Bioorganic & Medicinal Chemistry 17 (2009) 8197-8205

Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry

corganic & Medicinal
hemistry

—
N,
5

journal homepage: www.elsevier.com/locate/bmc

Spectroscopic and biological studies of a novel synthetic chlorin derivative

with prospects for use in PDT

a,b,*

Agnieszka Szurko

, Marzena Rams?, Aleksander SochanikP?, Karolina Sieron-Stottny €,

Agnieszka Maria Kozielec Y, Franz-Peter Montforts ¢, Roman Wrzalik?, Alicja Ratuszna?

2 A. Chelkowski Institute of Physics, University of Silesia, Uniwersytecka 4, 40-007 Katowice, Poland
b Maria Sklodowska-Curie Memorial Cancer Center and Institute of Oncology, 44-101 Gliwice, Poland
€ Center for Laser Diagnostics and Therapy, Department and Chair of Internal Diseases, Angiology and Physical Medicine, 41-902 Bytom, Poland

dInstitute of Organic Chemistry, University of Bremen, D-28359 Bremen, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 22 June 2009

Revised 10 October 2009
Accepted 15 October 2009
Available online 20 October 2009

Keywords:
Photodynamic therapy
PDT

Photosensitizers
Synthetic chlorins

Photosensitizers with desirable combinations of chemical, photophysical and biological properties are
essential for improving the efficacy of photodynamic therapy (PDT) against various cancers. Chlorins
seem to be promising candidates for photodynamic therapy (PDT) owing to their photophysical proper-
ties. This paper reports spectroscopic and biological properties of a novel synthetic chlorin derivative.
Cytotoxicity, phototoxicity as well as subcellular localization of the novel derivative was studied using
Lewis lung carcinoma cultured cells (LLC). In the examined concentration range no significant cytotoxic
effects were found but high phototoxicity was observed. Confocal laser scanning microscopy demon-
strated that the compound, upon entering cells, was localized in the perinuclear cytoplasm of LLC cells.
Using fluorescent microscopy we investigated the impact of PDT based on the novel compound upon
cytoskeleton and DNA structure of LLC cells. Our results indicate that liposomes are effective in transfer-
ring the chlorin photosensitizer into the studied cells, leading to their high photosensitization, whereas

the non-carrier delivery mode (i.e., DMSO) is rather useless for such purposes.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Photodynamic therapy is a promising cancer treatment which in-
volves a combination of visible light and a photosensitizer. Each fac-
tor is harmless by itself, but after combination with oxygen they
trigger a sequence of photochemical and photobiological processes
damaging intracellular organelles and leading to cell death.! Com-
pared to traditional cancer therapies such as surgery, radiation ther-
apy or chemotherapy, PDT offers the opportunity to destroy tumors
cells effectively and selectively, without damaging surrounding
healthy tissue.!? However, search for novel, better photosensitizers
continues as the majority of current photosensitizers do not exhibit
desirable combinations of chemical, photophysical and biological
properties, crucial for improved efficacy of PDT against various types
of cancer. The main features of an efficient photosensitizer include:
(1) preferential uptake and/or retention by tumor tissues, (2) rapid
clearance from surrounding normal tissue, that is, low systemic tox-
icity, (3) low dark toxicity, (4) high quantum yield of singlet oxygen
formation ('0,), (5) high extinction coefficient in the 600-900 nm
range where tissue penetration of light is maximum, (6) high chem-
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ical purity and well-known composition, (7) low aggregation ten-
dency and (8) chemical properties conducive for efficient drug
administration.3*Recent synthetic activity has led to a great number
of potential photosensitizers and among them chlorins are the most
promising candidates.’ Chemically, chlorins have a porphyrin skele-
ton-based core with a double bond in one of the four pyrrole rings
reduced (Fig. 1).

This structural modification strengthens the longest-wavelength
absorption band and moves the /., further to the red end of the

Porphyrin Chlorin

Figure 1. Parent structures of chlorin and porphyrin photosensitizers.
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spectrum (Fig. 2).>7 In chlorin-type photosensitizers the red-shifted
absorption band (/max = 660 nm, & = 41,000 mol~! dm® cm~!) allows
for deeper light penetration into tissue than in the case of porphyrin-
type compounds (imax =626 nm, ¢=4400 mol~'dm>cm™). The
excitation coefficient of chlorins is about ten times higher than that
of the corresponding porphyrins.® Furthermore, they seem to be
highly efficient singlet oxygen generators.? Such photophysical prop-
erties fulfill the requirements for a good photosensitizer and make
chlorins promising candidates for applications in PDT.

This study investigated selected physical, chemical and biolog-
ical properties of a new chlorin-type photosensitizer. We present
vibrational spectra of the examined compound and the results of
biological studies. Initial in vitro experiments explored several
experimental parameters such as photosensitizer concentration,
time of transfection or compound delivery method into the cells.
Besides cytotoxicity and phototoxicity in vitro examinations in-
cluded subcellular localization studies. Possible damaging effects
of the studied chlorin on DNA and cytoskeleton were studied using
immunocytochemical staining of actin microfilaments followed by
fluorescence microscopy.

2. Results and discussion
2.1. Chemistry lab

The novel chlorin dicarboxylic acid 4 was prepared from the red
blood pigment heme in a multistep synthetic sequence (Scheme 1),
which was formerly developed for the construction of lipophilic
chlorins.®1%13 The synthetic sequence started with copper(ll)deu-
teroporphyrin dimethylester 1 a direct degradation product of the
easily accessible red blood pigment heme. The copper(Il)deutero-
porphyrin dimethylester 1 was transformed into its 3-heptanoyl
substituted derivative 2 by Friedel-Crafts-acylation. Copper re-
moval and sodium borohydride reduction yielded the hydroxyhep-
tyl porphyrin 3. Porphyrin 3 was then reacted to the target chlorin
4 by Claisen rearrangement, hydrogenation and hydrolysis of the
propionic acid esters. The hydrogenation procedure formed a 3:2
mixture of cis/trans stereoisomers, which could be separated by
HPLC [LiChrosorb RP18 (Merck), methanol, 1 ml/min, cis isomer:
tr=8.2 min; trans isomer: tg =7.3 min] for analytical purposes.
Samples of the pure stereoisomers were hydrolyzed separately to
yield cis and trans chlorin dicarboxylic acid 4 which were structur-
ally characterized. For biological studies a mixture of cis/trans iso-
mers were used because a chromatographic separation on a
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Figure 2. UV-vis absorption spectrum of chlorin (solid line) and porphyrin (broken
line).

preparative scale seemed too tedious. By reversed phase HPLC it
was demonstrated that the lipophilicity of the cis/trans isomers
of both heptyl chlorin dicarboxylic acids is very close together
and in a similar range as that of the active components of the
widely used PDT photosensitizer Photofrin 1.2 We are conscious
of well-known fact that constitutional isomers usually have similar
photophysics and photochemistry characteristic, but sometimes
different biological properties. Their different configurations may
be induced more or less selectively in organism localization and
uptake by certain cells.!* Kasugai et al. compared the effect on cell
death of water-soluble cis- and trans-Fe-porphyrins using the dif-
ferent cell lines (Walker 256 and H-4-II-E as cancer cells and FR
and BRL-3A as normal cells). They clarified that cis-Fe-porphyrin
showed a good cytotoxicity to cancer cells, while for trans-isomer
no cytotoxic effects were observed. Furthermore, they demon-
strated that the amount of cis-isomer inside the cell was enhanced
compared with trans-isomer and only cis-isomer caused DNA dam-
age in a cell.’> Obviously, we realize that it was different case, also
due to classification of compounds to metalloporphyrins. We
strongly believe that in our cis/trans isomers changes in distribu-
tion of electrons are minimal, therefore usage of mixture of iso-
mers shouldn’t affect biological activity.

2.2. Physical studies

2.2.1. Interpretation of vibrational IR spectrum of chlorin 4

Infrared (IR) spectroscopy is a useful technique for characteriz-
ing materials and providing information about their structure and
dynamics. In the present study vibrational spectroscopy was used
to confirm the molecular structure of the studied chlorin derivative
4. The strongest IR bands and their assignments are listed in Ta-
ble 1. The assignment was done on the base of density functional
theory (DFT) calculation. The geometry of the molecule was opti-
mized and harmonic frequencies were calculated using B3LYP/6-
31G(d,p) model. The calculated force fields were scaled using the
scaled quantum mechanical force field method (SQM), giving bet-
ter to fit to experimentally observed vibrational fundamentals
and infrared intensities.'® All calculations were performed using
pQs ab initio program package. The assignment was also compared
with those reported by Berezin et al.!”!® Obtained experimental
and calculated IR spectra of chlorin 4 are shown in Figure 3.

2.3. Biological studies

2.3.1. Dark toxicity and PDT effects of the studied chlorin in LLC
cells

The experiments were performed to determine the degree of
dark toxicity and PDT efficiency of chlorin derivative 4 on LLC cells.
Cell proliferation was evaluated by measuring cell metabolic activ-
ity using MTS assay. In these studies cells were transfected with
the examined compound for 4 or 12 h, as described in Section
5.3.3. The viability assay was carried out 24 h post-irradiation.
The experimental results are shown in Figure 4. It can be seen that
light or photosensitizer separately did not lead to any significant
decrease of survival fraction. For the examined concentrations no
negative cytotoxic effects of the studied compound were observed.
After irradiation in the absence of the compound, decreased cell
viability was not noticed. Cells death was only triggered by a com-
bination of the photosensitizer and light. Following PDT, cell sur-
vival fraction decreased when the concentration of chlorin was
raised. The therapeutic effect was observed at 0.5 uM chlorin con-
centration and up.

These results were compared to those of experiments involving
Photofrin® (PH). The comparison is shown in Figure 5. For the
examined concentrations of Photofrin® no considerable therapeu-
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Scheme 1. Synthesis and structure of the studied chlorin photosensitizer (CHL) 4. Reaction conditions: (a) (n-CgH;3C0),0, SnCls, CH,Cly, —15 °C, 93% mixture of 3,8
constitutional isomers; (b) (1) mixture of constitutional isomers, concd H,SO4, (2) CH,N,, ether, 95% for (1) (2), (3) mixture of constitutional isomers, NaBH4, CH,Cl,, MeOH,
—20 °C, 83% mixture, (4) prep. MPLC: SiO, (Matrex), CH,Cl»/EtOAc (6:1), 37% 3-isomer, 25% 8-isomer, 20% 3,8-mixture; (c) (1) CH3C(OCHs), N(CH3),, o-xylene, 160 °C, 85%, (2)
Pd(OAc),, (EtO)sSiH, THF, rt, 85% 3:2 mixture of cis/trans-isomers, (3) KOH, H,0, THF, 50 °C, 90% mixture of cis/trans-isomers.

tic effects were observed. Following PDT with 5 uM of PH the sur-
vival fraction (SF) was 60.7% (data not shown) whereas for the
studied chlorin 4 a 10-fold lower concentration (0.5 pM) yielded
a survival of only 22.3% of the cells.

2.3.2. Efficiency of liposomal chlorin delivery into LLC cells
PDT efficiency of the examined chlorin derivative 4 delivered

into LLC cells via liposomal vehicles or after dissolving it in DMSO

(dimethyl sulfoxide) was compared (Fig. 6). It can be seen that cell
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Table 1

Interpretation of vibrational IR spectrum of chlorin 4
Experimental Group Assignment
frequencies (cm™')
3342 N-H N-H stretching vibrations in the

pyrrole ring
2956, 2870 CH3 CHj5 stretching
2925, 2854 CH, CH, stretching
1725, 1705 =0 C=O0 stretching
1613, 1559,1544, 1523 Chlorin stretching in-plane
vibrations

1503, 1456 CH, CH,; bending (scissoring)
1397,1380 CH, CH; bending (wagging)
1352 Chlorin stretching in-plane vibrations
1260 C(=0)-C C(=0)-C stretching
1234 N-C(H3) N-C(Hs) stretching
1203 C-H Chlorin out-of-plane vibrations
1150 C(=0)-N C(=0)-N stretching
1105 C-C Chlorin out-of-plane vibrations
970 Chlorin stretching in-plane vibrations
919 Cc-C C-C stretching vibrations in alkyl chain
853,830 Chlorin out-of-plane deformation
718 CH, CH, twisting vibrations in -C;H;5
704 Chlorin in-plane deformation
671 C-C(H;)  C-C(Hs) stretching
620 Chlorin out-of-plane deformation

survival fraction for photosensitizer dissolved in DMSO was signif-
icantly higher than that when liposomal delivery was used. Using
DMSO-dissolved chlorin the survival fraction was 70.6% (for 4-h
transfection) and 74.4% (for 12-h transfection) whereas in experi-
ments performed under similar conditions, but with liposomal
vehicles, the survival fractions were 20.3% and 34.8%, respectively.
Confocal microscopy showed that the examined compound was
efficiently delivered into LLC cells via liposomal vehicles. This
finding is of considerable significance for PDT treatment with the
studied chlorin species 4.
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2.3.3. Confocal microscopy studies of intercellular distribution
of the chlorin photosensitizer 4

Intracellular localization of photosensitizers plays a crucial role
for the outcome of PDT treatment as it determines the site of pri-
mary photodamages and the type of cellular response to the ther-
apy. Confocal laser scanning microscopy was used to identify the
site of photosensitizer accumulation inside LLC cells. As a marker,
a fluorescent dye CMFDA was employed. Argon ion laser
(488 nm) and helium neon laser (543 nm) served as light sources
to excite CMFDA and the studied compound 4, respectively. After
excitation the chlorin photosensitizer 4 emits bright-red fluores-
cence whereas that of CMFDA is bright green. Figure 7 shows that
the examined compound 4 delivered via liposomal emulsion was
efficiently transferred into LLC cells. After entry into cells the pho-
tosensitizer was localized in the cytoplasm around the nucleus of
LLC cells. In no case did the photosensitizer accumulate inside cell
nucleus. The degree of the photosensitizer accumulation in LLC
cells depended on transfection time (2-12 h) with intracellular
retention getting stronger with increased transfection time. After
2h only few cells incorporated the compound, whereas after
12 h all of the examined cells showed intense bright-red fluores-
cence originating from the internalized compound.

2.3.4. Changes in F-actin and DNA structure following PDT

To investigate the PDT effects of the studied chlorin derivative 4
on cytoskeleton and DNA structures, cells were stained with FITC-
phalloidin (Aex =495 nm, Aem =513 nm) and DAPI (Zex =358 nm,
Jem =461 nm) to visualize F-actin and DNA. Analysis was carried
out using fluorescence microscopy. The distribution of the markers
in control cells is shown in Figure 8 A. In the control group (no pho-
tosensitizer, no irradiation) a network of F-actin filaments extend-
ing along the cell can be observed. Figure 8B shows the effects for
cells incubated with the studied photosensitizer (2 pM) dissolved
in DMSO, but without light irradiation. Some cells used for cytotox-
icity assay were observed to have changed their morphology and
become round. The fluorescence at the periphery of these cells

i
0.05 T T T T — /

experimental

0.04 —

0.03

Intensity [arb. units]

0.02

0.01

— 800

600

400

200

3000

1500 1000

Wavenumbers [cm™]

Figure 3. Experimental and calculated IR spectra of studied chlorin derivative 4.
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Figure 4. Dark toxicity and PDT efficiency. The studied chlorin 4 (0.1-1.5 uM)
was delivered into LLC cells via liposomal vehicles. Following 4- or 12-h
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Figure 5. Comparison of dark toxicity and PDT efficiency of chlorin derivative 4
(CHL) (0.5 uM, 1.0 uM, 1.5 pM) and Photofrin® (PH) (0.5 uM, 1.0 uM, 1.5 pM). CHL
was delivered into LLC cells via liposomal vehicles whereas PH solutions were
prepared by diluting the stock solution with Opti-MEM (Gibco®) to desired final
concentrations. Following 4-hour transfection and 24 h post-irradiation (15 J/cm?)
MTS assays were performed. Results are averaged from four (for CH) or three (for
PH) independent experiments each performed in triplicate. All experiments were
carried out under similar experimental conditions.

appeared to be stronger than in the center. These effects were
stronger in groups treated with PDT (Fig. 8C). Following PDT with
the chlorin photosensitizer we observed weaker fluorescence orig-
inating from the labeled filaments and uniform throughout cell
volume. This indicates that after PDT the cytoskeleton of LLC cells
looses F-actin construction. These modifications might be due to
the condensation of F-actin. Following PDT, modifications in nu-
cleus structure were also observed. In the control group nuclei
had regular, oval form (Fig. 8B) whereas after PDT cell shape was
more circular. Furthermore, in some cases DNA underwent intense
defragmentation processes.

3. Discussion

Chlorin-type photosensitizers, due to their photophysical prop-
erties, are the topic of intensive research. Foscan® (meta-tetrahydr-
oxyphenylchlorin, m-THPC) was approved by Food and Drug
Administration (FDA) for clinical applications while others like
NPe6 (mono-L-aspartyl chlorin e6) are in advanced stages of clini-
cal trials."®

One of the most important photodynamic parameters in PDT is the
quantum yield of singlet oxygen formation by a photosensitizer.’
Montforts and co-workers synthesized and studied photophysical
properties of a lipophilic n-heptyl chlorin derivative substituted at
the dihydropyrrole ring (described as HCHL) with a structure very
similar to the chlorin being the topic of current research. The
photophysical parameters of the former compound, indicative of its
photodynamic behavior, were excellent (Amax = 645 nm, ¢ = 41,000
mol~! dm?® cm™!, @A = 0.6, &1 = 0.71, &5 = 0.23).2° The photophysical
characterization of the novel compound yielded A,.x = 645 nm and
£=133,700 mol~! dm? cm! for cis-isomer and & = 25,300 mol~! dm®
cm™! for trans-isomer. The singlet oxygen quantum yield should be
similar but it has not been studied yet.

Desirable biological properties like low dark toxicity and high
photodynamic efficiency make the studied chlorin derivatives
promising candidates for PDT applications. Preliminary research
indicated that in the applied concentration range the studied com-
pound did not induce cytotoxic effects in LLC cells and demon-
strated photodynamic efficiency in LLC cell line. The damaging
effects could be observed already after 40 min of transfection with
the compound. Microscopic observation revealed that cells after
irradiation were detached from the substratum and showed mor-
phological changes such as shrinking and rounding up. The ob-
tained results were compared with Photofrin®, the most widely
used photosensitizer in clinical practice. The examined chlorin
derivative was photodynamically efficient already at 0.5 uM con-
centration (SF = 20.3%) while with Photofrin®, at the same concen-
tration and under analogical experimental conditions, no
significant therapeutic effects were observed (SF=90.4%). This
indicates that the studied chlorin derivative offers the opportunity
for being administered at relatively lower concentrations. In com-
parison, approximately 1-5 mg/kg of Photofrin® is needed for PDT,
with the risk of long-term skin photosensitivity.> Due to stronger
long-wavelength light absorption the second-generation photo-
sensitizers can be used in smaller doses (0.2-0.5 mg/kg). A good
example is provided by Foscan® use. This second-generation chlo-
rine-type photosensitizer applied in head and neck tumor treat-
ment is infused at very low doses,?! typically ca. 0.1 mg/kg.!%??

In our in vitro experiments we have used liposomal carriers
for efficient transport of the examined chlorin into cells. It has
been known that liposomal delivery of photosensitizing agents
can improve the selectivity of drug accumulation in cancer
cells?>72¢ and strongly increases photodynamic efficiency of the
transported agents.2>?” A liposomal formulation has been found
to improve the tumor uptake of photosensitizer by the LDL-recep-
tor-mediated endocytosis®?’ because tumor cells are reported to
express an elevated number of LDL-receptors due to their rapid
proliferation and increased cholesterol demand for membrane
synthesis.>?” A number of reports comparing the PDT outcome
of liposomal versus non-liposomal photosensitizers provide
strong evidence that, under identical conditions, liposomal formu-
lations can be advantageous.?” In 2007, Molinari et al. found total
destruction of all cultures treated with cationic liposomes formed
by DMPC (dimyristoyl-sn-glycero-phosphatidylcholine) and cat-
ionic gemini surfactant loaded with m-THPC in photodynamic
therapy of glioma.?® Pegaz et al. showed in pre-clinical in vivo
investigations with m-THPC encapsulated in liposomal formula-
tions that the formulation based on PEGylated liposomes technol-
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Figure 6. Dark toxicity and PDT efficiency of the studied chlorin 4 (0.5 uM) delivered into LLC cells via liposomal vehicles or via DMSO solution. Following a 4-h or 12-h
transfection and 24 h post-irradiation (15 J/cm?) cell proliferation was measured by MTS assay. Results are averaged from four independent experiments each performed in
triplicate (for 4-h transfection) or six experiments performed in duplicate (for 12-h transfection) for liposomal transport and three experiments for DMSO. All experiments

were carried out under similar experimental conditions.

ogy offers a suitable delivery system for PDT treatment of choroi-
dal neovascularization associated with age-related macular degen-
eration.?®

In the present study we compared the PDT efficiency of a novel
chlorin derivative transferred into LLC cells via a liposomal vehicle
or dissolved in DMSO. The latter turned out rather useless in our
experiments. The survival fraction after 4 h of transfection was
70.6% while in experiments carried out under similar condition
but using liposomally-entrapped chlorin a significantly stronger
therapeutic effect (SF=20.3%) was observed. Our findings show
that liposomes can be a very efficient means of transferring the no-
vel photosensitizer for PDT purposes. Postigo et al. have shown
high photodynamic activity of chlorin-loaded liposomes in human
skin fibroblast cells.?® These researchers observed that after 1-h
transfection DMSO-dissolved chlorins were more effective than
liposome-delivered ones but for longer transfection times these
differences vanished. Similar results were obtained by Wang in
mice tissues®! and by Rancan in Jukat cells.>?> Wang et al. have
shown that the PDT efficiency of hypocrellin A dissolved in DMSO
was highest when treatment was performed at 6 h post injection
whereas for the compound transported via liposomes it was 12 h
post injection, but in the case of liposomal transport the PDT effi-
ciency expressed as tumor volume regression was much higher
(87%) than that for DMSO (37%).3!

The type of PDT response depends on intercellular localization
of a photosensitizer.>> After entry into cell photosensitizers accu-
mulate preferentially in different subcellular compartments. For
example, Photofrin® is taken up by the cell through passive diffu-
sion or is brought into plasma membranes by phagocytosis
whereas mono-N-aspartyl derivative of chlorin e6 is actively
brought to the lysosomes by endocytosis.>* The accumulation of
the studied novel compound inside LLC cells was followed by
confocal laser scanning microscopy. It was demonstrated that
the examined compound was accumulated in the cytoplasm of
LLC cells, especially in the perinuclear area. The degree of photo-
sensitizer accumulation inside cells was proportional to drug con-
centration and increased with longer transfection times. As the
studied photosensitizer did not accumulate in the nuclei of cells,
the risk of its carcinogenic or mutation effect therefore seems
small.

4. Conclusion

Cancers have widely different clinical patterns. Extending the
use of PDT in clinical practice requires development of novel
photosensitizers with optimized properties against different types
of cancer. A novel lipophilic chlorin 4 was prepared from a readily
accessible red blood pigment heme, according to a general syn-
thetic route. The latter is valuable as it permits the construction
of other chlorins with tailor-made properties. The photophysical
properties combined with lipophilicity and biological functions of
the novel chlorin 4 (like low dark toxicity and high photosensitiv-
ity) make it an attractive sensitizer for applications in photody-
namic therapy (PDT). The chlorin synthesis opens the possibility
for further structural modifications with regard to improved
photophysical and biological activities. This potential provides an
important motivation for continued investigation of the studied
chlorin 4.

5. Experimental section

5.1. 3,3'[cis, trans)-2-(Dimethylcarbamoyl-methyl)- 3-heptyl-
2.7.12.18-tetramethyl-2.3-dihydro-21H.23H-chlorin-13.17-
diyl]-dipropionic acid (4)

The analytical data confirmed the structure of the synthesized
chlorin 4 which consists of a mixture of cis- and trans-
isomers.

Selected physical data for the pure cis-isomer: Mp 106-109 °C.
HPLC: LiChrosorb RP18; MeOH/H,0 (85:15); tg=5.5 min. HPLC:
LiChrosorb RP18; MeOH/aqueous n-BuyNH,PO,4 (2.5 mM/], pH 2.5)
(80:20); tg =64 min. IR (KBr): 7 (cm~!)=3436 (s, OH, NH), 2910
(m, CH), 1720 (S, CO, acid), 1705 (s, CO, acid), 1605 (s, CO, amide).
UV-vis (CHCl3): ZAmax (€)=393 nm (119,200), 490 (6600), 496
(6500), 525 (2300), 592 (2100), 645 (33,700). MS (FAB pos., TEG):
mfz (%) =696(100)[M+H*] 695(36)[M*], 609(8) [M+H*—C4HgNO].
Elemental Anal. Calcd for (C4;H53N505, 695.90): C, 70.76; H, 7.68;
N, 10.06. Found: C, 70.81; H, 7.70; N, 10.03. trans-Isomer: Mp 87-
89 °C. HPLC: LiChrosorb RP18; MeOH/H,0 (85:15); tg = 4.6 min.
HPLC: LiChrosorb RP18; MeOH/aqueous n-BuysNH,PO4 (2.5 mM/],
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Figure 7. Intracellular distribution of the studied chlorin 4 in LLC cells performed by confocal microscopy. CMFDA (5-chloromethyl fluorescein diacetate) was used as a
marker molecule. Helium neon laser (543 nm) and argon ion laser (488 nm) were used to excite CMFDA dye (channel I) and chlorin 4 (channel II), respectively.

pH 2.5) (80:20); tg = 60 min. IR (KBr): 7 (cm~') =3310 (s, OH, NH),
2905 (m, CH), 1710 (s, CO, acids), 1600 (s, CO, amide). UV-vis
(CHCI3): Amax (&) =393 nm (93,000), 490 (4900), 496 (4800), 525
(1600), 592 (1500), 645 (25,300). MS (FAB pos., TEG): m/z
(%) =696(100)[M+H"], 695(27)[M*], 609(72)[M+H*—-C4HgNO]. Ele-
mental Anal. Calcd for (C41Hs3Ns0s, 695.90): C, 70.76; H, 7.68; N,
10.06. Found: C, 70.63; H, 7.92; N, 9.76.

5.2. Physical studies

5.2.1. IR spectroscopy

Infrared (IR) spectrum was obtained using FTS 6000 spectrom-
eter (Bio-Rad) connected with IR microscope UMA500. The spectral
region was 500-4000 cm™~'. The measurement was performed on
the sample in powder form.
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Figure 8. Changes in F-actin and DNA structure following PDT evaluated by fluorescence microscopy. LLC cells, after 4-h transfection with the studied chlorin dissolved in
DMSO, were stained with FITC-phalloidin and DAPI to label F-actin (channel I) and DNA (channel II), respectively. Light dose for the irradiated group was 15 J/cm?.

5.3. Biological studies

5.3.1. Cells and cell culture

Lewis lung carcinoma (LLC) cell line was propagated in 75 cm?
flasks (Nunc) in humidified atmosphere with 5% CO, at 37 °C. Cells
were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM,
Sigma) supplemented with 12% fetal bovine serum (FBS, Gibco®)
and antibiotics (Gentamycin, Polfa).

5.3.2. Liposome preparation

Liposomes were prepared from synthetic phosphatidylcholine
and cholesterol using the lipid film hydration method. The lipids
were purchased from Avanti Polar Lipids (Birmingham, AL, USA).
The lipids and the studied compound were dissolved at appropri-
ate molar ratios in a mixture of chloroform and methanol (Sigma,
2:1 v/v). After solvent evaporation (rotary evaporator, 15 min/
37°C), the dry lipid film was hydrated (15 min/37 °C) and vor-
texed. Obtained multilayer vesicles were sonicated (Cole Parmer
sonicator, medium power, 10 min). Liposome size was reduced
by extrusion through polycarbonate filters (100 nm, pneumatic ex-
truder device, Avestin). Obtained emulsions containing various
concentrations of the studied photosensitizer were diluted with
cell culture medium and used for biological experiments.

5.3.3. Cytotoxicity and PDT efficiency

LLC cells were seeded in 30-mm Petri dishes (Nunc) at a density
of 3 x 10° cells/plates and incubated for 24 h under standard cul-
ture conditions. As controls, non-irradiated group without photo-
sensitizer and groups incubated with various concentrations of
photosensitizer but without light irradiation (dark control, cyto-
toxicity assay) were used. Other groups were subjected to photo-

dynamic therapy or irradiation. After rinsing with phosphate
buffered-saline (PBS, pH 7.2) the culture medium of one group
was replaced by a medium with liposomes containing various con-
centrations of the photosensitizer to be studied and cells were
incubated for 2-12 h. Appropriate solutions were prepared by
diluting the emulsion of liposomes with different concentrations
of the tested compound using Opti-MEM medium (Gibco®) for final
concentrations (0.1-1.5 pM). Just before irradiation incubation
medium was replaced with DMEM without phenol red. Cells were
then irradiated from a distance of 3 cm with red light emitted by
an halogen lamp (Optel) with 630 nm longpass filter. Total dosage
of 15 J/cm? was calculated to be delivered to the cells during this
treatment. A second irradiated group (not incubated with photo-
sensitiser) was used to measure the effect of light only upon cell
proliferation. Before irradiation, the medium was replaced with
fresh culture medium and then cells were further incubated under
standard culture conditions for 12 h or 24 h.

5.3.4. Proliferation assay

The number of viable cells was determined by MTS-tetrazolium
reduction assay (Promega) and 3-cm plates. This colorimetric
method is based on chemical reactions occurring in metabolically
active cells when MTS reagent [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] is
reduced into a colored formazan. At the end of incubation, the
medium was removed from culture and replaced with 700 pl
DMEM without phenol red and 140 pl of MTS reagent. The quantity
of soluble formazan, which is proportional to the number of viable
cells, was estimated by measuring its spectrophotometric absor-
bance (490 nm) using a universal 96-well plate reader (Biotek
Instruments). Background absorbance of a standard solution
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(100 pul medium DMEM without phenol red, 20 pl MTS reagent)
was subtracted. The surviving cell fraction was calculated as the
percentage of viable cells relative to control samples (no photosen-
sitizer, no irradiation).

5.3.5. Intracellular localization

Confocal laser scanning microscopy (using LSM 510 equipment,
Carl Zeiss GmbH) was used to visualize subcellular localization of
the photosensitizer. To visualize the shape of LLC cells and to verify
accumulation of the studied photosensitizer the cultured cells
were incubated with CellTracker Green CMFDA (Molecular Probes).
This chloromethyl fluorescein derivative (5-chloromethyl fluores-
cein diacetate) can pass freely through cell membranes. The dye
was excited using an argon ion laser (488 nm), whereas chlorin
was excited using an helium neon laser (543 nm). Cells were
seeded in four-well chambered coverglasses (Nunc) at a density
of 4 x 10 cells/well and incubated under standard culture condi-
tions. After 24 h of incubation cells were transfected (2-12 h) with
media containing liposomal emulsions prepared with various con-
centrations of photosensitizer (0.1-1.0 uM). Cells were then
washed in phosphate buffered-saline (PBS, pH 7.2) and placed in
fresh culture medium. Thirty minutes before microscopic analysis
cells were labeled with 5 uM CellTracker Green CMFDA.

5.3.6. Detection of cytoskeleton and DNA damages following
PDT treatment

Fluorescein isothiocyanate (FITC) and phalloidin conjugate (Sig-
ma, CAUTION: phalloidin is toxic; use following manufacturer’s
instructions) were used to label F-actin and to detect changes in
cytoskeleton organization. Nuclear damage was detected with a
fluorescent dye, 4',6-diamidino-2-phenylindole (DAPI, Sigma). Cells
were seeded in four-well chambered coverglasses (Lab-Tek II, Nunc)
at a density of 1.5 x 10 cells/well and incubated 24 h under stan-
dard culture conditions. The culture medium was then replaced with
medium including DMSO-dissolved photosensitizer. Drug solutions
were prepared by diluting the chlorin stock (5 mg/ml DMSO) with
Opti-MEM (Gibco®) to desired final concentrations (2-15 puM). The
highest DMSO concentration did not exceed 0.3%. After 4-h transfec-
tion the irradiated and non-irradiated groups were treated as de-
scribed in Section 5.2.3. Subsequent to incubation (18 h) the cells
were placed in fresh culture medium and incubated for another
2 h. Medium was then removed and cells were washed (5 min) with
phosphate buffered-saline (PBS, pH 7.2). The cells were then fixed
with 4% paraformaldehyde (PFA) for 10 min and washed again with
PBS (5 min). Subsequent to fixing, cells were permeabilized with
0.1% Triton X-100 and washed again with PBS (3 x 5 min). The sam-
ples were incubated in the dark with FITC-phalloidin (1:100) for one
hour at room temperature. Furthermore, to visualize nuclei the cells
also were incubated with DAPI (1:500, 15 min) which passes easily
through cell membrane and binds strongly to DNA. Samples were
mounted under glass coverslides using a drop of fluorescent mount-
ing medium (DACO) and observed under a fluorescent microscope
(Axiovert 135, Carl Zeiss).
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