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The number of antibiotic-resistant microorganisms is increasing, and metal porphyrins are a promising and modern
class of antimicrobial agents. Two well-known representatives of this class are chlorophyll (Chl) and hemin, which
have been studied in this paper. The effectiveness of Chl and hemin complexed with poly-N-vinylpyrrolidone (PVP)
against Staphylococcus aureus and Escherichia coli is presented. A method for producing polymeric forms of these
compounds was developed. Using light microscopy, structural inhomogeneities in the form of aggregated particles
were detected in Chl-PVP and hemin-PVP films. The binding constants for these substances to PVP were calculated
to be 5.0-10" L/mol for Chl and 3.3-10° L/mol for hemin. Data on the release of these substances from the polymeric
matrix were also obtained. It has been observed that complete release of Chl from PVP occurred after 13 h, and
hemin after 10 h. Microbiological studies generated data on the relative antimicrobial effects of both the free and
polymerized forms of these substances. These results can be used in the development of new medications for treating
microbial infections.
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Antibacterial Activity of Chlorophyll and Hemin Polymeric Forms

Veenuuenue uucia anmubuomuxope3ucmenmublx Wmammos MUKpoopeanuzmMos npuobpemaem éce 60jiee Maccogbwiil
xapaxmep. IlepcnexmuenviMu U COBPEMEHHBIMU AHMUMUKDOOHLIMU CPEOCMEAMU NPeOCMABISIONCs Memaio-
nopgupunvt. Hzeecmuvle npedcmagumenu memaniionoppupuros — xaopogpuin (Chl) u ecemun. B pabome npeocmas-
JIeHbL pe3yabmamsl ucciedosanuti d¢ppexmusnocmu komniexcos Chl u cemuna ¢ noau-N-eunuinuppoaudonom (I1BI1)
8 Kavecmee aHmumukpobnozo cpeocmea ¢ omuoutenuu Staphylococcus aureus u Escherichia coli. Ilpeocmaenen
cnocob nonyuenus nonumepnvix popm Chl u cemuna. C nomowsio c8emosol Onmuyeckol MUKPOCKONUU NOJUMEPHBIX
nnenok ChI-IIBII u eemun-IIBII 6bi1u 06HapydsiceHvl cmpyKmypHslie HeOOHOPOOHOCIU 6 8UOe OMOETbHbIX A2pecupo-
BAHMBIX YACMUY NPABUTLHOU Popmbl pazmepom 1.7—2 MKM, pagHOMepHO pacnpedeneHHbie 8 NOTUMEPHOU Mampuye.
Paccuumansl KOHCMAaHMblL CEA3bI6AHUSA FMUX 6EUecms ¢ noIuUMepoM, komopuie cocmasunu 5.0-10° 1/mon ona Chl u
3.3:10 * w/monw ona cemuna. Ionyuenvl SKCnepumenmanbHbie OaHHbIE NO PENU3y BEUWecms U3 NOTUMEPHOT MAMPUYbL.
Yemanoeneno, umo nonnoe eviceo6oxcoenue Chl uz IIBI1 nabmodanocs uepes 13 u, a eemuna — uepes 10 u. B mux-
POOUONIOUYECKUX UCCIe008AHUAX NOTYYEHbI OAHHbIE O CPABHUMENbHOM AHMUMUKPOOHOM Oeticmeuu c60O00HOU U No-
aumepHoti hopm eewgecme. B OanvHeliuiem smu pesyibmamvl MO2Ym Oblmb UCNOAL306AHBL NPU paspabomie
npenapamos npomue MUKpoOHvIX UH@EKYul.

KutoueBble ciaoBa: XIopopuiui, TeMHUH, MOJHA-N-BUHWITHPPOIUIOH, Escherichia coli, Staphylococcus aureus, an-

TI/I6aKTepI/IaHBHaH AKTHUBHOCTD.

Introduction

In recent years, there has been an increasing number
of microorganisms that are resistant to antibiotics and disin-
fectants, which has become a serious and global issue.!'!
Therefore, it is essential not only to search for and develop
new drugs, but also to explore other approaches such as
photodynamic therapy (PDT) and light-independent thera-
pies. Metal porphyrins, which have been widely used for
many years in both fields, have proven to be effective.**!
Some well-known examples of porphyrins include chloro-
phyll (Chl) and hemin."”"'?!

Based on the available literature, it is possible to pro-
pose a hypothesis regarding the mechanism of antimicrobial
action of metal porphyrins. Following the model of antibac-
terial activity mechanism proposed by I. Stojiljkovic and
B.D. Evavold et al., it is suggested that metal porphyrins
enter bacterial cells via heme receptors or through the outer
membrane by passive diffusion. Metal porphyrins then bind
to cytochrome heme sites, either directly in the periplasmic
space (in the case of gram-positive bacteria) or after trans-
portation into the cytoplasm and subsequent export back to
the periplasm via the cytochrome assembly process. The
binding of metal porphyrins to cytochromes prevents the
transfer of electrons to O,, leading to its incomplete reduc-
tion and, consequently, the formation of reactive oxygen
species. !>

The basic skeleton of Chl is a large, flat structure with
a symmetrical arrangement. This structure consists of four
pyrrole rings connected by methine (-CH=) bridges, with
four nitrogen atoms coordinated to a central magnesium
atom. In addition, Chl molecules contain a phytol group
that imparts hydrophobic characteristics and the ability to
integrate with the lipid layers of biological membranes. !

Chl was first isolated from plant leaves by J.B. Cavant
and P.J. Pelletier. It was subsequently discovered that Chl
consists of several components: a, b, cl, c2, d and f.“é’m
Chl is used in a variety of applications, such as the produc-
tion of singlet molecular oxygen for PDT, photochemical
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and electrochemical catalysis, the food industry (as a food
additive), the textile and paint industries (as a dye), semi-
conductor technology, and the thermal and photo-
stabilization of fats and polymers.*'"'*")

Hemin is a type of protoporphyrin IX molecule that
contains a ferric iron ion and a coordinating chloride lig-
and.? It crystallizes from blood as dark brown, rhombic
crystals.”?!! The hemin reaction, also known as the
Teichmann reaction, is used in forensic science to identify
bloodstains.”? Additionally, medications based on hemin
have been developed to treat heme deficiency.”***! There is
also evidence of successful use of hemin as an antimicrobi-
al agent ['>20%

However, due to the insolubility of both hemin and
Chl in water and physiologic solutions, there is a concern
regarding their low bioavailability. To address this issue,
researchers have explored the incorporation of these com-
pounds into polymeric matrices. Biocompatible and non-
toxic polymers are widely used in medical applications, "
and the increased efficacy of Chl and hemin when incorpo-
rated into these carriers has been demonstrated in several
studies.?>*)

This paper presents the results of a study on the anti-
bacterial properties of Chl and hemin when incorporated
into biodegradable PVP against both gram-negative and
gram-positive microorganisms, specifically Escherichia
coli and Staphylococcus aureus.

Experimental

The materials used in this work were chlorophyll (Chl) as
Chla and Chlb mixture (3:1), hemin (porcine, 99.5%, “BioFroxx),
poly-N-vinylpyrrolidone (PVP,10 000 g/mol, “Ataman Kimya”),
dimethyl sulfoxide DMSO (C,H¢OS, “PanReac Applichem”),
sterile physiological solution (0.9% NaCl, “Khimikom”), meat
peptone agar (MPA, “Khimikom”), industry turbidity standard for
determining the total concentration of microorganisms (BAK-10
kit, “Art-Medica”). Chl was extracted from dried nettle leaves
(Urtica dioica).*¥
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Figure 1. Structures of Chla (a), Chlb (b), hemin (c) and poly-N-vinylpyrrolidone (n = 90) (d).

The structures of Chla, Chlb, hemin and PVP are shown in
Figure 1.

The electronic absorption spectra of Chl and hemin solutions
were measured using a PE5400UF spectrophotometer (manufac-
tured by Ekroskhim) with a spectral range of 190-1000 nm. The
thickness of the absorbing layer was 10 mm. Optical density scans
at a specified wavelength range were performed, and the resulting
data were saved and loaded into tables using the SC5400 software
(version 2.1).

To obtain a polymeric form of Chl, PVP was dissolved in
water at a concentration of 5% (wt.%). In parallel, Chl solutions
were prepared in dimethyl sulfoxide (DMSO) at concentrations of
0.1, 0.2, 0.3, 0.4, and 0.5 wt.% relative to the weight of PVP, cor-
responding to concentrations of 15, 30, 45, 60, and 75 pg/mL. The
resulting solutions of the polymer and the substances were mixed
and kept at room temperature in darkness until experiments were
carried out.

Hemin polymeric form was prepared using the following
method. PVP was dissolved in water at a concentration of 6%
(Wt.%). Simultaneously, solutions of hemin were prepared in
DMSO at concentrations ranging from 40 to 320 pg/mL. The re-
sulting solutions of the polymer and the substance were then
mixed. Thus, the final concentrations of hemin in the PVP ranged
from 20 to 160 pg/mL, and the PVP concentration was 3% (wt.%).
DMSO was not removed from the prepared solutions because
these preparations are expected to be used as topical agents in
further experiments, including on animal models. Additionally, we
have previously conducted studies on the effects of DMSO solu-
tions without active substances on test microorganisms. These
studies found that an amount of DMSO equal to that contained in
the formulations studied in this work did not have any effect on
bacteria.

To conduct optical light microscopy, polymeric forms of
metal porphyrins were applied to glass slides and allowed to air
dry in the dark at room temperature. The resulting films were ex-
amined using a light triocular microscope, AmScope T390C (Chi-
na), at a magnification of 400x. Photographs were taken using a
Levenhuk M1000 PLUS digital camera (United States). The size
of any structural inhomogeneities present in the samples was de-
termined using the Levenhuk Lite Software for calibration purposes.

The binding constant (K;) of porphyrins to PVP was calcu-
lated using mass concentrations.*! For this purpose, Chl-PVP and
hemin-PVP polymeric forms were prepared by dissolving metal
porphyrins in DMSO and PVP in water. The DMSO:H,0 ratio in
the resulting solutions was 1:1 (v/v). Chl concentration in the pol-
ymeric form was 14.4 pg/mL, and that of hemin — 2 pg/mL. The
PVP concentration in the Chl-PVP complex varied from 0 to 5%
(Wt.%), and in the hemin-PVP complex from 0 to 3% (wt.%).

The mole fraction (6) of Chl or hemin was calculated using
formula (A = 650 and 403 nm, respectively):

0= (A _Ao)/(Aoo_Ao)

A, is the optical density at a mass concentration of PVP
equal to 0%, and 4., is the optical density at its maximum mass
concentration.

Maxkpoeemepoyurnvt / Macroheterocycles 2024 17(4) 275-284

Next, to construct a scatter plot along the Y-axis, © was sub-
tracted from 1 (7-0). The molar concentration of the polymer [P]
was calculated using formula:

[P] = (m(PVP)/M,)/ V

Then, to construct a scatter plot, the value — 6//P] was cal-
culated along the X-axis. After calculating all parameters in MS
Excel, graphs were drawn, trend lines were drawn, and tgo was
calculated. The binding constant (K;) was calculated using the
following formula:

K, = 1/tga

To study kinetics of Chl or hemin release from the poly-
meric matrix in vitro, 6 mL of solution of the polymeric form of
Chl or hemin (with Chl and hemin concentration of 14.4 and 2
ng/mL, respectively) was placed in a dialysis tubes (polypropylene
with Mw =7 000 g/mol, “LS Supplies Store”) and dialysis against
phosphate-buffered saline (PBS) with pH 7.2-7.4 at 37 °C. Then,
every 20-40 min, a polymeric form was sampled from the dialysis
tube to determine the concentration of Chl or hemin. For these
purposes, a PES400UF spectrophotometer (Ecrochem) and
QAS5400 software (version 2.1) were used.

To obtain daily cultures of E. coli (strain 1257) and S.
aureus (strain 209-P), they were reseeded and further cultivated on
a slanted MPA in a thermostat (37 °C, air-dry thermostat TV-80-
1). Suspensions of 10° CFU/mL were prepared from daily cultures
in sterile saline solution according to the turbidity standard. The
obtained concentrations of suspended matter were confirmed
spectrophotometrically (A = 600 nm). Next, successive dilutions
were prepared from suspensions of daily cultures of E. coli and S.
aureus (10° CFU/mL) in 10-fold steps: 10° CFU/mL, 10’
CFU/mL, 10° CFU/mL, 10° CFU/mL and 10* CFU/mL by titra-
tion in sterile saline solution.

To determine the minimum inhibitory concentration (MIC),
a series of solutions of the active substance in DMSO with con-
centrations ranging from 150 to 4.7 pg/mL was prepared for use in
the experiment. Additionally, a second series of solutions was
prepared with concentrations from 300 to 9.4 pg/mL to create
polymeric forms equivalent to the free active substance. 0.5 mL of
a bacterial suspension containing approximately 10° colony-
forming units (CFU) per milliliter was combined with 0.5 mL of
each solution and the resulting mixtures were added to 5-milliliter
tubes containing liquid nutrient medium (MPB). The tubes were
then incubated at 37 °C for five days. Observations were made
daily to assess the presence of visible turbidity in the medium,
which indicated bacterial growth. These results were compared
with those obtained from control samples containing sterile medi-
um and control samples not treated with the active substance or its
polymeric form.

To obtain more accurate results, the experiment was repeat-
ed using solutions with a 2.5-pug/mL increment in the active sub-
stance content. The minimum concentration of the preparation at
which no turbidity (microorganism growth) was observed was
taken as the minimum inhibitory concentration (MIC).
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To calculate the percentage reduction in microbial cell
growth in the presence of tested preparations, the absorbance of
pure sterile medium MPB (sterility control) and control inocula-
tion with microorganisms without the addition of preparations
were measured, as well as sterile medium with the addition of
prepared solutions and experimental inoculation of microorgan-
isms with prepared solutions. The reduction in microbial growth in
the presence of the tested preparation was calculated using the
following formula:

( absorbance of test solution — absorbance of corresponding control ) 00

—_ X
absorbance of assay growth control — absorbance of sterility control

Determination of the antibacterial activity of Chl and hemin,
in both free and polymeric forms, on a solid nutrient medium, was
performed by measuring the diameters of inhibition zones. To this
end, a dilution at a concentration of 10* CFU/mL was inoculated
in Petri dishes containing sterile MPA medium. 100 puL of Chl or
hemin complexed with PVP was then added to wells created with
a sterile punch in the centre of the MPA plate. Incubation was then
carried out in a thermostat at 37°C for 120 h, with daily readings
taken for the diameter of the zone of growth inhibition (mm).

To avoid the impact of light on Chl, all experiments were
conducted in a room with diffuse side lighting and without addi-
tional light sources.

All experiments were performed in triplicate.

Statistical analysis of the results was conducted using MS
Excel 2010. All measurements were conducted in triplicate. Dif-
ferences in mean values were determined using a t-test, with a
significance level set at p < 0.05. The results are presented as
mean values (M) with standard errors (tSEM).

Results and Discussion

At the initial stage, electronic absorption spectra of
Chl and hemin solutions prepared in DMSO were recorded
at concentrations from 1.8 to 28.8 pg/mL and from 0.25 to
4 ng/mL, respectively. As can be seen from Figure 2, the
absorption maxima of the spectra were at wavelengths of
650 and 403 nm, which is typical for these compounds.

Using optical microscopy of the Chl-PVP and hemin-
PVP polymeric films, structural inhomogeneities were de-
tected in the form of individual aggregated particles with a
regular shape (size 1.7-2 pm) uniformly distributed within
the polymeric matrix. It should be noted that in hemin-PVP

12 - 1.8 pg/mL
— 3.6 ng/mL
S — 7.2 ng/mL
) ——14.2 pg/mL
——28.8 ng/mL
038 +

Optical density
(=1 o
B -]

1 1

o
I
1

T T T T T T 1 LT | ¥ 1
500 550 600 650 700 750 800
Wavelength, nin

a

the structural inhomogeneities was expressed to a slightly
greater extent (Figure 3).

Next, the binding constant of these compounds to PVP
was calculated. Figure 4 shows the electronic absorption
spectra of polymer complexes of Chl with PVP at concen-
trations from 0 to 5% (wt.%) and hemin with PVP in con-
centrations of 0 to 3% (wt.), as well as dot plots with drawn
trend lines, constructed from the data obtained.

Based on the results obtained, the binding constants
for the Chl-PVP and hemin-PVP complexes were calcu-
lated to be 5.0-10* L/mol and 3.3-10* L/mol, respectively.
Additionally, it should be noted that the absorption spectra
of Chl and hemin in Figures 4a and 4c show broadened
absorption bands, which may indicate the presence of coor-
dination and non-covalent interactions between the por-
phyrins and polymer macromolecules and possibly the local
concentration of porphyrin molecules at the binding sites on
the PVP macromolecule.

According to the data obtained during the study of lit-
erary sources, it was found that the values of binding con-
stants in the ranges from 10* to 10® L/mol are taken as
strong.[***) In the literature, which examined the interac-
tion between ligands, in particular, porphyrins and various
biopolymers, it was noted that on average the binding con-
stants range from 10 to 10° L/mol.”**"! For example, in the
article of J.A. Strickland et al.®” the interaction of meso-
tetrakis(4-N-methylpyridiniumyl)porphyrin and its deriva-
tives with DNA using equilibrium dialysis and stopped-
flow dissociation kinetics as a function of [Na'] was stud-
ied. As a result, it was found that the binding constants of
porphyrins to biopolymers were quite high, for example, for
meso-tetrakis(4-N-methylpyridiniumyl)porphyrin the values
of binding constants with poly[d(G-C)]*poly[d(G-C)]
[poly[d(G-C),]] were in the intervals from 7.5-10° to
6.7-10", decreasing with increasing of [Na'] from 0.215 to
0.515 M. B.J. Hwang[“] analyzed the spectroscopic and
thermodynamic properties of porphyrin complexes with the
PVP. One aspect of the work was the investigation of the bind-
ing constant, the value of which was about 10*-10° L/mol.
Hence, it can be inferred that porphyrins have binding con-
stants in the order of 10*-10° L/mol, as confirmed by our
own findings.

1.2 =
0.25 ng/mL
0.5 pg/mL
1.0 4 — L0 pg/mL
— 2.0 pg/mL
— 4.0 pg/mL
S
z
Z
= 0.6
=
=
8 0.4
0.2
0 e
300 350 400 450 500 550 600 650

Wavelength, nm

b

Figure 2. Electronic absorption spectra of Chl () and hemin () in DMSO at room temperature (22+2 °C).
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a

Figure 3. Microphotographs of polymeric films: Chl-PVP (a) and hemin-PVP (b).
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Figure 4. Electronic absorption spectra of the Chl-PVP complex (a) and hemin-PVP (c), dot plots with trend lines (b, d) at room
temperature (22+2 °C).
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Figure 5. Chl () and hemin (b) release profile from the PVP polymeric matrix at p4=7.4 and 37 °C in phosphate-buffered saline
(1xPBS).
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Figure 6. Inhibitory effect of Chl (a, ¢) and Chl-PVP (b, d) against S. aureus (a, b) and E. coli (c, d).
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Figure 7. Inhibitory effect of hemin (a, ¢) and hemin-PVP (b, d) against S. aureus (a, b) and E. coli (¢, d).
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At the next stage, the kinetics of Chl and hemin release
from the PVP polymeric matrix was studied (Figure 5).

As can be seen in the data presented, a rather gradual
release of Chl from PVP was observed. 99.95% of the sub-
stance was released in 780 min (13 h). In the first 20 min, a
rapid release of hemin from PVP was detected (about 70%).
Then a stage of its slower exit was observed. As a result,
99.98% of hemin was released from the polymer in 600 min
(10 h).

Based on the literature data, it can be concluded that
the release of the active substance from the polymer matrix
is influenced not only by its own physicochemical proper-
ties but also by the pH of the environment and the structure
of the polymer carrier.”*** These factors can be modified
to achieve optimal results. For PDT of malignant tumors,
polymer depots are being developed that release porphyrins
over a long period of time. For example, M.R. Faustova et
al® used a copolymer of lactic and glycolic acid (PLGA)
in their work. They studied the kinetics of the release of
Fe""Cl-tetraphenylporphyrin under physiological conditions
(pH close to blood pH) as well as at pH 5. A rapid release
of the metal porphyrin occurred in the first 24 h, followed
by a slower stage: less than 40% of the substance was re-
leased after 144 h. The fastest degradation of the polymer
occurred at pH 5. U. Bazylifiska e al.”® presented data on
the study of the release of porphyrin dyes — verteporfin and
meso-tetraphenylporphyrin — from various types of sodium
alkyliminobisacetate-stabilized nanosystems, including
biocompatible poly(L-glutamic acid)/poly(L-lysine), mul-
tilayer nanocapsules. The analysis was conducted both at
physiological pH (7.4) and in the presence of human serum
albumin (1% HSA) dissolved in PBS. The nanocarriers,
obtained on a nanoemulsion template, released porphyrins
approximately 15-20% more quickly (after 180 h in PBS)
compared to solid-core nanocapsules. The presence of HSA
in the release medium increased the retention of verteporfin
and meso-tetraphenylporphyrin in the nanocapsules by ap-
proximately 8—10%, regardless of the type of nano-capsule
template. In our study, the release of Chl and hemin from
PVP was 13 and 10 h, respectively. As the resulting poly-
meric forms will be used as an antimicrobial agent for the
treatment of superficial wounds and not for a localized fo-
cus of infection, the time of release of substances from the
matrix appears to be appropriate for the intended purpose.

We then determined the minimum concentrations of
the active substance at which no growth of microorganisms
was observed. The results are shown in Table 1.

Based on the data obtained, a decision was made on the
choice of preparations concentrations for further experi-
ments. Thus, both ineffective and excessive concentrations
were cut off.

At the next stage, the reduction in microorganism
growth (%) in the presence of the tested preparations was
calculated (Table 2).

The data obtained demonstrated that the MIC did not
completely inhibit the growth of the test microorganisms. A
concentration twice the MIC resulted in at least a 99% level
of inhibition of bacterial growth. This suggests that it may
be advisable to use concentrations of preparations exceed-
ing the MIC in future experiments.

Previously, we developed polymeric forms of hemin
based on poly(3-hydroxybutyrate), with active substance
concentrations ranging from 1-5%.2% Additionally, the
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incorporation of Chl into the polymer matrix of poly(lactic
acid) (PLA) has been investigated.[57] The Chl concentra-
tions were 0.1-0.5 wt.% relative to the PLA mass. In this
study, we transitioned to a different polymer form based on
PVP. The concentration of active substances in PVP was
selected for studies of antibacterial activity on solid nutri-
ent media (MPA), based on several factors. Hemin pre-
cipitated when its concentration in the polymer matrix
exceeded 160 pug/mL. As a result, the resulting polymeric
form was unstable and could not be used for further work.
Chl was stable at comparable concentrations, although this
did not lead to enhanced antibacterial effects. Therefore, we
used polymeric forms of Chl with a maximum concentra-
tion of 0.5 wt.% (75 pg/mL).

To determine the antibacterial activity of the prepara-
tions on MPA, a method of measuring the diameters of the
inhibition zones was used (Figures 6 and 7). From the dia-
grams in Figure 6, it can be seen that with a comparable
diameter of the growth inhibition zone for microorganisms
at the start of the experiment, this decrease occurs more
slowly when the Chl-PVP complex is used. This indicates
that this complex has a longer-lasting effect compared to
the free substance.

Based on the results of the study into the antimicrobial
properties of hemin as shown in the graphs (Figure 7), it
can be concluded that when combined with the polymer,
hemin exhibits increased activity and a longer duration of
effect against S. aureus and E. coli. This can most clearly
be seen at a dosage of 160 pug hemin, where the intensity of
the antimicrobial effect of the hemin-polymer combination
on S. aureus is 25-30% higher than that of free hemin. No
significant increase in antimicrobial activity against E. coli
was observed in the experiments.

Table 1. Determination of Chl and hemin in free and polymeric
forms MICs relative to S. aureus and E. coli.

. MIC, pg/mL
Preparations S. aureus E. coli
Chl 12.5+0.4 37.5+0.9
Chl-PVP 12.5+0.5 40.0+1.1
Hemin 17.5+0.8 35.0+0.7
Hemin-PVP 17.5+0.6 35.0+£0.9

Table 2. Preparations-induced reduction in CFU growth of S.
aureus and E. coli.

Reduction in CFU growth, %

) MIC 2xMIC
Preparations

S. aureus E. coli S. aureus E. coli

Chl 91.6+0.3 90.8+0.2 99.8+0.1 99.3+0.2

Chl-PVP 92.4+0.4 91.5+0.4 99.8+0.1 99.5+0.1

Hemin 92.5+0.2 91.2+0.3 99.7+0.1 99.4+0.2

Hemin-PVP 93.8+0.3 92.2+0.4 99.8+0.1 99.6+0.1
Conclusions

This study examines the polymeric forms of Chl and
hemin obtained by incorporating them into PVP matrix.
Working concentrations of these compounds were selected
based on an analysis of their stability and antimicrobial
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activity. The resulting electronic absorption spectrum pro-
files of Chl and hemin dissolved in DMSO are characteris-
tic of these substances.

In the morphology of the polymeric films Chl-PVP
and hemin-PVP, individual particles of heterogeneity were
identified in the form of particles with a size of up to 1.7—
2 um, evenly distributed in the structure of the matrix. In
hemin-PVP films, aggregated particles are more pro-
nounced. Most likely, this is due to the difference in the
coordinating properties of the two metal complexes in the
polymeric matrix. However, the observed features of the
morphology of the films nevertheless provide their antim-
icrobial action and possibly higher stability.

Based on the literature data, it was concluded that the
obtained values of the binding constants of Chl and hemin
to the polymer are relatively strong and typical for metal
porphyrins.

The release of substances from polymeric matrices is
influenced by various factors, such as the pH of the envi-
ronment and the structure of the polymer itself. For the
treatment of localized pathologies that are deeply situated,
it may be beneficial to use formulations that ensure the sus-
tained release of the active substance for a period of time
sufficient to allow it to enter the bloodstream and achieve
its therapeutic targets. The aim of our research is to investi-
gate the inhibitory effects of Chl and hemin, as well as their
respective polymeric forms, against S. aureus and E. coli,
both of which are common causes of infections in damaged
skin and mucous membranes. Accordingly, a release time
of 13 h for Chl and 10 h for hemin has been found to be
adequate and sufficient for inhibiting the growth of these
bacteria, as confirmed by microbiological tests conducted in
vitro. However, a definitive conclusion can only be drawn
following in vivo studies.

During the study, data was obtained on the antibacte-
rial properties of Chl and hemin in both free and polymeric
forms. The minimum inhibitory concentration (MIC) for
each preparation and its effect on the growth of test micro-
organisms were determined. An inhibition of bacterial cell
growth with an efficiency greater than 99% was achieved
using preparations at a concentration of 2xMIC.

Based on the data obtained in microbiological experi-
ments on MPA, the following conclusions can be drawn:
Chl in free form and the Chl-PVP complex have an anti-
bacterial effect at a dosage of 15 pg for S. aureus and from 45
ug on E. coli growth. Hemin has an effect on S. aureus
growth starting from a dosage of 20 pg in free form or as
part of a polymeric complex, and on E. coli growth from 40
pg. Moreover, the antimicrobial effect of both Chl and
hemin and their polymeric forms is directly dependent on
the concentration of the active substance.

Based on the data collected from microbiological ex-
periments conducted on MPA, it can be concluded that Chl
in its free form and as a complex with PVP have an antibac-
terial effect on S. aureus at a dosage of 15 pg and on E. coli
at a dosage starting from 45 pg. Hemin also has an effect on
S. aureus starting from a dosage of 20 pg in its free form or
as a component of a polymeric complex, while on E. coli, it
is effective at dosages starting from 40 pg. Furthermore, the
antimicrobial activity of both Chl and hemin in their free
and polymeric forms is directly related to the concentration
of the active substances.
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Polymeric Chl- and hemin-containing complexes hold
promise for practical use as an alternative to conventional
antimicrobial agents, providing sustained action against
both gram-positive and gram-negative microorganisms.
These results can contribute to the development of new
medicines against microbial infections. In our opinion, Chl
and its polymeric complex have greater potential as an an-
timicrobial agent, since at a lower dosage it had a more
intense inhibitory effect (in vitro) on test microorganisms
than hemin and hemin-PVP. It will be possible to draw a
more reasoned and substantiated conclusion after in vivo
testing. Furthermore, we intend to evaluate the photo-
dynamic activity of Chl, both in its free and polymeric
forms, and compare these findings with current studies.
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