such as carbohydrates, including: (1) a non-ionic
neutral hydrophilic character, avoiding severe electrostatic interac-
tions, (2) stereochemical homogeneousness due to the missing
anomeric centres of the ‘carbohydrate’ moieties, (3) presence of rigid
amide linkages between the chlorin and ‘carbohydrate’ units, avoiding
division into the subunits, (4) effective preparation due to the simple
and preferred formation of the amide linkages. The tested photo-
sensitizers were also designed for their potential application in the form
of liposome carriers. As it is known, liposomes create great opportu-
nities to solve one of the main challenges of photodynamic therapy,
which is effective drug delivery to cells.

More recently, we have also shown that the co-application of the
redox-active chelators (TSCs) and one of the chlorins (chl ara 3) pre-
sented here can exert a better total therapeutic effect than the sum of
the effects caused by each compound separately (synergistic effect)
[29]. The use of combination therapy offers great hope for the creation
of a personalized therapeutic approach to the patient. Often, combined
therapy not only increases the therapeutic effect while reducing drug
doses but also simultaneously impacts various molecular targets. That is
why it is so important to examine in detail the physicochemical prop-
erties, kinetics of compound retention in cells, the intracellular locali-
zation and the anti-tumour activity of our e6 chlorin derivatives.
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2. Materials and methods
2.1. General

Starting materials and reagents were either prepared according to
literature procedures or were purchased from Fluka, Merck or Aldrich
and used without further purification. All solvents were purified and
dried by standard methods. All chemical reactions were carried out
under argon. 'H NMR and '3C spectra were measured with Bruker DPX-
200 Avance or Avance NB-360 MHz spectrometers; all chemical shifts
were referenced to the tetramethylsilane lock signal. MS and HRMS
were performed on a Finnigan MAT 8200 spectrometer (EI (70 eV), DCI
(NH;, 8 mA s~ 1) and ESI (solvent)) while ESI-HRMS was performed
with an APEX Qe9.4 T instrument (9.4 T superconducting magnet) with
an Apollo II electrospray ioniser. IR spectra were measured with a
Perkin-Elmer Paragon 500 FTIR spectrometer. UV/VIS analysis was
carried out on a Varian Cary 50 spectrophotometer. Melting points are
uncorrected and were determined on a Reichert Thermovar hot-stage
apparatus.

2.2. Spectroscopic measurements

The ground-state absorption and fluorescence spectra were recorded
at room temperature using a U-2900 spectrofluorometer and F-7000
spectrophotometer (Hitachi) with DMSO as the solvent. Fluorescence
quantum yields were determined in ethanol using a comparative
method with TPP (Sigma) in toluene as standard (®; = 0.11 [30]).
Transient triplet-triplet absorption spectra were measured using an LKS
60 laser flash photolysis spectrometer (Applied Photophysics). To excite
the samples, the third harmonic (355 nm) of Nd/YAG laser (20 Hz
Brilliant, Quantel) was used. All solutions were prepared in ethanol
with an equal absorbance (A) value at the excitation wavelength (Asss
= 0.2). The quantum yields of singlet oxygen generation were defined
using the comparative method, which is based on the detection of 0,
phosphorescence (at around 1270 nm). Samples and the reference so-
lution were prepared in ethanol and optically matched at the excitation
wavelength 355 nm (A3ss = 0.25). Measurements were taken with
phenalenone (Sigma) in ethanol as standard (®, = 0.95 [31]).

2.3. Photostability studies

The photostability of chlorin derivatives was verified using a
Hitachi U-2900 spectrophotometer. The absorption spectra were re-
corded before and after red light irradiation (halogen lamp, 630 nm
longpass filter). The solutions were illuminated for various periods of
time with different light doses ranging from 4.56 to 20.52 J/cm?. Three
independent experiments were performed, all at a distance of 1 cm from
the light source. The fluence rate of the halogen lamp (. = 630 nm)
was 380 W/m? During exposure, solutions were kept at room tem-
perature and magnetically stirred. Our lighting system is not standard
in medical applications, which is a drawback. However, there are stu-
dies that allow the calculation of the actual dose of light, taking into
account the correction of the dose by the number of absorbed photons,
which gives the opportunity to correctly assess the PDT effect for all
light sources [32].

2.4. Liposome preparation

MLVs were prepared by the hydration of the dry lipid film. Solutions
of phospholipids and cholesterol were prepared at a concentration of 10
mg/mL in a mixture of chloroform and methanol at a ratio of 1:1.
Table 1 shows the exact composition of liposomes and molar relations
between individual components. Compounds (chl mme 2 and chl ara 3)
were dissolved in a mixture of chloroform and ethanol at a ratio of 1:1.
The appropriate amounts of lipids and chlorins in organic solvents were
mixed, and solvents were evaporated using a vacuum evaporator to
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Table 1
Lipid composition of individual liposomes used for research.

Composition of Mole ratio The type of liposomes with regard to the
liposomes charge on the surface of the phospholipid
membrane
HSPC/Chol 7:3 Neutral
HSPC/DSPE-PEG 3000 9.5:0.5 Neutral
HSPC/DOTAP/Chol 6:1:3 Cationic
HSPC/DOTAP/DSPE- 8.5:1:0.5 Cationic
PEG2000
DPPC/DPPG 9:1 Anionic
HSPC/DSPG/DSPE- 8.5:1:0.5 Anionic
PEG2000

HSPC - 1-a-phosphatidylcholine, hydrogenated (Soy); Chol - cholesterol; DSPE-
PEGg000 — distearoylphosphatidylethanolamine-poly(ethylene glycol); DOTAP —
1,2-dioleoyl-3-trimethylammonium-propane; DPPC - 1,2-dipalmitoylpho-
sphatidylcholine; DPPG - 1,2-dipalmitoylphosphatidylglycerol; DSPG - dis-
tearoylphosphatidylglycerol.

obtain a dry lipid film distributed evenly on the walls of the flask. Then,
to dry the lipid film, the flasks were placed in a freeze dryer for one
hour. The lipid film was rehydrated with PBS by vortexing at a tem-
perature of 64 °C above the lipid phase transition temperature. Using a
pressure calibrator (LIPOKAL pressure calibrator from P.P.H. Marker)
with compressed nitrogen, liposomes were passed through poly-
carbonate membrane filters with a pore diameter of 100 nm (Nucle-
pore, Whatman) eight times. As a result, unilamellar liposomes con-
taining 100 pM concentration of the tested chlorins encapsulated in a
phospholipid bilayer were obtained.

2.5. Size and polydispersity index (PDI) of differently charged liposomes

The particle size analyzer Zetasizer Nano ZS (Malvern) was used to
measure the diameter and the polydispersity index (PDI) of the ob-
tained liposomes by dynamic light scattering (DLS). The light source
was an He-Ne laser (red, 633 nm), whose detection angle is 173° and
the measuring range varies from 0.6 nm to 6 pm. Liposomes were di-
luted 100-fold with PBS at a pH 7.4. The experiment was conducted in
polystyrene cuvettes with an optical path of 1 cm at room temperature.

2.6. Stability of liposomes

The stability experiments consisted of measuring the diameter and
determining the PDI index of liposomes in the days following their
preparation. The liposome suspension was stored under limited light at
3 °C. Measurements were carried out in the same way as in point 2.5
(size).

2.7. Encapsulation efficiency of chlorins into liposomes (EE%)

The encapsulation efficiency of photosensitizers into liposomes was
determined using spectrophotometric and Steward methods for the
chlorin and phospholipids concentration measurements, respectively.
The Steward method uses the ability to form a chloroform-soluble
complex of phospholipid and iron(Ill) thiocyanate. Non-encapsulated
photosensitizers were removed from the chlorin-containing liposomes
by size exclusion chromatography on a Sephadex G-50 Fine gel mini-
columns (5.5 mm x 70 mm) equilibrated with phosphate buffer [33].
The 50 pL of liposome suspension was applied to the column to remove
the nonencapsulated PS. A sample of liposomes for spectrophotometric
measurements was prepared in 1 mL of ethanol to dissolve the phos-
pholipid bilayer and release the photosensitizer. The Hitachi F-7000
and Hitachi U-2900 spectrophotometers were used to determine the
compound and phospholipid concentration, respectively. The mea-
surements were carried out at room temperature and in both cases,
using a quartz cuvette with an optical path of 1 cm. Three independent
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experiments were performed for each type of liposome. Using Formula
1 below, the percentage encapsulation efficiency of photosensitizers in
liposomes was calculated [34].

Formula 1
Drug 5]
Lipid [ 28]
%EE= —— +100%
Initialf

%EE — The percentage of drug encapsulation efficiency;

Drug — concentration of tested photosensitizer;

Lipid — phospholipid concentration;

Initial D/L - initial value of the drug / phospholipid ratio de-
termined at the time of hydration of the thin phospholipid film.

2.8. Cancer cell lines and culture conditions

The biological in vitro studies were carried out with HCT116 cells.
Cytotoxicity and phototoxicity studies were also performed using cells
with the p53 gene knockout (HCT116 p53 —/—). The cells were grown
in a Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma), supple-
mented with 12 % fetal bovine serum (FBS, Gibco) and antibiotics
(Gentamycin, Polfa) under standard conditions (humidified atmosphere
with 5% CO, at 37 °C).

All used cell lines, the human colorectal carcinoma cell line
(HCT116) and its variant with knock-out of p53 gene (HCT116p53-/-),
came from the collection obtained from the Center for Translation and
Molecular Biology of Cancers of the Institute of Oncology in Gliwice.
The HCT116p53-/- cell line, whose authors are K. W. Kinzler and B.
Vogelstein, was brought from the USA to the Institute of Oncology in
2001 [35].

2.9. Cytotoxicity and phototoxicity

Cells were seeded at a density of 3 X 10° cells/35 mm Petri dish
(Nunc). After 18 h, the culture medium was replaced with a medium
containing different chlorin concentrations (the final DMSO con-
centration 0.3 %). After 3.5 h of incubation, the cells were rinsed
with phosphate buffered-saline (PBS, pH 7.2). The dishes intended for
dark toxicity measurements were then supplemented with 1 mL of
culture medium and after 24 h cell viability was assessed using the MTS
assay. Concurrently, 1 mL of DMEM without phenol red was added to
cells designed for phototoxicity measurements and subsequently they
were irradiated with a halogen lamp (630 nm longpass filter; 20 J/cm?;
all experiments were performed at a distance of 1 cm from the light
source). Cell viability was measured using the MTS assay (24 h post
irradiation) or clonogenic assay (immediately after irradiation) as de-
scribed elsewhere [36]. During each experiment, non-treated cells (no
light, no photosensitizer) and cells exposed only to the light (no in-
cubation with photosensitizer) were used as controls. Photodynamic
efficiency was compared to temoporfin activity (Biolitec Pharma Ltd.).

2.10. Statistical analysis

The analysis of cell viability was performed using GraphPad Prism
v.5.0 software (GraphPad Software, USA). MTS assays were repeated a
minimum of three times independently. Each experiment included six
replicated data points. The normality of variable distribution was as-
sessed using the Shapiro-Wilk test. In order to detect significant dif-
ferences between mean values, the non-parametric Mann-Whitney U
test was used.

2.11. The kinetics of photosensitizers uptake

To determine the kinetics of the cellular uptake of the photo-
sensitizers, spectrophotometric measurements of cell lysates were taken
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Cyanobacteria
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CHj;

Scheme 1. (a) KOH, CH30H, pyridine, 10 min, rt (40 %). (b) 1) CICO, i-Bu, NEt3, THF, —15 °C 2) 1-1-amino-1-deoxy-arabinitol, EtOH, NEt3, H,O, rt 15 h (61 %). (c)
1) CICO, i-Bu, NEtz, THF, —15 °C, 1 h 2) glucamine, EtOH, NEt3, H,O, rt 15 h (59 %).

(F-7000 Spectrofluorometer, Hitachi). HCT116 cells were seeded at a
density of 9 000/well in 96-well plates (Nunc). After 18 h, the culture
medium was replaced with a medium containing PS and incubated from
1 to 6 h. Afterwards, the wells were rinsed twice with PBS (pH 7.2), and
10 pL of Triton X-100 and 90 pL of lysis buffer were added. The lysis

buffer contained a mixture of DMSO and ethyl alcohol (96 %) in the
ratio of 1:3 and 1% of Triton-X-100. After 10 min, the plates were
centrifuged (10 min, 2000 rpm) and the supernatant was transferred to
black 96-well plates designed for fluorescence measurements (zell-
kontakt GmbH). All the measurements were compared to the non-
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treated control cells. Additionally, three-dimensional graphs of excita-
tion vs. emission were recorded.

2.12. Intracellular localization (fluorescence microscopy)

To investigate the photosensitizer subcellular localization, fluores-
cence microscopy was applied. The cells were seeded (2 x 10 cells/
well) in 8-well chambered cover glasses (Nunc). After 18 h, the culture
medium was replaced with a medium containing photosensitizer (2.5
uM) for an additional 2 h. The cells were then rinsed twice with PBS
(pH 7.2) and a pre-warmed (37 °C) organelle specific dye-containing
medium was added. Prior to microscope observation, the cells were
washed again (3 x PBS) and placed in a fresh medium without phenol
red. Image analysis was carried out using the system designed for long-
duration cell bioluminescence imaging, composed of an inverted
fluorescence microscope (Model IX81, Olympus) equipped with a CO,
incubator (temperature, humidity and gas flow under control).

2.13. Cryo scanning electron microscopy (Cryo-SEM)

HCT116 cells were seeded (6 x 10* cells/well) onto coverslips
(Thermanox® Plastic Coverslips, Nunc™), which were kept in 24-well
plates and cultured for 18 h under standard conditions. PDT was carried
out as described previously (section 4.6, chlorin concentration 2.5 pM).
Microscopic analysis was performed 24 h post irradiation. The cells
were then fixed and dehydrated in a series of increasing ethanol con-
centrations. Before observation, the coverslips were mounted onto the
specimen holder and dipped into liquid nitrogen. After ice sublimation,
the coverslips were coated with approximately 5 nm of platinum, and
the samples were transferred into the (microscopic) analysis chamber.
The observation was performed using a Joel 7600 F scanning electron
microscope at a temperature of —130 °C with 2—15 kV accelerating
voltage.

2.14. Toxicity of liposomes

The MTS test was performed to determine the toxicity of chlorins
encapsulated in liposome carriers on HCT116 cells. The medium of cells
previously sown in Petri dishes was changed to Opti-MEM® I and the
following volumes of empty liposomes and liposomes with the photo-
sensitizer tested were administered: 5 pl, 10 pl, 25 pl, 50 pl. Thus, the
following concentrations of tested chlorins were obtained: 0.5 pM, 1
uM, 2.5 uM and 5 pM, respectively. After 4 h of incubation, the cells
were rinsed with phosphate buffer, and the medium was again changed
for a standard one. The MTS was performed after the subsequent 24 h.
The experiments were performed in the dark.

2.15. Liposome carriers in chlorin-PDT therapy

The phototoxicity of chlorins administered in liposomes was also
determined by the standard MTS test. Compounds were administered
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analogously to the dark toxicity study. After the incubation of the cells
with chlorin-containing liposomes, they were irradiated. The light
source was a collimated LED beam with a wavelength of 660 nm (M660
1.3-C4, Thorlabs). The 4.2 and 12.5 J/cm? light doses were used. After
irradiation, the medium was also replaced, and the plates were in-
cubated for the subsequent 24 h, as cells for the dark toxicity test. After
24 h, the cell viability relative to that obtained by cell treatment with
free photosensitizer was assessed with the MTS test. Free chlorin solu-
tions were diluted first in a small amount of DMSO and in culture
medium to obtain concentrations appropriate to those used in liposome
formulations. The experiments were carried out under sterile conditions
limiting the influence of external light. Statistical analysis was per-
formed on the results obtained from at least three independent ex-
periments. First, the normality of distribution was checked using the
Shapiro-Wilk test. Then, using the nonparametric Mann-Whitney U test
to compare two independent groups, statistical analysis was performed.
The differences between the analysed variables were considered sta-
tistically significant when the p value < 0.05. Control cells (not treated
with either photosensitizer or light) were taken as 100 %.

3. Results
3.1. Synthesis of chlorin derivatives

Chlorins 2, 3 and 4 were originally derived from chlorin e6 tri-
methylester (chl tme 1) (Scheme 1). Chl tme 1 can be obtained from
cyanobacteria using the isolation and modification process [37-39].
The advantage of cyanobacteria is that the bacteria produce only
chlorophyll a, whereas plants contain a mixture of chlorophyll a and b.
Selective hydrolysis of chl tme 1 yields chlorin e6 13-monomethylester
(chl mme 2) as a crystalline compound of high purity [38-40]. The free
carboxylic acid functions of chl mme 2 were activated with iso-butyl
chloroformate and then reacted with 1-1-amino-1-deoxy-arabitinol [38]
or commercially available glucamine to yield chlorin e6 bis-arabitiny-
lamide (chl ara 3) and chlorin e6 bis-glucamide (chl glc 4), respectively
[38,39]. Due to their amphiphilic character, compounds 3 and 4 were
purified by reversed phase chromatography (silicagel RP-18, MeOH /
H,0, 1 + 1). The purity (in all cases > 95 %) of synthesized com-
pounds 2, 3 and 4 was confirmed by chromatography and various
spectroscopic methods (*H-NMR, MS, HRMS IR, UV/Vis). The detailed
synthesis was described in the publication by Bauer et al. [38,39].

3.2. Absorption and fluorescence

From the point of view of PS application in photodynamic therapy,
the most important are the properties of the last Q band. It should be
shifted as much as possible in the direction of longer wavelengths, and
it has the highest possible value of the molar absorption coefficient. The
absorption spectra of PS include an intense Soret band at about 400 nm
and broad bands in the visible region called the Q bands. In the case of
all chlorins, the position of the most red-shifted Q band is similar (ca.

Table 2
Absorption and fluorescence properties of chlorin e6 derivatives 2 - 4.
Compound Absorption® A / nm (¢ / M~ ' em™ 1) Fluorescence E / kJ mol ™!
Amax /0NM ;"
chl ara 3 406.5 503 533 560.5 609 666 674 0.25 182
(8.72- 10%) (8.23-10%) (4.77-10%) (3.06- 10%) (4.02: 10°) (2.31- 10%
chl glc 4 408 503 535 561 607 665.5 674 0.24 182
(2.91- 10%) (2.75 10°) (1.61- 10°) (1.39-10%) (1.31- 10%) (6.7810°)
chl mme 2 403 501 530 560 608 663.5 673 0.27 183
(1.13 10%) (1.02 - 10% (4.17-10%) (2.16: 10%) (4.09- 10°) (2.69- 10%)
2 in DMSO.

b in ethanol.
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Fig. 1. Ground-state absorption spectra
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665 nm), but the corresponding value of the molar absorption coeffi-
cient is the highest for chl mme 2 (e > 10* mol ™! em ™) (Table 2). In
the analysis of solutions aggregation, the obtained relation A = f (c)
was linear, suggesting that it did not occur. The fluorescence spectra
(Fig. 1) exhibit a strong emission band with a maximum of 674 nm,
depending on the chlorin. From the intersection of the normalized ab-
sorption and fluorescence spectra, the singlet state energies were esti-
mated to be 182 kJ mol ™! and 183 kJ mol ~'. Additionally, the Stokes
shift was calculated as the difference (in wavelength unit) between the
positions of the maximum emission and the last absorption band
maximum. Calculated values were 8 nm - 9.9 nm, depending on the
compound. Furthermore, the excitation and absorption spectra were in
excellent tally, thus indicating the chemical purity of the examined
samples. Fluorescence quantum yields were determined in ethanol
using a comparative method with tetraphenylporphyrin (TPP) as stan-
dard (®¢ = 0.11 [30]). The compounds have a moderately high value of
fluorescence quantum yields (0.24-0.27), which may be useful in their
application in photodynamic diagnostics. High values of molar ab-
sorption coefficients of the tested compounds pre-qualified them for use
in PDT.

3.3. Triplet state lifetimes

The triplet-triplet absorption spectra of the chlorins show features
such as an intense absorption band of 450 nm and ground state
bleaching bands (see example in Figure S1). The measured decay curves
that occur after the laser excitation show the process of reducing the
population of the photosensitizer molecules in the triplet state and can
be described as the kinetic equation for the first order reaction. The
triplet state lifetime was calculated (Table 3) as the reverse rate con-
stant characterizing this process. Efficient generation of 'O, is obtain-
able due to the following properties of PS triplet state: long lifetime (in
a microseconds range) and energy sufficient for 'O, formation (=94 kJ
mol 1) [2,41].

The obtained triplet state lifetimes were in the range of 0.23-0.27
us. This range was comparable to the value designated by Zenkevich for
chlorin e6, which in the presence of oxygen was 0.29 ps [42]. Ad-
ditionally, the result for TPP is presented. The calculated triplet lifetime
value of 0.36 ps corresponds to the result obtained by Silva et al. [43].
Furthermore, it was observed that the triplet state lifetimes of

Table 3
Triplet state lifetimes and singlet oxygen quantum yields of chlorin e6 deriva-
tives 2 — 4 in ethanol measured by laser flash photolysis.

Compound Triplet lifetime /us 0, quantum yield
Phenalenone - 0.95%
TPP 0.36 = 0.01 0.66
chl ara 3 0.27 + 0.02 0.63
chl glc 4 0.24 = 0.01 0.56
chl mme 2 0.23 = 0.01 0.66

deoxygenated samples (argon bubbling) grow, which confirms that
oxygen functioned as an active quencher in the process.

3.4. Singlet oxygen

The 'O, phosphorescence spectrum with the maximum of 1271 nm
is shown in Fig. 2D. The singlet oxygen quantum yields (®A) were
calculated as described elsewhere [44] (Table 3). The measured values
of @A correspond to the following relation: chl mme 2 > chl ara 3 > chl
glc 4. The results are comparable to the literature value of the singlet
oxygen quantum yield for chlorin e6, which is 0.65 in ethanol [42,45].
In addition, in order to validate the method applied, we measured the
singlet oxygen quantum yield of TPP in toluene (in reference to phe-
nalenone @A = 0.95 [31]). The obtained singlet oxygen quantum yield
of 0.66 agreed with the value reported by Redmond (#A = 0.68 [45]).
The average lifetime of singlet oxygen obtained in toluene was 30.6 s,
which is comparable with the values found in the literature [46].

3.5. The stability and photodegradation

The processes related to the photosensitizer instability or photo-
degradation influence both the effectiveness of the therapy and the
safety for the patient. In PDT, some degradation can be good if it im-
proves the way the body releases the sensitizing factor after the ther-
apeutic procedure. The photodegradation process also has its dis-
advantages with regard to optimal light dosimetry and the choice of
drug concentration [47]. Moreover, photobleaching is more complex in
in vitro conditions. Even medium supplementation with 1% fetal calf
serum (FCS) increased the degree of photobleaching [9]. Therefore, in
order to reduce the risk of the serum impact, our PDT in vitro experi-
ments (cell irradiation after chlorin incubation) were performed in
medium without fetal bovine serum (FBS) and phenol red.

We analysed many aspects important for determining the properties
of chlorin derivatives. Preliminary photodegradation studies mainly
aimed to check whether the compounds did not undergo photo-
bleaching during irradiation and whether the therapeutic effect could
be obtained. Nevertheless, the potential photosensitizer should be
stable both in the dark and during exposure. Firstly, we estimated the
chemical stability of the chlorins in darkness. After one week, only a
small change in the band intensity was observed (see Figure S2).

As is known from the literature, photobleaching processes of mono-
L-aspartylchlorin e6 (in PBS pH 7.4; irradiated at 400 nm) follow a first-
order kinetic until 70 % of the sensitizer is bleached [48]. The photo-
bleaching may occur at different rates depending on the solvent as
observed for this chlorin (faster in fetal calf serum FCS than in PBS;
irradiated at 405 nm — 415 nm) [49]. To determine the photostability of
photosensitizers, we collected the absorption spectra following irra-
diation with different red-light doses (4.56-22.80 J/cm?) and assessed
the ratio of absorbance for the most red-shifted Q band measured after
and before exposure (S6-S8). The fluence rate of the halogen lamp (A =
630 nm) was 380 W/m? when measured from a distance of 1 cm. At the
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Table 4

Photostability of chlorin e6 derivatives in DMSO (20 uM) following irradiation
with different red-light doses assessed as the ratio of absorbance for the most
red-shifted Q band measured after (A) and before (A,) exposure to the light.

Energy dose / J/cm?* Exposure time /s A/Ay/ %
chl ara 3 chl glc 4 chl mme 2
4.56 120 96.22 99.25 96.82
9.12 240 94.94 98.25 94.06
13.68 360 93.94 97.37 93.74
15.96 420 92.42 95.24 92.78
18.24 480 91.53 94.49 91.61
20.52 540 89.99 92.73 89.49
22.80 600 88.34 91.73 88.43

dose of 20 J/cm? used in biological in vitro experiments, the decrease in
the intensity of the last Q band did not exceed 12 % (Table 4). This
value seems to be adequate for PDT because, for example, Photo-
dithazine®(PZ) (a noncovalent salt complex of chlorin e6 with N-me-
thyl-p-glucosamine), which has received clinical approval in Russia,
showed 9% intensity decrease in the 656 nm band (in PBS pH 7.4; ir-
radiated at 630 nm) [50]. The photodegradation of all investigated
chlorins was negligible despite their monomerisation, which was most
evident for chl glc 4. As it is known, the studies of Verteporfin photo-
bleaching showed that monomeric forms of photosensitizer are less
"resistant" to the above phenomenon than aggregates [9]. Moreover, the
modifications caused by exposure to the light include only band in-
tensity changes. No disappearance or emergence of bands, which would
indicate the formation of new photoproducts, was noted.

3.6. Size and polydispersity index (PDI) of differently charged liposomes

The idea of using nanoparticles as carriers of hydrophobic drugs in
the bloodstream [51-56] can also be used to improve the effectiveness
of photodynamic therapy. Therefore, it was examined whether the use
of liposome carriers would improve the therapeutic effect of the PDT
with selected chlorin derivatives on the basis of physicochemical and
cytotoxic properties (chl ara 3 and chl mme 2). As both the value of
charge and its density on the surface of liposomes affect their stability,
biodistribution and the degree of accumulation in the cell [57,58], we
proposed the use of three types of liposomes — neutral, anionic and
cationic. Neutral liposomes are less removed by cells of the re-
ticuloendothelial system (RES) and aggregate more strongly after sys-
temic administration compared to other types of liposomes. Anionic
liposomes are characterised by increased stability in suspension. In
addition, the use of certain glycolipids, such as the monoganglioside
GM1 or phosphatidylinositol PI, inhibits the uptake of these liposomes
by macrophages and RES cells, which increases their circulation time in
the bloodstream up to 12 h [59-61]. In contrast, cationic liposomes
have a high ability to interact with serum proteins, which results in
their increased uptake by RES. They are also proposed as a system for
delivering substances to cells thanks to their fusion with the cell
membrane [57,62-64].

In the first stage, the diameter of the tested liposomes and the values
of the polydispersity index PDI were determined (see Table S1). For this
purpose, the Zetasizer Nano ZS (Malvern) particle size analyzer was
used.

The size of liposomes is one of the main parameters determining
their distribution and removal from the body, because it affects the
degree of uptake by macrophages and cells of the reticuloendothelial
system [65,66]. Comparing the obtained diameter values of different
types of empty liposomes, it was observed that liposomes containing
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polyethylene glycol had the smallest size. The diameter of these lipo-
somes did not exceed 120 nm. A slightly larger diameter of 125 nm has
been observed in the case of DPPC/DPPG anionic liposomes (DPPC —
1,2-dipalmitoylphosphatidylcholine, DPPG - 1,2-dipalmitoylpho-
sphatidylglycerol). In contrast, empty liposomes with cholesterol are
over 15 nm larger than the others. Similarly, among liposomes with chl
mme 2, those with cholesterol have the largest diameter. The sizes of
liposomes with polyethylene glycol and DPPC/DPPG are similar to each
other and do not exceed 127 nm. The smallest sizes of liposomes were
observed for those with chl ara 3. However, the relationship between
the sizes of individual types of liposomes is similar to that in previous
groups. The smallest are liposomes with polyethylene glycol and DPPC/
DPPG, their diameter ranges from 111 to 114.3 nm. HSPC/Chol (HSPC
- t-a-phosphatidylcholine, Chol - cholesterol) and HSPC/DOTAP/Chol
liposomes (DOTAP - 1,2-dioleoyl-3-trimethylammonium-propane) are
at least 12 nm larger than the others. Also, the polydispersity coefficient
values obtained for all tested types of liposomes, both empty and with
compound, are less than 0.14. According to the literature data, if the
PDI value does not exceed 0.3, the obtained liposome suspension is
homogeneous [67,68]. Due to the above, the obtained liposomes are
characterised by a homogeneous size distribution.

Studies have shown that the uptake of liposomes by RES and their
opsonization by plasma proteins increases with their diameter.
However, the size reduction causes an increase in their accumulation in
cancerous tissues. This effect may be associated with longer circulation
time of smaller liposomes in the bloodstream and the fact that tumours
are supplied by the leaking blood vessels, which also facilitates the
accumulation of small liposomes in target tissues [57,61,62]. In pho-
todynamic therapy, when photosensitizers are encapsulated in 100-400
nm liposome carriers, their passive tumour accumulation is optimised
[52,60,69-71]. Therefore, the obtained liposomes are characterised by
a suitable size, which helps to effectively deliver the photosensitizer to
cancer cells.

3.7. Stability of liposomes

The modification of the liposome surface by the incorporation of
small amounts of compounds possessing hydrophilic groups into the
membrane composition may reduce their interactions with blood
components and prevent their detection by the RES system [57,62,72].
As a consequence, liposomes of this type are more stable in the biolo-
gical environment and may have an almost 10-fold longer half-life in
the bloodstream [57,62]. Most often, phosphatidylethanolamine con-
jugated to the hydrophilic polymer polyethylene glycol (PEG) is used to
obtain a hydrophilic coating around liposomes [59]. Depending on the
length of the polymer, it forms an additional layer with a thickness of 5
nm around the liposome that does not affect the total value of the
charge on the surface of the vesicles. Liposomes containing 2000 Da
polyethylene glycol have the longest circulation time in the blood-
stream [57,61,73-75]. On the other hand, the addition of cholesterol
stiffening the bilayer to the composition of the liposome membrane
makes it possible to reduce the leakage of the substance encapsulated in
liposomes [71,74,76,77]. Thus, the composition of liposomes affects
their stability and efficiency in drug delivery. Therefore, we examined
the stability of different types of liposomes held for 28 days.

Based on the analysis of the size and PDI of liposomes stored at 3 °C
for 28 days, it was found that the most stable are HSPC/Chol and HSPC/
DSPE-PEG2000 liposomes, both empty and with chl mme 2 and chl ara
3 (see SI, Figures S9—17). Cationic and anionic liposomes with chl
mme 2 and chl ara 3 should be prepared immediately before use be-
cause they show the least stability when stored at 3 °C, or they should
be stored in freeze-dried form prior to using in order to avoid stability
issues.
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Table 5
Encapsulation efficiency of chlorins into liposomes (EE%).

Type of liposoms EE [%] Chl mme EE [%] Chl ara 3

2
HSPC/Chol (7:3) 89.83 £ 5.10 96.68 + 2.07
HSPC/DSPE-PEG2000 (9.5:0.5) 82.03 + 2.38 91.84 = 0.87
HSPC/DOTAP/Chol (6:1:3) 89.19 + 4.00 97.77 + 5.80
HSPC/DOTAP/DSPE-PEG2000 91.20 + 3.19 87.69 + 7.27
(8.5:1:0.5)
DPPC/DPPG (9:1) 95.66 * 5.54 90.17 + 2.05
HSPC/DSPG/DSPE-PEG2000 (8.5:1:0.5) 92.90 + 1.67 92.95 + 4.17

3.8. Encapsulation efficiency of chlorins into liposomes (EE%)

Another important parameter when creating drug-transporting li-
posomes is the percentage of substance encapsulated in them. The ef-
fectiveness of drug incorporation in liposomes was determined on the
basis of the ratio of photosensitizer concentration per 1 mg of phos-
pholipids, before and after filtration on a column filled with Sephadex
G-50 Fine gel (5.5 X 70 mm) (Table 5).

The encapsulation efficiency in liposomes for chl mme 2 and chl ara
3 is very high — over 80 % in the worst case (HSPC/DSPE-PEGqoo with
chl mme 2-82.03 %; HSPC/DOTAP/DSPE-PEG.oo with chl ara 3-87.69
%). For chl mme 2, the highest efficiency was obtained for anionic li-
posomes DPPC/DPPG over 95 % and slightly lower 91-92 % for steri-
cally stabilized liposomes (HSPC/DOTAP/DSPE-PEGyoo and HSPC/
DSPG/DSPE-PEGy(q0). In the case of liposomes with chlorin, the highest
efficiency (96 %) is characterised by those with cholesterol. Anionic
liposomes and HSPC/DSPE-PEGyq, are characterised by chlorin en-
capsulation efficiency in the range of 90-93 %.

3.9. Biological in vitro studies

3.9.1. Cytotoxicity and phototoxicity

Human colon adenocarcinoma cells (HCT116 and HCT116 p53’/ M)
were exposed to the PS alone, which permitted for dark cytotoxicity
assessment, or both PS and light (at maximum absorption), which in
turn allowed for evaluating their phototoxicity. No cytotoxic effects
were observed in the dark in a broad range of concentrations. Following
the light exposure, cell mortality increased along with the PS con-
centration (Fig. 3). Temoporfin was used as a control in these studies,
and the experiments were carried out with cells bearing a wild-type or
mutant (p53~/~) p53 gene. The strongest cytotoxic effects were ob-
served for chl ara 3. The chlorin chl mme 2 was found to be almost as
effective as chl ara 3, particularly for HCT116 p53~/~ cells. Temo-
porfin was less effective, at least until 0.5 pM concentration (Fig. 3).
However, it should be remembered that the MTS test measures cell
viability by analysing their metabolic activity (the activity of the mi-
tochondrial dehydrogenase enzyme) and determining the number of
cells with active mitochondria. However, clonogenic assay is con-
sidered to be the reliable standard because it exclusively answers the
question of what percentage of cells capable of unlimited proliferation
survives the treatment with a given compound. It cannot be excluded
that in a longer period of time, after the stress factor has occurred, the
damage can be repaired, or the cells considered alive in the MTS test
may activate mechanisms leading to their death. To verify the results
obtained with the MTS test, a clonogenic assay was performed to un-
equivocally assess the effects of therapy. Clonogenic assays revealed
that chl ara 3 outperforms the remaining PS in HCT116 p53 =/~ cells,
and only at the highest concentrations, it shows lower anticancer ac-
tivity in HCT116 cells compared to temoporfin (Fig. 4). ICso values
were calculated based on the results and are shown in Table 6. This
study investigates the susceptibility of wild-type and p53 knockout
HCT116 cells. Mutations of the p53 tumour suppressor gene constitute
one of the most frequent molecular changes in a wide variety of human
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Fig. 3. Phototoxicity of temoporfin (Foscan, 5,10,15,20-tetra(m-hydroxyphenyl)chlorin), chl ara 3, chl glc 4 and chl mme 2 in HCT116 cells after 3-h incubation with
compounds at different concentrations and illumination with red light (20 J/ cm?) emitted by a halogen lamp (A = 630 nm). The survival fraction (% of control cells)
was determined 24 h post irradiation using the MTS assay. The untreated and not irradiated cell population corresponds to 100 %. The results were obtained from at
least three independent experiments in triplicate and presented as mean + SD. Statistical significance was assessed using the Mann-Whitney test ****P < 0.0001;

***0,0001 < P < 0.001, **0.001 < P < 0.01; *0.01 < P < 0.05.

cancers. The p53 protein is a transcription factor that plays a major role
in initiating the cell's response to stress factors, mainly DNA damage,
hypoxia and abnormal proliferative signals. Cellular stress stabilizes the
p53 protein and depending on how high the stress level is, the cell cycle

Table 6

ICsp values obtained for HCT116 cells following 3.5-h incubation with chlorins
and red light irradiation (20 J/cm?). The results were obtained from at least
three independent experiments in triplicate and presented as mean =+ SD.

is inhibited or cells that have been irreversibly damaged die in the Compound ICso / UM
process of apoptosis [78-80]. The results for compounds (chl ara 3 and
chl glc 4) and temoporfin clearly show that for the HCT116 p53~/~ MTS assay Clonogenic assay
ICso values are higher in the MTS assay but lower in the clonogenic HCT116 HCT116 HCT116 HCT116
assay. Further research is necessary to determine the role of p53 in cell p53+/+ P53-/- P53+/+ P53-/-
death as a result of photodynamic therapy.
chl ara 3 0.31 + 0.03 0.50 + 0.05 0.22 + 0.03 0.12 + 0.03
chl gle 4 2.08 + 0.17 3.10 + 0.42 0.83 + 0.32 0.45 + 0.08
3.9.9. Cellular chlorins retention kinetics chl mme 2 0.96 +0.12 0.37 + 0.04 1.23 +0.30 0.58 + 0.06
.. . . . temoporfin  0.45 + 0.03 1.04 + 0.11 0.51 +0.13 0.23 * 0.02
The kinetics of photosensitizer retention and elimination from the
tumour cells are, from the clinical point of view, as important as their
subcellular localization. Therefore, the location and final concentration
of the photosensitizer inside cancer cells are crucial for the outcome of
PDT. In order to confirm the penetration of the compounds into cancer
1000 1000 Fig. 4. Cell survival measured by clo-
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Fig. 5. The kinetics of photosensitizer (2.5 ptM) uptake (HCT116 cells) assessed
by spectrophotometric measurement of cell lysates. Each time point is an
average of eight experimental points (mean + SD).

cells, we performed experiments with lysates of cells, which were
previously incubated with particular chlorins. In the first stage, three-
dimensional charts of emission vs. excitation were recorded. The oc-
currence of the additional band (invisible for the control group) cor-
responds to the presence of chlorin. It was concluded that the emission
bands obtained for the lysates after 3 h had the highest intensity (see
Figure S18).

The optimal incubation time was confirmed by time-dependent
fluorescence measurements after the PS excitation at a wavelength
corresponding to the maximum of Soret band (for 1, 2, 3, 4 and 6 -h
incubation). The correlation between the maximal fluorescence in-
tensity (as well as the accumulation rate) and the time of incubation
was estimated (Fig. 5). The optimal incubation time was between 3 and
4 h, depending on the chlorin. For chlorin chl glc 4, the maximum was
visible after three hours. For the remaining chlorins (chl ara 3 and chl
mme 2), the difference in their concentration inside the cells was not as
evident. Therefore, the optimal incubation time of 3 h was chosen for
chl ara 3 and chl mme 2.

3.9.3. Subcellular localization of photosensitizers

As it is essential to ensure the effectiveness of PDT, the accumula-
tion of the photosensitizer at the specific site of the cancer cells is de-
sirable. Many reports have implicated mitochondria and lysosomes as
important PDT targets. The localization in mitochondria is reported to
be more efficient in killing cells than the localization at other cellular
sites [81]. The preference for membrane or other cellular compartment
localization is related to different photosensitizer properties. Photo-
sensitizers (frequently hydrophobic) penetrate membranes and damage
them, which in most cases results in necrosis. Those compounds accu-
mulating in the cytoplasm of the eukaryotic cells (especially hydro-
philic) initiate apoptosis. However, the process of photosensitizer ac-
cumulation in the cells and the associated therapeutic efficacy is much
more complex. Even if various photosensitizers accumulate in the same
organelles, their effectiveness may differ due to, for instance, their
different tendency to aggregate. Therefore, small changes in PS physi-
cochemical properties affect their specific or non-specific tissue binding
ability, which obviously changes the subcellular location of the pho-
tosensitizer and the way it acts. Additionally, this effect is specific both
to particular cell lines and to the applied incubation protocol.

To determine subcellular chl ara 3, localization fluorescence mi-
croscopy was used with PS together with MitoTracker, ERTracker,
LysoTracker and/or Hoechst reagent. After only 2 h, all cells in-
corporated the PS and showed intense bright-red fluorescence origi-
nating from the internalized compound (Fig. 6). In no cases did the
photosensitizer accumulate inside the cell nucleus. Therefore, the risk
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of DNA damage during PDT seems to be small. The double staining
group with chlorin and MitoTracker revealed that chl ara 3 localizes to
some extent in mitochondria, but there are some areas with only red
fluorescence representing chlorin still situated in other compartments
of the cell. Staining with chlorin and ERTracker as well as chlorin with
LysoTracker indicated that chlorin penetrated endoplasmic reticulum
and lysosomes successfully.

The limitation relating to the fluorescence microscope is that the
image reaching the detector comes not only from the focus plane, be-
cause the lens of the microscope collects light from the entire cross-
section of the sample. In addition, the emission filters used in wide-field
microscopy can cause that fluorescence from two different fluorescence
markers can partially overlap, making correct analysis difficult. Both of
these problems are eliminated when a confocal microscope is used for
imaging. Therefore, intracellular localization of chlorin ara 3 was ver-
ified using a Zeiss LSM 700 confocal microscope and ZEN 2.1 software
(see Figure S19 in SI).

3.9.4. Morphological changes in tumour cells undergoing PDT

Photodynamic therapy, also in vitro, leads to cell death via apop-
tosis, necrosis and autophagy [82,83]. To obtain insight into morpho-
logical changes induced in tumour cells by investigated PS, phase
contrast, light and scanning electron microscopy (cryo-SEM) observa-
tions were carried out. These experiments revealed that PDT with chl
ara 3 leads to a rapid (within 6 h) and robust (observed already at 0.5
UM concentration) shrinkage and detachment of cells accompanied by
extensive plasma membrane blebbing (Fig. 7), typically observed
during its damage and leading to necrosis. Similar changes were ob-
served when temoporfin was used in PDT, but both detachment and
blebbing were observed at higher PS concentrations. Also, cryo-SEM
observations of HCT116 cells undergoing PDT with chl ara 3 revealed
marked and irregular lesions in the plasma membrane of the treated
cells (Fig. 8). Moreover, phase-contrast microscopic observations
showed that PDT with chl ara 3 led to extensive cytoplasmic vacuola-
tion, typical for necrosis (Fig. 9B). Tumour cell necrosis is associated
with the development of extensive inflammatory response that may
stimulate adaptive immunity against residual or metastatic malignant
cells, which may contribute to the effectiveness of the therapy [84].
However, it should be emphasized that one compound may induce
necrosis and/or apoptosis depending on experimental conditions. Ap-
parently, treatment success does not exclusively depend on the induc-
tion of only one type of cell death, especially in solid tumours [55]. The
desirability of apoptotic vs. necrotic cell death and optimal apoptosis/
necrosis ratio is still unclear. Bruin et al. discussed this problem ex-
tensively [85]. Therefore, the applied treatment protocol should mostly
guarantee, through optimal apoptosis/necrosis ratio, the safety and
efficiency of the therapy. In future studies, we will attempt to confirm
our preliminary distinction between apoptosis, necrosis and autophagy
through biochemical analyses (e.g. caspase activation, markers analysis
— Annexin V/propidium iodide staining).

3.9.5. Toxicity of liposomes

Liposomal carriers are perfectly suited for the transport of drugs,
because by modifying their size, charge and the composition of the
phospholipid membrane, in addition to increasing the accumulation of
the drug in cancer cells, they provide a significant reduction in drug
concentration in healthy tissues, and thus a significant reduction in the
toxicity of therapeutic agents [56,65,72,86]. The composition and size
of liposomes must, however, be selected so that the carriers themselves
neither pose a hazard nor show toxicity.

The obtained MTS test results confirm that both empty liposomes
(see Figure S20) and those in which chlorins have been encapsulated
(see Figure S21 and Figure S22), in the absence of light, do not show a
toxic effect on HCT116 cells. Only slight decreases of a few percent in
cell survival were observed. The largest decrease in cell survival by
approximately 12 % was observed for HSPC/DSPE-PEG2000 liposomes
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Fig. 6. Subcellular localization of chl ara 3 (2.5 pM) following 2-h incubation and staining with fluorescence dyes — MitoTracker (100 nM, 30 min), ERTracker (1 puM,

1 h), Hoechst (4 pg/mL, 30 min) and LysoTracker (5 puM, 1 h).

with chl mme 2.

3.9.6. Liposome carriers in chlorin-PDT therapy

In the next stage, the photodynamic effect of the tested liposome-
drug complexes was assessed in comparison to the effect obtained for
the photosensitizer alone. The assessment of the viability of cells in-
cubated with photosensitizers encapsulated in liposome carriers or
treated with free photosensitizer and exposed to light was performed
based on statistical analysis using a non-parametric Mann-Whitney U
test. The statistical analysis was performed using Statistica (version 10).
Normal distribution was verified using the Shapiro-Wilk test.

It was observed that at each chlorin concentration, greater photo-
dynamic effects were obtained for the tested liposomal formulations
(Fig. 10a). For example, for the lowest tested concentration and a light
dose of 4.2 J/cm?, cell viability is 1.7 (HSPC/DOTAP/Chol) to 2.5
(DPPC/DPPG) times less compared to the chl mme 2 itself. DPPC/DPPG
liposomes at a concentration of 2.5 pM chl mme 2 caused up to 61 times
higher cell mortality than the compound alone (Fig. 10a). Also, a strong
photodynamic effect of chl mme 2 in liposomal formulations was ob-
served for a light dose of 12.5 J/cm? (Fig. 10b). The largest differences
in cell viability were observed for DPPC/DPPG liposomes at a con-
centration of 0.5 uM and 1 uM, compared to chl mme 2 alone. For these
liposomes, cell viability was 15 and 28 times lower, respectively, than
after the application of the free photosensitizer.

The viability of cells treated with HSPC/DOTAP/DSPE-PEGyg li-
posomes with chl ara 3 is 4.2-10 times lower, depending on the con-
centration of 0.5 pM — 1 pM, than that of cells which survived irra-
diation after incubation with the compound itself (Fig. 10c). For higher
concentrations of chl ara 3, the differences between the cell viability
obtained for individual types of liposomes are no longer as pronounced.
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The best photodynamic effect was obtained for HSPC/Chol liposomes
with chl ara 3 at 0.5 pM concentration and a light dose of 12.5 J/cm?. In
this case, the cell viability was 42 times lower than that obtained for
free chlorin (Fig. 10d).

4. Discussion

The antitumour effectiveness of PDT depends on the photophysical
and chemical properties (charge, hydrophilicity/ hydrophilicity, the
tendency for aggregation) of the photosensitizers as well as their che-
mical structure (type, number and the quantity of substituents and
functional groups, the presence of rings and the central atom) [87,88].
Therefore, we firstly explored the photophysical properties of the
compounds. The analysis of the investigated chlorins revealed typical
features of absorption and emission spectra, including high values of
molar absorption coefficients for the last Q band, which guarantees
efficient molecule excitation. The assessed values of fluorescence
quantum yields were 0.24-0.27. The photodegradation of the in-
vestigated chlorins was negligible despite their monomerisation.
Chlorin chl glc 4 was the most stable.

The obtained triplet state lifetimes were in the range of 0.23-0.27
us, which was comparable to the value referred to in the literature [42].
The singlet oxygen quantum yields of chl ara 3 (0.63) and chl mme 2
(0.66) were comparable. The lowest value was obtained for chl glc 4
(0.56). Thus, all the chlorins also had relatively high (above 50 %)
quantum Yyields of singlet oxygen generation. The obtained results are
comparable to the literature value of @A for chlorin e6 [42,45]. To
summarize, the photophysical properties of new chlorin e6 derivatives
meet the necessary requirements to be applied in PDT.

It was concluded that the emission bands obtained for the lysates
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N

Fig. 7. Light microscopic images of HCT116 control cells (no light, no photosensitizer) and HCT116 cells following 3.5-h incubation with chl ara 3 or temoporfin and
subsequent red-light irradiation (20 J/cm?). Image recording was performed 6- and 24 -hs post irradiation. Treated cells have a different morphology compared to the
control cells. Among the treated cells, swelling cells were observed (similar to necrotic cells). Apoptotic cells exhibit a rather shrunken morphology.

after 3 h had the highest intensity. This might indicate that after such a
period of time, the concentration inside the cells was maximal, which
proves the efficient transportation of chlorins into the cells.

The evaluation of the biological mechanisms of action of new de-
rivatives consisted first of all in determining the time at which the
compounds penetrate into the cells. Our compounds localized very ef-
ficiently in the lysosomes, endoplasmic reticulum (ER), mitochondria
and cytoplasm. Importantly, chl ara 3 failed to localize in the cell nu-
cleus, thereby minimizing potential mutagenic effects resulting from
DNA damage.

Our research indicates a lack of dark cytotoxicity in the selected
range of photosensitizer concentrations, as well as excellent photo-
dynamic efficiency. MTS and clonogenic assays results have shown that
all chlorins had a strong cytotoxic effect in HCT116 cells.

PDT with our compounds resulted in significant morphological cell
changes. The cells immediately showed extensive damage which in-
creased with the higher concentration of photosensitizer and the longer
post-irradiation time. Electron microscopy found that the cell mem-
branes were strongly damaged and the cellular components leaked out.
Therefore, these compounds seem to induce necrosis.

Our study also proved that the use of liposomes to transport new
chlorin e6 derivatives improves the effectiveness of PDT therapy. The
diameters of liposomes tested did not exceed 170 nm, so their size
would be suitable for transporting drugs to the tumour through the
leaking blood vessel system [34,89]. It is known that liposomes be-
tween 50 and 200 nm proved to be clinically useful as they lose less
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drugs and do not undergo phagocytosis. It was found that the liposomes
HSPC/Chol and HSPC/DSPE-PEGyqq are stable for 28 days, both empty
and with chl mme 2 and chl ara 3. The encapsulation efficiency in li-
posomes for chl mme 2 and chl ara 3 is very high — in most cases ex-
ceeding 90 %. The obtained MTS test results confirm that both empty
liposomes and those in which chlorins have been encapsulated, in the
absence of light do not show toxic effect on HCT116 cells. The ther-
apeutic effect of chlorins encapsulated in liposomes has been shown to
be much stronger than when given free compounds. The largest dif-
ferences in the cell viability were observed for DPPC/DPPG liposomes
with chlorin at a concentration of 0.5 and 1 yM (15 and 28 times
lower), compared to chl mme 2 alone.

For chl ara 3, efficacy was improved, depending on the liposome
type and dose, from 4.2-42 times relatively to the effect obtained for
the free compound. HSPC/Chol liposomes provided the best therapeutic
effect. In conclusion, the amidation of chlorin e6 with a sugar derived
from amino polyols is an excellent tool to improve the therapeutic ef-
fectiveness of PDT.

The hydrophilicity of PS is a barrier, which hinders their passing
through the lipid bilayer resulting in their poor cellular uptake. Highly
lipophilic photosensitizers can easily permeate membranes, but they do
not easily dissolve in aqueous media. In order to improve solubility,
functionalization such as sulphonation is normally used, but this alters
other characteristics, perhaps deleteriously. Here we show that the use
of non-ionic polyol amide derivatives to enhance the delivery of pri-
mary hydrophobic compounds to tumours appeared to be an excellent
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Fig. 8. Cryo-SEM images of HCT116 cells. Control cells (no photosensitizer) (A); Cells incubated with chl-ara 3 (2.5 uM) following red light irradiation (20 J/cm?)

(B). Microscope analysis was performed 24 h post irradiation.

alternative to other methods. The chlorin e6 glyco-derivatives had
sufficient photophysical properties (they do not aggregate or photo-
bleach, but can be effectively excited and successfully generate singlet
oxygen). They acted via multiple rather than singular sites within the
target cell, thus indicating high photodamage and necrotic cell death.
The observed lack of dark toxicity and mutagenicity, as well as higher
than temoporfin photodynamic efficacy, make new chlorins e6 deri-
vatives promising candidates for PDT applications.

5. Conclusions

An ongoing trend in photodynamic therapy is to increase the se-
lectivity of photosensitizers by effecting a significantly higher con-
centration in cancerous tissues. New photosensitizers are being sought

and attempts made to modify the already tested photosensitizers to
increase efficiency, broaden indications and eliminate the side effects of
PDT. In our work, we succeeded in proving that glycosylated deriva-
tives of e6 chlorins exhibit beneficial physicochemical properties as
well as increased anti-tumour efficacy when administered in liposome
carriers. This gives hope for future research using these compounds and
targeted media.
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Fig. 9. Phase-contrast microscopic image of autophagy (Au) in murine leukemia cells (L1210/Bax) after PDT(A) [52]. Phase-contrast microscopic image of HCT 116
cells treated with 1 pM of chl-ara 3 recorded 24 h post irradiation (fragment of image) (B). Necrotic cell death (N).
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Fig. 10. Cell viability of HCT116 cells assessed by MTS assay after 4 h of treatment with (a) chl mme 2 and its liposomal formulations and a light dose 4.2 J/cm?; (b)
chl mme 2 and its liposomal formulations and a light dose 12.5 J/em?; (c) chl ara 3 and its liposomal formulations and a light dose 4.2 J/em?; (d) chl ara 3 and its
liposomal formulations and a light dose 12.5 J/cm?. The results were obtained from three independent experiments in triplicate and presented as mean * SD. The
differences between the analysed variables were considered statistically significant when the p value < 0.05. Statistically significant differences are marked by

asterisks*.
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