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In this work, cationic meso-arylsubstituted porphyrin and its Zn(II) complex were synthesized. The compounds
were characterized by multinuclear NMR spectroscopy, electronic spectroscopy and ESI-mass spectrometry.
The photodynamic activity of the porphyrins was studied in relation to S. aureus bacteria and their biofilms. Application
of polymeric micelles of Pluronic F-127 as nanosized delivery vehicles supports high antimicrobial photodynamic
activity of the synthesized porphyrins. The influence of the central metal atom on the dark and light-induced toxicity
of the synthesized compounds was revealed.
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Фотоинактивация S. Aureus катионным мезо-арилпорфирином
и его Zn(II) комплексом
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В работе получены катионные мезо-арилзамещенный порфирин и его комплекс с цинком. Соединения
были охарактеризованы методами мультиядерной спектроскопии ЯМР, УФ спектроскопии, ESI массспектрометрии. Была изучена фотодинамическая активность порфиринов по отношению к бактериям
S. aureus и их биопленкам. В качестве наноразмерных средств доставки фотосенсибилизаторов были
использованы полимерные мицеллы Плюроника F-127. Использование Плюроника F-127 значительно
увеличило фотодинамическую активность порфиринов. Установлено влияние центрального атома металла
на темновую и светоиндуцированную токсичность полученных фотосенсибилизаторов.
Ключевые слова: Синтез, катионные мезо-арилпорфирины, фотодинамическая терапия (ФДТ), Zn(II)
комплексы, фотоинактивация, бактерии, Плюроник F-127.
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Introduction
At present, infectious diseases are one of the main
problems worldwide and the second leading cause of death.[1]
Antibiotic’s overuse and misprescription have led to the emergence of the antibiotic-resistant pathogen that cannot be
effectively treated by the standard therapeutic methods.
In this regard, alternative methods of treating infectious
diseases are required. Antimicrobial photodynamic
therapy (APDT) is one of such methods. APDT is based
on the cytotoxic action of reactive oxygen species (ROS)
generated by a photoactive substance – photosensitizer
(PS) upon excitation by the light.[2–3] This technology, with
its multi-target action and ability to overcome drug resistance in microorganisms, is effective against gram-positive
and gram-negative bacteria, viruses, and fungi.[4–5] The PS
is a key component in APDT; therefore, the search for effective PS is one of the ways to increase the effectiveness of this
method.
Synthetic porphyrins and their metal complexes
are in demand today in various fields of technology
and medicine.[6] Porphyrins are widely used in photovoltaics, microelectronics, catalysis,[7–9] and as analytical
probes.[10] The unique structure of these compounds can
be chemically modified to provide the necessary physicochemical properties.[11–12] However, medicinal application
of the porphyrins is of most significant interest, especially
as cytotoxic agents.[13,14] Previously, the effectiveness
of natural and synthetic porphyrins as PSs in APDT
against a wide range of pathogenic microorganisms, such
as viruses, bacteria, yeast, and protozoa, was shown.[15–19]
Cationic derivatives of porphyrins are of particular interest
due to the active interaction with the bacterial cell wall.[20]
It was found that the presence of a zinc(II) ion in the macrocycle promotes intersystem crossing of excited molecules to the triplet state through heavy atom effect, thus
enhancing the formation of singlet oxygen.[21] Previously,
the cationic porphyrin’s effectiveness was shown against
gram-negative and gram-positive bacteria compared
to the anionic or neutral PS. In this regard, we synthesized
new symmetric cationic porphyrins with terminal pyridinium groups on short alkyl spacers and their complexes
with Zn(II). Antibacterial properties of the synthesized
compounds in relation to S. aureus suspensions and biofilms were investigated. Pluronic F-127 micelles were used
to support PS photodynamic activity.

Experimental
General
All chemicals were of analytical grade and purchased from
Sigma-Aldrich. The solvents were purified according to standard
procedures. NMR (1H and 13C) spectra of the studied solutions
in CDCl3 or (CD3OD) were recorded on a Bruker MSL-300 pulse
Fourier transform spectrometer. Tetramethylsilane or boron
trifluoride etherate was used as an external standard. Elemental
analysis was performed on a C, H, N, S analyzer FLASH EA 112
from Termo Finnigan (Italy). Mass spectra were recorded using
an 1100 LCMSD liquid chromatograph (Agilent Technologies,
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USA) equipped with a mass spectrometric detector with chemical
ionization at atmospheric pressure (APCI) and equipped with a UV
spectrophotometric detector (DAD). Electronic absorption spectra
(EAS) of porphyrin solutions were recorded on a HACH DR4000V instrument (Hach-Lange, USA) in the wavelength range
of 320–1100 nm with a step of 1 nm in quartz cells with an optical
path length of 10 mm at room temperature. Stationary emission
spectra were recorded using a Perkin Elmer LS-50 luminescence spectrometer (USA) under similar conditions. The values
of the fluorescence quantum yield ΦF for the porphyrin free bases
and their zinc complexes in DMSO were calculated according
to the standard procedure[22, 23] using TPP (ΦF = 0.11) and ZnTPP
(ΦF = 0.033) as standards, respectively.[24–25]

Synthesis
5,10,15,20-Tetrakis(4-(3-bromopropanoyl)oxyphenyl)
porphyrin (1а). Pyrrole 0.1 g (1.42 mmol) and 4-(3-bromopropanoyloxy)benzaldehyde 0.38 g (1.50 mmol) were dissolved
in chloroform (100 mL). The reaction mixture was saturated
with argon and stirred at room temperature for 5 min, then 20 μL
(0.15 mmol) of boron trifluoride etherate and 200 μL of absolute
ethanol were added. The reaction mass was stirred under inert
atmosphere at room temperature for 2 h. After that, argon was
removed and 0.3 g of DDQ (1.35 mmol) was added, resulting
mixture was stirred at room temperature for 4 h. The reaction
mixture was concentrated under reduced pressure. Oligomeric
products were separated by flash chromatography on silica
gel G 60, eluted with chloroform. The target product was purified by column chromatography on silica gel G 60, eluted with
a system of chloroform:hexane = 4:1. Yield 0.13 g (29 %). R f 0.5
(CH2Cl2). EAS (CH2Cl2) λ max nm (lgε): 417 (5.5); 515.5 (4.17); 550.8
(3.78); 590.1 (3.54); 646.5 (3.47). 1Н NMR (CDCl3) δH ppm: –2.74
(2Н, с, NH-pyrrole), 3.38 (8Н, t, J=6.65 Hz, OCOСН2СН2Br),
3.86 (8Н, t, J=6.69 Hz, OCOСН2СН2Br), 7.57 (8Н, d, J=8.34 Hz,
3,5-(ArH)), 8.30 (8Н, d, J=8.30 Hz, 2,6-(ArH)), 8.95 (8Н, s, CHpyrrole). Elemental analysis: found, %: С 56.18; Н 3.25; N 4.75.
С56H42N4O8Br4; calculated, %: С 55.20; Н 3.47; N 4.60.
5,10,15,20-Tetrakis(4-(3-bromopropanoyl)oxyphenyl)porphynatozinc (1b). To 20 mg (0.016 mmol) of 1a in 10 mL of chloroform, 35 mg (0.16 mmol) of zinc acetate in methanol was added,
the mixture was stirred for 3 h. The completion of the reaction
was judged by EAS data. The reaction mixture was concentrated
in a vacuum, the residue was dissolved in chloroform, and filtered
to remove inorganic salts. The target product was purified by column chromatography on silica gel G 60, eluted with methylene
chloride/hexane (2:1). Yield 18 mg (90 %). R f 0.5 (CH2Cl2). EAS
(CH2Cl2) λ max nm (lgε): 419 (5.29), 552 (3.68), 593 (3.2). 1Н NMR
(CDCl3) δH ppm: 3.39 (8Н, m, СН2СН2Br), 3.86 (8Н, t, J = 6.66
Hz, СН2СН2Br), 7.60 (8Н, d, J=8.46 Hz, 3.5-(ArH)), 8.29 (8Н,
d, J = 8.44 Hz, 2.6-(ArH)), 8.9 (8Н, s, CH pyrrole). Elemental
analysis: found, %: С 56.64; Н 4.51; N 3.95. С68H64N4O8Br4Zn;
calculated, %: С 58.89; Н 4.80; N 4.04.
5,10,15,20-Tetrakis(4-(3-pyridyl-n-propanoyl)oxyphenyl)
porphyrin tetrabromide (2а). The initial porphyrin 1a (0.05 g,
0.041 mmol) was dissolved in dry pyridine and boiled for 3 h.
The formed precipitate was filtered and washed with chloroform;
the solvent was removed under reduced pressure. The reaction
product was isolated by recrystallization from diethyl ether. Yield:
58 mg (92 %). Rf 0.2 (CH2Cl2:EtOAc = 1:1). EAS (CH3OH) λ max nm
(lgε): 415.5 (5.49); 512.5 (4.23); 547.5 (3.83); 589 (3.56); 645.5 (3.54).
1
Н NMR (CD3OD) δ H ppm: 3.68 (8Н, t, J = 6.16 Hz, ОСОСН2), 5.15
(8Н, t, J = 6 Hz, СН2СН2Py), 7.35 (8Н, d, J = 8.13 Hz, 3,5-(ArH)),
7.94 (8Н, d, J = 8 Hz, 2,6-(ArH)), 8.19 (8Н, t, J = 7.72 Hz, 3,5-Py),
8.59–8.69 (12Н, m, 4-Py+CH pyrrole), 9.25 (8Н, d, J = 5.66 Hz,
2,6-Py). 13C NMR (CD3OD) δC ppm: 171.36, 150.69, 145.80, 144.74,
139.38, 134.97, 128.33, 119.62, 119.19, 60.74, 30.16, 26.12. Elemen141
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tal analysis: found, %: С 60.98; Н 4.13; N 7.09, С76H62N8O8Br4
calculated, %: С 59.47; Н 4.07; N 7.30. LCMS (ESI) m/z: 302.1
[M+-4Br]+; the molecular formula of С76H62N8O8 requires 303.6.
5,10,15,20-Tetrakis(4-(3-pyridyl-n-propanoyl)oxyphenyl)
porphyrin tetrabromide zinc complex (2b). 0.05 g (0.039 mmol)
of porphyrin 1b was dissolved in 5 mL of dry pyridine and boiled
during 3 h. The formed precipitate was filtered and washed
with chloroform; the solvent was removed under reduced pressure. The reaction product was isolated by recrystallization
from diethyl ether. Yield 43 mg (70 %). Rf 0.45 (CH3OH). Rf 0.2
(CH2Cl2:EtOAc=1:1). EAS (CH3OH) λmax nm (lgε): 428 (5.35);
561 (4.15); 601 (3.85). 1Н NMR (CD3OD) δH ppm: 3.68 (8Н, t,
J = 6.16 Hz, ОСОСН2), 5.15 (8Н, t, J = 6 Hz, СН2СН2Py), 7.35
(8Н, d, J = 8.13 Hz, 3,5-(ArH)), 7.94 (8Н, d, J = 8 Hz, 2,6-(ArH)),
8.19 (8Н, t, J = 7.72 Hz, 3,5-Py), 8.59–8.69 (12Н, m, 4-Py+CH
pyrrole), 9.25 (8Н, d, J = 5.66 Hz, 2,6-Py). 13C NMR (CD3OD)
δC ppm: 171.36, 150.69, 145.80, 144.74, 139.38, 134.97, 128.33,
119.62, 119.19, 60.74, 30.16, 26.12. Elemental analysis: found, %:
С 60.98; Н 4.13; N 7.09, С76H62N8O8Br4 calculated %: С 59.47; Н
4.07; N 7.30.

Photodynamic Activity
Partition coefficients of 1-n-octanol/water. Partition coefficients of compounds 2а,b were measured using 1-n-octanol
and aqueous phosphate-buffered saline (PBS) by the described
method.[26] Porphyrins (1.0–1.5 mg) were dissolved in 3 mL
of 1-n-octanol, previously saturated with a PBS solution. The same
volume of PBS saturated with 1-n-octanol was added, sonicated for 30 min and stirred at room temperature for 30 min.
The organic and aqueous phases were separated by centrifugation.
The distribution coefficients were calculated as the ratio between
the absorption of the Soret band of photosensitizers in the organic
(A(org)) and aqueous phases (A(aq)) and the dilution coefficients
for the organic (d(org)) and aqueous (d(aq)) layers in accordance
within the above way:
A ( org ) ⋅ d ( org )
P=
A ( aq ) ⋅ d ( aq )
Cells and culture conditions. Bacteria (Staphylococcus
aureus 209P) were cultured in a liquid medium (Mueller-Hinton:
dry beef broth extract 4 g/L, starch 1.5 g/L, casein hydrolyzate
17.5 g/L) at 37 °C, 100 % humidity and gentle mixing.[27] Antimicrobial activity of PSs was characterized by the minimal inhibitory
concentrations (MICs), i.e. the minimal PS concentration causing
total inhibition of bacteral growth. MICs were determined using
a twofold microtiter broth dilution assay in 96-well plates. Mid-log
phase cultures were diluted to (0.75 ± 0.25)·104 CFU/mL. The concentration of PSs varied from 0.3 to 20 μМ. A probe volume
was 100 μL. The study of antibacterial activity was performed
in 3 repetitions for 2a,b compounds, the result was averaged.
The cells were irradiated for 15 min using a halogen lamp (500 W)
with a light dose of 128 J/cm 2. The growth inhibition was calculated by measuring the optical density in each well at a wavelength
of 595 nm after 20 h of cells incubation with compounds 2a,b.
The same procedures were performed for non-irradiated control
plates.
Biofilms. For biofilm formation overnight culture of S. aureus
was diluted to 107 CFU/mL into fresh Mueller–Hinton broth
and grown for 20 h at 37 °C in the wells of 96-well flat-bottom
plates. Then the plate was washed twice with PBS to remove bacteria in suspensions, the compounds 2a,b were added to the biofilms in PBS at the concentrations from 0.6 to 20 μМ. Equivalent
amount of PBS was added into control wells. The cells were
incubated for 1 h at 37 °C and stirring at 150 rpm, and then irradiated with a halogen lamp for 15 min with a light dose of 128 J/cm 2.
After irradiation, the wells were washed twice with PBS, and MTT
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solution (0.5 mg/mL in PBS) was added and incubated for 1 h
at 37 °C. The formed formazan precipitate was dissolved in DMSO
with stirring for 30 min. Biofilm destruction was then quantified
by measuring the optical density at 492 nm by a microplate reader.
The absorbance for the blanks was subtracted from the test values
to minimize background interference. The same procedures were
performed for non-irradiated control plate.
Statistics. The results were considered statistically significant with a 95 % confidence level. All experiments were repeated
at least 3 times with comparable results. Statistical analysis was
performed using the Student’s coefficient. Results are presented
as mean ± SD.

Results and Discussion
Synthesis
New cationic meso-arylsubstituted porphyrins
2a,b with charged pyridinium groups were synthesized by the method proposed earlier in our laboratory
(Scheme 1).[28] At the first stage, functionalized benzaldehyde
containing residue of 3-bromopropanoic acid was obtained
by acylation of 4-hydroxybenzaldehyde with an acid
chloride in the presence of 4-N,N-dimethylaminopyridine
(DMAP) in 70 % yield.[29] The reaction proceeds at low temperature (0 °C) to decrease the formed elimination product
and increase the yield. Bromo-substituted porphyrin 1а
was prepared using monopyrrole condensation under mild
conditions according to the Lindsey method[30] with boron
trifluoride etherate (BF3.OEt2) as an acid catalyst. Such
approach reduces the number of bromosubstituted porphyrins preparation stages, as well as facilitates their isolation
and chromatographic purification. Also, at this stage zinc
complex (1b) was obtained from compound 1а in quantitative yield. The preparation of zinc complexes was carried
out at the stage of bromo-substituted porphyrins to simplify
the isolation by recrystallization and column chromatography. The formation of the metal complex was monitored
using EAS. Cationic porphyrins 2a,b were obtained
by the reaction of bromine-substituted precursors quaternization in boiling pyridine, and the target compounds were
purified by recrystallization with high yields. The structure
of the obtained products was confirmed by multinuclear
NMR spectroscopy, UV spectroscopy, mass spectrometry,
and elemental analysis. In the 1H NMR spectra of porphyrins, one narrow signal of β-pyrrole protons was observed
at 8.93 ppm, which indicates the presence of a symmetric
system in which β-pyrrole protons are equivalent. Signals
from aliphatic protons of 3-bromopropanoic acid residues
are observed at 3.84 and 3.38 ppm as triplets.
The spectral parameters and photophysical properties
of the obtained cationic porphyrins in organic solvents
are similar to those for unsubstituted tetraphenylporphyrin
(TPP). Peripheral substituents have practically no effect
on the electron density distribution in the macrocycle conjugated system. Electronic absorption spectra (EAS) of porphyrins 2a,b in DMSO and an aqueous Pluronic solution are
shown in Figure 1. In the absorption spectra of 2а five bands
are observed: an intense Soret band in the region of 415 nm
and four less intense Q-bands (Figure 1); for Zn complexes,
EAS display Soret band (428 nm) and two Q-bands (561,
601 nm). Studied compounds belong to the etio-type
Макрогетероциклы / Macroheterocycles 2021 14(2) 140-146

K. A. Zhdanova et al.

Scheme 1. Reagents and reaction conditions: i – BF3·OEt2, CHCl3; ii – DDQ; iii – Zn(OAc)2, CHCl3/CH3OH; iv – pyridine, reflux.

with the intensity of the Q bands εI > εII > εIII > εIV.
The shape of the absorption spectra of compounds 2а,b
is similar in DMSO and aqueous Pluronic F-127 solution
(except for a slight hypsochromic shift of 2а,b absorption
maxima caused by a change in the polarity of the medium);
however, there is a slight decrease in the extinction coefficient of both compounds in aqueous solution. It can be

Figure 1. EAS of compounds 2a,b in DMSO and aqueous
Pluronic F-127 solution (Сporph = 6.5 μМ).
Макрогетероциклы / Macroheterocycles 2021 14(2) 140-146

explained by an increase in the self-association of molecules in an aqueous polar environment. Summarized data
on photophysical parameters are presented in Table 1.
The fluorescence spectra of the compounds are shown

Figure 2. Fluorescence spectra of porphyrins 2a,b in DMSO
and aqueous Pluronic F-127 solution (Сporph = 6.5 μМ,
λex = 430 nm).
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Table 1. Photophysical parameters and partition coefficients of compounds 2a,b.
λabs (nm) (lgε, mol–1.cm–1)a

λem (nm)

ΦFb

LogPс

721

0.14

–4.86

672

0.036

–4.6

Soret

QI

QII

QIII

QIV

Q(0,0)

Q(0,1)

2a

415 (5.49)

512 (4.23)

546 (3.83)

590 (3.56)

645 (3.54)

651

2b

418 (5.35)

–

548 (4.15)

592 (3.85)

–

625

ε is an extinction coefficient;
quantum fluorescence yield is determined using TPP in toluene (ΦF = 0.11) as a standard;
c
LogP is 1-octanol /water partition coefficient (pH 7) (v/v)
a

b

in Figure 2 and Table 1. Upon excitation into the Soret
band or any of the Q bands, emission bands were observed
in the 600–720 nm region, corresponding to the S1→S0
transition. Fluorescence quantum yields of the studied
compounds were determined compared with TPP as a standard (excitation at 513 nm) in toluene. Thus, in a Pluronic
solution, a decrease in the fluorescence intensity is observed
in comparison with a solution of the monomeric form of PS
in DMSO.

Incorporation of the Porphyrins into Pluronic F-127
Micelles
TPP derivatives are hydrophobic compounds prone
to aggregation under physiological conditions. This undesirable phenomenon can be prevented using various delivery
vehicles, including Pluronic F-127 polymer micelles. This
copolymer is one of the most studied nanoscale carriers
for the delivery of PS to cells.[11,31–32] Biocompatibility
and relatively small size of Pluronic micelles prevent their
recognition by the reticuloendothelial system and also
increase the circulation time in the bloodstream. The other
advantages of this delivery system are the preservation
of the fluorescently active monomeric form of porphyrins
in solution and a decrease in the probability of nonradiative deactivation of excited states that results in higher
fluorescence quantum yield and singlet oxygen generation
for solubilized PS. Porphyrin 2а,b micelles were obtained
by the solid dispersion method as described previously.[33,34]
PS and Pluronic F127 (2.5 %, w/v) were dissolved in methanol, then the mixture was concentrated in vacuum and dried.
The result was a thin solid film, soluble in aqueous systems.
The resulting micelles were characterized using the dynamic
light scattering (DLS). It was found that, in the case of metalfree porphyrin 2а, the micelles are smaller than the cor-

responding Zn(II) complex 2b. Thus, the particle diameter
was 17.53 nm for PS 2а, and 21.62 nm for 2b (Figure 3). This
may be due to a slight increase in the molecule’s hydrophobicity upon the introduction of metal into the macrocycle.[35]

in vitro Biological Tests
The dark and light-induced antibacterial activity
of micellar solutions of compounds 2a,b against a suspension of gram-positive S. aureus 209P was studied in the concentration range of 0.6–20 μM. Irradiation was performed
with white light (128 J/cm 2). It was found that free-base
porphyrin 2а inhibits the growth of S. aureus bacteria without light irradiation at concentrations higher 5 µM. When
irradiated with light, compound 2а inhibits bacterial growth
over the entire studied concentration range (minimum
inhibitory concentration < 0.6 μM) (Figure 4). In contrast,
compound 2b affected weakly bacterial growth at light
irradiation (less than 10 %) and did not inhibit it without
irradiation in the studied concentration range (Figure 4).
Despite the supposedly high photochemical activity of zinc
complexes, however, under the conditions of biological tests
on S. aureus porphyrin 2b showed antibacterial activity
considerably lower than the free-base analogue 2a. Such
effect can be explained by the previously shown increased
tendency to self-association for compound 2b in aqueous
media.[28] The control solution of Pluronic F-127 did not
inhibit bacterial growth.

Photodynamic Effect on Bacterial Biofilms
The formation of bacterial biofilms leads to an increase
in the resistance of bacteria to antimicrobial drugs,
and the biofilm itself is a potential source of growth
and development of bacteria. In this regard, we also inves-

Figure 3. Particle size of micellar solutions of compounds 2a (A) and 2b (B), obtained by DLS (concentration 3 μM).
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Figure 4. Concentration dependence of dark and light-induced inhibition of S.aureus cell growth by compounds 2а,b.

Figure 5. Concentration dependence of dark and light-induced toxicity of compounds 2а,b to S. aureus biofilms.

tigated the antibacterial activity of the compounds against
the biofilms of bacteria S. aureus. It was found that compound 2а reduces the number of viable bacteria in S. aureus
biofilms without light irradiation at concentrations higher
than 5 μM, an the effect achievies 25 % at 20 μM (Figure 5).
Metal complex 2b and Pluronic F-127 solution do not lead
to the death of bacteria in S. aureus biofilms without irradiation in the concentration range of 0.6–20 μM (Figure 5).
Under irradiation, compounds 2а and 2b induce concentration dependent inhibition of bacterial growth in biofilms,
and compound 2а surpasses compound 2b in this activity.
At the 20 μM concentration, photoinduced damage of biofilms achieves 84.8 and 43.5 % for compounds 2а and 2b,
respectively (Figure 5).

properties were studied and a micellar delivery form of 2a
and 2b was developed with Pluronic F127. In vitro experiments on bacterial inactivation revealed that free base 2а
inhibits the growth of gram-positive S. aureus in suspension
and in biofilms at light irradiation (J = 128 J/cm 2) in micromolar concentration range. Moderate inhibition of bacterial growth by 2а was also observed without irradiation.
For the zinc complex 2b inhibition of bacteria in the studied
concentration range (0.6–20 μM) was not achieved.

Conclusions

1.

In the present work, new cationic meso-substituted
porphyrin 2a and its complex with Zn(II) (2b) were synthesized. The compounds 2a and 2b were characterized
by physicochemical methods of analysis, their photophysical
Макрогетероциклы / Macroheterocycles 2021 14(2) 140-146
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