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This study aims to investigate the efficacy of zinc meso-tetra [4-N- (2'-oxyethyl) pyridyl] porphyrin (Zn-TOEt4PyP) and
its non-covalent interaction product with folic acid (FA) for targeted Photodynamic therapy (PDT), taking into account the
significant overexpression of FA receptors on tumor cells. Liposomal models were employed to demonstrate lipid free
radical chain peroxidation induced by photosensitizer (PS) activation, with FA enhancing this effect. PDT effect of PS and
its non-covalent interaction product (NCIP) with FA on HeLa cells culture model were analyzed (in vitro) at a maximum
density of 3 x 10° cells/well under light exposure. The assessment of the antitumor activity of Zn-TOEt4PyP
metalloporphyrin and its NCIP with FA was carried out in vivo on the engrafted solid tumor model of S-180 sarcoma
(Croker's sarcoma). Zn-TOEt4PyP, its NCIP with FA, and FA itself led to the successful free radical oxidation of liposomes
that were utilized as a model of the lipid bilayer. The interaction product of Zn-TOEt4PyP with FA was active as a cytotoxic
agent for HeLa cells. The in vivo study demonstrated the superior efficacy of Zn-TOEt4PyP over its NCIP with FA in tumor
reduction. These findings show efficiency of Zn-TOEt4PyP and its NCIP’s with FA for targeted PDT of tumors. Through
liposomal, cellular, and animal models, this research provides a comprehensive insight into the efficiency of Zn-TOEt4PyP
and NCIP with FA for PDT of tumors in vitro and in vivo. This study holds significant promise for developing novel PDT
strategies to improve cancer treatment outcomes.
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Photodynamic therapy (PDT) is a therapeutic approach
that generates reactive oxygen species (ROS), such as
singlet oxygen, in the illuminated area of tumors or
microbes’. It relies on a photosensitizer (PS), light, and
molecular oxygen to produce a photodynamic response”.
When exposed to visible light, the PS transitions to an
excited triplet state (3PS), leading to ROS formation
(e.g., '0,, -OH) that selectively kills cancer cells®. Since
cancer cells maintain a delicate balance between ROS
and antioxidants, PDT disrupts this equilibrium,
triggering oxidative stress and releasing free radicals”.
Highly reactive oxygen species (ROS) generated during
PDT lead to the death of cancer cells through two types
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of reactions: Type I reactions, which produce superoxide
anion radicals, hydrogen peroxide, and hydroxyl
radicals, and Type II reactions, which generate singlet
oxygen ('O2)’. Both reactions can occur simultaneously
during PDT; however, Type II is the dominant
pathway®. The oxidative stress caused by ROS primarily
affects macromolecules, such as lipids, proteins, and
nucleic acids’. ROS interacts with lipids and proteins in
cell membranes, causing lipid chain peroxidation and
facilitating the spread of free radicals, which further
damage cellular integrity®. Cell membrane lipids are
particularly susceptible to oxidative attack, which makes
liposomal systems ideal to study lipid peroxidation, and
oxidative effects in the absence of antioxidant defences,
as well as to determine the compound with the most
powerful effect. Testing biological membrane models
for lipid peroxidation is typically conducted by
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analyzing secondary oxidation products, such as
malondialdehyde (MDA). Generally, thiobarbituric acid
(TBA) test has been used for the detection of MDA for
in vitro and in vivo conditions’. Liposome models help
investigate the direct effects of PS and their non-
covalent interactions with FA on membrane lipid
bilayers. Liposomes composed solely of lipids can serve
as models to investigate the effect of PS on membrane
lipids (primarily phospholipids) by monitoring MDA
production levels following PS activation by light'’.

In our study, cationic porphyrin Zn-TOEt4PyP was
used as PS to examine the photoactivated disruption
of membrane physiology.

Targeted drug delivery to tumor sites remains a
critical challenge, and leveraging cancer cell
properties is a key strategy for effective PDT. Since
FA receptors are overexpressed in human cancer
cells—at levels 100-300 times higher than in normal
tissues—FA serves as a valuable targeting agent,
enabling precise drug delivery''. Folate receptors are
overexpressed on prostate, brain, lung, nose, ovary,
colon, cancer cells and have very low expression on
normal cells. This selective overexpression makes
folate receptors attractive targets for tumor-specific
delivery when folic acid (FA) is conjugated to
anticancer molecules. HeLa cells are well known to
express folate receptors on their surface and are
commonly used as a folate receptors-positive model
to evaluate folate-targeted uptake and photodynamic
therapy efficacy'>". To enhance PDT efficacy, we
utilized NCIPs of PS with FA.

In the presented manuscript we investigated the
ability of Zn-TOEt4PyP and its NCIP with FA to
oxidize lipids in the liposomal model following
photodynamic action, as well as the anticancer

potential of Zn-TOEt4PyP and its NCIP with FA
through both in vitro (HeLa cells) and in vivo (S-180
sarcoma mouse model) studies.

Materials and Methods
Porphyrins

The cationic metalloporphyrin (zinc meso-tetra
[4-N- (2’-oxyethyl) pyridyl] porphyrin) synthesized
in Yerevan State Medical University after M. Heratsi,
(RA) in collaboration with ARLABION Co. Ltd
(UK) with chemical structure depicted in (Fig. 1).
FA was obtained from the ACROS Organics (Folic
Acid, 97% pure; Product code 216630100,
CAS Number: 59-30-3). The NMR spectrum, as
well as the MS spectrum of Zn-TOEt4PyP
metallo-porphyrin is provided in the supplementary
information of the manuscript (Suppl. Figs. S1 & S2).
The zinc(Il) metallocomplex of the 5,10,15,20-tetra[4-N-
(2/oxyethylpyridyl) Jporphinetetrachloride, ZnTOEt4PyP,
was prepared by refluxing the mixture of zinc(II)
chloride (ZnCl,) and H2TOEt4PyP similarly, to
that described in this article in the same way that as
for the complexes 5,10,15,20-tetra(4-N-allylpyridyl)
porphinato Zn(Il) tetrabromide, ZnTAll4PyP (Suppl.
Figs. S1 & S2)'*".

Non-covalent interaction of FA and PS

As it was previously described, the interaction
products were obtained using the method developed
in our laboratory'®. In brief, FA and PS were
incubated at +20°C for 24 h in the dark, with a 5-fold
excess in FA. Glycerol, with a final concentration of
20% was added to the reaction mixture, which was
then incubated for a further 24 h. Glycerol was
employed as a stabilizer for FA. As glycerol is an
optical clearing agent that increases the depth of light
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Fig. 1 — Chemical structure of cationic metalloporphyrin
Zn-TOEt4PyP

beam penetration into tumor tissue, it is predicted to
have a synergistic impact when used with PDT during
both stages of treatment: preliminary fluorescence
mapping of cancer cells and photodestruction'”’. The
unbound components were purified, by Al,Os
(aluminium oxide) column chromatography. 0.1 M
phosphate-buffered saline (PBS) containing 20%
glycerol was used as eluent. The absorption spectra of
the fractions across a wavelength range of 200-
700 nm where obtained by Cary 60 UV-Vis
Spectrophotometer (Agilent Co., USA). The FA/PS
concentration ratio in NCIP was 6.3/1.PS and FA
concentrations were determined using UV-Vis
spectrum extinction coefficients®'.

Liposome model

Egg yolk total lipids were isolated by the Folch
method™ from fresh eggs of Broiler chickens farmed
in the vivarium of Institute of Biochemistry after H.
Buniatyan of the NAS of RA. For the preparation of
the liposome suspension, 0.77 mL of chloroform-
methanol solution containing egg yolk total
phospholipids at a concentration of 2.1 g/ was
evaporated using a rotary evaporator under vacuum
and a stream of nitrogen gas, followed by addition of
25 mL saline. Before use, the saline was degassed by
bubbling nitrogen through it. The dried lipids were
incubated with saline for 40 min in +37°C
environment, and then vortexed to create a
suspension. The formed suspension was treated by
ultrasonic generator UZDN-2T(22 kHz, 200w) for
6 min. Subsequently, the final liposomal suspension
was thermally stabilised for 30 min.

MDA level determination

After obtaining the liposome suspension, the tested
compound (either FA or Zn-TOEt4PyP, or their
NCIP) was added to the liposome suspension and
illuminated with a halogen lamp as described
previously'®. The illumination covered a wavelength
range of 380 — 850 nm at an irradiance of
30 mW/cm>. The UV-Vis spectra of FA, Zn-
TOEt4PyP, and their NCIP are presented in (Suppl.
Figs. S3-S5), respectively. The concentration of the
free Zn-TOEt4PyP and Zn-TOEt4PyP in the NCIP
was 0.8 uM. The effect of FA was assessed at a final
concentration of 6.4 puM in liposome suspension.
The FA/PS ratio in the NCIP was set to 8/1. To
evaluate the effect of illumination duration on
the level of MDA, each sample was illuminated
to one of two illumination durations: 5 or 10 min
using a halogen lamp with an intensity of 30 mW/cm?.
The concentration of MDA was measured
spectrophotometrically on spectrophotometer Cary 60
UV-Vis (Agilent Technologies, Inc., USA) at 532 nm
using the TBA test”. The formed MDA-TBA
complexes were extracted and quantified with the
addition of 2 mL of n-butanol to each sample.

Quantitative changes of MDA were observed by
comparing each illuminated sample with its
unilluminated control and expressed as a percentage
using the formula (b-a)/(a/100) where a- is the control
group (intact liposomes), and b- illuminated samples
(liposome+PS, liposome+(PS+FA) or liposome+FA).

Cell culture

Hela (human cervical carcinoma) cells were
maintained in Dulbecco’s Modified Essential Medium
(DMEM) (Sigma-Aldrich, Taufkirchen, Germany)
supplemented with 10% (v/v) bovine serum, low
glucose (1 g/L), sodium pyruvate (200 mg/L), and
antibiotics (100 U/mL penicillin and 100 pg/L
streptomycin). The cells were cultured in 96-well
microplates at a maximum density of 3 x 10
cells/well in an incubator (Biosan S-Bt Smart
Biotherm, Latvia) at +37°C with humidified
atmosphere containing 5% CO,.

MTT cytotoxicity assay

The MTT assay (#MKCRO0748, Sigma-Aldrich,
Taufkirchen, Germany) was conducted to evaluate the
inhibitory effect of various concentrations of the Zn-
TOEt4PyP photosensitizer on the growth of Hela
cells, both alone and in combination with FA. The
concentration of FA in the NCIP for in vitro studies
was at an 8:1 (w/w) ratio with PS. Taking into account
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the above mentioned, a 57.6 nM concentration was
used to assess the properties of FA on a standalone
basis. This corresponds to its concentration in the
NCIP, where the combined concentration of Zn-
TOEt4PyP and FA is 7.2 nM.

The cells were maintained under dark conditions in
a CO, incubator for 24h after the addition of
compounds. One hour after the addition of
compounds, cells were exposed to light for 15 min
with halogen lamp (30 mW/cm?) and kept additional
24h in a CO, incubator. The absorbance of the
samples at 570 nm was measured by absorbance
microplate reader (SPECTROstar Nano BMG
Labtech, USA). Four independent experiments were
performed with four technical replicates each.

Cytotoxicity was quantified as the percentage of
growth inhibition in cells treated with selected
compounds compared to control cells treated with the
appropriate volume of solvent (0.1M PBS containing
20% glycerol (w/v)), the growth of which was
considered as 100%.

Half-maximal inhibitory concentration (ICsp)
values were calculated by GraphPad Prism Software
during data analysis as log (inhibitor) vs. response.

Determination of Zn-TOEt4PyP and its NCIP with FA
activity in vivo

The assessment of the antitumor activity of Zn-
TOEt4PyP metalloporphyrin and its NCIP with FA
was carried out in vivo on the ingrafted solid tumor
model of S-180 sarcoma (Croker's sarcoma). For each
experimental group, 9 male non-linearoutbred white
albinomice(more than 20 generations of brother/sister
mating) aged 6-7 weeks and weighing between 20 to
25 g, were injected with a solid S-180 sarcoma tumor
subcutaneouslyinto the right axilla. Tumor tissues
removed from sarcoma-180 carrying animal in 8-th
day were implanted to experimental animals. Injected
tumor suspension was prepared by cutting 1 g solid
tumor into pieces (<I mm®) in 9 mL saline in sterile
conditions. Injections were done by thick needle of
0.3 mL/animal dosage (~10° cell/mL)**. The animals'
fur was pre-depilated. Free PS and the NCIP was
administered into the implanted tumor site in a dose
of 60 mg/kg in 48 h, 72 h and 96 h after tumor
engraftment (20 mg/kg per injection in 0.25 mL
volume). The control group of animals were injected
with saline into the implanted tumor site. To assess
the photodynamic (light) toxicity of Zn-TOEt4PyP
and its NCIP with FA, the tumor was irradiated with a
halogenlamp (30 mW/cm?) for 15 min, 24h after the

final dose of the compoundswas administrated.
Animals were humanely euthanized upon exposure of
CO, dispatched 8 days (192h) after tumor engraftment
and the wet weight of excised tumor was measured
and compared with control sample. Antitumor activity
was defined as tumor growth inhibition (TGI) by
Eq. 2:

[TGL %]:[(MTWcontrol - MTchpcrimcntal
group)/MTWconrrol] XlOO%(Eq 2)

Where: (MTW) is median tumor weight.

Animals were housed under controlled conditions
(12h light/dark cycle; humidity 60+5%; room
temperature +254+3°C).

Ethical review

Biological experiments were performed in full
compliance with the ethical principles of biomedical
research reflected in the European Convention for the
Protection of Vertebrate Animals used for
Experimental and Other Scientific Purposes and
approved by the Committee on Biomedical Ethics at
the Institute of Biochemistry named after H.
Buniatyan of the NAS RA. The experiments also
comply with the Directive 2010/63/EU of the
European Parliament and of the Council of the
European Union of 22.09.2010 on the protection of
animals used for scientific purposes, Strasbourg, No.
123, 18.03.1986°7%.

Statistical analysis

The result was reported as mean + standard error of
the mean (SEM). Data were analysed using one-way
ANOVA or Student’s t-test with GraphPad Prism
Software (GraphPad Software Inc, La Jolla, CA,
USA). Statistical significance is indicated as follows:
ns (not significant): P> 0.05, *: P<0.05, **: P<0.01,
% P<0.001, ****; P<0.0001 (Graph Pad 8).

Results

MDA level measurements

After adding the compounds (FA, Zn-TOEt4PyP,
and non-covalent NCIP (FA+Zn-TOEt4PyP)) to the
liposome suspension, the MDA level was determined
by the TBA test in both the dark control and the test
samples, which were illuminated for 5 and 10 min
respectively. The addition of FA to liposome
suspension led to the lipid peroxidation and to the
production of the secondary product MDA (Fig. 2).

The increase in illumination duration led to more
intense MDA production in all samples proving that
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the lipid peroxidation was induced by the free radical
generated by PS molecule under light exposure
(Fig. 2). Of note, a significant increase was observed
after 5 min of illumination, while a non-significant
increase was recorded after 10 min of illumination in
the tested groups.

The cytotoxic effect of Zn-TOEt4PyP and Zn-TOEt4PyP+FA
NCIP on the HeLa cell line

We compared the cytotoxic effects of the
photosensitizer Zn-TOEt4PyP, the Zn-TOEt4PyP+FA
NCIP, and FA on the HeLa cervical cancer cell line by
assessment of cell survival rate under both light and dark
conditions. The effects of both the Zn-TOEt4PyP alone
and its combination with FA NCIP were evaluated at
different concentrations, as shown in (Fig. 3). The
obtained data demonstrate significant decrease in cell
viability when Zn-TOEt4PyP and TOEt4PyP+FA was
exposed to light for 15 min. Specifically, for Zn-
TOEt4PyP, a notable significant cytotoxic effect began
at a concentration of 7.2 nM (38% inhibition), and the
highest significant effect of inhibiting the growth of
HeLa cells was observed at 36 nM (67% inhibition)
(Fig. 3a). For the Zn-TOEt4PyP+FA NCIP, significant
cytotoxic effects were noted starting at 0.72 nM (17%
inhibition), and the highest significant effect (73%
inhibition) was observed at 36 nM (Fig. 3b). This
indicates that the light exposure contributed to the
decrease in cell viability.

T B Zn-TOEt4PyF
B Zn-TOEW4PyP+FA
0 FA

A MDA (S%econtrol)
[ =2 ]

5 min 10 min
Fig. 2 — The percentage of difference (A) of MDA following
the illumination of the samples with Zn-TOEt4PyP,
Zn-TOEt4PyP+FA, and FA, (difference calculated by comparison
with control and unilluminated liposomal suspensions were
employed as controls (100%)). The data are presented as means +
SEM (n=5). Differences between groups were analysed using one-
way ANOVA. Statistical significance is indicated as follows: (ns)
P> 0.05, (***) P<0.001, (****) P<0.0001

Separately the growth inhibitory properties of FA
alone on the HeLa cervical cancer cell line were
explored with and without light treatment at 57.6 nM
concentration (Fig. 3c). A slight inhibitory effect was
detected under both light and dark conditions, without
reaching the statistical significance. Thus, based on
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Fig. 3 — Growth inhibitory effect of the (a) photosensitizer
Zn-TOEt4PyP; (b) Z-TOEt4PyP + FA NCIP; and (c) FA on the
HeLa cervical cancer cell line with and without light treatment.
Cells were maintained in a CO, incubator for 24h after exposure
to light for 15 min with a halogen lamp (30 mW/cm?). The data
are presented as means + SEM (n=5). Differences between groups
were analysed using multiple t-test and One-way ANOVA.
Statistical significance is indicated as follows: (ns) P> 0.05, (*)
P<0.05
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Table 1 — The key photophysical and biological properties of FA, Zn-TOEt4PyP, and Zn-TOEt4PyP+FA NCIP

absorption maxima

molar extinction coefficient (g),
(nm) M em™

quantum yield of singlet emission maxima ICso (nM)

oxygen (YA) (nm)
<0.02% excitation 370, >35
emission 450
0.84+0.04 excitation 440, 7.737
emission 637
0.83+0.04 same for 16.52
components

FA 280 and 350 0.02522 x 10°
Zn-TOEt4PyP 439 1.433 - 10°
Zn-TOEt4PyP+FA 446 for Zn- Same, no changes
NCIP TOEt4PyP and 283
for FA
a b
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Fig. 4 — The effect of PDT on Sarcoma S-180 tumor weight (g)
192h (8 days) after tumor engraftment. Administration of saline
(to control group), the free PS ((Zn-TOEt4PyP) and the NCIP
(Zn-TOEt4PyP+FA) were done in a dose of 60 mg/kg in 48 h,
72 h and 96 h after tumor engraftment. Each tumor was irradiated
with a halogen lamp (30 mW/cm?) for 15 min, 24h after the final
dose of the drug was administered. After resection, tumors
weights were measured (a) and compared with the control sample;
and (b) Antitumor activity after PDT, which was defined as tumor
growth inhibition (TGI %) by Eq. 2. indicated in the methods
section. The data are presented as means + SEM (n=9).
Differences between groups were analysed using one-way
ANOVA. Statistical significance is indicated as follows: (**%*)
P<0.001

the obtained data we showed that Zn-TOEt4Pyp did
not possess cytotoxicity itself and needs exposure of
light to become a potent toxic agent for the Hela
cancer cell line. We also demonstrated that the
presence of FA did not have a significant effect on the
cytotoxicity of the tested photosensitizer. A slight
increase in cytotoxicity was observed, which could be
explained by the synergistic action of FA and Zn-
TOEt4PyP, or as expected, by receptor-mediated
endocytosis facilitated by the FA receptor and slightly
increased accumulation of the photosensitizer (PS)
(Fig. 3c). Half-maximal inhibitory concentration
(ICsp) values were calculated to compare the effect of

FA on the growth-inhibiting properties of the tested
compound (free PS vs NCIP). Calculations revealed
that binding of FA to PS significantly affected these
values, being 16.52 for Zn-TOEt4PyP and 7.737 for
Zn-TOEt4PyP+FA.

The cytotoxic activity assessment of Zn-TOEt4PyP and its
NCIP with FA in vivo

We also assessed the cytotoxic effects of Zn-
TOEt4PyP and its NCIP with FA using a Sarcoma
S-180 mouse model in vivo, administering a dose of
60 mg/kg body weight for both the free PS and NCIP
(Suppl. Fig. S6).

As shown in Figure 4, Zn-TOEt4PyP was by 1.88
times more effective than its NCIPZn-TOEt4PyP+FA
in reducing the tumor weight.

The key photophysical and biological properties of
FA, Zn-TOEt4PyP, and Zn-TOEt4PyP+FA NCIP are
presented in (Table 1).

Limitations of the study

Although the present study demonstrates the
photodynamic cytotoxicity and antitumor activity of
Zn-TOEt4PyP and its non-covalent interaction
product with folic acid, some mechanistic aspects of
their biological activity remain to be further
elucidated. In particular, the molecular mechanisms
underlying the differences observed between the two
formulations in vivo were not investigated in detail.
Future studies may focus on deeper mechanistic
analysis, including cellular uptake pathways,
intracellular localization, and reactive oxygen
species—mediated signaling processes involved in
photodynamic cell death. In addition, further
evaluation in tumor models derived from specific cell
lines (including the HeLa cells xenograft model)
could provide additional insight into the relationship
between cellular phototoxicity and antitumor efficacy.

Discussion
Encapsulation and bioconjugation of PSs are
currently the main strategies for improving PDT?'. To
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date various nanosystems have been developed for
encapsulation and binding anticancer molecules to
increase their tumor delivery and therapeutic efficacy™.
In order to achieve greater PS efficiency, a simpler
approach of non-covalent interaction of cationic
metalloporphyrin  Zn-TOEt4PyP with FA has been
applied in the current study. Our data reveals the
characterization of a PS Zn-TOEt4Py and its NCIP with
FA. Here we applied different in vitro models (liposome
and cell experiments) and an in vivo tumor model to
explore the free radical oxidative photodynamic action
of both the free PS and the PS in combination with FA.
For FA, a linear increase in MDA generation has been
observed with increasing durations of the illumination.
FA is known for its antioxidant, cardiovascular,
anticancer, and neuroprotective effects”. In the present
study, the illumination of FA led to a related MDA
generation effect as opposed to the antioxidant effect.
This can be explained by the FA photolysis into
p-aminobenzoyl-L-glutamic acid (PGA) and
6-formylpterin (FPT), which is then further oxidized to
pterin-6-carboxylic acid (PCA) by photolysis. FPT and
PCA, in their turn, can act as PS*, and generate ROS,
which induces lipid oxidation and increases MDA
concentration®. FA itself behaves as a poor 'O,
sensitizer due to its low singlet quantum yield (<0.02)’".
For FPT, the value of singlet quantum yield was 0.45 £+
0.05 and for PCA it was 0.27 + 0.03, which allows to
conclude that this product could act as PS™".

The increase in illumination duration from 5 to
10 min, led to the increase in MDA level in liposome
models, up to 9.2%, likely caused by the photoproducts
of FA photolysis. Therefore, we concluded that MDA
production is initiated by photoactive FPT and PCA as
products of FA photolysis.

It is worth mentioning that, the MDA assay has
limitations due to its potential reactivity with various
compounds which can interfere with spectrophotometric
and fluorometric measurements of MDA™. The
accessibility of MDA to TBA may be reduced due to
multiple reactions of TBA with chemically reactive
carbonyl-containing organic molecules, such as reduced
sugar, aldehydes, pyrimidines, aminopyrimidines, and
prostaglandin  endoperoxides®™**. Other limitations
include low MDA stability in samples and its rapid
enzymatic degradation”. MDA's instability in the
presence of H,O, suggests its direct decomposition by
strong oxidants. In addition, TBA reagent may
chemically degrade during the acid-heating test
procedure to yield pigments™.

Therefore, as noted, the lack of sensitivity and the
occurrence of byproducts create obstacles a problem
for detection of lipid peroxidation levels through a
TBA test.

In addition, it cannot be excluded that in the sample
of liposomes with PS, the competing reaction of
MDA to TBA binding could also occur, and as a
result, the accessibility for forming the MDA-TBA
could be limited. We have assumed that the ROS
production, following the illumination, could lead to
changes in the formation or even to the destruction of
the formed MDA-TBA colored complex. Therefore,
due to the increase in illumination duration, a non-
linear dependency could be observed.

It was previously demonstrated that the singlet
oxygen quantum yield of Zn-TOEt4PyP is as high as
0.85"7. Thus, Zn-TOEt4PyP as an effective 'O,
producer could lead to intense peroxidation of
liposomes and further reactions. As shown in
Figure 2, the generation of MDA for FA and
Zn-TOEt4PyP following a 10 min illumination is
almost the same, although the singlet oxygen
quantum yield of Zn-TOEt4PyP’s is 1.89-fold higher
than that of the FA photolysis product FPT.
This could mean that singlet oxygen generation is not
the only factor affecting lipid peroxidation. As in
our previous study, the use of quenchers demonstrated
the role of both singlet oxygen and hydroxyl radicals
in oxidation reactions'®. All this leads to the
conclusion that attests to the NCIP-ity of the studied
system. In the studied NCIP, the singlet oxygen
quantum yield of Zn-TOEt4PyP was not affected
by FA'®, and the results obtained for the TBA assay
were similar.

It should also be noted that PSs lead to an increase
of MDA level after illumination. This effect was
demonstrated for many PSs such as aminolevulinic
acid®, Photofrin II°, tin(IV)-protoporphyrin IX*,
berberine®', TCSVP*, etc.

For the HeLa cell line, no statistically significant
cell growth inhibiting properties were observed under
dark conditions, which allow concluding that light
exposure is necessary for Zn-TOEt4PyP to become
cytotoxic and act as a PS. Moreover, light growth
stimulation was detected at high concentrations of Zn-
TOEt4PyP and the Zn-TOEt4PyP+FA NCIP. Zn-
TOEt4PyP+FA NCIP showed a more significant
inhibitory effect under these conditions. As it is
shown, from ICs, values NCIP have 53% more
inhibitory effectivity.
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Porphyrins, particularly Zn-porphyrins, exhibit
high cell toxicity due to their strong p-p interactions,
having a potential for tumor destruction®.

HeLa cells highly express FA receptors®; and are
among the most widely used cell lines for FA-PS
conjugation studies. In most cases, coupling the PS
with FA leads to enhanced similar cell growth
inhibitory cytotoxicity effects'. Thus, this cell line was
used as the in vitro model to study the targeting of Zn-
TOEt4PyP. As reported in 2013 study by Li et al, the
photocytotoxicity of a folate—PEG-conjugated chlorine
to HeLa cells is 2.5 higher than folate-free conjugate
chlorine. Significant difference by utilizing FA as the
targeting agent for ICso where observed as well. In
another study (by Bae and Na*), both the
Pullulan/folate-PS nanogels, and free pheophorbide
APullulan/folate-PS also showed almost the same
significant cytotoxicity (ICs; PFP2: 0.23 mg/mL;
Pullulan/folate-PS: 0.2 mg/mL) following illumination.

For the Sarcoma S-180 tumor model, we did not
obtain results similar to those observed in the HeLa cell
line model. Both Zn-TOEt4PyP and Zn-TOEt#4PyP+FA
NCIP exhibited significant PDT-induced TGI compared
to the control group. However, in contrast to the HeLa
cell line model, Zn-TOEt4PyP+FA NCIP demonstrated
lower PDT activity compared to Zn-TOEt4PyP alone.
This difference may be attributed to variations in cancer
cell and tumor type, as well as systemic differences
between in vitro and in vivo conditions. Additionally, the
potential binding of Zn-TOE#4PyP+FA to plasma
proteins such as albumin, may have influenced its
bioavailability and distribution”. Other contributing
factors could include hemodynamics and tissue structure.

The use of complementary experimental systems
(model membrane systems, cultured tumor cells, and an
in vivo tumor model) allows assessment of both direct
cellular phototoxicity and the overall antitumor effect in
a living organism. The differences observed between the
activities of Zn-TOEt4PyP and Zn-TOEt4PyP+FA
NCIP in the S-180 tumor model may be influenced by
several biological factors present in vivo, including
tumor microenvironment, biodistribution of the
photosensitizer, and the stability or interaction dynamics
of the non-covalent complex.

The obtained results are likely explained by the
non-covalent binding of the PS with FA, leading to
less effective targeting of cancer cells in vitro.

Conclusion
The tested photosensitizer and its non-covalent
interaction product with folic acid enhance the

oxidation of membrane lipids, leading to the
production of malondialdehyde, a secondary product
of lipid peroxidation in the liposomal model. This
suggests their potential application in photodynamic
therapy for tumors. The non-covalent interaction
product of the studied photosensitizers exhibits a
greater inhibitory effect on the HelLa cell growth
compared to the free form of the photosensitizer. Due
to various factors, including the binding of plasma
proteins with folic acid, the non-covalent interaction
product of the tested photosensitizer with folic acid
did not exhibit a greater inhibitory effect on the
in vivo Sarcoma S-180 tumor model compared to the
free form of the photosensitizer. Despite the studied
potential of metalloporphyrins for photodynamic
therapy and the concept of utilizing folic acid receptor
overexpression in cancer cells as a key strategy for
targeted therapy, the experimental results presented in
this paper vary between in vitro and in vivo models.
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