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Abstract

The increasing resistance against classical antibiotic treatment forces the researchers to develop novel non-toxic
antimicrobial agents. The aim of this study was to determine the antimicrobial properties of seven different porphy-
rins having distinctive hydrophobicity/hydrophilicity. P1 meso-tetra(4-methoxy-phenyl)porphyrin, P2 Zn(Il)-me-
s0-5,10,15,20-tetrapyridylporphyrin, P3 meso-tetra(p-tolyl)porphyrin, P4 5,10,15,20-tetraphenylporphyrin; P5
(5,10,15,20-tetraphenylporphinato) dichlorophosphorus(V) chloride, P6 5,10,15,20-tetrakis-(N-methyl-4-pyridyl)
porphyrin-Zn(1l) tetrachloride, P7 Zn(Il)-5,10,15,20-meso-tetrakis-(4-aminophenyl)porphyrin. The meso-porphy-
rin derivatives were screened for their antimicrobial activity against six reference strains: Streptococcus pyogenes
ATCC 19615, Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC
700603, Pseudomonas aeruginosa ATCC27853 and Candida albicans ATCC 10231. The antimicrobial activity of
these samples was evaluated by the agar disk diffusion method and dilution method, with the determination of the
minimum inhibitory concentration (MIC), the minimum bactericidal concentration (MBC) and the minimum fungi-
cidal concentration (MFC). The most significant result is provided by the water-soluble P5 manifesting an obvious
antimicrobial activity against Streptococcus pyogenes. On the other hand, P6 is a moderately active derivative
against Streptococcus pyogenes and Escherichia coli and P7 presents moderate activity against Streptococcus
pyogenes and Staphylococcus aureus. All the tested porphyrin bases, presenting hydrophobic character, have no
antimicrobial activity under the investigated conditions. The common characteristics of the porphyrins that act as
promising antimicrobial agents in the non-irradiated methods are: the cationic nature, the increased hydrophilicity
and the presence of both amino functional groups grafted on the porphyrin ring and the coordination with Zn or
phosphorus in the inner core.
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Introduction to act efficiently and against which pathogens
will not easily develop resistance (1).

The increasing resistance against classical anti- Based on the well-known property of different

biotic treatment forces the researchers to devel- types of porphyrin derivatives to act as photosen-

op novel non-toxic antimicrobial agents capable sitizers in non-invasive photodynamic therapy
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(PDT) of cancer (2), approaches to apply them
for the developing of novel non-toxic materials
able to destroy a large diversity of bacteria and
fungi, is a demanded target.

Most of the natural or synthetic porphyrins
are reported as inefficient on Gram(-) bacteria.
Nevertheless, novel structures of water-soluble
cationic porphyrins substituted in the meso posi-
tion with hydroxyethyl, butyl or allyl functional
groups as well as their metalloporphyrin deriv-
atives with Co(Il), Fe(IIl), Cu(Il), Zn(Il), Ag(I)
proved to have a high capacity to inhibit both
Gram(+) (Staphylococcus aureus and Methicil-
lin-resistant Staphylococcus aureus MRSA) and
Gram(-) (Escherichia coli and Salmonella spp.)
bacteria (3, 4).

A higher antimicrobial capacity for Staphy-
lococcus aureus was proven by Ag(l)-metal-
loporphyrins and a larger efficiency to both
Gram(+) and Gram(-) bacteria was realized
by Zn(II)-metalloporphyrins (5). Some A B,
trans-pyridyl porphyrins, 5,15-di(pentafluoro-
phenyl)-10,20-bis(2'/3'/4'-pyridyl)porphyrin
and trans-dicationic pyridinium porphyrins,
5,15-di(pentafluorophenyl)-10,20-bis(2'/3'/4'-
N-methylpyridyl) porphyrins together with their
Co(II)) and Zn(IT) complexes manifest significant
antimicrobial activities on Staphylococcus au-
reus and Escherichia coli. The dicationic com-
pounds also show more increased activity than
the neutral ones (6).

Tricationic porphyrins such as 5,10,15-tris-
[4-(3-N,N,N-trimethylammonium-prop-
oxy)-phenyl]-20-(4-trifluoromethylphe-
nyl) porphyrin iodide and 5,10,15,20-tetra-
(4-N,N,N-trimethylammonium-phenyl)porphy-
rin p-tosylate were also tested against Esche-
richia coli colonies under irradiation with visi-
ble light (7). It was concluded that the photody-
namic inactivation capacity of the investigated
tricationic porphyrins is high. Excepting the
porphyrins substituted with cationic groups or
administrated simultaneously with noble metal

nanoparticles, Gram(-) bacteria are insensitive
to all other types of porphyrin derivatives.
Zn(II), Co(IT) and Mn(II) complexes of 5-(2-ni-
tro-4,5-methylenedioxy)-phenyl-10,15,20-triph-
enyl-porphyrin and 5-(2-nitro-4,5-methylenedi-
oxy)-phenyl-10, 15, 20-tri-(p-chlorophenyl)por-
phyrin were proven to be active photosensitizers
against Escherichia coli and Staphylococcus
aureus (8).

In order to provide biological activity, the pres-
ence of an amine function is often required in
the porphyrin structure. Porphyrins bearing ami-
no functions and glucosyl or methyl units on the
meso-phenyl group were tested against antibiot-
ic-resistant Escherichia coli and Staphylococ-
cus aureus (9). When porphyrin derivatives are
substituted with at least two units of polyamines
(for instance spermine or spermidine), they have
increased capacity to inhibit Gram(-) bacteria
without the need for a membrane destabilizing
agent. In the case of Gram(+) bacteria, such as
Staphylococcus aureus, the inactivation of bac-
teria is improved if glycoside groups are grafted
on the amino functions already present on the
meso-aryl-porphyrins.

Synergistic combinations of antimicrobial
agents, might be the best approach in drug de-
sign for many approved pharmaceuticals to com-
bat resistant strains (10).

Starting from the real need for the discovery
of new compounds endowed with antimicro-
bial activity and based on our previous expe-
rience in using both porphyrins and metallo-
porphyrins to interact with biologically active
compounds (11-15) this work aims to select
some appropriate structures of porphyrins high-
ly efficient in destroying bacteria. To achieve
this purpose seven different substituted por-
phyrins and metalloporphyrins, having dis-
tinctive hydrophobicity/hydrophilicity, name-
ly: meso-tetra(4-methoxy-phenyl) porphyrin,
Zn(Il)-meso-5,10,15,20-tetrapyridylporphyrin,
meso-tetra(p-tolyl)porphyrin,  5,10,15,20-tetra
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phenylporphyrin,  5,10,15,20-(tetraphenylpor-
phinato) dichlorophosphorus (V) chloride, 5,10,
15,20-tetrakis(N-methyl-4-pyridyl)porphy-
rin-Zn(Il) tetrachloride and Zn(II)-5,10,15,20-
meso-tetrakis-(4-aminophenyl)porphyrin ~ were
tested against the Gram(+) and Gram(-) bacterial
strains and on Candida albicans.

Material and methods

Reagents

All the reagents were aquired from Sigma-Al-
drich and Merck as purum analiticum grade.
The porphyrins were previously synthesized
and fully characterized as follows (Table 1): P1
meso-tetra(4-methoxy-phenyl)porphyrin ~ (16),
P2 Zn(Il)-meso-5,10,15,20-tetrapyridylporphy-
rin (17), P3 meso-tetra(p-tolyl)porphyrin (18),
P4 5,10,15,20-tetraphenylporphyrin (19); PS5 (5,
10,15,20-tetraphenylporphinato) dichlorophos-
phorus(V) chloride (20), P6 5,10,15,20-tetrakis-
(N-methyl-4-pyridyl)porphyrin-Zn(II) tetrachlo-
ride (21), P7 Zn(Il)-5,10,15,20-meso-tetrakis-
(4-aminophenyl)porphyrin (22, 23).

Equipment

All UV-visible spectra were recorded on a JAS-
CO UV- V-650 spectrometer (Japan) using stan-
dard 1 cm pass cells.

In vitro antimicrobial activity

The meso-porphyrin derivatives were screened
for their antimicrobial activity against six refer-
ence strains (ThermoScientific, USA): Strepto-
coccus pyogenes ATCC 19615, Staphylococcus
aureus ATCC 25923, Escherichia coli ATCC
25922, Klebsiella pneumoniae ATCC 700603,
Pseudomonas aeruginosa ATCC 27853 and
Candida albicans ATCC 10231.

The antimicrobial activity of these samples was
evaluated by agar disk diffusion method and di-
lution method, according to the Clinical Labo-
ratory and Standard Institute (CLSI), European

Committee on Antimicrobial Susceptibility Test-
ing (EUCAST) and the other studies (24-30).

Disk diffusion method

For each microorganism under study, suspen-
sions were adjusted with physiological saline to
a concentration of 0.5 Mac Farland-approx. 10®
CFU/mL for bacterial strains and 2 x 10° CFU/
mL for Candida albicans (CFU-colony forming
units). The agar Mueller-Hinton (Sanimed, Bu-
charest, Romania) was inoculated with 100pL of
this suspension. Ten microliters from each sam-
ple (200pg dry porphyrin/200uL. DMSO) were
added to a 6 mm diameter sterile blank filter disk
(BioMaxima, Lublin, Poland), placed on top of
the agar. The medium inoculated with the micro-
bial suspensions was incubated at 35-37°C for
24-48h. The reading of the inhibition zones was
made in millimeters, with a ruler. All tests were
done in triplicate, for each microbial strain. The
positive control consists of a 10 pg or 120 pg
gentamycin and 25 pg fluconazole disk (Bio-
Maxima, Lublin, Poland). As a negative control,
a blank paper disk impregnated with DMSO (di-
methyl sulfoxide) was used.

Dilution method

This method allows to establish the mini-
mum inhibitory concentration (MIC). The broth
dilution assay was done as recommended by the
CLSI (29). The working suspension was pre-
pared from a dilution of the standardized sus-
pension (0.5 Mac Farland) to yield 5 x 105 CFU/
mL. From the stock solutions in DMSO of the
tested compounds, serial dilutions of the me-
so-porphyrin derivatives were prepared, having
the following concentrations: 1, 0.5, 0.25, 0.12,
0.06, 0.03 mg /mL. In six test tubes were added
0.1 mL of each diluted solution of the investigat-
ed porphyrin, 0.4 mL Mueller Hinton broth and
0.5 mL suspension of the microorganism under
study (final inoculum = 0.5 x 10° CFU/
mL). After incubating the test tubes at 37°C for
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Table 1. Annotations and chemical structures of the tested porphyrins

Porphyrin’s name Abbreviation Porphyrill;tructure
Meso-tetra(4-methoxy-phenyl)porphyrin P1
Zn(Il)-meso-5,10,15,20-tetrapyridylporphyrin P2

Meso-tetra(p-tolyl)porphyrin P3

5,10,15,20-tetraphenylporphyrin P4
(5,10,15,20-tetraphenylporphinato) dichlorophos- Ps

phorus(V) chloride

(continued on page 5)
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(Table 1. Continued from page 4)

5,10,15,20-tetrakis(N-methyl-4-pyridyl)porphy-
rin-Zn(II) tetrachloride

Pé6

Zn(11)-5,10,15,20-meso-tetrakis-(4-aminophenyl)

porphyrin

P7

24h, the MIC (the lowest concentration with-
out visible growth) was determined. As control
0.1mL of DMSO was introduced in a tube with
0.5 mL of microbial suspension and 0.4 mL of
Mueller Hinton broth.

Interpretation: the first to be read are the controls
that have to be turbid (if the germs did grow).
In case there is no bacterial growth, the broth in
the control tube is clear and the test is invalid. If
the control is appropriate, the whole procedure
was performed correctly. The medium in the
tubes containing the investigated porphyrins is
less turbid than the control, and the smallest con-
centration of a substance that inhibits bacterial
growth (MIC) can be identified.

To determine the minimum bactericidal concen-
tration (MBC), a volume of 1puL from the test
tubes with no visible growth was inoculated with
a loop (NuovaAptaca SRL, Italy), on Columbia
agar supplemented with 5% blood in order to
establish the lowest concentration which killed
99.9% of the bacteria. To determine the mini-
mum fungicidal concentration (MFC), the inoc-

ulation was performed on the Sabouraud with
chloramphenicol. The plates inoculated were
incubated at 35-37°C for 24-48h.

Results

A comparison of the UV-vis behaviour of differ-
ent tailored structures of porphyrins by modify-
ing the substitution at meso-aryl groups to obtain
some degree of hydrophilicity and to produce
a bathochromic shift-moving on both the Soret
and the Q Bands was a start to select the best
formulation for new antibacterial compounds.
The UV-vis spectra of P1, P3 and P4 porphy-
rin-bases show non-aggregated etio type shape,
characterized by sharp and intense Soret band,
accompanied in each case by four Q-bands in the
visible region, as shown in Figure 1. The Soret
band, around 420 nm is generated by the tran-
sition from a, () - eg* () and the other four Q
bands with maxima around 515, 550, 590 and
650 nm are assigned to the corresponding a, (m)
- ¢, (m) transitions.



210 Revista Romana de Medicina de Laborator Vol. 28, Nr. 2, Aprilie, 2020

In comparison to tetraphenylporphyrin P4, both
substituted derivatives with donor electron in-
ductive groups, namely: meso-tetra(p-tolyl)por-
phyrin P3 and meso-tetra(4-methoxy-phenyl)
porphyrin P1 have their Soret and Q bands ba-
thochromically shifted with 2 nm and 5 nm re-
spectively.

As expected, the UV-vis spectra of Zn-metal-
loporphyrins, due to their increased D,h sym-
metry, are simplified to the Soret band located
at around 435 nm accompanied by only two Q
bands. Regarding the intensities, Zn(Il)-me-
50-5,10,15,20-tetrapyridylporphyrin P2 has the
highest intensity and its large shape implies the
beginning of an aggregation process in solution
Figure 2.

On the other hand, the Soret band of the Zn(II)-
5,10,15,20-meso-tetrakis-(4-aminophenyl)por-
phyrin P7 has a significant shoulder at 395 nm,
that is due to the presence of J-type aggregates in
the organic solvent.

Two of the investigated porphyrins that are
water-soluble were also compared and the
5,10,15,20-tetrakis(N-methyl-4-pyridyl)por-
phyrin-Zn(II) tetrachloride P6, that is a cationic
porphyrin has all the absorption band red-shifted
with 14 nm in comparison with the phosphorus
containing porphyrin derivative P5 (Figure 3).
The UV—vis spectra for all the tested porphyrins
were performed in DMSO at concentrations of
10°M, excepting P5 and P6 that were measured
using the same concentration from double dis-
tilled water.

Antimicrobial activity
The results of the investigated porphyrins are
summarized in Table 2.

Discussions

Taking into consideration that many studies have
shown that porphyrins are able to inhibit the

T
P1
1.5 '
P4
P3
0.5
1 A—“—.\— e
0
380 500 600 700

Wavelength [nm]

Fig. 1. Overlapped UV-vis spectra of porphyrin bases (¢=10-5M) from DMSO: P1: meso-tetra(4-methoxy-
phenyl)porphyrin; P3:meso-tetra(p-tolyl)porphyrin; P4: 5,10,15,20-tetraphenylporphyrin



Revista Romana de Medicina de Laborator Vol. 28, Nr. 2, Aprilie, 2020 211

22
2+ P2
P7
P6

g

0 1 s : ' 1 N
380 400 500 600 700
Wavelength [nm]

Fig. 2. Overlapped UV-vis spectra of Zn-metalloporphyrins (¢=10-5M) in DMSO: P2: Zn(II)-meso-
5,10,15,20-tetrapyridylporphyrin; P6: 5,10,15,20-tetrakis(N-methyl-4-pyridyl)porphyrin-Zn(II)
tetrachloride; P7: Zn(II)-5,10,15,20-meso-tetrakis-(4-aminophenyl)porphyrin
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Fig. 3. Overlapped UV-vis spectra of water-soluble porphyrins (¢=10-5M) in water P5:
(5,10,15,20-tetraphenylporphinato) dichlorophosphorus(V) chloride and P6: 5,10,15,20-tetrakis(N-methyl-
4-pyridyl)porphyrin-Zn(II) tetrachloride



212 Revista Romana de Medicina de Laborator Vol. 28, Nr. 2, Aprilie, 2020

Table 2. Antimicrobial activity
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Meso-tetra(4-methoxy-phe-
nyl)porphyrin 7 mm 7 mm 7 mm 7 mm 7 mm 7 mm
P1
Zn(II)-meso-5,10,15,20-tet-
rapyridylporphyrin 7 mm 7 mm 7 mm 7 mm 7 mm 7 mm
P2
Meso-tetra(p-tolyl)por-
phyrin 7 mm 7 mm 7 mm 7 mm 7 mm 7 mm
P3
5,10,.15,20—tetrapheny1p0r— 7 mm 7 mm 7 mm 7 mm 7 mm 7 mm
phyrin P4
(5,10,15,20-tetraphenyl- st 14mm
. . MIC 0.25 mg/
porphinato) dichlorophos- MIC 0.5 mg/mL
. 7 mm mL 7 mm 7 mm 7 mm
phorus(V) chloride MBC 0.5 mg/
Ps MBC 0.5 mg/ mL
mL
5,10,15,20-tetrakis(N- 15 12 mm M11C5 o
methyl-4-pyridyDporphy- 5 MIC 0.5 mg/mL MIC 0.5 mg/mL e & Do 12 mm
rin-Zn(1I) tetrachloride MBC 0.5 mg/ MBC 0.5 mg/
MBC 0.5 mg/
P6 mL mL
mL
Zn(11)-5,10,15,20-meso- Ll 15 mm
. . MIC 0.25 mg/
tetrakis-(4-aminophenyl) MIC 0.5 mg/mL
. 11 mm mL 12 mm 12mm 13 mm
porphyrin MBC 0.5 mg/
P7 MBC 0.5 mg/ ml
mL
Gentamycinl0 pg or - 20 mm* 20 mm 20 mm 1I9mm 16 mm
120*pug
Fluconazolel0 pg 29 mm - - - - -
DMSO 7 mm 7 mm 7 mm 7 mm 7 mm 7 mm
growth of Gram(-) and Gram (+) bacteria under timicrobial activity without the need for light il-
irradiation with visible light (3, 4), the challenge lumination.

was to identify compounds capable to have an- As it can be easily seen (Table 2), a single por-
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phyrin: (5,10,15,20-tetraphenylporphinato) di-
chlorophosphorus(V) chloride, P5, a cationic
derivative that is water-soluble has an obvious
antimicrobial activity against Streptococcus
pyvogenes. Other worth-mentioning results are
connected with an amino-substituted porphyrin,
Zn(I1)-5,10,15,20-meso-tetrakis-(4-aminophe-
nyl)porphyrin, P7, that presents moderate activi-
ty against Streptococcus pyogenes and Staphylo-
coccus aureus. The third moderately active anti-
bacterial derivate on Streptococcus pyogenes and
Escherichia coli is 5,10,15,20-tetrakis(N-meth-
yl-4-pyridyl)porphyrin-Zn(Il) tetrachloride, P,
again a water-soluble metallo-compound.

The common characteristics of the porphyrins
that act as promising antimicrobial agents in the
non-irradiated methods are: the cationic nature,
the increased hydrophilicity and the presence
of both amino functional groups grafted on the
porphyrin ring and the coordination with Zn or
phosphorus in the inner core.

Porphyrins P1: meso-tetra(4-methoxy-phenyl)
porphyrin;  P3:  meso-tetra(p-tolyl)porphyrin
and P4: 5,10,15,20-tetraphenylporphyrin, being
porphyrin bases that possess electron donating
groups in the para-phenyl positions and having
a hydrophobic character (31), are inactive, as
expected, against all tested Gram(-) reference
strains (Klebsiella pneumoniae, Escherichia
coli, Pseudomonas aeruginosa), Gram(+) bacte-
rial strains (Staphylococcus aureus, Streptococ-
cus pyogenes) and fungi (Candida albicans).
Using the diffusion and dilution method on dif-
ferent Gram(+): Staphylococcus aureus, Strepto-
coccus pyogenes, and Gram(-): Escherichia coli,
Klebsiella pneumoniae, Pseudomonas aerugino-
sa bacterial strains and one fungal strain Can-
dida albicans, a variety of porphyrin structures
differentiated by their hydrophilic/hydrophobic
balance, the nature of functional groups and in-
ner core coordination were investigated.

The best results reveal that meso-(5,10,15,20-tet-

raphenylporphinato) dichlorophosphorus(V)
chloride, a cationic porphyrin derivative that
is water-soluble, has an obvious antimicrobial
activity against a ubiquitous pathogen, Strep-
tococcus pyogenes. Moderate activity against
two bacterial strains Streptococcus pyogenes
and Staphylococcus aureus were recorded
for an amino-substituted porphyrin, Zn(Il)-
5,10,15,20-meso-tetrakis-(4-aminophenyl)por-
phyrin. A water-soluble metallo-compound,
5,10,15,20-tetrakis(N-methyl-4-pyridyl)porphy-
rin-Zn(Il) tetrachloride is a moderately active
derivative against Streptococcus pyogenes and
Escherichia coli. Similarly to other previous-
ly reported studies (32) all the tested porphyrin
bases, presenting hydrophobic character, have
no antimicrobial activity under the investigated
conditions.

Further studies on a numerous clinical bacterial
or fungal isolates are necessary to investigate and
standardize the antimicrobial activity of differ-
ent substituted meso-porphyrin derivatives. On
the other hand, studies would be needed to esti-
mate the potential toxicity of these compounds.

Conclusions

The common characteristics of the porphyrins
that act as promising antimicrobial agents in the
non-irradiated methods are: the cationic nature,
the increased hydrophilicity and the presence
of both amino functional groups grafted on the
porphyrin ring and the coordination with Zn or
phosphorus in the inner core.

The perspectives in the field are unlimited. Us-
ing silica matrices that are embedded with por-
phyrins might be a promising substrate for im-
proving antibacterial methods.

Synthesis of various types of water-soluble por-
phyrins containing S-S bond might extend the
antibacterial potential over both Gram(+) and
Gram(-) strains.
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Abbreviations

CFU - colony forming units

CLSI — Clinical Laboratory and Standard Insti-
tute

DMSO - dimethyl sulfoxide

EUCAST — European Committee on Antimicro-
bial Susceptibility Testing

MBC — minimum bactericidal concentration
MFC — minimum fungicidal concentration

MIC — minimum inhibitory concentration
MRSA - Methicillin-resistant Staphylococcus
aureus

P1 — meso-tetra(4-methoxy-phenyl) porphyrin
P2 — Zn(I)-meso-5,10,15,20-tetrapyridylpor-
phyrin

P3 — meso-tetra(p-tolyl)porphyrin

P4 —5,10,15,20-tetraphenylporphyrin

PS5 — (5,10,15,20-tetraphenylporphinato) dichlo-
rophosphorus (V) chloride

P6 - 5,10,15,20-tetrakis(N-methyl-4-pyridyl)
porphyrin-Zn(II) tetrachloride

P7— Zn(11)-5,10,15,20-meso-tetrakis-(4-amino-
phenyl)porphyrin

PDT — Photodynamic therapy

UV-vis — Ultraviolet visible spectroscopy
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