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Novel Glycosylated Cationic Porphyrins: Synthesis, Optical
Properties, Singlet Oxygen Generation
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The novel water-soluble porphyrin photosensitizers with meso-(3'-methylpyridyl) and ([-D-galactopyranosyloxy)-
phenyl meso-substituents H,P(3'-MePy");(PhG) and H,P(3'-MePy'),(PhG), were synthesized. The comparative
study of obtained compounds and cationic H,P(3'-MePy"), as a standard was carried out. Due to the high
hydrophilicity of peripheral substituents all the compounds obtained are highly soluble in aqueous solutions and
follow Beer’s Law over an operating concentration range. An increase in the fluorescence quantum yield was found
with an increase in the number of saccharide fragments. Comparative method based on monitoring the pyridoxine
photodegradation in phosphate buffer solution under red light irradiation has been established that the observed rate
of pyridoxine decomposition is higher in the presence of H,P(3'-MePy');(PhG) and H,P(3'-MePy"),(PhG), as
compared with HyP(3'-MePy"),, which indicates a higher efficiency of singlet oxygen generation by glycosylated
photosensitizers. It was found that the obtained photosensitizers are deprotonated on the porphyrin H,P platform
with close values of stepwise protonation constants, which is accompanied by a significant increase in the intensity of
long-wave absorption, fluorescence intensity fluorescence quantum yield of H,P(3'-MePy");(PhG) and
H,P(3"-MePy"),(PhG),. It has been shown that the insertion of saccharide fragments shifis the equilibrium of H,P
protonation towards physiological pH values which is the starting point for pH-activation of porphyrin
photosensitizers fluorescence in more acidic tumor tissue.

Keywords: Glycosylated porphyrins, PDT photosensitizers, acid-base properties, singlet oxygen generation, pH-
dependent fluorescence.
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Cunme3suposanvl HOBble 8000pPaACMBOPUMbIEe NOPHUPUHOBbIE (POMOCEHCUDUTUIAMOPLI ¢ Me30-(3 -MemumupuouTbHbLMU)
u me30-(f-D-eanaxmonupanosunoxcu)penunvnoimu  samewumensmu HoP(3'-MePy')s(PhG) u H,P(3'-MePy"),(PhG)..
IIpogedeno cpasnumensioe uccredoanue Roayyennvix coedunenuti u kamuonnozo HoP(3'-MePy"),; ¢ xauecmee
cmandapma. bnazodaps 6vlcoxol 2udpoGuUILHOCMU IMUX Me30-3amecTnumenell NoayYeHHble COeOUHEHUS XOPOUO
Pacmeopsiomcest 6 6ooe u 061adarm IUHEUHOU KOHYEHMPAYUOHHOU 3A8UCUMOCIIbIO NO2LOWEHUS. U UHIMEHCUBHOCIU
¢ryopecyenyuu 6 pabouem ouanasone. OOHAPYICEH POCM KBAHMOBO20 BbIX00A (DIyopecyeHyuu ¢ yeerudeHuem
YUCAA CaxapuoHwlx pazmenmos. Memooom, OCHOBAHHLIM HA MOHUMOPUHZE DOMOPA3NONCEHUS NUPUOOKCUHA 8
Gocpamnom bygeprom pacmsope npu 00.1yueHUU KPACHBIM CEEMOM, YCIMAHOBIEHO, YMO CKOPOCHb €20 0ecpaoayuu
eoiuie 6 npucymemeuu HoP(3'-MePy");(PhG) u H,P(3'-MePy"),(PhG), no cpaeunenuio ¢ H,P(3'-MePy"),, umo
yKazvleaem Ha 6oiee BbICOKYI0 IPHEeKMUBHOCHb 2eHepayUl CUHIEMHO20 KUCI0POOd (hOMOCEHCUDUTUIAMOPAMU C
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caxapuonbiMu gpasmenmamu. Ycmanogneno, Ymo noiyyeHHvle QOomoceHCUbUIU3Amopsbl OUNPOMUHUPYIOMCS NO
nopgupunosoti niamgopme HLP ¢ Oauzkumu 3HAYEHUSIMU CIMYNEHYAMBIX KOHCMAHM, YMO CONPOBONCOAEMCSL
SBHAYUMENbHBIM  VEETUYEHUEM UHIMEHCUBHOCMU OIUHHOBOIHOB020 NO2NOWEHUS, (DIYyopecyeHyuu U K8aHmogo2o
svixooa guyopecyenyuu HoP(3'-MePy”);(PhG) u H,P(3'-MePy"),(PhG),. Ioxaszano, umo @sedenue caxapuonwix
@pacmenmos cmewaem pasuosecus npomonuposanusi H,P 6 cmopony usuonocuveckux suavenuii pH, umo
A6NA€MCA  OMNPAsHOU  Moykol  Ons  noucka nymeu pH-axmusayuu  ¢ayopecyenyuu  nopgupunoguix
gomocencubunuzamopog 6 bonee KUCIOU ONYXONe601ll MKAHU.

KatoueBble caoBa: [nukonmsupoBanHble mop¢upHHbL, —(oTocencuOmmuzaropsl @O/T, KHCIOTHO-OCHOBHBIE
CBOHCTBA, FeHEpALMs CHHTIIETHOTO KUCIOpOa, pH-3aBucumast (hIryopecreHIus.

Introduction

Tetrapyrrolic macrocycles are widely used as
photosensitizers (PSs) in photodynamic therapy (PDT) and
photodynamic diagnosis. PSs selectively accumulate in
cancerous cells/tissues and after irradiation with a specific
red/near infrared light source, a number of photochemical
reactions with the production of cytotoxic singlet
molecular oxygen and other reactive oxygen species (ROS)
are activated in the tumor environment, which leads to
destruction of tumor cells. Additionally, PS irradiation with
blue light causes its intense fluorescence, which allows to
determine the boundaries of the tumor, as well as possible
metastases. In modern clinical practice, a number of
photosensitizers are wused, which vary in their
physicochemical, pharmaceutical and pharmacological
characteristics, as well as commercial value.!"! Promising
PSs should give a clear analytical signal for visualizing the
lesion, have high selectivity and phototoxicity against
neoplasms of various localization, while remaining safe for
healthy tissues and blood cells of the body. Natural and
synthetic porphine derivatives due to the unique
combination of photophysical and biochemical properties
are suitable from this point and therefore widely used as
photodynamic PSs.>® It is the current trend to develop
effective modification routes of hydrophobic porphyrins
for obtaining biocompatible forms of PSs with sufficient
water solubility, low toxicity, biological stability, and
selectivity. Only biocompatible forms of photosensitizers,
which can be delivered with the blood flow to the
cancerous lesion, are suitable for PDT. This fact requires
chemical modification of hydrophobic tetrapyrrole PSs to
provide their water solubility. Chemical modification of
porphyrin molecules by introducing cationic, anionic and
nonionic hydrophilic groups into macrocycle is widely
used for obtaining their water-soluble forms.”'*! The other
problem of developing the ideal PS should be solved is
high selectivity to accumulation in target tissue. Promising
strategy for target drug delivery is adding the saccharide
residues to PS molecules. Early works devoted to
porphyrin conjugates with glycoside fragments illustrated
improving the solubility of hydrophobic porphyrin
molecules and their ability to specific recognition on cell
surface.l'" "™ Further investigations illustrated the applying
a wide range of different synthetic routes!'’* for
production  of  conjugates  with a  different
hydrophilic/hydrophobic balance and improving cellular
uptake  of  tetrapyrrolic =~ photosensitizers  through
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glycoconjugation with sugar molecules.!"****! Besides,
glycosylated macrocycles demonstrated high antimicrobial
and antiviral activity,”>***) as well as selectivity to DNA
binding.P” Thus, tetrapyrrolic macrocycles decorated with
carbohydrate moieties have a number of advantages for
potential use as PDT photosensitizers.'"*") First, the
solubility in water or other biocompatible media, which is
a key parameter for medical applications. Second, the
possibility to control the degree of glycoporphyrins
amphiphilicity and as a sequence, their biodistribution in
the body. It is known that cancer cells demonstrated high
affinity for glucose through specific protein-transporters
(“Warburg effect”),>*¥ the other saccharide residues can
also flow into the cell through these specific receptors and
that is the third argument in favor of the glycosylated
derivatives. A further feature of glycosylated porphyrin
derivatives is the chirality of carbohydrate moieties, which
provides ability to stereochemical molecular recognition.

Cationic porphyrins are very interesting and
perspective objects for PDT applications”®=>" due to, from
the one hand, their ability to selective binding and
stabilizing G-quadruplexes and inhibit telomerase activity
and, from the other, photosensitizing activity in terms of
generation of singlet oxygen and other reactive species
under light irradiation.***

Here, we present the synthetic procedure and investi-
gation of chemical and photophysical properties of cationic
glycosylated porphyrin derivatives based on 5,10,15,20-
tetra(N-methylpyridine-3-yl)porphine H,P(3'-MePy"),:
H,P(3'-MePy");(PhG) and H,P(3'-MePy"),(PhG),
(Figure 1) as a potential model of photosensitizers for
PDT. From some points, porphyrin with cationic N-
methylpyridyl groups in the meta-positions is more
favorable than widely available and well-studied para-
substituted derivative. For example, meta-derivatives are
easier to isolate and purified by chromatography at pre-
quaternization synthetic step than porphyrins with a
cationic groups in para-position.*) Moreover, meta-
substituted isomer has been demonstrated to be more
effective for photodynamic inactivation of multidrug-
resistant bacteria.!*" Summarizing, the insertion into the
cationic porphyrin macrocycle, which is characterized by
high-solubility and photodynamic activity of bulky
saccharide moieties, capable of interacting with specific
receptors on the cell membrane surface may decrease the
undesirable aggregation tendency and provide rapid and
selective accumulation of PS in tumor tissues and increase
diagnostic and therapeutic efficacy.
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H,P(3'-MePy"),

Figure 1. Structures of substances under investigation.

Experimental

Chemicals

All commercial reagents were used as received without
further purification. The chemicals used for synthetic procedures
were of reagent grade quality. The solvents were dried and
distilled by standard procedures before use.l*] Phosphate-
buffered saline solution pH 7.4 (PBS) was prepared using
appropriate amounts of Na,HPO, and KH,PO, in double-distilled
water. Positively charged 5,10,15,20-tetra(N-methylpyridine-3-
yl)porphine tetraiodide (H,P(3'-MePy");) was synthesized and
purified according to procedures presented in literature.[*%*”

Instruments

The absorbance and fluorescence spectra were recorded
synchronous at 25C in 1x1 cm optical quartz cell using a
fluorescence spectrophotometer (Avantes AvaSpec 2048-2)
equipped with a qpod© (Temperature-Controlled Sample
Compartment for Fiber Optic Spectroscopy). Micropipette with
the scale value is 5.5-10° mL was used for titration experiment.
The pH values were measured using InLab Micro pH electrode
(Mettler-Toledo Inc.). NMR spectra were recorded on a Bruker
Avance III 500 spectrometer (500.17 MHz for 1H) at 294 K.
Mass-spectra  were recorded on Shimadzu Biotech AXIMA
Confidence Linear/Reflectron MALDI-TOF Mass Spectrometer.
All samples were run with CHCA and DHB as the matrix or
without matrix. Time-resolved photoluminescence measurements
in solutions (Time-Correlated Single Photon Counting mode,
TCSPC) were performed using FluoTime 300 (Picoquant GmbH)
setup, equipped with a diode lasers (450 nm, 40 MHz repetition
rate, 100 ps pulse width, Picoquant GmbH; 500 nm, 40 MHz
repetition rate, 130 ps pulse width, Picoquant GmbH) as
excitation sources. The EasyTau 2 software was used to analyze
fluorescence spectra and lifetime decays obtained from FluoTime
300 spectrometer.

Synthesis

4-(2,3.,4,6-Tetra-O-acetyl-B-D-galactopyranosyl)benzaldehyde
was synthesized from 2,3,4,6-tetraacetyl-O-acetyl-a-D-galacto-
pyranosyl bromide as described in literature.? 5-(Pyridine-3-yl)-
dipyrromethane was easily synthesized with nearly quantitative
yield from the acid-catalyzed (HCI) condensation of the 3-
pyridinecarboxaldehyde and 3 equivalents of pyrrole in water.

5-(4-(B-D-Galactopyranosyloxy)phenyl)-10,15,20-tris(py-
ridine-3-yl)porphine, 1b. Pyrrole (1.8 mL, 26.4 mmol) was added
dropwise to a slightly boiling solution of 4-(2,3,4,6-tetra-O-ace-
tyl-B-D-galactopyranosyl)benzaldehyde (3.0 g, 6.6 mmol) and 3-
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H,P(3'-MePy");(PhG)

H,P(3'-MePy"),(PhG),

pyridinecarboxaldehyde (1.9 mL, 19.8 mmol) in 100 mL propi-
onic acid with 10 mL of acetic anhydride. The reaction mass was
boiled for 1.5 hours with air bubbling. After cooling, the solvent
was rotary evaporated. The residue was dissolved in methanol,
neutralized with an aqueous solution of ammonia, and boiled.
Half of the methanol was distilled and diluted with water. The
precipitate was filtered and dried in vacuum at 60 °C. The crude
product absorbed on aluminum oxide was placed on the top alu-
minum oxide column and eluted with chloroform and chloroform-
methanol mixture (up to 5%). The two bands were collected: the
first — 5,10,15,20-tetrakis(pyridine-3-yl)porphine, and second —
the mixture of mono- and bis-saccharide porphyrins. The solvent
was evaporated to dryness. The residue from second band was
dissolved in dry mixture chloroform-methanol, cooled to 0 °C and
to this solution the 1 mL of 0.22 M sodium methylate was added
dropwise. The solution was stirred for 1 h at room temperature,
then five drops of acetic acid was added. The solvent was evapo-
rated to minimal volume, and crude product was purified by
column chromatography (silica gel, chloroform-methanol, 5-10%)
to give porphyrin 1b. '"H NMR (500 MHz, DMSO-d;) § ppm:
9.39 (s, 3H), 9.07 (dd, J = 5.0, 1.6 Hz, 3H), 8.95 (s, 2H), 8.91—
8.80 (m, 6H), 8.67 (bs, 3H), 8.15 (d, J = 7.4 Hz, 2H), 7.97-7.85
(m, 3H), 7.48 (d, J = 8.2 Hz, 2H), 5.39 (d, /= 5.2 Hz, 1H), 5.18
(d, J=17.7 Hz, 1H), 5.00 (d, J= 5.7 Hz, 1H), 4.78 (t, J = 5.6 Hz,
1H), 4.64 (d, J = 4.6 Hz, 1H), 3.85-3.70 (m, 3H), 3.65 (td, J =
5.6, 3.9 Hz, 2H), 3.60 — 3.50 (m, 1H), —2.95 (s, 2H). MS (MALDI
TOF) m/z: for C47H37N,04 caled. 795.28; found 797 [M+2H]".
5,15-bis(4-(f-D-Galactopyranosyloxy)phenyl)-10,20-bis-

(pyridine-3-yl)porphine 2b. The mixture of 5-(pyridine-3-yl)-
dipyrromethane (0.74 g, 3.3 mmol) and 4-(2,3,4,6-tetra-O-acetyl-
B-D-galactopyranosyl)benzaldehyde (1.5 g, 3.3 mmol) in 40 mL
of propionic acid with 4 mL of acetic anhydride was heated and
boiled for 1.5 hours with air bubbling. After cooling the solvent
was rotary evaporated. The residue was dissolved in methanol,
neutralized with an aqueous solution of ammonia, and boiled,
then was distilled and diluted with water. The precipitate was
filtered and dried in vacuum at 60 °C. The crude product
absorbed on aluminum oxide was placed on the top aluminum
oxide column and eluted with chloroform and chloroform-
methanol mixture (up to 5%). The solvent was evaporated to dry-
ness. The residue was dissolved in dry mixture chloroform-
methanol, cooled to 0°C and to this solution 1 mL of 0.22 M
sodium methylate was added dropwise. The solution was stirred
for 1 h at room temperature, then five drops of acetic acid was
added. The solvent was evaporated to minimal volume, and crude
product was purified by column chromatography (silica gel, chlo-
roform-methanol (5-10%)) to give porphyrin 1b as first band and
porphyrin 2b as second band. 'H NMR (500 MHz, DMSO-dj) &
ppm: 9.39 (d, J=2.3 Hz, 2H), 9.06 (dd, J=4.9, 1.6 Hz, 2H), 8.94
(bs, 4H), 8.83 (bs, 4H), 8.67 (d, J = 7.0 Hz, 2H), 8.15 (d, /=73

Maxpoecemepoyuxnvt / Macroheterocycles 2023 16(4) 236-248



Hz, 4H), 7.91 (dd, J=7.7, 5.0 Hz, 2H), 7.48 (d, J = 8.3 Hz, 4H),
5.38 (d, J=5.2 Hz, 2H), 5.19 (d, /= 7.8 Hz, 2H), 5.00 (d, J=5.6
Hz, 2H), 4.78 (t, J = 5.5 Hz, 2H), 4.64 (d, J = 4.6 Hz, 2H), 3.85-
3.73 (m, 8H), 3.70-3.60 (m, 4H), 3.59 — 3.52 (m, 2H), —2.93 (s,
2H) MS (MALDI TOF) m/z. for C54H48N6012 calcd. 97233,
found 974 [M+2H]".

5-(4-(B-D-Galactopyranosyloxy)phenyl)-10,15,20-tris(N-
methylpyridine-3'-yl)porphine (H,P(3'- MePy")3(PhG)) and 5,15-
bis(4-(f-D-galactopyranosyloxy)phenyl)-10,20-bis(N-methylpyri-
dine-3'-yl)porphine (H,P(3"- MePy"),(PhG),). To a stirred solu-
tion of porphyrins 1b or 2b (0.02 mmol) in freshly distilled DMF
1 mL of methyl iodide was added and the reaction mixture was
heated at 95°C for 1.5 h. After the reactions were complete, the
porphyrins H,P(3'-MePy");(PhG) and H,P(3'-MePy"),(PhG),
were precipitated with benzene. After filtration the compounds
were then washed several times with benzene and dried under
reduced pressure.

5-(4-(B-D-Galactopyranosyloxy)phenyl)-10,15,20-tris(N-
methylpyridine-3-yl)porphine H,P(3'-MePy");(PhG). '"H NMR
(500 MHz, DMSO-d;) 6 ppm: 10.03 (d, /= 7.1 Hz, 3H), 9.57 (d,
J = 5.5 Hz, 3H), 9.44-8.95 (m, 12H), 8.64 (t, J = 6.7 Hz, 3H),
8.25-8.07 (m, 2H), 7.53 (d, J=8.1 Hz, 2H), 5.22 (d, /= 7.7 Hz,
1H), 4.69 (s, 9H), 4.15-3.27 (m, 10H), -3.03 (s, 2H). MS
(MALDI TOF) m/z: for [CsoHsN,Og]>" calcd. 841.35; found 841
[M+H]", 825 [M-CH;]".

5,15-Bis(4-(p-D-galactopyranosyloxy)phenyl)-10,20-bis(N-
methylpyridine-3-yl)porphine H,P(3'-MePy"),(PhG),. "H NMR
(500 MHz, DMSO-dy) & ppm: 10.02 (d, /= 10.5 Hz, 2H), 9.52 (d,
J=6.0 Hz, 2H), 9.39 (t, J = 7.8 Hz, 2H), 9.10 (bs, 4H), 9.01 (bs,
3H), 8.60 (t, J=7.0 Hz, 2H), 8.14 (d, /= 9.5 Hz, 4H), 7.51 (d, J
= 8.2 Hz, 4H), 5.20 (d, J = 7.6 Hz, 2H), 4.66 (s, 6H), 4.03-3.22
(m, 16H), 3.11 (qd, J = 7.3, 4.9 Hz, 4H), -2.99 (s, 2H). MS
(MALDI TOF) m/z: for [CssHssNgO1,]*" caled. 1002.38; found
1003 [M+H]", 989 [M+2H-CH;]".

Fluorescence quantum yield

Fluorescence quantum yields (®r) were determined by
comparative methods,”® using H,P(3'-MePy"), (P = 0.0491*
and ZnP(3'-MePy"), (Op = 0.017%")) in water as a standard.

5 w F 45 1,2
r r FStdA(nStd )2 5
where F and Fgy are the areas under the fluorescence curves for
sample and standard, respectively. 4 and Agy are the absorbances
of the sample and reference at the excitation wavelength, respec-

tively. n and ngy are the refractive indices of the solvent used for
the sample and standard, respectively.

Singlet oxygen generation

Samples for irradiation were prepared in a 1 cm quartz cells
in PBS solution (pH = 7.4) with PS concentration ca. 10 uM.
Each sample was measured at 25 °C with permanent stirring in
aerobic conditions. Pyridoxine (150 uM) was used as singlet
oxygen sensitive trap. For samples irradiation full spectrum LED
(3 W, 1751m, 3.6 V, 700 mA) installed orthogonally, was used.
The 610 nm red glass filter RG-11 was used to cut off undesirable
radiation. In all cases, photosensitized oxidation of pyridoxine
was controlled by decrease the intensity of the absorption band
maximum at 323 nm. UV-Vis spectra were registered in auto-
matic mode every 30 s. The observed photodegradation rate con-
stants (k,,s) were calculated by a linear least-squares fit of the
semilogarithmic plot of In(4y/4) vs. irradiation time.
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Results and Discussion

Synthesis

Unsymmetrical porphyrin 1a with three 3-pyridyls and
one protected galactosylated group was prepared following
the method of Little er a/”®® with a small modification by
condensation of 4-(2,3,4,6-tetra-O-acetyl-p-D-galactopyra-
nosyl)benzaldehyde (1 eq.) with 3-pyridinecarboxaldehyde
(3 eq.) and pyrrole (4 eq.) in propionic acid with 10% acetic
anhydride to prevent deacetylation of the glycosylated
moiety (Scheme 1).

CHO CHO
o a
N [\ iy ii
+3 +4 e onc
N N
H o] b
OR

Scheme 1. Synthesis of unsymmetrical porphyrin A;B-type:
i — propionic acid, reflux; ii — CHCl;-MeOH, MeONa, 0-20 °C.

MS (MALDI TOF) analysis showed the presence of
three types of porphyrins: symmetrical 5,10,15,20-tetrakis-
(pyridine-3'-yl)porphine ("H NMR spectra and MS MALDI
TOF spectra corresponded to the literature data®') and two
porphyrins with one 1a and two 2a saccharide moieties.
From this porphyrin mixture only symmetrical porphyrin
can be isolated individually by column chromatography
(aluminum oxide, silica gel). Mixture of galactosylpor-
phyrins is inseparable in column chromatography experi-
ments. To obtain the porphyrin 1b a mixture of porphyrins
containing carbohydrate substituents was deprotected with a
catalytic amount of sodium methylate in a chloroform-
methanol mixture. Then desired porphyrin 1b was isolated
by column chromatography on silica gel using chloroform-
methanol (5-10%) mixture as eluent. The MS (MALDI
TOF) (Figure S1) and 'H NMR (Figure S2) spectra fully
confirm the structure of the resulting compound.

Due to the small difference in the mobility of the two
porphyrin isomers with two sugar units (ABAB and AABB-
types) on the chromatographic column, their separation was
unsuccessful. Therefore, for the synthesis of trans-bis-galac-
tosylporphyrin 2b we used 2+2 MacDonald condensation
(Scheme 2). To do this, a solution of equimolar amounts of
5-(pyridine-3'-yl)dipyrromethane and 4-(2,3,4,6-tetra-O-
acetyl-B-D-galactopyranosyl)benzaldehyde was heated in
propionic acid in the presence of acetic anhydride under
the conditions described above for the synthesis of
porphyrin 1b.

Porphyrin 2b isolated by column chromatography
was a major product with a small amount of porphyrin 1b,
which indicates a slight acidolysis process of dipyrrolyl-
methane. The [M+2H]" signal in the spectrum MS
(MALDI TOF) (Figure S3) in combination with the
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disposition of the B-proton signals in the '"H NMR spec-
trum (Figure S4) fully confirm the structure of trans-
porphyrin 2b.

/)
O, a
= —
\ NH + OAc
— o b
NH
—

Scheme 2. Synthesis of ABAB-type porphyrin: i — propionic acid,
reflux; ii — CHCl;-MeOH, MeONa, 0-20 °C

H,P (3'- MePy*); (PhG)
I OR

Mel, DMF, 95 °C
iy

Mel, DMF, 95 °C

Scheme 3. Synthesis of cationic N-methylpyridinium porphyrins
H,P (3- MePy"); (PhG) and H,P(3'- MePy"), (PhG),.

Finally, tricationic ~H,P(3-MePy");(PhG) and
dicationic H,P(3'- MePy'),(PhG), N-methylpyridinium
porphyrins were obtained by treatment of galactosylated
porphyrins 2a,b with a large excess of methyl iodide in dry
DMF (Scheme 3). These compounds were purified by
precipitation in benzene.

In the MS (MALDI TOF) spectra of cationic N-
methylpyridinium porphyrins H,P(3'-MePy");(PhG) and
H,P(3'-MePy'),(PhG), (Figure S5) both signals of
molecular ion and of a fragment without one methyl group
were detected. '"H NMR spectra of porphyrins H,P(3'-
MePy");(PhG) and H,P(3'-MePy"),(PhG), are generally
similar to unmethylated precursors 1b and 2b, but have a
lower resolution (Figures S6, S7).

Solubility in aqueous solutions

The main problem of most water-soluble porphyrins
is their tendency to aggregate in aqueous solutions, which
significantly affects the optical properties and is
extremely undesirable in their potential use as
photosensitizers. Due to the high hydrophilicity of
peripheral MePy" and PhG groups the porphyrin salts
H,P(3'-MePyl),, H,P(3'-MePyl);(PhG) and H,P(3'-
MePyl),(PhG), are very soluble in water with
corresponding tetra-, tri- and dications H,P(3'-MePy"),,
H,P(3'-MePy ");(PhG) and H,P(3'-MePy"),(PhG),
formation, and the absorbance and fluorescence of their
aqueous solutions are linearly proportional to
concentration in the range of 0-5-10° mol/L (Figure 2,
Figure S8-S10, Table 1). Besides, MePy' and PhG groups
are pH-stable in all acidity range of water solutions. All
the above have made it possible to undertake a
quantitative study of physico-chemical properties of the
porphyrin platform in the H,P(3'-MePy"),, H,P(3'-
MePy");(PhG) and H,P(3'-MePy"),(PhG), without intra
and intermolecular complications.

Table 1. UV-Vis and fluorescence data for synthesized compounds in aqueous solution and PBS.

UV-Vis Fluorescence
Compound Soret,
Amax, NM Q-bands, Ay, nm(lge) Pamass :nr?)(}”m’ ()8 Tp, NS
(Ige)
water
H,P (3-MePy "), 416(543) 514(429) 550(3.71) 580(3.76)  636(2.99)  666,705434) 0.049TT 777
H,P™ (3-MePy"), 431(5.51) 579(4.05) 631(4.25) 650 (428) 0.033 2.00
H,P (3"-MePy )3(PhG) 418(5.36)  517(4.16)  551(3.63) 581(3.71)  642(3.25) 66(;;?2 0.058 747
H,P™ (3-MePy );(PhG)  442(5.25) 592(4.02) 643(4.62) 684 (431) 0.093 2.54
1 +
H,P(3-MePy ), (PhG), 418(5.32)  518(4.04) 554(3.64) 581(3.63) 641(3.37) 66(;’1;?2 0.086 6.74
H,P™ (3-MePy ),(PhG),  446(5.24) 653(4.41) 703 (431) 0.160 2.62
PBS, pH 7.4
H,P (3'-MePy"), 416(546) 514(4.28) 548(3.61) 581(3.83)  636(2.96) 672,704 (513)
H,P (3'-MePy );(PhG) 418(5.40) 517(4.18)  551(3.66)  581(3.75)  641(3.30) 661,702 (513)
H,P(3-MePy"),(PhG), 418(5.32) 518(4.05) 556(3.68) 581(3.65)  642(3.38) 661,702 (513)
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Figure 2. Concentration dependence of absorption (thick lines) and fluorescence (thin lines) spectra of H,P(3'-MePy");(PhG)
aqueous solution (C=0-5-10° M, pH 7, 25°C) — left; H,P(3'-MePy"),(PhG), aqueous solution (C=0-5-10"° M, pH 7, 25°C) -right. Insert:

linear correlation between absorbance and fluorescence.

Acid-base properties

Titration of H,P(3'-MePy"),, H,P(3'-MePy");(PhG)
and H,P(3"-MePy"),(PhG), solutions with perchloric acid
is accompanied by a synchronous pH response in the
absorption and fluorescence spectra, which are transformed
directly into the spectra of the diprotonated porphyrin
platform HyP™" (Figures 3, 4, S11). The diprotonation leads
to a characteristic red shift of the Soret band and an
increase in the intensity of the Q1 band, accompanied by a
fluorescence enhancement.

For all investigated compounds, the titration curves
are smooth, and two families of isosbestic points,
corresponding to the extremes of acidity are observed in
the UV-Vis spectra, which indicates close values of the
constants of the first and second protonation stages.”>>"!
The diprotonation of H,P(3"-MePy"),, HyP(3'-MePy " );(PhG)
and H,P(3"-MePy'),(PhG), in aqueous solution is
equilibrium, fast, and very similar to the diprotonation of
porphyrin platform in tetraanion of 5,10,15,20-tetrakis(4 -
sulfonatophenyl)porphine H,P(4"-PhSO;),.5*** In  this
case, the loss of the spectral response of the H;P" form is
due to the structural and stepwise protonation features of
the porphyrin platform. The porphyrin platform H,P is
formed by two pyrrole rings (A, C) which are the
intramolecular hydrogen bond (IMHB) donors and two
pyrrolenine rings (B, D) being IMHB acceptors,
interconnected by methine bridges (Figure 5).

Cyclization of linear tetrapyrrole into a porphyrin
macroheterocycle leads to intramolecular tightness causes
the approach of hydrogen and nitrogen atoms at a distance
less than the sum of their van der Waals radii (Ry,). This
intramolecular tightness generates the opposite forces of
interatomic hydrogen NH—HN repulsion and hydrogen
NH---N bonding, resulting in the formation of four
bifurcated IMHB, which balanced out the intramolecular
repulsion and together with the aromatic system, aspire to
keep pyrrolenine and pyrrole rings in a coplanar state. The
deviation of the interatomic distances NH«—HN and

Maxpoecemepoyuxnvt / Macroheterocycles 2023 16(4) 236-248

NH:--N from the sum of Van der Waals radii is a criterion
for the IMHB formation or breaking, respectively. IMHB
are formed and forced when downward deviation, but
became weaker and break when upward deviation.
According to the second Etter’s Rule,” the four bifurcated
IMHB that form six-membered cycles in H,P coordination
sphere have an advantage over intermolecular hydrogen
bonds and blocked H,P from interaction with polar
solvents and anions. > ¢

Protonation of the first pyrrolenine nitrogen atom
breaks down two of the four bifurcate IMHB of H,P, but
two others along with aromatic system, aspire to keep two
pyrrole and the other pyrrolenine rings of H;P" in the state
close to coplanar. The singularity of aromatic tetrapyrrole
platforms is the presence of the conventional meso-plane
C5C10C15C20, which is only slightly deformed even with
a strong distortion of the macrocycle. As a result of
intramolecular repulsion between three hydrogens of
pyrrole NH-groups, the hydrogen of protonated “B” ring of
H;P" (Figure 5) slightly deviates from the meso-plane, but
the two remaining IMHB still block the HzP" coordination
cavity from the intermolecular hydrogen bonds. Further
protonation leads to the substitution of IMHB for the
intermolecular hydrogen bonding, the perimeter of the
aromatic conjugation circuit is expanding, and, as a result,
the flexibility of all HyP*" platforms increases. Due to
intramolecular repulsion between hydrogens of four NH-
groups the H,P*" acquires a symmetrical 1,3-alternate
structure, where hydrogen repulsion forces are balanced by
the tendency of the aromatic system to planarity.
Diprotonated platform H,P*" is a molecular and anion
receptor with two identical interdependent cites, pre-
organized for binding “guests” with “double-roost” complex
formation'®” due to the presence of double positive charge
delocalized in annular conjugation circuit and two pairs of
converging NH-groups which are hydrogen bond donors.
Receptor H,P*" is highly complementary with respect to
the oxygen atom of a water molecule with a geometric
configuration AX,E,.
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Figure 3. Results of spectropotentiometric titration of H,P(3"-MePy");(PhG) aqueous solution (C=3.5-10"® M, 25°C) with perchloric
acid (Aexc=431 nm, the isosbestic point area). Starting spectrum is H,P(3’-MePy");(PhG) form — red line, final spectrum is
(H,0),[H4P""(3"-MePy");(PhG)] form — green line.
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Figure 4. Results of spectropotentiometric titration of H,P(3'-MePy"),(PhG), aqueous solution (C=4.6-10° M, 25°C) with
perchloric acid (=431 nm, the isosbestic point area). Starting spectrum is H,P(3"-MePy"),(PhG), form — red line, final spectrum is
(H,0),[H4P""(3"-MePy"),(PhG),] form — green line.
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Figure 5. DFT-optimized structure of porphyrin platform H,P and its protonated forms HsP* and (H,0),[H4P™]. The letters A, B, C and
D label the pyrrole and pyrrolenine rings. The 18-electron aromatic cycle is highlighted with a red dotted line, the bifurcated IMHB are
highlighted with a gray dotted line. The lower row demonstrates the increasing effect of 1,3-alternation of the tetrapyrrole platform.
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Taking into consideration the aquacomplexes
formation, protonation equilibria of porphyrin platform in
H,P(3'-MePy"),, H,P(3’-MePy )3(PhG) and H,P(3"-MePy "),
(PhG), can be formally described by the Equations 1-4:

1" protonation stage

H,P+H' —HK‘” H,P' M

2" protonation stage

H;P"+H" —>Kb2 HP™ ()
K
HP™ + 2H,0 222> (H,0),[H P 3)

+ KK +
H;P' + H' + 2H,0 —2 UL, (H,0),[H,P""] (4)

A huge excess of water, which simultaneously are

reagent and solvent (the concentration of water in water is
54.95 mol/L (lgCHzo:1.74), is the reason for the

completely shifted equilibrium of 2™ protonation stage (4)
towards [H,P"](H,0),, and the optical spectra of
diprotonated forms of porphyrins refer to their aqua
complexes (H,O)[HyP™"(MePy"),], (H,0)[HyP™"(MePy");
(PhG)] and (H,0),[H4P"" (MePy"),(PhG),]. In this case, the
experimental constant of the 2™ protonation stage of
porphyrins Kp; corresponds to the Equation 5:

KBZ =K, 'K(HZO)2 ‘szzo > (5

where Cy,0— concentration of water in water.

The protonation constants Ky, Kz, of investigated
porphyrins in water (Table 2) were calculated by fitting the
parameters in Equation 6 for the experimental titration
curves.

Solvation complexes (H,0),[H4P"'] formation is the
reason for a significant decrease of pH distance between
the protonation stages (1) and (2) amounting to
12K 11,0),+21gCh,0 (3), where Ku,0), is stability constant of

Y, +7Y,

_fou,p) 0(H3P+)' b1

Y/1_

K, 10777 +Y,

O(H,0),[H, P ])

O. M. Kulikova et al.

(H,0),[H,P"] solvation complex and Cu,0 is a solvent

molar concentration in solution. This "guest"-solvent effect
facilitates the addition of only the second proton and thus
shrinks the porphyrin diprotonation pH-range to higher
values. Generally, the convergence of 1gK,; and 1gKp,
(Table 2) is a fair indication of the (H,O),[HsP"']
complexes formation.”” The close values of diprotonation
constants Ky, and Kp, are the reason for the two-step
titration curves smoothing (Figures 3, 4, S11), the shape of
which indicates the shift of the H,P (3"-MePy"),, H,P(3'-
MePy")y(PhG) and H,P(3"-MePy"),(PhG), 2™ stage
protonation  equilibrium  to  the  corresponding
aquacomplexes (H,0),[H,P(3'-MePy"),], (H,O),[H,P(3 -
MePy");(PhG)] and (H,0),[H,P(3"-MePy"),(PhG),]
formation due to the great excess of the water molecules in
aqueous solution.’***% In the case of H,P (3'-MePy "), the
second proton attached easier than first one as Kz, > K.
The probable reason is the abnormally high value of K,0),

due to the highest positive charge of porphyrin tetra cation.
We also noticed some discrepancy in the values of
protonation constants, calculated from absorption and
fluorescence data, caused by difference in acid-base
properties of ground and the excited states of investigated
compounds (Table 2). The numerical value of the
difference 1gK,;—1gKp, determines the maximum
concentration of the intermediate monoprotonated form
[H;P"], which affects the shape of the experimental
titration curves. Maximum concentration of the
monoprotonated form H;P'(3'-MePy"), reaches 22% at pH
1.52, the H3P*(3'-MePy");(PhG) content is 35% at pH 2.52
and H3P'(3"-MePy'),(PhG), reaches 35.6% at pH 3.38
during the absorption titration, while titration curves are
smoothing (Figure 6, Figure S12).

Due to the receptor properties of H,P**, it is not
possible to isolate and study monoprotonated forms,
nevertheless, they should be noted are as stable as the other
two forms, involved in the dynamic protolytic equilibria
(1) and (2).

K, -K,, 107"
bl B2 , (6)

1+K,, - 107" +K, -K,,-107""

where Y, — current value of absorbance or fluorescence, Y,; — absorbance or fluorescence of i-form solution with analytical

porphyrin concentration C, measured at the wavelength A.

Table 2. Spectropotentiometric protonation constants 1gK},£0.03 (1) and 1gKp,+0.03 (2).

Absorbance Fluorescence
Compound
1gKy; 1gK5; 1gKy, 1gK5;
H,P(3’-PyMe"), [ 1.8 1.3
H,P(3’-PyMe"), 1.36 1.88 1.16 1.75
H,P(3’-PyMe");(PhG) 2.55 2.49 2.57 1.87
H,P(3’-PyMe"),(PhG), 3.47 3.38 3.76 3.35

Maxpoecemepoyuxnvt / Macroheterocycles 2023 16(4) 236-248
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Figure 6. pH-Dependent distribution of equilibrium absorption of H,P - red lines, H3P" - blue lines, (H,0),[H,P""] - green lines in water
solutions of (a) - H,P(3-PyMe"),, (b) - H,P(3-PyMe");(PhG) and (c) - H,P(3-PyMe"),(PhG), at 25 °C. The resulting experimental titration

curve is shown as a dark-green line.

The increase galactose modification of molecular
periphery in HP(3-PyMe");(PhG) and H,P(3-PyMe"),(PhG),
effects on the macrocycle protonation in solution, so it
begins already in the weak-acidic pH region, whereas pK
values for H,P(3-PyMe"); and isomeric H,P(4-PyMe"),
are extremely small (Table 2).

The disadvantage of photosensitizers with the
porphyrin H,P platform is the low intensity of the red Q,
absorption band (about 650 nm), which is used in
photodynamic theranostics for fluorescence excitation in
the "therapeutic window". This circumstance motivates to
search for the new forms of tetrapyrrole photosensitizers
with more intense absorption and fluorescence in this
spectral region.

However, as we can see from Figures 3, 4, S11
porphyrins diprotonation is accompanied by a significant
increase in the intensity of long wavelengths absorption
and fluorescence. Earlier we have presented results?®”
demonstrated the possibility and the concept of pH-
dependent “off-on” photosensitizers for photodynamic
theranostics based on conjugates of tetraphenylporphyrin
with nanoparticles of biocompatible polysulfonate Nafion
DE 1020, with low fluorescence and phototoxicity in nor-
mal tissues and high fluorescence and phototoxicity inside
the acidic tumor microenvironment. Diprotonation of PS in
these complexes leads to the fluorescence enhancement in
the “therapeutic window” spectral region, and the integral
intensity even exceeds the value for the PDT drug
Fotoditazin®. Insertion in tetrapyrrole macrocycle hydro-
philic saccharide groups is another promising way to pro-
duce the water-soluble photosensitizers with protolytic
equilibrium constant values closer to physiological pH.
Thus, decrease the pH value inside more acidic tumor
tissue is the starting point of activated the protonated form
of PS, with much more high integral fluorescence as
compared with inactive neutral form.

Fluorescence lifetimes and quantum yields

The fluorescence lifetime (tr) values were measured
for synthesized glycosylated porphyrins and their proto-
nated forms in water. A typical fluorescence decay curves
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of investigated compounds and their protonated forms are
shown in Figure 7. All experimental decays were
approximated by biexponential model. Protonated forms of
synthesized porphyrins display quenching of the lifetimes
as compared with molecular form of porphyrins. In the
cases of molecular forms of investigated substances
glycosylation of porphyrin macrocycle led to decrease of
tr values as the number of sugar moieties in molecule
increase, but for protonation forms the reverse trend was
observed (Table 1). At the same time, the fluorescence
quantum yield (®p) for H,P(3-MePy"), (PhG), was
determined to be 0.086 while that of H,P(3'-MePy"), was
0.049 in water. In this case, glycosylation of porphyrin
macrocycles led to substantial increase in fluorescence
quantum yield. Protonation of porphyrin macrocycle in the
case of unsubstituted H,P(3'-MePy"), causes quenching the
fluorescence, while the protonated forms of glycosylated
derivatives demonstrated the significant increase in the
values of fluorescence quantum yield, especially in the
case of protonated form of H,P(3'-MePy"),(PhG), deriva-
tive with two carbohydrate moieties, ®r value of which is
the highest among investigated photosensitizers (Table 1).

Photostability and singlet oxygen generation

Photostability and the ability to generate highly
cytotoxic reactive singlet oxygen are the key parameters
for characterization new compounds as potential
photosensitizers (PSs). As we have described earlier,”® the
generation of '0, was detected indirectly using
comparative method, without time-resolved experimental
techniques, which require highly sophisticated and
expensive equipment. This indirect method involved the
analysis of specific substrates photooxidation reaction,
determined by the 'O, consumption method, during the
photoexcitation of the given PS.'* Correspondingly, the
substrate concentration decay can be directly related to the
amount of generated singlet oxygen. In this study,
pyridoxine was chosen as a suitable singlet oxygen
sensitive trap and has been used for estimation of
photodynamic activity of the substances under study. It
should be noticed that indirect methods based on chemical

Maxpoecemepoyuxnvt / Macroheterocycles 2023 16(4) 236-248



trapping require the PS light irradiation for a specific
period of time, so these methods are suitable only for
photostable PS. All synthesized porphyrins remained stable
during all irradiation period. The absorption bands of
pyridoxine and the studied photosensitizers do not overlap,
which provides both selective generation of singlet oxygen
and convenient monitoring of pyridoxine photodegra-
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dation. The 610 nm red glass filter RG-11 was used to cut
off undesirable radiation at the region of pyridoxine and PS
absorption, keeping active only the first Q-band of PS
(~640 nm) (Figure S13). There were no significant changes
in UV-Vis spectra of pyridoxine solution after irradiation
with an absence of PS, while PS addition leads to
immediate pyridoxine decomposition (Figures 8 and S14).
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Figure 7. Fluorescence decay curves of (A) — H,P(3'-MePy"), (left) and H,P"(3'-MePy"), (right), (B) — H,P(3'-MePy");(PhG) (left) and
H,P"*(3'-MePy");(PhG) (right), (C) — H,P(3'-MePy),(PhG), (left) and HyP""(3'-MePy"),(PhG), (right). Solvent — double distilled water.
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Figure 8. (a)Absorption spectral changes during the irradiation of H,P(3'-MePy"), (PhG), in PBS with pyridoxine. A cut-off filter RG-11
was used to provide broadband excitation into absorption Q1-band presumably without excitation of other components in solutions. (b)
Time-dependent photooxidation of pyridoxine photosensitized by glycosylated porphyrins in PBS monitored at 323 nm.

The observed rate of pyridoxine decomposition is
higher in the presence of the all investigated glycosylated
derivatives as compared with non-substituted H,P(3'-
MePy"),, which means a higher efficiency of singlet oxygen
generation by these photosensitizers under the same
experimental conditions (Figures 8, S14, S15a). The
sequential ~ glycosylation of porphyrin  macrocycle
molecules leads to an increase in the observed rate of
pyridoxine photodegradation (Figures 8, S14, Sl15a). A
good correlation is observed between the value of the
photodegradation rate and the area under the fluorescence
curve, which in a good agreement with a higher values of
fluorescence quantum yield when increased the number of
sugar moieties in molecule (Figure S15b). It is also seen
that at the same molar concentrations and excitation
conditions, among all investigated compounds the process
of pyridoxine photooxidation is faster for photosensitizer
H,P(3'-MePy"),(PhG),, which also characterized by a
higher value of fluorescence quantum yield (Table 1).

Conclusions

The construction of water-soluble porphyrin PS with
cationic 3 -methylpyridyl and saccharide fragments having
a high affinity for cancer cells is a promising strategy for
providing target delivery of phototoxic drugs to tumor
tissues. Obtained and studied in this work target compounds
H,P(3'-MePy");(PhG) and H,P(3'-MePy"),(PhG), demon-
strate a higher ability to singlet oxygen generation as com-
pared with H,P(3-MePy"), used as a standard. The
advanced research direction is the development of glyco-
sylated PS capable of protonating inside a more acidic
tumor tissue on a porphyrin platform to the H,P"" dication
with much more intense integral fluorescence compared to
H,P.
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