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Abstract

5,7-Diaryl-substituted symmetrical diazepinopor@amne and tribenzodiazepinoporphyrazine
were synthesized and characterized using UV-Vis, MALDI, and various NMR
techniques. The expected photosensitizing potenthlthese porphyrazines were evaluated
by measuring their abilities to generate singletgen in organic solvents and by comparing
them with that of the recently obtained dendrimef&l-type diazepinoporhyrazine.
Absorbance and fluorescence measurements werermpedoto study the aggregation
properties of the novel macrocycles. The photooyictty of tribenzodiazepinoporphyrazine
towards LNCaP cells in its free form and aftermsorporation into liposomes was examined
using MTT assay under normoxic and hypoxic conddiolt is interesting that all tested
liposome formulations maintained their phototoxicctiaty in  hypoxia. Also,
tribenzodiazepinoporphyrazine incorporated intadipmes revealed better photocytotoxic
effect (IGo values of 0.600 £ 0.35/M and 0.378 + 0.00dM) than its free form (I values
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of 3.135 = 0.156uM). Following thein vitro experiments, the most promising liposomal
formulation containing Le-phosphatidyl-DL-glycerol for tribenzodiazepinopbypazine was
found. Moreover, tribenzodiazepinoporphyrazine ipooated into liposomes containing 1,2-
dioleoyl-3-trimethylammonium-propane (chloride ¥alevealed moderate phototoxicity at
5x10° uM for antibacterial photodynamic therapy. It wasablished that an irradiation of
planktonic bacterial strains significantly reduc€#Us of Saphylococcus aureus ATCC
25923 in comparison to tribenzodiazepinoporphymzaontaining Le-phosphatidyl-DL-

glycerol liposomes.
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1. Introduction

For the last 20 years, macrocyclization reactiohd,d-diazepine-2,3-dicarbonitrile
derivatives have led to a plethora of various pgrahines with annulated rings of
diazepin€’®  tetrahydrodiazepin®  and  styryldiazepimé.  Styryl-substituted
diazepinoporphyrazines have been evaluated for éhectronic properties, for the tendency
for aggregation and photodegradation, singlet omygeneration efficiency, anth vitro
photodynamic activity at a nanomolar level agaimgd oral squamous cell carcinoma cell
lines>"® 5,7-Diphenyl- and 5,7-di(fert-butylphenyl)-substituted diazepinoporphyrazines
and tribenzodiazepinoporphyrazines have also béadiesl towards electronic®° and
electrochemical propertié$??

Porphyrazine macrocycles seem to be suitable catedidor photodynamic therapy
(PDT) for many reasons. They exhibit high generatioantum yields of singlet oxygen and
have adequate light absorption spectra. Moreov@phyrazines absorb light in the so-called
therapeutic window in range 600-800 nm, where isgues are the most permeable to such
wavelengths. On the one hand, porphyrinoid photiseers are lipophilic and reveal high
affinity to lipids, which seems beneficial, as cancells are often overexpressing LDL-
receptors?> On the other hand, the high lipophilicity of poypinoids hampers their solubility
in water and increases their tendency to form agges in polar solvents. This issue can be
overcome by incorporation of photosensitizers immious pharmaceutical formulations,
including liposomes proven as useful carriérdiposomes offer a huge advantage in
lipophilic photosensitizer delivery, not only byadsiing water-insoluble compound delivery
but also in functionalization of the liposome mear®. The tunable charge of the carrier can
also have a great effect on the effectivenesseftharapy. Photosensitizers like hydrophobic
porphyrazines accumulate in liposomal membranesthi; regard, smaller porphyrazine
macrocycles are preferred, as the thickness of mamb is limited thus making it impossible
to incorporate bulky porphyrinoid structures.

To further address the issue of anticancer thesajpiee of the characteristics of the
cancer tissues such as hypoxia, must be takeraodount. For many years until now, it is
well known that tumor hypoxia has been a significkmitation of anticancer therapies,
which depend on oxygen-mediated mechanisms sucadéstion, photodynamic therapy as
well as chemotherapy.Although PDT has been found to be effective adatms superficial
tumor, the photodynamic efficacy for solid tumondjich are characterized by the hypoxic
environment, is still challengin.The rapid growth of the neoplasm cells and theiréased
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metabolism are factors triggering hypoXfawhich is a major problem in case of
photodynamic therapy, as molecular oxygen is onethef three factors determining a
successful treatment. The singlet oxygé®,) generated in type Il photoreaction is still
considered as the primary cytotoxic agent for PDierefore, the low oxygen concentration
may decrease the efficacy of photodynamic treatmertancer cell$®'° To date, several
strategies were designed to overcome tumor hypaxidhe context of PDT such as
modification of the tumor microenvironment to erestissue re-oxygenation, the increase of
intracellular oxygen concentration as well as tlegealbopment of the photosensitizer, which
may induce cytotoxic effects in environments of lawolecular oxygen via type |
photosensitizationo'®?° Thus, it is essential to develop photosensitizenich may exert
therapeutic effects under both normoxia and hypoxia

Currently, screening of photosensitizers during tptignamic therapy is mainly
focused on normoxic condition. However, it shouddroted that the median oxygenation in
untreated tumors varies between approximately 0aBfb 4.2% oxygen and most tumors
demonstrate median oxygen levels below?%his range in tumor oxygenation depends on
several factors, and hypoxic microregions are bgemneously distributed within the tumor
mass? It is worth noting that many prostate and panéce@imors are strongly hypoxfc.
Moreover, the hypoxia in prostate cancer is al$ated to advanced tumor stage, aggressive
disease as well as increased resistance to andreoggmivation and radio- and
chemotherap$® Recently, we have reported the synthesis of diapeprphyrazine with G1-
dendrimeric substituents and discussed its photpalyproperties as well as singlet oxygen
generation efficiency” Herein, as an enhancement of our studies, we trépersynthesis,
physicochemical characterization, including absorpand emission properties, tendency to
aggregation of magnesium(ll) diazepinoporphyrazimed tribenzodiazepinoporhyrazine
substituted in their C5 and C7 positions with 44moelyphenyl groups. Moreover, the
anticancer potential of new porphyrazines was assef liposomal formulations in both

normoxia and hypoxia conditions against prostaenadarcinoma cells.

2. Results and discussion
2.1. Synthesis and characterization

Novel magnesium diazepinoporphyrazine substitute@saand C7 positions with 4-
methoxyphenyl groupsl{ was synthesized in two steps (Scheme 1). Firfiteycondensation
reaction of diaminomaleonitrilel) and 1,3-bis(4-methoxyphenyl)-1,3-propanedioBPewas
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performed following the literature proceddr@nd led to the novel 5,7-disubstituted-1,4-
diazepine-2,3-dicarbonitrile8]. Subsequent macrocyclization reactiorBafsing magnesium
n-butanolate im-butanol according to the Linstead macrocyclizationdition§* enabled the
obtaining of  symmetrical diazepinoporphyrazine4  with 10% vyield™?
Tribenzodiazepinoporphyrazin®)(was synthesized following a similar procedure Wwith
the addition of an excessive amount of 1,2-dicyanabne (ten-fold mol/mol excess 3n
After extensive chromatography, macrocysias isolated in 3.5% yield.

To unambiguously identify the isolated macrocygiioducts, NMR experiments were
carried out. ThéH NMR spectrum of4 revealed two doublets at 8.56 ppm and 6.89 ppm
assigned to 32 protons of phenyl rings, two broaubtets {J ~ 13 Hz) observed at 6.86 ppm
and 6.07 ppm from C6-ChHeight geminal protons, and one singlet at 3.80 pgsulting from
all methoxy groups, 24 protons. It is worth menitngnthat the presence of two doublets from
C6-CH, geminal protons indicates that all diazepine riofyé are in the Bl tautomeric fornt.

Similarly, for 5, two doublets corresponding to the aromatic pretoh 4-methoxy
substituents were detected at 8.55 ppm and 7.21ipptme 'H NMR spectrum. Only one
singlet in the spectrum at 3.94 ppm was assignadetthoxy group protons. A very weak and
broad signal corresponding to diazepine ring preteas observed at 4.59 ppm. Four signals
at 9.46, 9.38, 8.27, 8.24 ppm were assigned toopsoat annulated benzene rings. The
assignments ofH resonances were confirmed by-'H COSY, *H-*C HMBC, and'H-'°C

HSQC experiments (see Supporting Information).

N N

wd o, O Q
(n)[ @Q Q@

N N
\ [/

OO 0 L, . 0

(ii) ‘ (iii), 0 - \{r\r\ Y}
o o e
SO Qe | O
—O

A A

iZ
@
O
@




Scheme 1.Synthesis of porphyrazingsand5. Reagents and conditions: (i) ethanciOf
reflux, 10 h, (60%); (ii) Mg(@Bu),, nBuOH, reflux, 20 h, (10%); (iii) 1,2-dicyanobenzene
Mg(OnBu),, nBuOH, reflux, 20 h, (3.5%).

2.2. Photochemical studies
2.2.1. Absorption and emission

Photochemical properties of symmetrical porphyraZirand tribenzoporphyrazing
were determined together with the previously ol#dinsymmetrical G1-dendrimeric
diazepinoporphyraziné (Inset in Scheme 1. Firstly, the absorption properties 4fand 6
were evaluated in various protic and aprotic orgaulvents. The selected UV-Vis spectra
are shown in Fig. 1, whereas Table S4, includethenSupplementary Information presents
the spectral data including the absorption maximahe Soret- and Q-bands with the
corresponding absorption coefficients. The eledtr@sorption spectra recorded in various
solvents revealed broad intensive Soret bandstiwtimaxima in the range 343-389 nm4or
and 347-389 nm foB and broad Q-bands with maxima between 637-6766d40d674 nm,
respectively. Moreover, it was observed that irhb®fmmetrical porphyrazines the Q-band
split into two sub-bands of different intensitieepeénding on the solvent applied. The

presence of the additional band is connected Wihabove-described aggregation.
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Fig. 1. Normalized absorption spectra®fa), 5 (b) and6 (c) in selected organic solvents.

The fluorescence emission spectraded were recorded in dimethylformamide (DMF) and
dimethylsulfoxide (DMSO) and are presented in Feglir Symmetrical porphyrazindsand6
reveal fluorescence maxima at 681 nm in DMF and @&®82in DMSO. In the spectrum of
tribenzoporphyrazin®, split emission bands with maxima at 683 and 699imM@MF and
684 and 792 nm in DMSO can be noticed. The flu@ese quantum yieldd{) values were
calculated following the relative method proposed Ghauke et al.?® with zinc(ll)
phthalocyanine (ZnPc) as a referen®g £ 0.17 and 0.20 in DMF and DMSO, respectively).
The tribenzoporphyrazinerevealed moderate fluorescence emission @ithalue of 0.19 in
DMF and 0.16 in DMSO. The symmetrical porphyrazirghowed slightly intensive emission
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with ®r = 0.17 in DMSO as compared dg- = 0.16 in DMF. In both solvents, symmetrical
G1-type dendrimeric porphyraziterevealed less intense fluorescence withequal to 0.12
and 0.13 in DMF and DMSQO, respectively (Table 1).
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Fig. 2. The Q-band absorption, emission and excitatiostsp®f4-6 in DMF (a) and DMSO
(b).

2.2.2. Aggregation

Tendency to aggregation of porphyrazie6 was evaluated in DMF and DMSO
solutions following the Stuzhiet al. proceduré. Figure 3 and 4 present the changes in the
UV-Vis spectra of porphyrazine$6 in DMF and DMSO after addition of 10% water and
tetramethylammonium fluoride (TMAF) as an antiaggt&on agent. On the one hand, the
addition of water to the solution dfincreases the intensity of the short wavelengtihlsand
with Amax ~ 640 nm and decreases the intensity of the loangelength band withmax ~ 675
nm. On the other hand, the addition of TMAF caufies disappearance of the short
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wavelength band and only one single and intensawel bvithAax ~ 675 nm can be observed.
The results confirmed that the long wavelength besrdesponds to the monomeric form of
porphyrazines, whereas the short wavelength baadésult of the formation of aggregates.
Moreover, the fluorescence intensity increasesr dfte addition of TMAF and decreases
significantly when water is added, as it is welblm that aggregation is responsible for
fluorescence quenchirf§?’ It was found that the aggregation tendency ahd6 is strongly
dependent on the solvent used. In the UV-Vis spetwf4 in DMF the bands for aggregated
and monomeric species revealed similar intensitjcating strong aggregation, while fér
only a residual band was observed as being thdt resaggregates formation. It is worth
noting that in DMSO the aggregation level was higbe6 than for4 (Figure 3 and 4). These
data indicate tha4 and5, unlike 6, aggregate in both DMF and DMSO. The aggregation o
photosensitizers is a common problem for theihirtapplications in photodynamic therapy
(PDT), as the self-association of the photosemsitinolecules reduces the generation of
singlet oxygen, thus hindering the photosensitizfficiency?® For tribenzoporphyrazing,
with low symmetry molecules, a split band in thexdevavelength UV-Vis region was
observed, which is known to be related to the symmeeduction ofzn-chromophoré.
Significant intensity of this band is a result of — n* transitions in the macrocyclic
system-%3? when going from a high symmetry to a low symmetyrphyrazine. As
tribenzoporphyrazine macrocycle is unsymmetridad, @-band region is relatively broad and
may overlap the n =* transitions as a result of partial conjugationNbfatom lone pairs of
electrons of the boat-shaped diazepine rings irbthéorm with the centrak-chromophore.
Detailed research performed by Ercolani and Stdzhin the group of symmetrical
diazepinoporphyrazines indicated that the m*—transitions can mix with ther — n*
transitions and gain in intensity, which is refltin the appearance of the Q-band. A spectral
feature characteristic for diazepinoporphyrazirgean additional sub-band present in the Q-

band region.
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Fig. 4. Aggregation studies @-6in DMSO. The absorption plots 6fwere published?

2.2.3. Singlet oxygen generation

The potential photosensitizing activities of theaambed porphyrazines were evaluated
by measuring their ability to generate singlet axy@s a result of interaction between the
activated photosensitizer and triplet oxygen. lighenylisobenzofuran (DPBF) was used as
a chemical quencher, which undergoes a cycloadditeaction with singlet oxygen to
produce endoperoxid@.Solutions containing-6 or ZnPc in a mixture with DPBF in DMF or
DMSO were irradiated with monochromatic light a¢ tvavelengths corresponding to the Q-
band maxima of their monomeric form. The kinetice DPBF decomposition by
photogenerated singlet oxygen was studied by mangalecrease of the absorbance at 417
nm, and they were used to calculate the singlegexygeneration yieldsb). To determine
the role of monomeric form of porphyrazines in $gh@xygen generation, the measurements
for 4 and6 were performed with and without the addition of AM Table 1 presents the
calculated values of singlet oxygen quantum yield4 and 6 in the presence and in the
absence of TMAF. Moreover, changes in the UV-Viecsa during irradiation of the
solutions containing or 6, DPBF and TMAF in DMF or DMSO and the first-ordaots of
DPBF degradation by photogenerated singlet oxygenshown in Figures S4-S8 in the
Supporting Information. It was found that both syetrical porphyrazines induce singlet
oxygen formation better in DMSO than DMF. It is Wonoting tha¥ was the more efficient
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singlet oxygen generator (with th&, values at 0.078 and 0.249 in DMF and DMSO,
respectively) than6 (with the ®, values at 0.050 and 0.090 in DMF and DMSO,
respectively). However, after the addition of TMARe ®, values for both porphyrazines
were similar (0.307 in DMF, 0.295 in DMSO fdy 0.126 in DMF, 0.295 in DMSO f08),
indicating that aggregation tendency can play arody in the efficiency of singlet oxygen
production. The lack of visible changes in tHe6 Q-band absorptions proves the
photostability of porphyrazines upon irradiatiorheTsinglet oxygen generation yields of
tribenzoporphyraziné in DMF and DMSO were rather low or moderate wtik ®©, values

at 0.069 and 0.180, respectively.

Table 1. Quantum vyields of singlet oxygen productio®,f and quantum vyields of
fluorescence emissio®f) for 4 - 6.

porphyrazine Dy £ ADy* D¢
DMF DMSO DMF DMSO
4 0.078 £ 0.003 0.249 + 0.007 0.16 0.17
4 with TMAF 0.307 £0.011 0.295 + 0.021 - -
5 0.069 + 0.001 0.180 £+ 0.006 0.19 0.16
6 0.050 + 0.002 0.090 £ 0.007** 0.12 0.13
6 with TMAF 0.126 £ 0.003 0.295 + 0.024** - -
*results are given with 95% confidence
*+yalues from ref'?

2.3. Liposomal formulations

Porphyrazineg-6 are highly lipophilic. To increase their potent& photosensitizers
for PDT applications, a proper drug-delivery systallowing further biological experiments
in aqueous media is necessdf§® With this goal in mind, liposomes containing
porphyrazines were proposed. This approach seeamtiedal because liposomal nanoparticles
have already been used as a drug delivery systenphfotosensitizers, enhancing their
solubility in water and cell uptaké.Two different liposome formulations were prepabgca
thin-film hydration method:if negatively charged liposomes composed ofphosphatidyl-
DL-glycerol (PG) and 1-palmitoyl-2-oleoyl-sn-glyceB-phosphocholine (POPC) and) (
positively charged
(chloride salt, DOTAP) and POPE>®

liposomes containing 1,2-dioleédyrimethylammonium-propane
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The obtained liposomes were used as non-extrudattilamellar vesicles, because
the extrusion could reduce drug encapsulation,cglhein the case of porphyrazirgewith
large, bulky substituents. Following Bhardwaj andgrdgess study, it is worth noting that the
sonication and extrusion of liposomes based onpitaiglylcholine derivatives have reduced
dexamethasone encapsulation by approximately 50%cadmparison to non-extruded
liposomes™ The size of liposomes containing porphyrazifes; as well as blank liposomes,
prepared as a control, was evaluated by dynamint Bgattering method (Table S5 in the
Supplementary Information). Two liposome fractiaiglifferent diameter were found for all
formulations. The blank PG-POPC and DOTAP POPCshptes were composed in about
11% of vesicles with the mean diameter varied fdfiio 50 nm, and in 89% of vesicles with
the mean diameter in the range of 620-720 nm. Bipttsomal formulations containing
porphyrazine4 were composed of vesicles with the mean diamaténa range of 60-70 and
540-590 nm, but the proportion of these two frawiovas different. DOTAP-POPC-
liposomes contained 11% of smaller and 89% of largeoparticles, while PG-POPL-
about 37% of smaller and 63% of larger nanopadidigposomes containing porphyrazite
were composed in 17-19% of vesicles with the maameter in the range 70-80 nm and in
81-83% of vesicles of the mean diameter of 400 D@®TAP-POPCS liposomes were
composed of vesicles with the mean diameter of A20and 640 nm in 31% and 69%,
respectively. PG-POPGiposomes were composed in about 10% of vesiclés tive mean
diameter of 540 nm, whereas in about 90% of vesialgh the mean diameter of 790 nm
(Table S5 in Supplementary Information). No direetationship between the size of
liposomes and their compositions was found. Howeiygrsomes containing porphyrazifie
were larger than the others. Nevertheless, a futih@ogical study towards an efficient
method for the production of unilamellar and urdfigposomes are necessary.

2.4. Anticancer assayi( vitro cellular studies)

The cytotoxicity of porphyrazined-6 to LNCaP cells was examined both in the
presence and the absence of light using MTT adSigyre 5)* It was found, tha#t did not
exert any activity against cancer cells. Furtheemar was observed that porphyrazide
incorporated into positively charged liposomes wROTAP-POPC (DOTAP-POPG)
displayed light-independent toxicity (the decreakthe cell viability to 70% and 65% in dark
and light condition, respectively), whereas thieef was not seen for negatively charged
liposomes with PG-POPC (PG-POREL-Additionally, we noted that DOTAP-POP£and-6
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liposomes probably precipitate during incubation. date, it was found that the electrolytes
may reduce the positive charge of cationic lipelg,. phosphate buffer saline (PBS) has an
additional effect of phosphate polyanions whichdteio react and precipitate cationic
liposomes*? Similarly, compoundé appeared inactive and exhibited only slight cytito
effects at the highest tested doseu{dlp for DOTAP:POPC formulation in the dark and after
High Power Multi Chip LEDs exposure (cell viabiliyas around 80%).

In the dark condition porphyrazine in its free form and after incorporation into
liposomes DOTAP-POPG; PG-POP( was not cytotoxic in all tested concentrations,
whereas in the light condition exhibited high cgtatity under irradiation with the dose of 2
Jlcnt. The cytotoxic effects increased along with thaaamtration for all formulations with
the half maximal inhibitory concentration @& under the normoxic conditions at 0.814 +
0.466 pM, 0.161 + 0.002 pM and 0.166 * 0.058 puM5ODOTAP-POPC5, and PG-POPC-
5, respectively. Thus, as shown in Figurth&liposomal formulation may enhance cytotoxic
activity of 5. In general, the liposomal formulation preventse tlaggregation of
photosensitizers and in turn improves their acti¥itThus, a number of studies have shown
that liposomal formulations of photosensitizers @@ e effective when compared to the free
drug®**’ Based on the study results obtained under normumriditions, further evaluation of
the activity of5 was performed under hypoxia (defined as 1% gf @ is well-known that
hypoxia may significantly affect the efficiency &DT and for many years it has been
considered a possible mechanism of resist&n€aking into account that PDT works mainly
by singlet oxygen generation and other reactivegeryspecies (ROS), the concentration of
oxygen is critical to the efficiency of PO'¥*° Moreover, hypoxia is one of the main features
of solid tumors and has been associated with a gloucal outcome of PDT° Therefore, in
order to gain more insight into the potentiabdbr photodynamic therapy, further biological
evaluation of this compound was assessed in hyposmalitions. Interestingly, all tested
formulations remained photocytotoxic in hypoxia.vwéwer, the results indicated thatin
liposomal formulation revealed better therapeutieat than the free counterpart in hypoxia
experiments (Igp values of 3.135 + 0.156 uM, 0.600 + 0.357 uM ar@¥8 + 0.002 uM for
5, DOTAP-POPC5, and PG-POPG; respectively). Summarizingn vitro experiments
demonstrated that liposomal formulationspparticularly PG-POPG-may be considered as
a promising photosensitizer for cancer treatmemiwéier, further studies are necessary to

fully evaluate the photodynamic potential of thisrgound.
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Figure 5. Cytotoxicity of compounds and its two liposomal formulations (DOTAP-POPC

and PG-POPC) against LNCaP cell line under normanrit hypoxic conditions. Results are

presented as a mean £ SD from two or three indegrerekperiments. The table presents the

ICsp values.

2.5. Antimicrobial activity

The photodynamic antimicrobial effect of novel nyrcles was investigated against
Saphylococcus aureus ATCC 25923 andescherichia coli ATCC 25922 — the representatives

of both gram-positive and gram-negative bacteeapectively. The antibacterial activity of

porphyrazines incorporated into two liposomal formulations adlves liposomes alone was

studied in conditions of both dark and light.
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Table 2. Bacterial reduction of planktoni&aphylococcus aureus ATCC 25923 and
Escherichia coli ATCC 25922 in the presence of porphyrazthen DOTAP-POPC or PG-
POPC liposomes.

Log;o reduction in viable count + SD*

Bacterial DOTAP-POPCS at PG-POPGCs at
strain Control concentrationM] concentrationM] DOTAP- | b5 popc
5X10° 1x10° 5x10° 1x10° P&FS
S aureus 0.25+

D
ATCC 25923 | Photo 0.12 2.07+0.88/ 0.48+0 .07 045+0.12 0.86+0.06 0.11+0.11 1G0.06

E. coli ATCC | toxicity | -0.06 +
25022 0.08 0.10+0.18 NT 0.21+0.18 NT -0.15+0.04 -0.16.86

S aureus 4
ATCC 25923 | Dark NT 0.22 +0.03| -0.06 +0.060.08 +0.06| 0.07+0.13 0.14+0.02 0.12+0

01

E. coli ATCC | toxicity

25022 NT -0.02 +0.14 NT -0.04 +0.14 NT -0.01 +0.04| 0.05%0.1

\"2J

Phototoxicity was assessed by calculating the pbgitreduction factor - R= log L(-)Ps(-) — log L(+)Ps(+), whereas dark

toxicity by calculating the dark toxic reductiorcfar - Ry=log L(-)Ps(-) — log L(-)Ps(+). For control thedrection factor
was calculated as follows:cRo= 109 L(-)Ps(-) — log L(+)Ps(-); L — light, Ps- plosensitizer

As it was presented in the Table 2, an irradiatibplanktonic bacterial strains in the presence
of porphyrazines in DOTAP-POPC liposomes at 5X1@M (Ps+L+) significantly reduced
CFUs of Staphylococcus aureus ATCC 25923 in comparison t6 in PG-POPC liposomes,
and the control liposomal formulations without phs®nsitizer (consisting of DOTAP-POPC
or PG-POPC). However, insignificant reduction inll cgurvival was observed fob
incorporated in DOTAP-POPC liposomes at a concgatraof 1x10° uM and for 5
incorporated in PG-POPC liposomes at concentratiori)® and 1x10 puM. In addition,
studied tribenzporphyrazine did not reveal any ptoxicity on Escherichia coli ATCC
25922 regardless of the liposomal formulation aaplit should be underlined that the tested
liposome formulations did not reveal any influerme the microbes involved in research.
Also, no dark toxicity on microorganisms after 2hates of exposure was noticed for either
the tested photosensitizer or the liposomal fortmda. Our results indicated thdt
incorporated into DOTAP-POPC liposomes revealederaié phototoxicity for antibacterial
photodynamic therapy.

3. Experimental
3.1. Materials and instruments

All reactions were conducted in oven-dried glasewander argon using Radleys
Heat-On heating system. Solvents and all reageats wbtained from commercial suppliers

and used without further purification. All solvent®re removed by rotary evaporation at or
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below 50 °C. Dry flash column chromatography wasied out on Merck silica gel 60,
particle size 40-63 um, reverse phase Fluka Ciéagjel 90 and aluminum oxide 90 active
neutral (activity stage 1) for column chromatognah063-0.200 mm, EMD Millipore. Thin
layer chromatography (TLC) was performed on siieh Merck Kieselgel 60 f, plates and
Merck Kieselgel 60 RP-18 ;s visualized with UV Anax 254 or 365 nm). All
chromatography phases are given in volume to voltatie. UV-Vis spectra were recorded
on Hitachi UV/VIS U-1900 and Shimadzu UV-160A spephotometers. Melting points
were obtained on a “Stuart” Bibby apparatus ancuasorrected. NMR spectra were acquired
on an Agilent DD2 800 spectrometer at 298 K, unkased otherwise. Chemical shifty (
are reported in parts per million (ppm) and refeeshto the residual solvent peak (DM8§-
dn = 2.50 ppmpc = 39.5 ppm; pyridinals: 6y = 8.74, 7.58, 7.22 ppndc = 150.35, 135.91,
123.87 ppm). Coupling constant} are quoted in Hertz (Hz). The abbreviations sjdj,m,
Ar, ax, eq, tribenzoH refer to singlet, doubletydiet of doublets, multiplet, aromatic, axial,
equatorial and tribenzoporphyrazine phenyl ringqame, respectively*H and**C resonances
were unambiguously assigned based‘dn*’c, *H-'H COSY, 'H-*C HSQC and'H-*C
HMBC experiments. Mass spectra (MS ES, MALDI TORdaombustion analyses were
carried out by the Advanced Chemical Equipment lasttumentation Facility at the Faculty
of Chemistry and the Wielkopolska Center for Adwahd echnologies at Adam Mickiewicz
University in Poznan. Tetrakis[5,7-bis-[4-[3,5-tie(zyloxy)benzyloxy]phenyl]{8-1,4-
diazepino][2,3-b;2’,3'-g;2",3"-1;2"",3""-g]porp hyrazinato magnesium(ll) was synthesized
according to lately published proceddfe.

3.2. Synthesis

2.2.1. 5,7-Bis(4-methoxyphenyl)48-1,4-diazepine-2,3-dicarbonitrile (3)

The reaction mixture containing diaminomaleonitrile (0.38 g, 3.5 mmol), 1,3-bis(4-
methoxyphenyl)-1,3-propanediorz (1 g, 3.5 mmol) and ®s (0.15 g, 1.56 mmol) in
anhydrous ethanol (20 mL) was stirred for 1 h. A&tddition of further portion of s (0.15
g, 1.56 mmol), the reaction mixture was refluxed 06 h. After the solvent was evaporated,
the precipitate was filtered and washed with metham give yellow solid3 (0.75 g, 60%
yield). M.p. >250 °C dec. Rdichloromethane) 0.25. UV-Vis (dichloromethang),x, nm
(log €) 378 (4.45), 314 (4.73JH NMR (799.926 MHz, DMSQ#): &, ppm 8.12 (d, 4H3J=9
Hz, C2, C6, ArH), 7.01 (d, 4H3J=9 Hz, C3, C5, ArH), 6.10 (d, 1H2J=11 Hz, N=C-CH"),
3.82 (s, BHCH), 2.21 (d, 1H2J=11 Hz, N=C-CH"). *C NMR (201.162 MHz, DMSQl):
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dc, ppm 163.2 (C4 ArC), 150.2 (C1 ArC), 132.7 (C2 C6, ArC), 125.6 (C=N), 122.8
(C=N), 116.2 (C-&N), 114.5 (C3 C5, ArC), 55.6 (CH), 38.5 (C6). MS (ES posjvz 357
[M+H]", 379 [M+Nal, 395 [M+K]". MS (ES neg)m/z 355 [M-HJ, 391 [M+CI[. MS
(MALDI) nvz found: 395.0920 [M+K] calcd for 395.0910. Anal. calc. forxEl1gN4Oz: C,
70.77; H, 4.53; N, 15.72; O, 8.98; Found: C, 701814.52; N, 15.79; O, 8.88.

3.2.2. Tetrakis[5,7-bis(4-methoxyphenylBH-1,4-diazepino][2,3-b;2’,3’-9;2",3"-
[;2',3"-q]porphyrazinato magnesium(ll) (4)

Magnesium turnings (16.8 mg, 0.7 mmol), a crystabdine, and inn-butanol (9 mL) were
heated under reflux for 4 h. After the mixture vea®led to room temperature, maleonitrile
derivative3 (0.25 g, 0.7 mmol) was added and the reactionurexitvas heated under reflux
for 20 h. After being allowed to cool to room termgere, the reaction mixture was filtered
through Celite which was further washed with tokiemd dichloromethane. Filtrates were
evaporated and the crude residue was subjectedlumi chromatography using silica gel
(dichloromethane, dichloromethane:methanol, 20r) weversed-phase silica gel (methanol
to dichloromethane:methanol, 2:1) to give the dgmen productt (0.025 g, 10% vyield). R
(dichloromethane:methanol 20:1) 0.54. UV-Vis (daroimethane)imx, nm (log ¢) 270
(5.09), 348 (5.18), 650 (5.03), 676 (4.98).NMR (799.926 MHz, pyridinels): 8y, ppm 8.56
(d, 16H,%J=8.1 Hz, C2, C6, ArH), 6.89 (d, 16H3J=8 Hz, C3, C3, ArH), 6.86 (d, 4H%J=13
Hz, N=C-CHY), 6.07 (d, 4H2J=13 Hz, N=C-CH"), 3.80 (s, 24H, CH. **C NMR (201.162
MHz, pyridineds): 6c, ppm 161.5 (C4 ArC), 154.7, 145.8 (C1ArC), 142.6, 132.1 (C2C8,
ArC), 130.8 (N=C), 114.3 (C3C3, ArH), 55.3 (CH), 37.1 (N=C-CH). MS (MALDI) nvz
found: [M+H]" 1449.5000 calcd for 1449.5022. HPLC purity (see pkmpentary
information).

3.2.3. 5,7-Bis(4-methoxyphenyl)48-1,4-diazepino[2,3-b]tribenzo[g,l,q]porphyrazinato
magnesium(ll) (5)

Magnesium turnings (0.075 g, 3.087 mmol), a crystabdine, andh-butanol (40 mL) were
heated under reflux for 3 h. After the mixture wveasled to room temperatur@(0.2 g, 0.561
mmol) and 1,2-dicyanobenzene (0.719 g, 5.612 mmete added and reaction mixture was
heated under reflux for a further 20 h. After bemmltpwed to cool to room temperature,
solvent was evaporated and the crude residue wabedawith the mixture of water and
methanol (1:1). After drying the solid was dissave dichloromethane and filtered through
Celite. The filtrate was evaporated to dry residwéich was subjected to column
chromatography usingi)(silica gel and eluents dichloromethane, dichlcgtimane/methanol
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50:1, dichloromethane/methanol 20:1;ii) ( Al,O3 and eluents dichloromethane,
dichloromethane/methanol 200:1ijY Cig-reversed phase silica gel and elueng®Ahethanol
3:1, dichloromethane/methanol 1:3; iv)( preparative TLC and eluents
dichloromethane/methanol 10:1 and dichloromethamiglipe 50:1 to giveb as a deep green
thin film (0.015 g, 3.5 % vyield). Other macrocycpeoducts were also formed but could not
be separately isolated (see Supplementary InfoomatR (dichloromethane:methanol 20:1)
0.47. UV-Vis (dichloromethane)ies, nm (loge): 352 (5.44), 657 (5.24), 695 (5.31H
NMR (799.926 MHz, DMSQdg): o, ppm 9.46 (m, 4H, tribenzo-H), 9.38 (m, 2H, triken
H), 8.55 (d, 4HJ=8.5 Hz, C3 C5, ArH), 8.27 (dd, 2HJ=5.6, 2.6 Hz, tribenzoH), 8.24 (m,
4H, tribenzo-H), 7.21 (d, 4H=8.7 Hz, C2 C6, ArH), 4.59 (m, 2H, ChH), 3.94 (s, 6H, Ch).
13C NMR (201.162 MHz, DMSQlg): 8¢, ppm 165.0 (C%, 158.2, 158.1, 156.3, 154.7, 149.7
(C1), 143.5, 142.0, 141.8, 141.6, 141.5, 134.4'(C%), 133.0, 132.9 (tribenzo-CH), 132.8,
132.6 (tribenzo-CH), 126.0, 125.9 (tribenzo-CH)5 B2(tribenzo-CH), 117.6 (C2C6), 58.7
(CHs), 40.0 (CH). MS (MALDI) nvz found [M+H]" 765.2380 calcd for 765.2325. HPLC
purity (see Supplementary Information).

3.3. Photochemical studies

All experiments were performed at ambient tempeeatlJV-Vis spectra were
recorded in the range of 200-900 nm using Shimatx(+160A and Jasco V-530
spectrophotometers. The UV-Vis spectra of porphyes4-6 were recorded in various
solvents in the concentrations from 5 x°16 1 x 10° mol/dnr.

The quantum yields of singlet oxygen generationevelatermined in DMSO and DMF
solutions (3.0 mL, no oxygen bubbled) using thatre¢ method with zinc(ll) phthalocyanine
(Sigma—Aldrich) and DPBF as a reference chemicahgher for singlet oxygen according to
the previously described proceddr&olutions of porphyrazine4-6 or ZnPc in DMF and
DMSO in the presence of DPBF were irradiated incanlpath-length quartz cell (3 mL) with
monochromatic light by a 150 W high-pressure Xegdai@ptel) through a monochromator
M250/1200/U. Light of two different wavelengths asled to the maxima of two sub-bands
in the Q-band region was used (absorbance of thgtzers ~ 0.5). Further experiments were
performed after addition to the solutionsdpt with DPBF the antiaggregation agent, TMAF.
As a result, single, unsplit Q-bands were obserV¥éds irradiation was performed with one
wavelength adjusted to the Q-band maximum. Theemnation of DPBF was set at ~ 3<10

20



mol L™ to avoid chain reactions induced by DPBF in thespnce of singlet oxygéh.The
light intensity was set to 0.5 mW/értRadiometer RD 0.2/2 with TD probe, Optel).

Fluorescence spectra were recorded using a Jase® $2ectrofluorometer. The
fluorescence quantum vyields were calculated usirg dhuation: ®r = ®r reference X
(FsampidFreferencd % (AreferencbAsamplg, Where F and A correspond to the measured ardarun
the emission peak and the absorbance at the éauifatsition (670 nm), respectivelyZnPc
was used as a referene@npc = 0.17 in DMF and 0.20 in DMSG¥.The concentrations of
porphyrazineg and6 were about 1 x I®and porphyraziné about 5 x 10.

The aggregation study was performed following thecedure proposed by Stuzhen
al.’ To solutions of4-6, was added either an antiaggregation agent TMA®aier, which

induces aggregation. Next the absorption and fhamece spectra were recorded.

3.4. Liposome preparation

Porphyrazinegl-6 were tested in the liposomal formulations. Duénsmolubility of 4
and6 in polar solvents, these compounds were testegl inniposomal formulations while
compound5 was also tested in its free form. The liposomamfalations were stored in the
dark at 4 °C. The photosensitizér was diluted in DMSO (Sigma Aldrich) at the
concentration 10 mM and stored in the dark at -20 P-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), d-phosphatidyl-DL-glycerol (chicken egg, PG) and-di@leoyl-
3-trimethylammonium propane (chloride salt, DOTAMgre purchased from Avanti Polar
Lipids Inc. Two different liposome formulations vweeprepared by a thin-film hydration
method®®3° Appropriate amounts of the lipid stock solutioms hloroform (POPC - 25
mg/mL, PG - 25 mg/mL, DOTAP - 10 mg/mL) and photosgzer (0.4 mg/mL) were placed
in glass tubes, mixed and evaporated to drynesg @srotary evaporator. Films formed on
the bottom of the glass tubes were dried overniglat vacuum oven at room temperature to
evaporate any remaining chloroform. Subsequenitly,dried films were hydrated with PBS.
The molar ratios of ingredients in final liposon@rhulations were: (i) porphyrazines6
(0.1), PG (2), POPC (8); (ii) porphyrazinés (0.1), DOTAP (2), POPC (8). The liposome
size was determined by dynamic light scattering sueaments using a Malvern Zetasizer
Nano ZS (Table S5 in Supporting Information). Saespiere stored at 2-8 °C under argon
and were protected from light. The final concembratof photosensitizer achieved in the
liposome suspensions was 1(M. Liposomes without photosensitizers were prepaed

controls.
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3.5. Photocytotoxicity in cultured cells

All experiments were carried out with the human spate carcinoma cell line
(LNCaP). The cell line was purchased from the Eeawmp Collection of Cells Cultures
(ECACC, Salisbury, UK) and cultured in Dulbecco nfied Eagle medium without phenol
red supplemented with 10% fetal bovine serum (FBS9,penicillin/streptomycin and 1% L-
glutamine at 37 °C, in a humidified atmosphere ammg 5% CQ. The activity of tested
compounds was examined under normoxic (21%) andxigp(1% Q) conditions. For
hypoxia treatment, the cells were first maintaimethe standard normoxic incubator for few
hours until the cells grew attached to the plaldgen, the cells were placed in the hypoxia
workstation (Whitley H35 Hypoxystation, Don Whitl&cientific Limited, UK) filled with
1% O, 5% CQ and 94% N, at 70% humidity and 37 °C.

The light source for irradiation cells was the HRbwer Multi Chip LEDs, generating
a wavelength of 660 nm (for compountiand6) and 690 nm (for compour). The power
of illumination was measured by a radiometer de\wdd16-130 Power Meter with Slim
Photodiode Sensor (ThorLabs). Due to precipitabb and 6 in DMSO/water mixtures,
these compounds were tested only in liposomal ftatimns while compound was also
tested in its free form. The photosensitidewas diluted in DMSO (Sigma Aldrich) at the
concentration 10 mM and stored in the dark at @0 °

Cytotoxic effect of the tested photosensitizers weatermined by MTT ass&yafter
light irradiation (phototoxicity) or without irradtion (dark toxicity). After placing the cells in
the hypoxia workstation all procedures such adrreat with tested compounds, irradiation,
and incubation after irradiation were performed % of G. The cells were seeded at density
2x10 cell per well and allowed to attach overnight. Seduently, the plates were washed
twice with PBS, and the tested compound in a mediantaining 2.5% FBS without phenol
red was added at different concentrations for & B¥tubation period. The viability tests were
performed for concentrations: 0.15; 0.3; 0.6; 125; 5 and 10 uM for compounds5 (non-
liposomal formulation; fre®) and 6. The preliminaryin vitro studies showed that the
liposomal formulations o6 (DOTAP-POPC5 and PG-POPG®) exerted strong cytotoxic
effects; therefore, the tested concentrations liesé compounds were decreased to 0.015;
0.03; 0.07; 0.15; 0.3; 0.6 and 1.2 uM. For thedigoal formulation of porphyrazinds6, the
liposomes without photosensitizers were preparedused as the negative controls. For free-
5, DMSO was used as a control, and the concentratiomedium did not exceed 0.1%. After
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incubation, the plates were washed twice with P&®] fresh medium was added to each
well. The cells were immediately light irradiatetlight dose 2 J/cfor not irradiated as the
dark control plates. The cell viability was detemed after 24 h using the MTT assay. Briefly,
170 pL of culture medium containing methylthiazopfeenyl-tetrazolium bromide (Sigma
Aldrich) solution (20 pL; 5 mg/ml PBS) was added dach well. Then, the cells were
incubated for 2 h under cell culture condition, dhd plates were centrifuged (1200 rpm, 3
min). The MTT solution was removed and the formazystals were dissolved by using 200
pl DMSO (Avantor Performance Materials S.A. Gliwideoland). The absorbance was
measured at 570 nm with a plate reader (EIx-806teRi Instruments Winooski, VT, USA).
The data were normalized to the mean absorptionoafrol cells.All experiments were

performed in duplicate, except the experimentdrie-b, which were performed in triplicate.

3.6. Antimicrobial assay

The standard bacterial strains used in this stuese ®taphylococcus aureus ATCC
25923 andEscherichia coli ATCC 25922 and were obtained from the American T@péure
Collection (ATCC). The strains of bacteria wererstb in Microbank cryogenic vials
(ProLabDiagnostics, Canada) at -70 + 10 °C. Micsoheed for the study were plated on
Tryptone Soya Agar (TSA; Oxoid, UK) and incubated@+1°C for 18 h. Bacterial strains
were cultured in the Brain Heart Infusion broth (BBxoid, UK) at 36 + 1 °C for 18 h. Each
culture was harvested by centrifugation (3000 »rgl6 min) and re-suspended in 1.5 mL of
10 mMPBS, pH, 7.0 (Sigma-Aldrich). The cells wehert diluted 1/100 in PBS to a final
concentration of about 10colony forming units (CFU)/mL. Antibacterial pholynamic
activity of the tested compounds was determinesgususpension method as described
previously>® Briefly, bacterial suspensions were incubatedhim dark with the appropriate
concentrations of 10 and 50 uM at room temperdtur@0 min. After that, the samples were
illuminated with the light intensity at the surfaskthe plate set to 5.0 mW/éifmeasured by
Radiometer RD 0.2/2 with TD probe, Optel) and ttaltlight dose was 18 J/értgroup [L+,
Ps+]). In parallel, three control experiments waesigned as followsi)(non-illuminated, no
photosensitizer— [L(-), Ps(-)]ii{ non-illuminated, but with photosensitizer [L(Ps(+)], (ii)
without photosensitizer, but illuminated [L(+), P§( Cell viability of the samples was
determined by serial dilution in PBS and then plade TSA medium. After incubation of the
plates at 36 + 1°C for 24 h, the number of CFU mpémwas counted, and the lpgeduction
factor in microbial cells for each sample were ghdted.
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4. Conclusions

Novel 5,7-diaryl-substituted symmetrical diazepiogghyrazine and
tribenzodiazepinoporphyrazine were found to geeesatglet oxygen in dimethylformamide
and dimethyl sulfoxide in moderate yields up to0J.3n comparison to structurally similar
G1-dendrimeric diazepinoporphyrazine. Absorbancd #oorescence measurements that
were applied to study aggregation properties ofehawacrocycles in the presence of
tetramethylammonium fluoride as an antiaggregatgent proved that the synthesized
porphyrinoids are prone to aggregation.

The cytotoxicity of all porphyrazines to LNCaP esellvas examined in both the
presence and the absence of light using MTT asS&ymmetrical magnesium(ll)
diazepinoporphyrazine substituted at C5 and CT7tipasi with 4-methoxyphenyl groups did
not exert any activity against cancer cells. Furtitee, this molecule incorporated into
positively charged liposomes with DOTAP-POPC digeth light-independent toxicity,
whereas this effect was not observed for negatiwtigrged liposomes with PG-POPC.
Similarly, symmetrical magnesium porphyrazine si&td at C5 and C7 positions with 4-
[3,5-bis(benzyloxy)benzyloxy]phenyl substituentsswimund to be inactive and exhibited
only slight cytotoxic effects at the highest testiede (1qQuM) for DOTAP-POPC formulation
in the dark and after laser exposure. Also, it whserved that DOTAP-POPC liposomes
containing both symmetrical porphyrazines probaicipitate during incubation.

Oxygen depletion in tumor tissue is a significaattér limiting numerous anticancer
strategies including PDT. In our further studies,frae form of tribenzoporphyrazine
substituted at C5 and C7 positions with 4-methoeyyh groups and its two liposomal
formulations in DOTAP-POPC and PG-POPC were testeter normoxic and hypoxic (1%
O,) conditions against LNCaP cell line. In the dadkdition, tribenzodiazepinoporphyrazine
was not cytotoxic at all tested concentrations, ne&g in the light condition it exhibited high
cytotoxicity under irradiation with the dose of 2cr’. The cytotoxic effects of
tribenzodiazepinoporphyrazine increased along whi concentration for all formulations
with the half maximal inhibitory concentration g§f under the normoxic conditions at 0.814
+ 0.466 uM, in DOTAP-POPC liposomes at 0.161 + 0.0 and in PG-POPC liposomes at
0.166 + 0.058 M. It is interesting that all testdghosome formulations of
tribenzoporphyrazine maintained their photocytatdyi in  hypoxia. Moreover,
tribenzodiazepinoporphyrazine incorporated int@sipmes revealed better therapeutic effect
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(ICsp values of 0.600 + 0.354M and 0.378 +0.002M) than in its free form (I values of
3.135 + 0.156uM). According to thein vitro experiments, le-phosphatidyl-DL-glycerol
liposomal formulation was found the most promisiagfurther study. It is worth noting that
ICs0 values obtained in hypoxic conditions for tribepaphyrazine formulations in DOTAP-
POPC and PG-POPC were 2.7 — 3.7 higher than thmsedfin normoxic conditions.
However, it should be emphasized that even in hégypxic conditions the obtained JC
values are still much below the concentration valug uM. It seems that furthen vitro and
in vivo studies are necessary to evaluate fully the usesslof DOTAP-POPC and PG-POPC
formulations of tribenzoporphyrazine substituted @ and C7 positions with 4-
methoxyphenyl groups in photodynamic therapy otean

Tribenzoporphyrazine incorporated into DOTAP-POR®@domes revealed moderate
phototoxicity for antibacterial photodynamic theyapt was found that irradiation of
planktonic bacterial strains in the presence obetmzoporphyrazine in DOTAP-POPC
liposomes at 5xI®uM significantly reduced CFUs @taphylococcus aureus ATCC 25923
in comparison to tribenzoporphyrazine in PG-PORf©domes, and the control liposomal
formulations without photosensitizer. It is intdreg that studied macrocycle did not reveal

any phototoxicity orescherichia coli ATCC 25922 regardless the liposomal formulation.
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