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Background: Human serum albumin (HSA) is the main pharmacokinetic effector of many medications,
including penicillin G and its metabolites. An urgent problem of practical medicine is immediate
hypersensitivity reactions caused by penicillin toxicity (about 8 % compared to other medications),
accompanied by skin pathology, anaphylaxis, and fatality.

Objectives: The aim of this study is to describe the structures of penicillin G determinants-HSA
complexes and to identify favorable binding sites and the amino acid residues involved in the interaction.
Material and Methods: The crystal structure of HSA (ID: 1A06 from Protein Data Bank)
(www.rcsh.org) was chosen as a docking target. Molecular docking methods (AutoDock Tools 1.5.7,
AutoDock Vina 1.1.2) were used to gain insight into the interaction of HSA with the major (benzyl
penicilloyl G, penicillanic acid) and minor (penicillamine, penicilloic acid, penilloic acid) determinants of
penicillin G. Visualization of docking results was implemented in PyMol 2.5. The Protein Plus server
(https://proteins.plus) was used to evaluate potential binding pockets. The PLIP tool (https:/plip-
tool.biotec.tu-dresden.de) was used to identify non-covalent interactions between HSA and its ligands.
Results: The molecular docking data indicate that the major determinants of penicillin G are involved in
the formation of hydrogen bonds with such HSA residues as Trp214, Arg218, His242, and Asn295; for
the minor determinants — Asp108, His146, Tyr148, Ser193, Argl197, GIn204. Both types of determinants
are located in the hydrophobic cavity of subdomains 1A and IB. Hydrophobic interactions are present
mainly between penicillin G determinants and amino acid residues of subdomain IlIA, such as Ala350,
Aspa51, Tyr452, and GIn459.

Conclusion: The study of penicillin G determinants-HSA complexes is important in the pathogenesis of
antibiotic allergy. Identification of specific binding sites can be useful for the development and synthesis
of new immunogenic antigens (complexes of major and minor determinants of penicillin G with HSA)
that can stimulate the immune system and produce specific antibodies to prevent allergic reactions.

KEY WORDS: human serum albumin; penicillin G determinants; immediate hypersensitivity reactions;
molecular docking.

Penicillins are the first-line medications for the treatment of various types of bacterial
infections that can affect the throat, lungs, skin, intestines, and many other organs. In addition,
surgical site infections are the most common infections in surgical patients. In this case, there
is a need for pre- and postoperative antibiotic therapy for patients [1, 2]. At the same time,
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clinical trials have shown a high percentage of immediate hypersensitivity reactions to
penicillins [3]. In general, medication hypersensitivity reactions include symptoms and
manifestations caused by medication at a dose that is perceived by normal people. Immediate
hypersensitivity reactions occur within the first hour after medication intake and are
manifested by complete anaphylaxis, with damage to the skin, gastrointestinal tract,
respiratory and cardiovascular systems [4]. Approximately 8 % of the population is allergic to
penicillin. It has been reported that 35 % of anaphylaxis cases accompanied by angioedema,
urticaria, bronchospasm, and hypotension are associated with immediate hypersensitive
reactions to penicillins [5]. Penicillin G is an inactive antigen, a chemical hapten that does not
exhibit immunogenic properties. The immune response can be induced by metabolically
biotransformed penicillin molecules into immunologically reactive major and minor antigenic
determinants [6].

Human serum albumin (HSA) is a protein present in large quantities in blood plasma that
provides important physiological functions, such as the regulation of colloidal osmotic
pressure, transport of many endogenous (fatty acids, hormones, amino acids, toxic
metabolites) and exogenous (drugs, nutrients) compounds [7, 8]. HSA is a globular single-
chain protein consisting of 585 amino acids and has three homologous domains with amino
acid residues: domain | (1-195), domain Il (196-383), and domain Il (384-585). Each
domain is divided into two subdomains: 1A (1-107), 1B (108-196); 1A (197-297), 1IB (298-
383), IlIA (384-497), 11IB (498-585). The molecular weight of HSA is 66,5 kDa [9]. 35
cysteine residues, except for one (Cys34 in domain 1), are involved in 17 disulfide bonds that
stabilize the structure of HSA [10].

The concentration of HSA in plasma is high, so the binding affinity of HSA to drugs is
the key factor determining their pharmacokinetics and pharmacodynamics, especially when
creating new dosage forms and vaccines [11, 12]. For several decades, the interaction of
antibiotics with HSA has been studied by fluorescence spectroscopy, visible spectroscopy,
Fourier transform infrared spectroscopy, and protein-ligand docking methods [13, 14]. For
example, fluorescence studies show that displacement of fluorescents probes such as 1-
amilinonaphthalene-8-sulfonate, and dansylsarcosine piperidinium salt from the binding site
on albumin leads to the fact that subdomain Il is involved in the binding of
isoxazolylpenicillins [15]. In addition, fluorescence spectroscopy has been used to directly
determine the binding sites of other antibiotics to HSA, and the results were similar:
subdomain Il of HSA was responsible for ligand binding [16, 17]. However, a detailed and
substantiated mechanism for the formation of the HSA complex with possible molecular
metabolites of penicillins has not yet been established, although there is evidence of
haptenization of penicillin determinants by conjugation with HSA, which leads to the
formation of IgE antibodies.

The aim of this study is to describe the structures of penicillin G determinants-HSA
complexes and to identify the favorable binding sites involving certain amino acid residues.

MATERIALS AND METHODS

The 3D model of HSA was downloaded from the Protein Data Bank (www.rcsb.org) (ID:
1A06); the 3D crystal structure is the result of X-ray diffraction at 2,5 A resolution and was
used as a docking target. The ligands — benzyl penicilloyl G, penicillanic acid (major
determinants), penicillamine, penicilloic acid, penilloic acid (minor determinants) from
(www.pubchem.ncbi.nlm.nih.gov) were used to identify the energetically most favorable
binding sites on the HSA molecule.

Molecular docking methods (AutoDock 1.5.7, AutoDock Vina 1.1.2) were used to study
the interaction of penicillin G determinants with HAS, which helps to find the space for the
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most energetically favorable conformation of the protein-ligand complex and allows to
estimate its geometric dimensions with the lowest binding energy [21]. The AutoDock
scoring function is a subset of the Amber force field that processes molecules using the
United Atom model [22]. The grid spacing, i.e., the distance between the grid points, was
0,503 A. The search space is a 50 A x 50 A x 50 A square; the exhaustiveness parameter was
8. This block covers amino acid residues of subdomain I1A and part of subdomain IB. Since
the PDB files were missing hydrogen atoms, Coleman charges were added to fit the
electrostatic potentials, and hydrogen atoms were added using AutoDock Tools to properly
optimize the proteins. Protonation of amino acid residues at pH=7 was checked using Propka
3.1[23].

Visualization of docking results was done in PyMol 2.5 [24]. To convert PyMol files to pdb
format, the interactive converter MichelaNGLo was used (https://michelanglo.sgc.ox.ac.uk/pymol).

DoGSiteScorer from Proteins Plus was used to detect potential binding pockets and to
compare with docking results. The surface area, the volume and depth of pockets, and
chemical features were calculated using DoGSiteScorer [25, 26]. The relative hydrophobicity
of amino acid residues was evaluated to know the general properties of HSA. Two-
dimensional diagrams of complexes with known 3D structures, which describe the directed
hydrogen bonds between the protein residues and the ligand were created for some complexes
with PoseView [27, 28].

For the identification of non-covalent interactions between HSA and its ligands, the
protein-ligand interaction profiler (PLIP) web tool was applied (https://plip-tool.biotec.tu-
dresden.de) [29].

RESULTS AND DISCUSSION

Our molecular docking study was performed on the crystal structure of HSA, which was
downloaded from the Protein Data Bank (ID: 1A06), to identify possible binding sites, which
are major and minor determinants of penicillin G. The five ligands are listed in Tabl. 1. Most
ligands have an open B-lactam ring and a closed thiazolidine ring. The maximum molecular
weight of the ligand was 465.6 g/mol, and the lowest was — 149.21 g/mol. The range of free
binding energies predicted by AutoDock Vina was from -7.9 kcal/mol to -4.7 kcal/mol. The
best energy results of -7.9 kcal/mol and -7.2 kcal/mol showed that both major and minor
determinants can be located within subdomain I1A.

It is known that under physiological conditions, 95 % of penicillin spontaneously
degrades to major and minor antigen determinants. Immediate hypersensitivity reactions, and
allergic reactions in particular, occur less to the main -lactam part of the penicillin molecule,
and mostly form IgE antibodies directed against a certain side chain R (variable side chain of
penicillins) [4, 5]. The structure of the penicillin core is shown in Fig. 1.

YT

O
/ H

Fig. 1. The structure of penicillin: a) four-membered B-lactam ring, b) five-membered thiazolidine
ring. The molecular formula is R-CgH11N204S, where R is a side chain, in the case of penicillin G,
R is a phenyl ring.
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Table 1. List of ligands

PubChem ID AG, Name M, 2D structure of hapten determinants
kcal/mol g/mol
Compound ID: -7.9 Benzyl 465,6 o
119212 penicilloyl G
OH
OH
N
0 N>_2\>OH
S N:<_©
OH
Compound ID: -6.0 Penicillanic | 201.25
6891 acid &
= -8
X
D/ B
/=0
HO
Compound ID: -4.7 Penicillamine | 149.21
5852 HS M
7~ "OH
NH,
Compound ID: -6.3 Penicilloic | 262.29
52921568 acid
HaN
HIN 0
S\T)«,w OH
NH g/
0
OH
Compound ID: -1.2 Penilloic acid | 308.4 o
255293 /(NH H
S NH
L
8]
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The optimal recognition of penicillin determinants by specific IgE antibodies is
considered to be specific binding to a carrier molecule such as HSA. The parameters of
binding of penicillin G determinants to HSA are the main factors in the ability of each
complex to bind to the antigen-presenting cells to initiate subsequent hypersensitivity
reactions.

Therefore, in this study we used molecular docking and a detailed analysis of its results to
identify energetically favorable binding sites of penicillin G determinants-HSA complexes.
The calculation of the hydrophobicity of HSA upon binding to different ligands was evaluated
using Protein Plus. Our results confirmed the data of molecular dynamic modeling that the
properties of HSA in the studied subdomains are more hydrophobic, but some amino acids are
hydrophilic [30]. The hydrophobicity values of the binding pockets were in the range of 0.65—
0.76.

The binding site volume and the binding site depth were estimated to predict the topology
and geometry of the active site in complexes of HSA-penicillin G determinants to visualize
the depth of penetration and placement of ligands based on their structure. Identification and
characterization of the size of binding pockets based on these parameters was evaluated in
Protein Plus using DoGSiteScore. This is a method based on predicting active sites in proteins
based on the difference in Gaussian (DoG) approach [25]. With this approach, spatial and
topological molecular descriptors help in finding the best surface area, binding site volume,
and binding site depth. In the study, the volume of the ligand-binding pocket varied widely in
the range of 155.65 A% — 801.28 A3, the depth of the ligand-binding pocket also varied and
ranged from 13.69 A to 32.19 A. The surface area also ranged from 445.09 A2 to 2151.78 A2

The binding of the benzyl penicilloyl G molecule involves weak interactions, in
particular, between the f-lactam ring and the thiazolidine ring and amino acid residues, which
are capable of forming hydrogen bonds and hydrophobic interactions at the level of the
hydrophobic pocket located in subdomain 1A and in subdomain IIA (Fig. 2, Fig. 3). Lys195,
Aspa51, Tyr452, and Lys444 are involved in the formation of hydrophobic interactions, and
Trp214, Arg218, Asn295, Pro339, and Pro447 form hydrogen bonds between the nitrogen
atom of the open B-lactam ring and the thiazolidine ring and the oxygen atom of the benzyl
penicilloyl G molecule.

Fig. 2. The HSA-benzyl penicilloyl G complex
(constructed in Protein Plus tool). The structure of
HSA is represented by ribbons; the ligand benzyl
penicilloyl G is represented as balls. The ligand
binding pocket of HSA is marked in pale purple
and has a depth of 28.74 A. The surface area and
volume of the binding site are 1617.97 A? and
801.28 A3, correspondingly. The hydrophobicity
of the binding pocket is 0.69.
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Penicillanic acid is also the major determinant of penicillin allergy. Among other ligands,
only penicillanic acid has closed rings both B-lactam and thiazolidine (Fig. 4). In the case of
penicillanic acid, the surface area of the ligand binding pocket was 13.69 A.

LYS-444 -

Fig. 3. The 3D contact map of benzyl
penicilloyl G and HSA binding domain
(constructed in PLIP tool). Hydrogen
bonds are shown as thin blue solid
lines, hydrophobic interactions are
shown as gray dotted lines.

PRO-339

ASN-295

ARG-218

Fig. 4. The HSA-penicillanic acid complex
(constructed in  Protein Plus tool). The
structure of HSA is represented by ribbons;
the ligand penicillanic acid is represented as
balls. The ligand binding pocket of HSA is
marked in pale purple and has a depth of
13.69 A. The surface area and volume of the
binding site are 445.09 A? and 155.65 A3,
correspondingly. The hydrophobicity of the
binding pocket is 0.76.

0, Arg222A
\\.? H2 . ®

S0 ~=NH
ST T Hon
N H

H><)“=-"o
hhh H -~ N \ N
His242A

Fig. 5. Two-dimensional diagram of HSA-penicillanic acid complex with hydrogen bonds between the protein
residues and the ligand; hydrogen bonds are shown as black dot lines.
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As shown in Fig. 5, the oxygen atoms of the thiazolidine ring and the B-lactam ring
formed hydrogen bonds with Arg222 and His242, respectively. At the same time, hydrogen
bonds are not exclusively one type of interaction between HSA and penicillanic acid: the
hydrophobic interactions were observed at the contact sites with 11290, Leu219, and Leu238

(Fig. 6).

LEU-219

ARG-222

LEU-238

3.6

LYS-199

lLEA

Fig. 6. The 3D contact map of
penicillanic acid and HSA binding
domain (constructed in PLIP tool).
Hydrogen bonds are shown as thin blue
solid lines, and hydrophobic interactions
are shown as yellow dotted lines.

3%

His146A
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\
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Ser193A

b)

Fig. 7. The structure of HSA-penicillamine complex (constructed in Protein Plus). a) The structure of HSA is
represented by ribbons; ligand penicillamine is represented as balls. The ligand binding pocket of HSA is
marked in pale purple and has a depth of 32.19 A. The surface area, and volume of the binding site are
2151.78A2 and 709.12 A%, correspondingly. The hydrophobicity of the binding pocket is 0.71; b) The two-
dimensional diagram of HSA-penicillamine complex with hydrogen bonds between the protein residues and

the ligand.
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As seen from Tabl. 1 the free energy change is the lowest for minor determinant with the
lowest molecular weight that has both open B-lactam and thiazolidine ring (penicillamine)
compared to the other determinants. The penicillamine binding site is located inside the
hydrophobic pocket formed by several subdomains — IA, 1A, and H1A. In this case, the depth
of the ligand binding pocket is the largest and is 32.19 A (Fig. 7a). Positively charged Argl197
and neutral GIn459 established hydrophobic bonds with the ligand (Fig. 8). Fig. 7b shows that
polar amino acid residue Ser193 and positively charged residue His146 also form hydrogen
bonds with penicillamine ligand.

SER-193

Fig. 8. The 3D contact map of
penicillamine and HSA binding domain
(constructed in PLIP). Hydrogen bonds
are shown as thin blue solid lines, and
hydrophobic interactions are shown as

yellow dotted lines.

ARG-197

ASP-108

Penicilloic acid is the minor determinant that is formed from penicillins by hydrolytic
opening of the B-lactam ring. In the case of penicilloic acid (Fig. 9), the ligand binding sites
are located in subdomain 1A (Leul03), IB (Asp108), and in the hydrophobic cavity in
subdomain 1A (Tyr148).

Fig. 9. The complex HSA-penicilloic acid
(constructed in Protein Plus). The structure of
HSA is represented by ribbons; ligand
penicilloic acid is represented as balls. The
ligand binding pocket of HSA is marked in pale
purple and has a depth of 22.37 A. The surface
area and volume of the binding site are 1260.67
A? and 538.11 A3 correspondingly. The
hydrophaobicity of the binding pocket is 0.65.

The penicilloic acid-HSA complex is stabilized by hydrogen bonds between Tyr148 and
Arg197 residues of subdomains IB and I1A and the nitrogen of the thiazolidine ring and the
oxygen of the open B-lactam ring, respectively (Fig. 10). The hydrophobic interaction is also
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involved in the binding through GIn204. In addition to hydrophobic and hydrogen bonds, salt
bridges are involved in the ligand-protein complexation (Fig. 11).

Arg197A
NH Flg 10 Two-
dimensional
@ diagram of HSA-
H penicilloic acid
complex with
hydrogen  bonds
between the protein
Tyr148A H r_esidues and the
o ligand.
LEU-103
GLN-204

GLU-465

ASP-108 ARG-197

Fig. 11. The 3D contact map of penicilloic acid and HSA binding domain (constructed in PLIP tool). Hydrogen
bonds are shown as thin blue solid lines, hydrophobic interactions are shown as gray dotted lines, and salt
bridges are shown as yellow dotted lines.

Residues Arg209, Lys212, Val216, and Ala350 of HSA have been implicated in the
binding process with penilloic acid and they are all located mainly in subdomain I1A, and in
part in subdomain A (Fig. 12, Fig. 13). In the case of penilloic acid, hydrogen bonds and
hydrophobic interactions are available. Hydrophobic interactions are involved in the binding
of Lys212 and Val216 to the minor determinant. Hydrogen bond is formed between the
nitrogen of Arg209 and the hydrogen of the thiazolidine ring of the ligand.
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Fig. 12. The HSA-penilloic acid complex
(constructed in  Protein  Plus). The
structure of HSA is represented by
ribbons; the ligand penilloic acid is
represented as balls. The ligand binding
pocket of HSA is marked in pale purple
and has a depth of 20.46 A. The surface
area and volume of the binding site are
792.03 A? and 357.38 A3,
correspondingly. The hydrophobicity of
the binding pocket is 0.74.

% LYS-212 ‘

VAL-216

ARG-209

Fig. 13. The 3D contact map of penilloic
acid and HSA binding domain
ALA-210 (constructed in PLIP tool). Hydrogen
bonds are shown as thin blue solid lines,
and hydrophobic interactions are shown
as yellow dotted lines.

ALA-350 ‘Z
GLU-354

HSA has structural homology (about 80 %) with bovine serum albumin (BSA) [9]. It has
been reported that the B-lactam antibiotics have very similar binding properties to HSA and
BSA [31]. The binding sites of the penicillin G to BSA are located in the subdomain I1A. In
our study, all five penicillin G determinants were mainly inserted into the subdomain 11A by
hydrogen bonds and hydrophobic interaction, while in the case of BSA, the same binding site
exists but is stabilized by hydrogen bonds and Van der Waals forces. Similar to the penicillin
G molecule, which binds to BSA in the subdomain IlIA through hydrogen bonds (Argl194,
Argl98, Arg256), benzyl penicilloyl G also binds to HSA at the subdomain 1A with the
participation of Arg197, and Arg218 [32].

Yvon M., et al. has reported that benzyl penicilloyl G can also form stronger bonds
between the carbonyl group and e-amino groups of the HSA molecule, especially with
Lys190, Lys195, Lys199, and Serl193, forming conjugates that have the immunogenic
potential [33].

Our results have been confirmed by other studies. The fluorescence spectroscopy
experiments of Seedher N., et al. [15] revealed that B-lactam antibiotics bind to HSA, and the
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binding site is located in the subdomain IIA of HSA. This result confirms our molecular
docking results. Similar to other studies, our results showed that hydrogen bonds and
hydrophobic interaction were the driving forces for the spontaneous placement of penicillin G
determinants in the HSA binding site, since the Gibbs free energy of complexes has minimal
values -7.9 kcal/mol is our result of molecular docking of HSA-benzyl penicilloyl G vs.
-6.4 kcal/mol is the result of molecular docking of HSA-sulfadimethoxine obtained by
Zhang Y. and co-authors. [34]).

CONCLUSIONS

Today there is little published information about HSA-penicillin G determinants
complexes. Therefore, in the presented study we elucidated the binding sites using molecular
docking. The obtained results and their analysis allow us to make the following conclusions.

Penicillin G determinants binding to HSA occur with the participation of a few
subdomains. The amino acid residues of subdomain IIA and subdomain 1B, which are
involved in hydrogen bonds and hydrophobic interactions have the main role in ligand
binding; the amino acid residues of subdomain I11A take part in binding partially.

The study of HSA-penicillin G determinants complexes is important in the pathogenesis
of antibiotic allergy. Identification of specific binding sites can be useful for the development
and synthesis of new immunogenic antigens (complexes of major and minor determinants of
penicillin G with HSA) that can stimulate the immune system and produce specific antibodies
to prevent allergic reactions.
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AktyaabHicTb. CupoBarkoBuit ans0ymin moanHu (CAJ]) € oCHOBHIM (apMaKOKIHETUIHUM e(EKTOPOM
OaraTpoX JiKiB, B TOMY 4Hchi meHimmwiiHy G Ta #oro merabouitiB. ['ocTporo mpo6ieMor0 MpakTHIHOL
MEIWIIUHA € PEeaKIii TiMmepYyTIMBOCTI HETaWHOTO THITy, AKI 3yMOBJICHI TOKCHYHICTIO TEHIIMIIIHIB
(6mm3pko 8% mpoOTH IHIIMX HpernapartiB), IO CYNPOBOMKYIOThCS IATOJOTIEI0 IIKIpH, aHadilakcieo Ta
JeTaJbHICTIO.

Mera po6orn. MeTor0 NBOrO AOCHIUKEHHS € omuc CcTpykTyp KomiuiekciB CAJI-netepMiHanTH
neHinuIiHy G 1 BUsBICHHS CHPUSTINBUX CalTIB 3B'sI3yBaHHS Ta aMiHOKHUCIIOTHHX 3aJIMIIKIB, sIKi 3aJTy4eHi
J0 B3aeMOi.

Marepiaan ta meroqu. Kpucraniuna ctpykrypa CAJI (ID:1A06 3 Protein Data Bank) (www.rcsh.org)
Oyna BuOpaHa SK MilIeHb U OOKIHTY. st oTpuMaHHs ysBiIeHHS mpo B3aemonito CAJl 3 ocHOBHMMHU
(6en3in neHimmroin G, NEHINWIAHOBA KUCIOTA) 1 APYTOPSITHUMHA (NICHINMIAMIH, TICHIIMIOEBA KHUCIIOTA,
TICHIJIOEBA KHCJIOTA) AeTepMiHaHTaMH NeHinmwIiHy G Oyl 3aCTOCOBaHI METOIU MOJICKYJISPHOTO JOKIHTY
(AutoDock Tools 1.5.7, AutoDock Vina 1.1.2). Bi3yamizamis pe3ynpTaTiB JOKIHTY Oyiia peamizoBaHa B
PyMol 2.5. JInsg OIiHKM MOTCHLIHHUX CaWTiB 3B’sA3yBaHHA OyB BUKOpuCTaHWi Protein Plus cepsep
(https://proteins.plus). s inentudikanii HekoBaneHTHHX B3aemoii Misk CAJI ta iforo miranaamu OyB
3acrocoBanuii 3aci6 PLIP (https://plip-tool.biotec.tu-dresden.de).

PesysabTaTH. J[aHi MOJEKY/SIPHOTO MOJIEIIOBAHHS CBiq4aTh, [0 OCHOBHI JeTEepMiHAHTU meHipwIiHy G
OepyTh y4acTh B YTBOPCHHI BOJHEBHX 3B’s13KiB 3 Takumu 3anuiikamu CAJL, sk Trp214, Arg218, His242
ta Asn295; mns apyropsaHux gerepminant — Aspl08, Hisl46, Tyrld8, Serl93, Argl97, GIn204.
OOuziBa THNM JETEPMiHAHT PO3TAIIOBYIOThCS B TigpodoOHiit mopoxuuHi cyOmomeniB IIA Ta IB.
I'inpodoOHi B3aeMomii MPUCYTHI MEpEeBaKHO MiXK JeTepMiHAHTaAMH NEeHINWIHY G 1 aMiHOKHCIOTHUMUA
3amumikamu cyonomeny I1IA, Takumu sik Ala350, Asp451, Tyrd52 i Gln4d59.

BucnoBku. Bupuenns xomiuiekciB CAJl-merepMiHaHTH meHiwIiHy G Mae BaKJIMBE 3HAYCHHS B
maToreHesi aneprii Ha aHTHOIOTUKY. BUsABIEHHS crienu(iqHNX cailTiB 3B’ I3yBaHHI MOKE OYTH KOPHCHUM
JUIT PO3pOOKH Ta CHHTE3Y HOBHX IMYHOTCHHHX AaHTHUTEHIB (KOMIUIEKCIB OCHOBHHX 1 JAPYTOPSITHUX
nerepminanT neHinwiiHy G i3 CAJl), ski 3MOXYTh CTHMYJIOBATH IMYHHY CHCTEMY Ta BHPOOISTH
crieudiyHi aHTUTINA AJIs1 3a1100IraHHs ajJeprivHol peaKiii.

KJIFOUYOBI CJIOBA: cupoBaTkoBHii aqp0yMiH JIOJUHA; JETEPMiHAHTH NeHINwIiHy G; peakuii rinepayTiInBOCTi
HETranHOTI'0 TUITY, MOJICKYJIAPHUU NOKIHT.



https://doi.org/10.1016/0014-5793(89)81351-1
https://doi.org/10.3390/molecules27051526
http://www.rcsb.org/
https://proteins.plus/
https://plip-tool.biotec.tu-dresden.de/

20
ISSN 2075-3810 (Print), ISSN 2075-3829 (Online)

BIO®I3MYHUI BICHUK, 2023, Bum. 49 BIOPHYSICAL BULLETIN, 2023, Iss. 49
MOLECULAR BIOPHYSICS

Original article
https://doi.org/10.26565/2075-3810-2023-49-02

UDC 577.32:543.51

MASS SPECTROMETRY STUDY OF ASCORBYL PALMITATE AS AN AGENT
FOR NANOSOMES FORMATION

V. A. Pashynskal®, M. V. Kosevich!®, P. O. Kuzema?®, A. Gomory3®, L. Drahos?
1B. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences
of Ukraine, 47 Nauky Avenue, Kharkiv, 61103, Ukraine;
2 Chuiko Institute of Surface Chemistry of the National Academy of Sciences of Ukraine, 17 General
Naumov Str., Kyiv, 03164, Ukraine;
3 Institute of Organic Chemistry, Research Centre for Natural Sciences, Magyar tudosok korutja 2,
Budapest, H-1117, Hungary
e-mail: vlada.pashynska@gmail.com
Submitted May 22, 2023; Revised June 24, 2023;
Accepted June 26, 2023

Background: Study of properties and intermolecular interactions of biologically active compounds which
can be used for the purposes of transmembrane drug delivery is a topical task of modern molecular
biophysics. Ascorbyl palmitate (AP) as a fat-soluble form of vitamin C has recently attracted attention as a
promising agent for the formation of nanosomes for the “fat insoluble” drug molecules transfer through
membranes. However, AP is not sufficiently characterized by up-to-date soft ionization mass spectrometric
techniques.

Objectives: The aim of the present work is to characterize AP and its intermolecular interactions by a
number of mass spectrometric techniques: Electrospray lonization (ESI), Laser Desorption/lonization
(LDI) and Matrix-Assisted Laser Desorption/lonization (MALDI). The comparison of these techniques
applicability to the study of AP intermolecular interactions as a drug delivery assisting agent is scheduled.
Methods: ESI mass spectra are obtained with triple quadrupole Micromass Quattro mass spectrometer.
LDI and MALDI experiments are performed by Autoflex Il mass spectrometer.

Results: In the ESI experiments in the positive ion mode abundant peaks of protonated and cationized AP
molecules as well as the peaks of AP clusters nAP*H* and nAP*Na* (n=2+4) are revealed in the mass
spectra. This result testifies to the formation of stable noncovalent complexes of the AP molecules in the
polar media and confirms the AP ability of formation nanosomes for drug delivery. Analysis of LDI and
MALDI mass spectra of AP in positive and negative ion modes shows that in the presence of molecular
ions of AP, the peaks of AP dimers or larger AP clusters are not recorded. The ESI probing of the model
system containing AP and dipalmitoylphosphatidylcholine (DPPC) reveals stable AP<DPPC<H* complex
which models the AP intermolecular interactions with the phospholipid components of biomembranes
and/or liposomes under AP functioning as a drug delivery assisting agent.

Conclusions: The current study demonstrates the applicability of all tested mass spectrometric techniques
for AP identification in solutions and solid phase, while for the purpose of examining of the AP noncovalent
complexes formation and study of AP interactions with biomolecules the ESI is defined as the most
effective technique.

KEYWORDS: ascorbyl palmitate; nanosomes for drug delivery; dipalmitoylphosphatidylcholine;
noncovalent complexes; mass spectrometry; electrospray ionization; laser desorption/ionization; matrix-
assisted laser desorption/ionization.
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Ascorbyl palmitate (AP) is a biologically active compound known as “fat-soluble vitamin
C” which demonstrates a number of therapeutic activities [1]. Attachment of a moiety of
palmitic fatty acid to ascorbic acid aimed at creating its fat-soluble form [2] resulted in the
synthesis of AP whose biological activity appeared to be more extended than the expected
antioxidant effect inherent to vitamin C [3]. The pathways of AP biological action involve,
along with biochemical reactions, noncovalent intermolecular interactions, the latter being of
interest to molecular biophysics. Due to these biologically significant intermolecular
interactions AP is considered and studied as a promising agent in drug delivery area.
Amphiphilic nature and presence of the hydrophobic tail in the structure of AP as a surfactant
[4] favour its incorporation into phospholipid membranes [5]. This property of AP molecules
is exploited in tailoring of liposomes for drug delivery [6-8], which can be used as vehicles for
the “fat insoluble” drug molecules transfer through membrane structures [9, 10]. A group of
AP-based and AP-containing vesicles and liposomes termed as “aspasomes” [11, 12] was
designed as nanocarriers for dermal and transdermal drugs transfer [13-15]. While an important
application of liposomes is delivery of anticancer drugs [16, 17], it was shown that AP itself
can exhibit antitumour activity [18, 19]. At the same time, it was reported that AP can protect
DNA from X-ray induced damage [20]. Thus, in accordance with the PubChem database [1]
AP is classified as an antioxidant, antineoplastic, and antimutagenic agent. A noticeable share
of AP applications is associated with cosmetics and dermatology [21], basing on its antioxidant,
anti-aging and whitening effects. Promising developments are related to inclusion of AP into
various medicinal forms, such as hydrogels [22] or electrospun nanofibers [23]. Taking into
account the described above wide spectrum of AP biological activity and biomedical
applications, the relevance of AP intermolecular interactions examining is beyond doubt.

A method of choice for biophysical studies of noncovalent interactions at molecular and
supramolecular levels is soft ionization mass spectrometry [24-27]. It permits evaluation not
only of pair interactions, but modeling of supramolecular assemblies, such as aggregates of
surfactants, micelles [28-32], and fragments of phospholipid membranes [33]. Browsing of the
relevant literature has shown that the mass spectrometric data on AP are limited and relate
mainly to its identification under synthesis [34]; the data reported for standard electron
ionization technique [35] are not informative for biophysics.

Thus, the aim of the present work was to establish mass spectrometric characteristics of
AP under Electrospray lonization (ESI), Laser Desorption/lonization (LDI) and Matrix-
Assisted Laser Desorption/lonization (MALDI) [36] conditions and to investigate
intermolecular interactions of AP related to its functioning as a biologically active compound
for the drug delivery applications. Combination of several mass spectrometric techniques
provides evaluation of different aspects of AP properties, since ESI technique involves spaying
of liquid solutions of biomolecules, while LDI and MALDI ones are based on sputtering of the
analytes from the solid state. It was expected that the current study provides information about
the different mass spectrometry techniques’ applicability to the following study of AP
intermolecular interactions as a drug delivery assisting agent, including interactions of AP
molecules with phospholipid components of biological membranes.

MATERIALS AND METHODS
Materials
In our experiments we used ascorbyl palmitate (AP), other names 6-O-palmitoylascorbic
acid, ascorbic acid-6-O-palmitate, vitamin C-palmitate [1], whose chemical structure is
presented in Scheme 1. Molecular formula of AP is CxH3sO7, molecular mass
M, =414.5 g/mol, monoisotopic mass is 414.3 Da.
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Scheme 1. Structural formula of ascorbyl palmitate (C22HzsO07).

AP was purchased from “Soap4Life” company (Ukraine). Dipalmitoylphosphatidylcholine
and solvent methanol were provided by “Sigma-Aldrich” international company. Chemicals for
MALDI matrices preparation — a-cyano-4-hydroxycinnamic acid (HCCA) (M, = 189.9) and
2'4' 6'-trihydroxyacetophenone (THAP) (M, = 168.2) - were purchased from Fluka and Sigma
companies, respectively.

Electrospray ionization mass spectrometry

ESI mass spectra of the model systems under study were obtained in the positive and
negative ion modes using a triple quadrupole (QqQ) Micromass Quattro Micro mass
spectrometer (Waters, Manchester, UK) equipped with the electrospray ion source. This source
was operated in the standard ESI mode. The ESI source temperature was set to 120°C and the
desolvation temperature was 200°C. The spraying capillary was operated at 3.5 kV. The cone
voltage value of 10V was applied. The analyzed solutions were injected into the mass
spectrometer at a constant flow rate of 20 uLemin™. The spectra were recorded in the mass
range of 100-2000 Da. Data acquisition and processing were performed using MassLynx 4.1
software (Waters, Manchester, UK).

AP samples and a model binary system containing AP and DPPC (with 1:1 molar ratio)
were prepared as 5mM stock solutions in polar solvent methanol. For spraying procedure in the
ESI experiments the primary AP and AP:DPPC solutions to be examined were diluted to the
final concentrations of 250 puM.

Note that methanol as the most appropriate solvent is recommended for standard ESI
probing of biomolecules and biologically active compounds, according to a number of
authoritative studies [24, 25, 29, 36, 37].

As to noncovalent intermolecular complexes of bioactive molecules, the correspondence
of the composition of the complexes transferred to the gas phase under ESI conditions with
those formed in liquid solutions was addressed in the targeted investigations [29, 37].

LDI and MALDI mass spectrometry

LDI/MALDI mass spectra were recorded in positive- and negative-ion extraction modes,
using an Autoflex Il mass spectrometer (Bruker Daltonics, Germany) equipped with a nitrogen
laser (337 nm).

The samples were ionized in the pulse mode: pulse length 3 ns, frequency 20 Hz. Spectra
were recorded in the linear mode using a delayed extraction of 10 ns and an accelerating voltage
of 20 keV. The resulting mass spectra were the sum of 20 individual spectra obtained as a result
of irradiation with 25 laser pulses in each separate point on the target with the deposited sample.
The mass spectra acquired were analyzed using the FlexAnalysis 2.2 software (Bruker
Daltonics, Germany).

The sample preparation was as follows. For the matrix-free LDI mode 1 uL of the AP
solution in methanol was pipetted on the steel target and dried. In the MALDI mode, this step
was preceded by pipetting 1 pL of the matrix solution. For matrix preparation, saturated
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solution of either HCCA in acetonitrile-water-trifluoroacetic acid in ratio (70:30:0.1) or THAP
in acetone was used.

Photographic images of the samples inside the analyzing system of the mass spectrometer
were obtained using the inbuilt video CCD camera and the FlexControl 2.2 software (Bruker
Daltonics, Germany).

RESULTS AND DISCUSSION
Electrospray mass spectrometry probing of ascorbyl palmitate solution

Since ESI mass spectra of AP were not properly described in the literature by now, at the
initial stage of our experimental study the solution of AP in methanol was investigated by ESI.
The positive ions mode of ESI experiments was applied first.

The ESI mass spectrum of AP solution in methanol probed just after preparation is
presented in Fig. 1. In the spectrum the characteristic molecular and cluster ions of AP in the
protonated and cationized forms can be noted: AP*H*(m/z 415.3, relative abundance (RA)
100%), AP*Na* (m/z 437.3, RA 50%), 2AP<H*(m/z 829.5, RA 53%), 2AP*Na* (m/z 851.5, RA
23%), 3APH"(m/z 1243.8, RA 6%), 3AP*Na" (m/z 1265.8, RA %10), 4AP-H*(m/z 1658.1,
RA 3%), 4AP*Na* (m/z 1680.1, RA 7%). Other peaks in the mass spectrum (such as peaks with
m/z 316.3 and m/z 1067), can be considered as peaks of the AP preparation side products. The
most abundant peaks in the spectrum are signals of protonated AP molecule (RA=100%) and
protonated AP dimer (RA=53%). The peaks related to Na* cationized molecule of AP and its
cationized dimer are about two times less intensive in comparison with the corresponding
protonated peaks (see Fig. 1). It should be noted that cationization as a way of ion formation is
characteristic of the electrospray method of ionization [36] and sodium cations for such ions
formation could originate from the trace sodium chloride admixture of solvent or can be
solubilized from glassware used. Revealed high intensity of the protonation and cationization
processes of AP molecules in the polar solvent is obviously conditioned on the peculiarities of
AP molecule structure (see Scheme 1). In particular, the presence of proton-accepting oxygen
atoms of carbonyl or hydroxyl groups in the molecular structure provides the centers of protons
and sodium cations attachment to the AP molecule.

99 |APH'
4153
80 4
% |aemd S5H
1% | 4373 '
40
] 2AP-Na’
316.3 8515
20 3ap-H 30P-Na 4AP-Na'
12438 7 4AP-H" 1680.1
1067 1658\1 P

400 600 800 1000 m/z1 200 1400 1600 1800 2000

Fig. 1. Positive ion ESI mass spectrum of freshly prepared AP solution in
methanol. The m/z value of the first monoisotopic peak is indicated for each
group of peaks.
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One of the most important results, from the biophysical point of view, is recording the
abundant AP clusters of nAP*H" and nAP+Na" type (n=2-4) in the ESI mass spectrum. This
result testifies to the formation of stable noncovalent complexes of the AP molecules in the
polar media and confirms the AP prospective in regard to formation of liposomes for different
biomedical applications including drugs delivery. From the spectrum analysis it can be also
seen that the RA of cationized peaks of AP trimer and tetramer are higher than RA of the
appropriate protonated peaks. This fact can point to the higher stability of the big AP clusters
stabilized by the sodium cation in comparison with the similar protonated clusters nAP*H"
(n =3, 4).

Following the purpose of selecting the optimal experimental conditions for the AP
intermolecular interactions study by mass spectrometry we also probed the AP solution in
methanol after 10 minutes (and more time) keeping at room temperature. Such time delay can
be a necessary step in the forthcoming studies of intermolecular interactions of AP with other
drug molecules or in the technological processes of formation of AP liposomes carrying the
drug molecules for drug delivery purposes. The ESI mass spectrum of AP solution recorded 10
minutes after its preparation is shown in Fig. 2. As we can see in Fig. 2, for the aged solution
we have a clearer spectrum (better signal to noise ratio) with less intensive peaks related to the
AP preparation admixtures. The following characteristic ions of AP are recorded in the
spectrum: AP+Na* (m/z 437.3, RA 100%), 2APsNa* (m/z 851.5, RA 52%), 3AP*Na" (m/z
1265.8, RA %]14), 4AP+Na* (m/z 1680.1, RA 6%). It is interesting that the protonated species
of AP are not registered after the solution time keeping, that can be explained by the ion-
molecular processes going in time, which results in more active replacement of protons by Na*
ions near the partially negatively charged atoms of AP molecule in the solution studied. The
spectrum analysis also demonstrates that the AP solution keeping in time can be even useful
for the AP clusters registering in the ESI measurements, since the RA for peaks of AP trimers
and tetramers (Fig. 2) is even a little bit higher in comparison with that for the spectrum of
freshly prepared AP solution (Fig. 1). The longer time keeping did not effect significantly on
the ESI mass spectrum characteristics.
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0 :.\ulllu.r| _Ill“ ; '“I,. I'L|l‘ T LJ . "

T 1
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Fig. 2. Positive ion ESI mass spectrum of AP in methanol, recorded after 10
minutes of the sample keeping at room temperature. The m/z value of the
first monoisotopic peak is indicated for each peaks group.
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So, based on the measurements described above, we can summarize that ESI mass
spectrometry in positive ion mode is effective for the revealing of the AP noncovalent
complexes formation processes in polar solutions. Moreover, the solution time keeping does
not affect the ability to register the ions of big AP clusters in the spectrum, that testifies to the
high AP clusters’ stability during the solution aging.

The next step of the current ESI mass spectrometry study was related to the AP solution
probing in ESI negative ion mode. The obtained spectrum is presented in Fig. 3. The spectrum
analysis shows that it can be characterized by the presence of abundant molecular and
quasimolecular ions of AP, that is similar to the spectrum recorded in the positive ion mode,
but these ions have different composition: [AP-H] (m/z 413.3, RA 78%), AP+Cl" (m/z 449.3,
RA 46%), [2AP-H] (m/z 827.5, RA 100%). The spectrum in negative ion mode is more clear
and free from the peaks of admixtures. Interestingly, the peak of AP dimer is prevailed in the
negative ion mass spectrum, but the peaks of bigger AP clusters such as trimers and tetramers
are not recorded. At the same time, the peak of complex of the AP molecule with Cl anion can
be noted in the spectrum that proves the possibility of AP complexation not just with positive
but also with negative ions from solvate surrounding.

100

[2AP-H]
8275
[AP-H]
80 - 413.3
60
AP*CI
1% | 4493

40 4

20

0i=t=r—dy L" ——e—— 77—
400 600 800 1000nvz1200 1400 1600 1800 2000
Fig. 3. Negative ion ESI mass spectrum of AP in methanol. The m/z value of

the first monoisotopic peak is indicated for each peaks group.

Analysis of the ESI spectrum of AP solution in negative ion mode (Fig. 3) confirms the
usefulness of this mode for recording the AP molecules ions and their dimers, while the ESI
positive ion mode technique demonstrates the higher effectiveness in registering the bigger AP
molecular clusters (such as trimers and tetramers), see Fig. 1 and Fig. 2. So, ESI positive ion
mode can be more effective in the study of AP as an agent for liposomes formation for drug
delivery purposes.

LDI mass spectrometric study of ascorbyl palmitate
The next stage of our systematic mass spectrometry characterization of AP and its
intermolecular interactions was devoted to the examination of AP by LDI mass spectrometry
method. As described in the Materials and Methods section of the paper, a drop of AP solution
in methanol was deposited on the steel target substrate and dried on air. The photo of the
crystallized sample on the steel substrate is presented in Fig. 4. The target was placed in the
mass spectrometer and the sample spotted was subjected to the LDI in positive and negative
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ion registration modes. It is noticeable that AP was producing abundant peaks in the mass
spectra under matrix-free LDI conditions.

Fig. 4. The photo of AP crystallized from methanol solution deposited
onto the steel target for LDI studies.

LDI mass spectrum of AP solution in methanol in positive ion mode is shown in Fig. 5a.
As we can see in the figure, the mass spectrum can be characterized by good signal to noise
ratio and the most abundant peaks in the spectrum are those of cationized AP molecule: APsNa*
(m/z 437.3, RA 100%) and AP<K" (m/z 453.3, RA 72%). In this mass spectrum along with the
AP ion cationized by sodium cation we recorded the AP molecular ion cationized by potassium
cation (which we did not note in the ESI mass spectra). It can be explained by the presence of
traced amounts of potassium salts on the surface of steel metal substrate. The most significant
result obtained is that in the contrast to situation in the ESI mass spectra (see Fig. 1 and Fig. 2)
in the LDI mass spectrum of AP there are no peaks of cationized AP dimers (2AP*Na*, m/z
851.5) and no peaks of other noncovalent AP complexes (3AP+Na*, m/z 1265.8; 4AP*Na*, m/z
1680.1). Such a fact indicates that the LDI conditions of ionization are less "soft" in comparison
with the ESI conditions. Desorption/ionization of the crystalized AP sample by laser beam
irradiation does not provide survival of the noncovalent clusters of AP like those we can observe
in the ESI mass spectrometry experiment.
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Fig. 5. LDI mass spectra of AP deposited from solution in methanol: a) positive ion mode; b) negative ion

mode.
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The AP sample was also probed by the LDI method in the negative ion mode; the
appropriate mass spectrum is presented in Fig. 5b. Expectedly, in the mass spectrum we can
find the peak of deprotonated AP molecule — [AP - H] (m/z 413.3, RA 100%) similarly to the
ESI mass spectrum in negative ion mode. However, in contrast to the case with ESI mass
spectrum, we did not record any signals of AP intermolecular complexes, such as AP+CI™ or
[2AP - H].

Based on the LDI mass spectral data obtained and comparison of the results of AP probing
by ESI and LDI mass spectrometry we can conclude that ESI conditions (in positive as well as
in negative ion modes) are softer and more suitable for the studies on the AP noncovalent
complexation in the solution.

MALDI mass spectrometric study of ascorbyl palmitate

Based on the classical mass spectrometry knowledge [36] that in matrix-assisted LDI mass
spectrometry experiments (MALDI) the matrix usually provides softer conditions for the
samples ionization [38], at the next stage of our systematic study we examined the AP by
MALDI mass spectrometry. Firstly, we used HCCA matrix and prepared the samples as
described in the methodical section of the paper. Photo of the crystals formed after drying of
methanol AP solution and HCCA matrix solution deposited onto the steel target is presented in
the insert in Fig. 6. Comparison of the photos in Fig. 4 (dried AP solution in methanol without
matrix) and in Fig. 6 (dried AP solution in methanol + HCCA matrix) shows that the matrix
addition to the system results in the formation of larger crystals (probably due to AP-HCCA
co-crystallization). Moreover, the amount of the crystals increased significantly, that obviously
related to the presence of HCCA matrix in the system.
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Fig. 6. Positive ion MALDI mass spectrum of AP with HCCA matrix.
Insert: Photo of the dried (crystallized) mixture of AP solution in methanol and HCCA matrix
deposited onto the steel target.

In the spectrum of AP solution in HCCA matrix obtained in the positive ion mode (Fig. 6)
the domination of the peaks of matrix can be noted. The most abundant peaks in the spectrum
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can be attributed to the matrix: HCCA<H* (m/z 190.2, RA 100%), HCCA+*Na" (m/z 212.2, RA
57%), 2HCCA+*Na* (m/z 379.3, RA 76 %). At the same time, the nonabundant peak of
cationized AP molecule APsNa* (m/z 437.3, RA 4%) is also recorded in the spectrum (Fig. 6).
The peaks of any intermolecular complexes of AP are not registered.

At the last stage of the MALDI experiment we decided to try another conventional MALDI
matrix to probe AP solution. THAP matrix solution in acetone was chosen as less "aggressive"
matrix in comparison to highly acidic solution of HCCA in water-acetonitrile-TFA, although
higher laser power was necessary to be applied to generate MALDI mass spectra with
acceptable analyte signal-to-noise ratio. Photo of dried AP sample in THAP matrix is shown in
the insert of Fig. 7. This photo demonstrates relatively large light crystals formed (compare
with the samples photos in Fig. 4 and insert of Fig. 6) that is related to the presence of THAP
matrix in the sample.
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Fig. 7. Positive ion MALDI mass spectrum of AP with THAP matrix.
Insert: Photo of the dried (crystallized) mixture of AP solution in methanol and THAP matrix
deposited onto the steel target.

In the MALDI mass spectrum of the studied system in the positive ion mode (Fig. 7) we
can see the peaks of THAP matrix domination similar to the situation with the experiment using
HCCA matrix. We can note the following peaks in the spectrum: THAP-H" (m/z 169.15, RA
100%), THAPsNa* (m/z 191.15, RA 36%), THAP*K" (m/z 207.15, RA 10%), AP*Na" (m/z
437.5, RA 5%), APK* (m/z 453.5, RA 3%). As we can see, the abundance of the molecular
ions of AP is also relatively low in the spectrum with THAP matrix similar to the experimental
results with HCCA matrix (Fig. 6), no peaks of AP noncovalent complexes being recorded, as
well.

Taking into account the THAP matrix’s good applicability to the MALDI measurements
in negative ion mode, we also examined the AP with THAP matrix in this mode. The spectrum
obtained is presented in Fig. 8. It is characterized by the presence of signals of ions of the matrix
as well as AP molecular ions: [THAP - H]" (m/z 167.15, RA 100%), [2THAP - H]" (m/z 335.15,
RA 24%), [AP - H] (m/z 423.15, RA 10%). In contrast to the spectrum of AP with the same
matrix in the positive ion mode, in the current spectrum we can note the peak of the dimer
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[2THAP - H] (m/z 335.15), however it is a dimer of just matrix molecules, and again we did
not record any peaks of noncovalent complexes of AP molecules.
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Fig. 8. Negative ion MALDI mass spectrum of AP with THAP matrix.

Electrospray study of ascorbyl palmitate — dipalmitoylphoshatidylcholine system

To check a possibility of interaction of AP with biomolecules including phospholipid
components of biomembranes and liposomes, a binary system composed of AP and DPPC (1:1
molar ratio) was tested by ESI technique optimized in AP solutions measurements described
above. Mass spectrum of the system presented in Fig. 9 contains sets of peaks characteristic of
AP, which were attributed in Fig. 1 and Fig. 2 above: nAP*H" (n =1, 2), nAPsNa" (n = 1-4),
and the peak of DPPC in the protonated form DPPC+-H" (m/z 734.6). The main object of search
which fits the available mass range is the cluster of AP with DPPC in the protonated form:
AP<DPPC-H" (m/z 1148.9) (Fig. 9).
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Fig. 9. Positive ion ESI mass spectrum of (AP + DPPC) binary system in methanol.
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Registering of this associate proves intermolecular interactions of AP with DPPC which is
a component of natural biological membranes and artificial liposomes. Formation of such stable
noncovalent complexes of AP with DPPC in the conditions of the polar solvent models similar
possible noncovalent interactions of the AP molecules with the phospholipids of biomembranes
and liposomes when AP is functioning as a drug delivery assisting agent.

CONCLUSIONS

The current mass spectrometry study of AP solutions demonstrated the applicability of soft
ionization mass spectrometry method in the research of AP noncovalent complexes formation
as well as in the AP identification in different forms including solutions and crystal phase
samples. While the both used soft ionization techniques — ESI and MALDI — were useful in
determination of AP presence in the samples studied, the ESI mass spectrometry examining of
AP solutions in polar solvent confirmed the ESI technique effectiveness in the revealing of the
AP molecules clusterization and noncovalent complexes formation in the polar surrounding.
ESI study of model system contained AP and DPPC confirmed the formation of stable
noncovalent complexes between AP molecules and molecules of the membrane phospholipid
that models the intermolecular interactions of AP as an agent assisting in drug transmembrane
delivery. Based on the current study results we can recommend the ESI mass spectrometry
technique to be used in AP nanosomes formation examination. Moreover, the ESI mass
spectrometry might be useful in the following studies of AP intermolecular interactions with
the molecules of medications and biomolecules when the AP is used as an agent enhancing the
drug molecules transmembrane transfer.
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AKTyanbHicTb. BUBYeHHS BIIacTHBOCTEN 1 MIXMOJIEKYIISIPHHUX B3a€MOIil 010JIOTIYHO aKTUBHUX PEYOBHH,
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Meta po6oru. Meta nanoi pobotn — oxapaktepusyBatu All Ta Horo MiKMOJEKYJISIpHI B3aeMojii 3a
JIOTIOMOT'010 HU3KH Mac-CIIEKTPOMETPUYHUX METOJIIB: 3 10Hi3ai€eo exekrpoposnuieHusM (IEP), azepHoro
necopb6riero/ionizarieto (JIJII) Ta MaTpuIHO-aKTHBOBAHOO JIa3ePHOIO jJecopOuiero/ionizaniero (MAJIJII).
3arulaHOBaHO IMOPIBHSHHS 3aCTOCOBHOCTI 3a3HAYEHWX METOJMK JUIi BHBYCHHS MIDKMOJIEKYJISIPHUX
B3aemogiit All sk arenTa, o crpuse TOCTaBII JIKiB.

Martepianu i meronu. Crnektpu IEP omepxaHo 3a HOMOMOrOI0 KBaAPYIIOIBHOTO Mac-CIEKTPOMETpa
Micromass Quattro. Exciepumentu JIZII Ta MAJI/Il BHKOHYBaJHCh 32 JOINOMOTOI0 Mac-CHEKTPOMETpa
Autoflex I1.

PesyasTaTu. IEP excriepuMeHTH B peXHMi MTO3UTHBHAX 10HIB BUSBHIIN HAasBHICTH Y Mac-CIIEKTPax MiKiB
MPOTOHOBAHMX 1 KaTioHi30BaHUX MOJekyn All, a Takox kimacrepis Al Tuy nAIT*H* i nATl*Na* (n=2+4).
Le#t pe3ysnbTar CBIUUTH PO YTBOPEHHsS CTaOLIBHUX HEKOBAJIECHTHUX KOMIUIEKCIB Mojekyn All y
MOJSIPHUX CEepelOBUIIAxX 1 miaTBepkye 3aaTHicTh All hopMyBaT HaHOCTPYKTYpPH VISl TOCTaBKH JIIKiB.
Amnaniz JI/II ta MAJIJII mac-cniektpiB All, 3apeecTpoBaHuX y peKMMax MO3UTUBHHUX Ta HETAaTUBHUX 10HIB,
MI0Ka3aB, 10 32 IPUCYTHOCTI CUTHAJIB BiJ] MOJIEKYJISIpHUX 10HIB All, KK AMMeEpiB UM OIIBIINX KIIaCTEPiB
AIl BincytHi. BuBuenns wMetogom IEP  wmogenpHOi cuctemu, 1o wmictwia All  Ta
munanemitoingocarnamnxonin (AIIDX), BHABHIO yTBOpPEHHS B PO3YMHI CTaOLIEHOTO KOMIUIEKCY
ATI-ATI®XH*, sikuit momentoe MixmonekysipHi B3aemonii Al 3 ¢ochoninigHIME KOMIIOHEHTAMU
O6iomemOpaH Ta/abo nimocoM B ymMoBax (yHKIioHyBaHHS All sIK areHTy, IKHii CIIpUsie JOCTABIII JIKiB.
BucHoBku. [IpoBeneHe NOCHIIKEHHS IEMOHCTPYE 3aCTOCOBHICTH YCiX NMPOTECTOBAHMX METOMIB Mac-
cnekTpoMetpii st imeHTH(diKamii Al y pozumHax Ta TBepmild (asi, TOMi AK AT BUBYCHHS yTBOPEHHS
MDKMOJIEKYIIIDHAX HEKOBaJIeHTHHX KomIutekciB All ta B3aemomiit AIl 3 GiomomnekyinamMu HaiOiLIbIT
e(eKTUBHUM METOOM € Mac-crekrpomerpis 3 IEP.

KJIFOYOBI CJIOBA: ackopOinmmanpmiTaT; HAaHOCOMH JJsl IOCTaBKU JIKiB; IUIAIbMITOIN(OCHaTUAMIXOMNIH;

HEKOBAJICHTHI KOMIUICKCH; MAac-CHEKTPOMETPis; 1OHI3allis eJIeKTPOpO3MHICHHAM; Ja3epHa IecopOris/ioHi3amis;
MaTpUYHO-aKTHBOBaHA JIa3epHa JIeCOpOIisl/ioHI3allis.
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Background: Microalgae are able to produce a significant amount of biologically significant substances.
In connection with the growing popularity of microalgae, it is important to develop effective methods for
storing cultures and creating strain banks. This will not only meet the needs of science and biotechnology
for viable and sustainable crops, but will also solve the problem of biodiversity conservation.

Obijectives: study the effect of salt stress and cooling regimes on the pigment composition of microalgae
Dunaliella salina cells in order to increase their safety after freezing-thawing.

Materials and methods: The objects of the study were the unicellular green microalgae D. salina.
Cultivation was carried out according to the standard method on nutrient media with different amounts of
NaCl and trace elements. Adaptation to low temperatures was carried out by exposure of samples in the
dark at temperature 4°C for 24 hours. Freezing was performed by placing 1 ml of the cell suspension in a
1.8 ml polypropylene cryogenic vial (Nunc, Sigma-Aldrich), cooled at a rate of 1 deg/min using a Mr.
Frosty with following regimes: to -10°C, -40°C, -40°C followed by immersion to liquid nitrogen or direct
immersion to liquid nitrogen (-196°C). Thawing was carried out in a water bath (37°C) with continuous
shaking for 1-2 min. Microscopic examinations were carried out on an LSM-510 Meta laser scanning
microscope (Carl Zeiss, Germany) upon excitation by a diode laser with a wavelength of 405 nm and
573 nm using a Nile Red stain.

Results: It has been established that the formation of intracellular lipid globules and the synthesis of
carotenoids in D. salina cells contribute to an increase in the concentration and number of motile cells
after freezing-thawing. It has been shown that during rapid cooling, adaptive mechanisms do not have
time to turn on in cells, and complete destruction of carotene-containing lipid globules occurs.
Conclusions: Cryopreservation of D. salina cells should be carried out at a rate of 1 deg/min to -40°C,
followed by immersion in liquid nitrogen and a mandatory stage of precultivation at 4°C for 24 hours.
This approach allows the cells to adapt to a decrease in temperature, which contributes to the best result
after freezing-thawing.

KEY WORDS: microalga; salt stress; temperature stress; Dunaliella salina; cryopreservation;
cryoresistance.

Microalgae are important for the development of modern biotechnology, as they are able
to accumulate a significant amount of biologically important compounds. One of the
promising strains is the unicellular halophilic green microalgae Dunaliella salina. Under
certain conditions, it is capable of hypersynthesis of lipids, glycerol, proline, beta-carotene
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and stress proteins [1-7]. Accumulation usually occurs under conditions of stressful growth.
Therefore, the content of valuable metabolites in the biomass of microalgae can be increased
by programmed variation of their growing conditions, for example, changing the composition
of the cultivation medium, increasing salinity, or decreasing temperature [8—10].

The increasing popularity of microalgae for biotechnology [11, 12] increases the
relevance of finding effective ways to preserve them for a long time. The development of
low-temperature storage methods aims to minimize the time and cost involved, prevent
contamination, and maintain genetic stability that is compromised by conventional serial
transfers.

It is known that glycerol is widely used as a cryoprotectant to increase the safety of cells
after cryopreservation [13-15]. Therefore, it can be assumed that Dunaliella salina cells
containing an increased amount of glycerol may be more resistant to low temperatures.

It was also shown [16, 17] that preliminary cold hardening of plant cells can increase the
percentage of preservation after cryopreservation due to the launch of adaptive cellular
mechanisms.

In a previous work, we have shown that a decrease of cultivation temperature [18],
microelement deficiency in the growth medium, and preliminary hardening [19] of Dunaliella
salina increase the content of lipid globules in cells. In this work, we investigated how
temperature and salt stress together, the concentration of sodium chloride in the culture
medium, and the choice of cooling mode affect the ability of cells to produce lipid globules
and resistance of microalgae to low temperatures.

Therefore, the aim of the work was to study the effect of salt stress and cooling regimes
on the pigment composition of Dunaliella salina cells in order to increase their safety after
freezing-thawing.

MATERIALS AND METHODS

Microalga D. salina Teod. obtained from the collection of the Department of Botany and
Plant Ecology, V. N. Karazin Kharkiv National University.

D. salina cultures were grown without aeration until the stationary phase of growth
(21 days). Microalgae were cultivated at 254+2°C (normothermia). The accumulation of
biomass was carried out in culture flasks (TPP, Switzerland) with a volume of 40 ml under
round-the-clock illumination with white fluorescent light of 52.84 pmol photons m?s?
[20, 21]. D. salina was grown on different media: Ramaraj [22] 1.5 M (Rm) and 4 M (Rmnaci)
sodium chloride, Artari (Ar) [23] without trace elements.

Nile Red (NR) (Sigma-Aldrich) stain was used to visualize the accumulation of
intracellular lipid globules according to the method described in [9].

Precultivation to low temperatures was carried out by exposure of samples in the dark at
temperature 4°C for 24 hours.

Freezing was performed by placing 1 ml of the cell suspension in a 1.8 ml cryogenic vial
(Nunc, Sigma-Aldrich), cooled at a rate of 1 deg/min using a Mr. Frosty freezing container
with following regimes: to -10°C, -40°C, -40°C followed by immersion to liquid nitrogen or
direct immersion to liquid nitrogen (-196°C). Thawing was carried out in a water bath (37°C).

Microscopic studies were performed using an LSM-510 Meta laser scanning microscope
(Carl Zeiss, Germany) when excited by a diode laser with a wavelength of 405 nm and
573 nm.

The Aim Image Examiner computer program (Carl Zeiss Micro Imaging) was used for a
comprehensive assessment of the safety of cells of the microalgae D. salina.

All data were processed by Statistica 6.0 package for Windows (Tulsa, OK, USA), and
the results were expressed as means and standard deviation. Comparisons were tested using
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Student’s t-test with Bonferroni correction. Values of p<0.05 were considered statistically
significant.

RESULTS AND DISCUSSION

Features of changes in the pigment composition of cells
depending on the stage of culture growth

We found that in the process of cell growth, the ratio between carotenoids and
chlorophylls changes, towards an increase in carotenoids and a decrease in the number of
chlorophylls, Fig. 1. Changes in the pigment composition of cells are associated with the fact
that as the culture grows, the amount of nutrients in the growth media decreases, metabolic
products accumulate, and therefore the cells begin to function in a new mode, which
contributes to the formation of adaptive reactions.

At the same time, the maximum increase in the number of lipid globules containing
carotenoids was in the culture in the stationary phase of growth, grown under conditions of
salt and nutrient (without trace elements) stress. This fact explains the greater resistance of
microalgae cells to stress factors in the stationary phase of growth [24].
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Fig. 1. Fluorescence intensity of D. salina cells depending on the growth stage and growth media at
normothermia: m — chlorophyll, = — B-carotene.

Microphotographs also prove the fact that the pigment composition changes during the
transition of cells from the exponential to the stationary phase of growth, Fig. 2. In the
stationary phase of growth (21 day) the morphological state of the D. salina cells changes:
increases size and the number of specific inclusions.

Effect of different freezing regimes on the change in the pigment
composition of D. salina cells
We have previously shown that microalgae cells are capable of synthesizing glycerol and
accumulating carotenoids not only under conditions of salt and nutrient stress, but also under
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the influence of low temperatures [18]. It is known that carotenoids have an antioxidant
effect, protect the membrane from damage by free radicals, and therefore can have a
protective effect, increasing cell survival after freezing and thawing [25, 26]. Therefore, we
studied the effect of different freezing regimes on the change in the pigment composition of
D. salina cells after freezing-thawing, depending on the composition of the growth media.

5 days 21 days

Ar

Rmnaci

Fig. 2. Micrographs of D. salina cells in exponential (5 days) and stationary (21 days)
growth phases. Green color — chlorophyll autofluorescence, red — Nile Red stain
fluorescence.

It was found that 24-hour incubation of cells at 4°C leads to a significant increase in the
intensity of NR fluorescence in cells, regardless of the growth media, Fig. 3 (2). At the same
time, the intensity of chlorophyll autofluorescence did not change compared to the control
when cultivated on the Rm and significantly decreased when cultivated on the Ar and Rmnacl,
Fig. 3 (1). This may indicate that cells initially grown under stress conditions adapt more
quickly to a decrease in temperature, while the change in the ratio between carotenoids and
chlorophylls occurs more slowly in a culture grown under optimal conditions.

Slow freezing of cells to —40°C followed by immersion of samples in liquid nitrogen after
thawing led to a decrease in the intensity of chlorophyll autofluorescence by 40% in a sample
with Rm media, Fig. 3 (1). In the culture on the Ar, the decrease in autofluorescence was at
the level of about 20%; no significant changes were recorded on the Rmnaci. At the same
time, a significant increase in NR fluorescence by 10% compared with the control was
recorded only in cells on the Rmnaci, Fig. 3 (2). The absence of obvious changes in the
pigment composition during slow controlled freezing to -40°C followed by immersion in
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liquid nitrogen indicates that the cells do not have time to undergo structural changes that
would allow them to adapt to temperature stress.

1
100

.
n

Fluorescence intensity, %
o] wLn
(W] =

Ar RmNaCl

(]

100

~J
wn

Fluorescence intensity, %
[N w
(¥, o

Ar RmNaCl

Fig. 3. Fluorescence intensity of chlorophyll (1) and Nile Red stain (2) in D. salina cells, depending
on the cooling regimes and growth medium: m — control, m — precultivation at 4°C for 24 hours,
m — freezing 1 deg/min, m — freezing by immersion in liquid nitrogen.

Rapid freezing by immersing samples in liquid nitrogen after thawing did not lead to a
significant decrease in chlorophyll autofluorescence in cells, a significant decrease by 20%
was only when microalgae were cultivated on Rm, Fig. 3 (1). Regarding NR fluorescence,
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rapid cooling resulted in complete degradation of carotene-containing lipid globules in all
samples examined, Fig. 3 (2).

Concentration of D. salina cells and their motility after freezing-thawing
It was found that the survival of microalgae depends on the final cooling temperature and
the composition of the growth media. It was shown that cooling to -10°C at a rate of
1 deg/min did not reduce the concentration of cells after heating in comparison with the
control. Cooling to -40°C at a rate of 1 deg/min led to a significant decrease in cell
concentration, and the cells grown on the Rmnaci turned out to be more resistant, Fig. 4 (1).
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Fig. 4. Concentration (1) and motility (2) of D. salina cells after freezing/thawing depending on the
cooling regimes: m — control; m — -10°C; m — -40°C; m — -40°C followed by immersion in
liquid nitrogen.
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Slow freezing to -40°C followed by immersion in liquid nitrogen showed that cells grown
on a media with the optimal composition for growth (Rm) are the least resistant to
cryopreservation. The concentration in cultures on the Ar and Rmnac) after heating decreased
by 50% compared to the control, while in the Rm the cell concentration approached zero,
Fig. 4 (1). It can be assumed that there is a direct correlation between the number of carotene-
containing lipid globules in microalgae cells and their resistance to low temperatures.

The study of cell motility showed that freezing to -10°C does not reduce this indicator in
comparison with the control in all studied samples. Upon cooling to -40°C, motility decreased
by an average of 75% compared with the control; after freezing to -40°C followed by
immersion in liquid nitrogen, no motile cells were found, Fig. 4 (2). It is likely that when
cooled to temperatures below -40°C, the functional activity of contractile proteins decreases,
which makes D. salina cells immobile.

CONCLUSION

It was shown that the pigment composition of D. salina cells changes in the stationary
growth phase: the number of lipid globules containing carotenoids increases. It has been
established that the accumulation of carotene in microalgae is induced by an increase in the
concentration of sodium chloride in the growth media up to 4 M.

It has been established that the formation of intracellular lipid globules and the synthesis
of carotenoids in D. salina cells contribute to an increase in the concentration and number of
motile cells after freezing-thawing.

It has been shown that during rapid cooling, adaptive mechanisms do not have time to
turn on in cells, and complete destruction of carotene-containing lipid globules occurs.

Therefore, cryopreservation of D. salina cells should be carried out at a rate of 1 deg/min
to -40°C, followed by immersion in liquid nitrogen and a mandatory stage of precultivation at
4°C for 24 hours.

This approach allows the cells to adapt to a decrease in temperature, as well as to get the
best result after freezing-thawing.
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BILIUB COJIbOBOI'O CTPECY TA PEXKUMIB OXOJIOJ)KEHHSI HA IIT'MEHTHU
CKJIAJ KJIITUH DUNALIELLA SALINA
H. A. Yepnooaii, H. I'. KaagnikoBa, K. /I. Bo3oBuk, JI. ®. Po3anos, I. ®. KoBajienko
Incmumym npobnem kpiobionoeii i kpiomeouyunu HAH Yxpainu,
syn. Ilepesicnascoia, 23, Xapris, 61016, Vrpaina
e-mail: nadiiachernobai@gmail.com
Hapiiinna mo pemakuii 12 tpaus 2023 p. Ilepernsiayta 28 tpasms 2023 p.
[pwnitasta o apyky 26 gepsus 2023 p.

AKTyaabHicTb. MiKpOBOIOPOCTi 34aTHI BUPOOIATH 3HAYHY KUTBKICTH O10JIOTIYHO 3HAYYIINX PEUOBHH.
VY 3B'I3Ky 31 3pOCTaHHAM TMOMYJSPHOCTI MIKPOBOJOPOCTEH akKTyalbHAa PO3poOKa ePEeKTHBHHUX METOIIB
30epiraHHs KyJabTyp Ta CTBOpEHHS OaHKIiB mramiB. Lle He TUIBKM 3aJ0BONIEHUTH NMOTPEOM HAYKH Ta
010TeXHOJNOT1i y JKUTTE3NATHUX 1 CTIMKMX KyJIbTypax, ane i BHpPIIIMTh NpobieMy 30epexeHHs
010pi3HOMAHITTS.

MeTa poGOTH. JOCIIAUTH BILIMB COJILOBOTO CTPECY Ta PEKUMIB OXOJIOJPKEHHSI Ha IITMEHTHHUH CKIazx
kTl Mikposogopocti Dunaliella salina 3 metoro migBuIeHHs iX 30€peKCHHS MICIs 3aMOPOKYBaHHSI -
BiIirpiBaHH.

Marepiaau i Mmetoau. O6’ekTaMu JOCTIHKEHHS Oy OJHOKIITHHHI 3eeHi MikpoBojopocti D. salina.
KynpTHBYBaHHS NPOBOAMIM 3a CTAaHJAPTHOIO METOAWKOIO Ha MOXHMBHUX CEpPEIOBHINAX 3 PI3HOIO
kimpKicTio NaCl Ta MikpoeneMeHTiB. AanTamilo 0 HU3BKUX TEMIEpaTyp 3AiHCHIOBAIA BHTPHUMKOIO
3paskiB npu Temnepatypi 4°C mpotsarom 24 roauH 6e3 OCBITICHHA. 3aMOPOKyBaHHS MPOBOIMIIH IUITXOM
JOJaBaHHA | MJI cycIieH3ii KIITHH Yy MOJINpOIMIJIICHOBY KpioreHHy mpoOipky o0’emom 1,8 mu (Nunc,
Sigma-Aldrich), oxonomxyBanu 3i mBuakictio 1 rpam/xs 3a gonmomoror Mr. Frosty 3 BUKOpHCTaHHS
HacTynmHHUX pexumiB: 1o -10°C, -40°C, -40°C 3 HaCTYNmHUM 3aHYPEHHSM Y PiAKHH a30T a00 MpPSIMHUM
3aHypeHHsIM y pimkumii aszot (-196°C). BixirpiBanus 3miiicHioBaqn Ha BomsHid 6ami (37°C) mnpm
Oe3mepepBHOMY CTPYIIYBaHHI MPOTIroM 1—2 XB. MiKpOCKOMIYHI JOCIIIKEHHS IPOBOIMIN Ha JIA3€PHOMY
ckaHyrouoMy Mikpockori LSM-510 Meta (Carl Zeiss, Himeuanna) npu 30yIKeHHI TiOIHUM JIa3epoM 3
JOBXHHOIO XBUIT 405 HM 1 573 HM 3 BuKOpucTaHHsaM GapeHuka Nile Red.

PesyabraTn. BcraHOBNEHO, 110 YTBOpEHHsS BHYTPIIIHBOKIITHHHHUX JIMJHUX TJIOOYdT 1 CHHTE3
KapoTHHOIAiB y KimiTuHax D. salina cnpusirots 30ibIICHHIO0 KOHIICHTPALIIT Ta KITBKOCTI PYXOMHUX KIITHH
micisl 3aMOpOXKyBaHHs-BiATaBaHHs. [loka3zaHo, 10 TPH IIBUAKOMY OXOJIOJDKEHHI B KIITHHaxX He
BCTUTAlOTh ~ BKJIFOYATHCS  NIPUCTOCYBaJlbHI ~ MEXaHi3MH 1  BiIOyBaeTbCs IOBHE  pyWHYBaHHs
KapOTHHOBMICHUX JIIITI THUX TJIOOYIL.

BucnoBku. Kpiokoncepsaitito kinitud D. salina cnig 3aificHioBatu 3i mBujikictio 1 rpag/xs mo -40°C 3
MOJANTBIIIAM 3aHYPEHHSM Y PIIKHI a30T Ta 000B’SI3KOBUM eTanoM npekynbtuBaii npu 4°C npotsrom 24
roguH. Takui mAXix A03BOJSIE KINITHHAM aJanTyBaTHUCS 1O 3HIDKEHHS TEMIIEpaTypH, IO CIIPHSE
HaMKpaIioMy pe3yJbTaTy Micis 3aMOPOKYBaHHS-BIIrpiBaHHS.

KJIFOUOBI CJIOBA: wmikpoBomopocTi; conboBuii crpec; Temmeparypuuii crpec; Dunaliella salina;
KP10KOHCECPBYBAaHHS; KPIOPE3UCTECHTHICTD.
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AHTUMIKPOBHUM NMENTUJ TPAMIIUAIAH S BILTUBAE HA
MMPOJII®EPALIIO TA IIPUTHIYYE AATE3IIO ®IBPOBJIACTIB JITHII L929
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AKTyaJbHiCTh: AHTUMIKPOOHI NENTHIN MAIOTh NEPCHEKTHBU Y OOPOTHO1 3 PE3UCTEHTHICTIO 30YAHUKIB
iHGEKIITHUX 3aXBOPIOBaHb 0 HAasSBHUX aHTUOI0THKIB. HecmerudiuHuii MexaHi3M I[MTOCTATHYHOL Iii
AQHTUMIKPOOHMX MENTHUIIB, 30KpeMa rpaMiuuauHy S, mono Oakrepiii BUSABISETbCS SPEKTUBHHUM 1 JUIs
VIIKOKEHHS KIITHH HOBOTBOPIB.

Meta poboTH TosTae y 3’sICyBaHHI MOXKIIMBOTO IIPOTUIYXJIMHHOTO €(eKTy aHTUMIKpOOHOTO MENTHIY
rpaMiuanHy S.

Martepiann Ta meroau. MeTogamMu KOH(POKAIBHOI JIJa3e€PHOI Ta CBITIOBOI MiKpOCKOMIi1 BUBYEHO MOp(Qo-
(hyHKIiOHATBHI 0COOIHMBOCTI KIIITHH CIIONYYHOI TKaHWHH — (ibpobmacTiB miHii L929 — min BrumBoM
rpaminuauHy S B iana3oHi KoHUeHTpaii 0,5-50 MKr/mi.

Pe3yabTaT: BeTaHOBNIEHO JITHYHMA BIUIMB IpaMilMAnHy S B KOHUEHTpauii 50 MKI/MJ Ha KIITHHA
kynetypu 1929, y koHuentparisx 0,5 Mxr/mia i 5,0 MKI/MJ  aHTHOIOTHK MiJABHIINYE CHHTCTHYHY
aKTHBHICTh KIIITHH Ta CTHUMYyJtoe mponidepanito ¢iopodnactiB B MoHomapi. AHizoMopdis KIITHH €
OB BUPAXKEHOIO B MPUCYTHOCTI 5,0 MKI/MJI TpaMillMMHY S, NOJAHOTO y TOXXUBHE CEPEAOBHIIE ITif
yac (OpMyBaHHS MOHOIIAPY, NPU [bOMY TPETHHA KIITHH Yy 3pa3ky (GOpMye MOMYJALI, M0
MOP(OJIOTIYHO BiIPi3HIAETHCS Bill IHIMUX KIITHH Y KynbTypi. JonaBanas 0,5 ta 5,0 MKI/MII TpaMilIuIuHy
S mo HempuKkpimieHnX (iOpoOIacTiB TOCTOBIpHO MpUTHIYYe (QopMyBaHHS MoOHomapy. [lin BITHBOM
5,0 MKT/MIT TpaMinuauHy S MIBHAKICTE (POpPMYBaHHS MOHOIIAPY € HHU3BKOK, HABITH HE3BAXKAIOUW Ha
3HAYHUHA BMICT KIITHH 3 BHUCOKHM NOKa3HHKOM SAEPHO-IUTOIIA3MAaTHYHOTO BimHomeHHs. KiHeTnka
3alOBHEHHS Ae(eKTy KIITHHHOTO MOHOIMIAPY CBIIYMTH, IO TpaMiuMauH S y KoHoeHTpauisx 0,5 Ta
5,0 MKT/MII 31aT€H KEpyBaTH MIrpaToOpHO-TIPpOTihepaTHBHUME BIaCTUBOCTAMH KITIITHH JiHii L929.
BucHoBku: Bruie rpaminuanHy S Ha MOpGOMETpHUYHI ITapaMeTpH KIITHH 3aJIKUTh BiJl KOHIEHTpAIil
MENTHy Ta BUXIHOTO CTaHy KyJIbTypu. ['pamitauH S mpurHivye ajre3vBHi BaacTHBocTi Gibpodiactis
Yy MOHOLIAPOBIM KyJNbTYpi KIITHH Ta IIBUJAKICTH (HOpMyBaHHS MOHOIIapy KiiThHamu uiHil [929.
Haii6inbi 4yTaMBUMH IO HEJIITHYHUX KOHLEHTpAaLiil TpaMiliMMHy S € KIITHHU Ha cTalil NPUKPITUICHHS
Ta (opMyBaHHS MoOHOUIApy. IIpUTHIYEHHS aJIre3WBHHUX BIIACTUBOCTEH KIITHH CHOJYYHOI TKaHWHH
TPaMIIMINHOM S € HOBHM «HEKAaHOHIYHMMY» €(EeKTOM BiJOMOTO aHTUMiKpOOHOTO Mpemnapary, SKuid Moxe
CBIIYMTH PO MOXKIIMBICTh 3aCTOCYBAHHS TPAMILIUINHY S Y SIKOCTI aHTHHEOIIJIATHYHOTO 3aC00Yy.
KJIFOYOBI CJIOBA: rpamiunaus S; ¢pibpobnactu ninii L929; npomideparis; aaresis; mirparis.

Ax uuryBatn: AnabGemampkapim HM, bepect BII, Moiceea HM, boxox I'A, Bonmapenko TII.
AHTUMIKpOOHUH TENTHI TpaMillUIMH S BIUIMBAE HA Tposidepaliito Ta nmpurHiuye aaresito ¢Gpiopodnactis miHil
L929. Biodiznunuii Bicuuk. 2023;49:43-60. https://doi.org/10.26565/2075-3810-2023-49-04

In cites: Alabedalkarim NM, Berest VP, Moiseieva NM, Bozhok GA, Bondarenko TP. The antimicrobial
peptide gramicidin S alters proliferation and inhibits adhesion of L929 cell line fibroblasts. Biophysical Bulletin.
2023;49:43-60. https://doi.org/10.26565/2075-3810-2023-49-04

Open  Access. This article is licensed under a Creative Commons Attribution 3.0
http://creativecommons.org/licenses/by/3.0/

© Anabenanskapim H. M., Bepecr B. I1., Moiceesa H. H., Boxxok I'. A., Bonmapenko T. IT., 2023.


https://doi.org/10.26565/2075-3810-2023-49-04
https://doi.org/10.26565/2075-3810-2023-49-04
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.26565/2075-3810-2023-49-04
file:///C:/Users/Вовка/Documents/О%20себе/Наука/Статья%20с%20Галей%20Божок/berest@karazin.ua
https://orcid.org/0000-0002-4445-9230
https://orcid.org/0000-0001-7779-154X
https://orcid.org/0000-0002-9845-2317
https://orcid.org/0000-0002-4188-9286

44
H. M. Anabenanbkapim, B. I1. Bepect, H. H. MoiceeBa, I'. A. boxok,
T. I1. boumapenko

AHTHMIKpOOHI TenTUIX 3aBIsKd aM(iUIBLHOCTI Ta HASBHOCTI IMO3UTHUBHOTO 3apsiay
MOJIEKYJT €()eKTUBHO aJICOPOYIOThCS y MOBEPXHEBOMY Iapi Ta Ha IUIa3MaTH4YHIA MemOpaHi
OakTepiii Ta KIITHH, OOYMOBIIIOIOYHM ITUTOTOKCHYHHUMA ePekT. MIIIEeHHIO JaHUX TENTH/IIB €
NEpeBAXHO KIITUHHI MEMOpaHW, PE3UCTEHTHICTb 1O HHUX PO3BHBAETHCS PIAKO, MPOTE
HEJIOJIIKOM € HH3bKa crernu@iuHicTb. BUBYEHHS BIUIMBY MPOTHMIKPOOHUX MNENTHIIB Ha
KIITHHUA PI3HUX THIIIB JIO3BOJSIE PO3MMUPUTH cepy iX 3acTocyBaHHS Ta 3 SICyBaTH HOBI
TepaneBTUYHI MOXJIUBOCTI. ['paminuauna S (GS) — nukmiYHMA KaTIOHHUM aHTUMIKPOOHUH
NEeNTH] 3 UIMPOKHM CIEKTPOM aHTHOAKTepianbHOI Aii MO0 TPaMIO3UTHBHUX OaKTepiid,
rpubiB Ta Haimpoctimmx [1]. OgHak mupoke BuKopucTaHHS GS y KIIHIYHIA MpaKTHII
00MEKEHO MICIEBUM 3aCTOCYBAaHHIM aHTHOIOTHKA Yepe3 HOro JITUYHY Jil0 Ha EpUTPOIUTH
[2, 3] Ta TpomOoIMTH [4] moauHu. CriocTepeXyBaHe 3pOCTaHHS PE3UCTEHTHOCTI MiKpodIopH
70 CyJYacHHX aHTHOIOTHKIB 3HOB NPHUBEPHYJIO YBary 10 aHTHUMiKpoOHoro mentumy GS
3aBJISKHM BIJICYTHOCTI B MPHUPOJL CTIHKUX O HHOrO MikpoopraHi3miB [5—7]. bByno crtBopeHo
psAA MOro CHHTETHYHUX aHAJIOTIB, sIKI 30€piraloTh BHUCOKY aHTHMIKpOOHY aKTHBHICTH Ta
MaloTh OUIBII HU3BbKY TeMONITHYHY it [8, 9]. 3MiHAa €NeKTPOCTATUYHUX BIACTHBOCTEH
MeMOpaHU MPH 3B’sI3yBaHHI 3 aHTUMIKPOOHUM MENTHIOM IPAMIIIMIAHOM S Ma€ BIUIMBATH HA
CIIPOMOJKHICTH KIIITHH A0 afAresii, po3rmiactyBaHHs 1 npomideparnii. [Jis GS ax antubioTnka
HOJISiTae B MOPYLICHHI CTPYKTYPH Ta (YHKIIiI HUTOIIa3MAaTUHYHOT MeMOpaHu. Y MOJEIbHUX
MemOpanax GS Kkpamie 3B’S3y€TbCsl 13 HETATUBHO 3apAKCHHUMM JIMiAaMH, HIK 3
[BITTEpIOHHUMHU a00 HesapsypkeHuMu (odedo- 1 rmikominmigamu, B3aemomis GS 3 sikumu
3MEHIIYEThCS Y TMPHUCYTHOCTI XolecTeponly. BOymoByBaHHsS B Oimap CyNpOBOIKYETHCS
BUTOHYCHHSIM MeMmOpaHu, GS mepeBaKHO JIOKAI3yeThCs B Oimapi mMoOIM3y 3aIHINKiB
TIIEePUHY, B3a€EMOIIOYM 3 TOJSPHUMH TOJOBHUMHU TpylNaMU Ta BEPXHIMHU 00JIacTsIMHU
BYTJICBOJIHEBHX JIAHIIIOTIB JMiAiB. GS po3ynopsaIKoBye piaKOKPUCTATIYHI Oilapu, IiBUIILYE
HecrenuigHy TPOHUKHICTh MOJEIBbHUX 1 Oiomoriunux memOpan [1, 16, 24, 32], npu 1bomy
NEeNTH/ HE YTBOPIOE AMCKPETHUX KaHATIB y CTPYKTypl ¢ocdominiaHoro Oimapy, a iHIYKYeE
nepexiJiHi 1e(heKTH pi3HOro po3Mipy, siKi 3MiHIOIOTh O0ap’€pHI BIaCTUBOCTI MEMOpPaHHU.

HemonaBHo BcTaHOBIEHO, 110 J€SKI @HTUOIO0TUKHU 3 TPYNHU T'PaMIIUIUHIB, Y TOMY YHCI1
GS, 3pmatHi 10 mpuUTrHideHHs mpodidepanii diHiI KaHUeporeHHux KiituH [10-12], mo
BIJIKpMJIO HOBI NEPCHEKTUBU 3acTocyBaHHA GS B kmiHiuHIA npaktuul. [IpumyckarooTs, 110
IpOTHpaAKoBa JAisl FpaMIlUIUHIB, TaK caMoO fK 1 iX aHTHOakTepiaJbHUM edeKT, MoB’sA3aHa 3
MOPYIIEHHSM MPOHUKHOCTI MEMOPAaHU KJIITHH, a 3pEIITOI0 1 3 MOPYIIEHHSIM KJIITUHHOIO Ta
ioHHOro romeocra3dy [13—17]. Ane wmexaHi3Mu 000X e(eKTiB Ta MOJEKYJSApHI JAeTaii
B3a€MOJIN 3aMUIIAIOTHCS HE 3’ICOBAaHUMHU. Y HAIIOMY JOCHIIP)KEHHI MH BHUBYWIM TEBHI
acriekTd B3aeMonii GS 3 KynbTypaMH KIITHH. Y SIKOCTI MoOJiesli 0OpaHO He KaHIEpPOTr'€HHI
kinituan ~ Pibpobnactie  miHii 929 — moTeHmiiHO 31aTHOT TpaHCcPopMyBaTucs Y
NyXJIMHOMOMIOH1 yTBOpeHHs. Ha nonmady no mporo ¢idpobmactu niHii L929 e kmituHamu
CTOJYYHOI TKAaHWHH, SIKAa MOKE 3a3HABATH BIUIMBY aHTHOIOTHKA TpaMIIUIUHY S 32 yMOB HOTO
PEKOMEHIOBAHOTO MICIIEBOTO 3acTocyBaHHs. 1929 — e mepemeruiroBaHa KIITHHHA JHIs
¢biOpobaacTiB Muli, sIKi 3a3BUYail BUKOPUCTOBYIOTHCS IS TOCIIKEHb IIMTOTOKCHYHOCTI IN
VItrO 3aBISKH BIATBOPIOBAHMM OI0JIOTIUHUM PEaKIlisM 1 MIBHUAKOCTI POCTY, BIIIMOBIIHO 10
MixkHapoaHoro crarmapty 1SO 10993-5.

Mertoro Hamioi po6otu 0ys0 3’sACyBaTH MEPCIEKTUBY 3aCTOCYBaHHSA TPaMILUAMHY S SIK
NPOTHITYXJIMHHOTO ~ TEPAaNeBTUYHOTO  areHTa, BHUBYMBIIM  HOTO  aHTHAITC3HBHY,
AHTUMITPAaTOPHY aKTHBHICTh Ta 3JaTHICTh BILTUBAaTH Ha MOPQOJIOriuHi Ta mpomidepaTuBHi
BiacTUBOCTI (16pobacTiB diHIT L929 B KynbTypi KIITHH.

MATEPIAJIU TA METOAU
JlocnmipkeHHsT MTPOBEACHO Ha MepellerunoBanii JiHii KiIiTHH ¢idbpobmactiB 1929, sky
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OTPUMYBAJIM Ticas 4 mMacaxiB 3 KyJbTYpH, IO 30epirajacs y Iapax piIKOTO a30Ty IpH
temneparypi -196°C. KynptuByBanus saiiicaroBanu npu 37°C B atmocdepi 3 5% CO2 B
xuBWIbHOMY cepenoBuiii DMEM/F12 (“Biowest”, ®paniis) 3 nogaBanusam 10% deranbHoi
TEJIAYO0I CUPOBATKHM Ta aHTHOI0THKIB: OeH3wneHinmtiny (200 On/min (“Arterium”, Ykpaina)
crpenrominuny (40 mxr/mia “Arterium”, Ykpaina) ta amdorepurmny (5 Mxr/mi “Arterium?”,
VYkpaina).

Jlis  OoTpUMaHHS MOHOIIAPOBOI KYJIbTYPH CYCHEH31I0 KIITHH 3 KOHUEHTPALIE
1,7x10° x1/mM1 BUCiBaIM B IJIACTHKOBI (iakonu mis KymbtuByBanus (“SPL Life Sciences”,
[Tisnenna Kopes). Ha 7 n006y MonomapoBy KynabTypy oOpoOmsn 1:1 cymimmto 0,5%
tpuncuny (“Sigma”, CIIA) ta po3unny Bepceny (“PAA”, CILA) BnponoBx 5 XBWIUH,
BiIMHBAIH Bia (QepMeHTHOro posuuHy cepenoBuiieM DMEM/F12, ta BuciBaaum B JIYHKH
rianmretiB (24-myakouid manmet “SPL Lifesciences”, IliBgenna Kopest) B koHIeHTpaii
1,7<10% xi/mn.  JKuTTe3maTHICTh BHCIBHOT cycrneH3ii KIITHH, $KY OLIHIOBAIM METOJ0M
CyIpaBiTadbHOTO (papOyBaHHS TPUIIAHOBUM CHHIM, cKiagana 92,3345,3%.

GS (“Renewal”), posumuenuii y aumetwiacyibpokcumi (JIMCO) BHOCHIM B JYHKH
iaHmieTiB 'y inanpHiid koHmentpaunii 0,5, 5 ta 50 mxr/mu. CepenoBuie KyJIbTHBYBaHHS
KOHTPOJIbHUX TPYI KJIITUH MICTUJIO BiIMOBIAHY KUTBKICTH >KUBUJIBHOTO CEpeloBUIIA (TPYyHmu
koHTporo — K), a60 1% pozunn IMCO (rpyna AMCO — [I).

JocnimkeHHss TPOBOAMIM Ha CTajii NPUKPIIUICHHS Ta (GOpMyBaHHS MOHOIIAPY
(Bapiant 1) abo Ha cpopMOBaHOMY MOHOIIAP1 KIIITHH (BapiaHT 2, BapiaHT 3).

VY BapianTi | cycnensito kimituau L929 3 koHIeHTpaii€ro 1,7<10* xa/mn BuciBanu B
cepenoBuine, siki mictwio Biamosigao 0,5, 5 1 50 Mxr/mMn GS, 1% po3uun JIMCO, ab6o
BUKIIIOUHO KUBWIbHE cepenosuine (kontpons Kl). Ha tperio n0o0y KyiabTHBYBaHHS
IPOBOIMIIA MOP(POMETPUYHI AOCIHTIHKEHHS, OL[IHIOBAJIM IIBUAKICTh (POPMYBaHHS MOHOIIAPY.

3rigno BapianTy 2 cycnensiio knituan 1929 3 konnentpauicto 1,7x10% kin/mn BuciBanu B
JYHKHM IUTAHIIETIB, KYJIbTUBYBAJIM TPU A0OM, MICIs 3aMIHU CEPEIOBUINA KYyJIbTUBYBaHHS
nopaBanu 0,5, 5 abo 50 wmkr/mn GS, abo 1% pozunn JMCO Ta mnpomoBxyBaiu
KyJIbTUBYBaHHS 1€ 3 100u. KniTuHU KOHTposbHOI rpyna (KoHTpoib K2) KynbTuBYyBanu Bech
Yac y )KUBUJILHOMY CEepeJIOBHILI O3 J00aBOK.

Jlns BapianTy 3 cycnensito kiiTuaE 1929 3 koHnentpamiero 1,7x10% xn/mn BuciBamm B
JYHKHU TUIQHILIETIB, KyJIbTUBYBaIU TpU 100u. Ilicas yoro inkyOyBanu moHomap 3 0,5, 5 abo
50 mxr/ma GS, a6o 1% pozunnom JIMCO roauHy B CTaHAApTHUX YMOBaX KyJIbTHBYBAaHHS,
BigmMuBamu GS Ta JIMCO 1 mpomoBXKyBaId KyJAbTHBYBaHHS Iie Tpu Jo6u. KiitunHu
KOHTPOJbHOI Tpyna (KOHTpoiab K3) KynbTUBYBaqM BIPOJOBXK BCHOTO EKCIEPUMEHTY B
KUBHJIBHOMY CepeJIOBHII 0e3 100aBOK.

Moppomempuuni docnioricennsn
Mopdonorito KIITHH OLIHIOBAIM B He3a0apBIEHMX KyJIbTypax Ta B Ipemnaparax,
noapOoBaHUX Te€MaTOKCHIIHOM-€03WHOM 3a JIOTIOMOTOI0 KOH(OKAJIBHOIO JIa3epHOTro
mikpockona Carl Zeiss LSM 510 META (Himeu4nHa) i CBITJIOONTHYHOIO MIKpPOCKOIA
AmScope IN300T-FL (CIIA) 3 uudpoBor Kamepor. SaepHO-IUTOIIa3MaTHUHE
BimHomeHHs (SL[B) Bu3nawanu 3a gomomororo mporpamu AxioVision Rel. 4.8 (Carl Zeiss,
HimeuunHa) 1 po3paxoByBaiiv 3a (HOPMYIIOIO:

Sa
A1B="",
Sy
ne SAlB — saepHO-IMTOIUIa3MaTUYHE BiTHOILIEHHS, S — IUioma sapa, SII — TUIOIIa

[ATOILIIa3MH.
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Dapoysannsn 2emamoKCUIiHOM-€03UHOM

Ha BignoBigHy 100y KyJIbTUBYBAaHHS 3TiAHO IUIaHY €KCIIEpUMEHTY (BapiaHT 1, BapiaHT 2,
Bapiant 3) ¢ibpobnactu ¢ikcyBanu 4% mnapadopmanpaeriiom npoTsrom 30 XBHIUH,
BigMuBanu ¢ocharHo-conpoBuM Oydepom (PBS, pH=7,4) i BuTpumMyBaiu moCiiJOBHO IO
1 xBWIMHI B pO3YMHAX CHOUPTY 3pocTarounx KoHueHTpauii (70%, 80%, 96%) Ta cnamawoyux
koH1eHTpanii (96%, 80%, 70%). Ilicas BuganeHHs COUPTY MOHOIIAP KIITHH (hapOyBanu B
reMaTOKCUJIIHI 5 XBWJIMH, BIIMHBAJIN ITPOTOYHOIO BOJIOKO 1 3a0apBIIOBAIA PO3YHMHOM C€O3UHY
| XBUJIMHY, BIIMUBAIHU KIITHHU JUCTHIHLOBAHOK BOJIOIO0, MOKPHBAIA CMY>KKOIO TIIIEPUHY Ta
30epiraiu JyIsl TOAATBITUX JTOCIIPKECHbD.

Busnauenns kongirwenmunocmi monowapy
Kon(aroeTHICTh MOHOIIAPY KIITHH, 3a0apBICHUX T€MAaTOKCHIIHOM-CO3UHOM, OIIHFOBAIA
3a JOTIOMOTOI0 CKaHyBaHHS JHA IlaHmera Ha ckaHepi Epson Perfection V10 (Anonis).
[TizpaxyHKH BiJHOCHOI IUIONII MOHOIIAPY KIITHH MPOBOJMIM 3a JOIOMOTOI0 HpPOTpaMu
AxioVision Rel 4.8, Bupaxanu y BiicOTKax 1 po3paxoByBaiu 3a GOpMyJIor0

S = ZSM

S$7-100%

1€ Y sy — CyMa IUIONI AUISHKY 13 3a(hapOOBaHUMU KIIITUHAMU Y MEXax JyHKH, S — IJioua
JTYHKH.

Ouyinka mizpauiiinoi akmuenocmi Knimun ¢ 2D Kyaomypi npu nouwikoo0x cenHi
MoHowapy (mecm 3a20€HHA «ROOPANRUHUY)

Jlnsg ouiHkM MirpamiiiHoi 1 mnposidepaTMBHOI aKTHMBHOCTI MOHOLIAPOBOi KYJIbTYpHU
BHUKOPUCTOBYBAJIM MOJIENIb YIIKO/DKCHHS MOHOLIAPY y BUIJISAI moapsmuHu (SCratch assay)
[18]. IlogpanuHy Ha MOHOIIApl POOMUIIM TUIACTUKOBUM HAKOHEYHUKOM JUIS MINET-103aTOpy
o6’emom 200 mkn Tta giamerpom 0,8 mMM. /I OIIHKM IUIOIII 3aro€HHS POOMIIM Cepiro
($OTO3HIMKIB O6€310CepeIHbO MiCiisl HAHECEHHsI MOAPSNUHU Ta yepe3 24, 48 ta 72 roauHH 3a
JOTIOMOT010 cBiTIoonTHaHOTro Mikpockony AmScope IN300T-FL 3 mudpoBoro kameporo i3
BUKOPUCTAaHHAM MporpaMHoOro 3abesneueHHsi Imagel]. Ilmomy «3aroeHHs» MNOAPSAIUHU
BUpaXKaJl Y BIICOTKaX 1 po3paxoByBaJu 3a (OPMYJIO0

S _ 100- (S5 -S,)
SS
ne Ss — TUIOoIIa TOAPSNUHHM Oe3MocepeIHhO TICHs HaHeceHHS aedexTy; St — IuIolma

MOJIPSATINHY Yepe3 MEeBHUI Yac Miciisi HAHECEHHS NeeKTY.

Amnikanito GS mpoBoaunu Ha cpopmoBaHuil MoHoap 3 1000BOT KIITUHHOI KYJIBTYPH 3
HAHECEHOI0 TMOJPSAMUHOI0 B JIBOX BapiaHTax. Y BapiaHTi 2 TepMiH KynbTuBYBaHHS 3 GS B
BiJITOBITHUX KOHIICHTPAIliAX Ta 3 JUMEKCHJIOM CKJIaaaB 3 g00u. Y BapianTi 3 micis 1 roguHu
iHKyOamii 3 GS abo AMMEKCHIOM, X BUIAISIIN HUISXOM 2-KPaTHOTO 3MIHEHHS CEpelOBUINA,
Ta JIOJaBaJIA CBIXKE IMMOXXUBHE CEPEIOBHIIE JIUIS MOJAITBIIOT0 KYJIbTHBYBAaHHS BIIPOOBXK 31i0.

Cmamucmuunuit ananiz
Jlani mpejcraBieHi y BUIVIAAI MEAiaHW 3 MEPUIMM 1 TPeTiM KBapTuieM. BuzHaueHHs
3HAYYyIIOCTI BIAMIHHOCTEH OTpPUMAaHMX JaHUX B TOPIBHIOBAaHMX BHUOIpKAax IPOBEIEHO 3a
kputepissmu Manna-YitHi (U). BinMiHHOCTI BBaXalld CTaTUCTUYHO 3Hauymumu mipu p <0,05.
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PE3YJIbTATHU TA OBTTOBOPEHHS

Bimomo, mo memOpanotrpomHi BractuBocTi GS MoONSATar0OTh 30KpeMa B 3MiHI IMIJTBHOCTI
naKyBaHHS JiMiAiB Oimapy MeMOpaHu B 3aJIe)KHOCTI BiJ KoHIeHTpauli GS — Bl MOTOHILIEHHS
JI0 TIOBHOTO TMOPYIICHHS IUIICHOCTI JimigHoro Oimapy [16], 1 me Moxe 0O0yMOBIIOBAaTH
dbopMyBaHHS JITHYHUX T1Op B MeMmOpanax Ta remonituynuii edpekr GS [4]. B
cyOMikpomonsipaux KoHmeHTpamisix (3—11 MxM) GS 37aTeH 3MiHIOBaTH — KIIITUHHUN
TpaHCMEMOpaHHUH MOTEHITiad, 10 BIUIUBAE HA PICT 1 KUTTE3ATHICTH JIiHIA KaiTuH [10, 19,
20].

Hamu 6yno 3po0rieHo npuryiieHHs, 10 B HeMITUYHUX KOHIEeHTpalisx GS Moxke Takox
BIUIMBATH HA 3/1aTHICTh KJIITHH 0 MpPUKpiIuIeHHs, npoiidepanii Ta mirpauii. Ha nepmomy
etani poboTu, Mu BuBumiM Aito GS Ha wmitunu mdiHil 1929 y Takux BapiaHTax: Ha cTanii
NpUKpiTUIeHHS Ta (GopMyBaHHS MoHomapy (BapianT 1) abo Ha cdopmoBaHUII MOHOMIAp
(BapianT 2).

Puc. 1. Mopdoosoris xmitua minii 1929 (Bapiant 1) Ha 3-Tio 100y (QopMyBaHHS MOHOIIApY B
MPUCYTHOCTI BiANOBigHUX KoHIEHTparii GS: a — kourpoiar Kl; 6 — GS 0,5 mxr/miu; B —
GS 5 mkr/mi; r — GS 50Mkr/mi. Mikpogoro.

Fig. 1. Microscopy micrographs showing morphology of L929 cells (scenario 1) on the 3rd day of
monolayer formation in the presence of corresponding concentrations of gramicidin S: a — control
K1; 6 — in the presence of 0.5 pg/ml gramicidin S; B — in the presence of 5.0 pg/ml gramicidin
S; r — in the presence of 50 ug/ml gramicidin S.

V BapianTi 1 BizyanbHUN KOHTPOJH Yepe3 TPU TOOM MOKa3aB, M0 y JIYHKAX 3 KOHTPOJIEM
(K1, Puc. la) Ta excnepumeHTanbHuMH KoHueHTpauismu GS 0,5, 5 mxr/mn (Puc. 16 Ta
Puc. 1B BiAMOBIAHO) CIOCTEPIra€ThCs MOHOIMIAP MOJITOHATBHUX KIITHH 3 J00pe MOMITHUMH
saapaMu. BinbIIicTe KIITHH Manu 1o 2-3 sjaepls, L0 CBIIYUTH MPO BUCOKY CHHTETUUHY
AKTUBHICTh KIIITUH. 3pa3Ky, MO KYJIbTHBYBAIH B mpucytHocti 0,5 Ta 5 Mkxr/min GS, mictrnun
KJIITHHHU Pi3HI 32 pO3MipoM: MaJieHbKi Ta Benuki. [Ipuuomy aHizomMopdist KITHH Oyna OLIbII
BHpakeHOI0 B mipucyTHOCTI 5 MKr/Mit GS (Puc. 16 Ta Puc. 1B BimnoiaHo). [Ipu gogaBanHi 10
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noxkuBHoro cepenosuima GS B koHueHtpamii 50 Mkr/min monomap ¢idpobnacTiB He
PO3BUBABCS: B JIYHKaX Ha TPETIO 0Oy CIIOCTEpIraBcs JUIIC KIITUHHUHA AeOpic Ta TOOAMHOKI
Heposmiactadi kiaiTuau (Puc. 1r). Knitunu, mo kynsruByBamu 3 1% pozuunnom JIMCO, 3a
MOpP(]OJIOTIYHUMH O3HAKaMH HE BiAPI3HSUIUCH Bix BinnosigHoro koutpoiw (K1) (mani e
MIPE/ICTABIICHO).

VY BapianTi 2 GS y BignoBimHux koHmeHtpamisx 0,5, 5 1 50 MKr/min monmaBanu 10
MoOHoOIIapy KiIiTUH JdiHii L929 1 KynbTUBYBaaM BOPOAOBXK TPHOX Ai0. MM BCTaHOBHIIH, IO
KyJIbTHUBYBaHHS B mpucyTtHocTi 50 Mkr/mun GS mpu3BOAMIO A0 TMOBHOTO pyWHYBAaHHS
monoutapy (Puc. 2r). Toni six GS B xoHuenrpauii 0,5 ta 5 mxr/mn (Puc. 26) Bi3yansHO He
BIUIMBAaB Ha KOH(IIIOCHTHICTb MOHOWIApy KyabTypu KiiTuH (Puc. 26, 2B), ane 3MiHIOBaB
MopdoJoriuHi o3Haku KITHH. B mpucyrrocti 0,5 Mkr/mia GS KyJlbTUBOBaHI KJIITUHHU OyiIu
3HaYHO OIbIIe 32 PO3MIpOM Ta MajH Beluke cBiTie sapo 3 1-2 snepusmu (Puc. 26). Ipu
KyJbTUBYBaHHI 3 5 MKr/Ma GS KynabTypa KIITHH MICTWJIA IOJIIFOHAJIBHI KJIITMHU Di3HI 3a
po3MipoM 3 OiIbII TEMHUM, IIUIBHUM SApOM 3 1-3 simepusiMu, Ta CBITJIOIO ITUTOILIA3MOIO
(Puc. 28B).

10 um

Puc. 2. Mopdouoris kituH diHil L929 (Bapiant 2) yepe3 3 mobu micist 1oAaBaHHS IO MOHOIIapa
kritue GS B KoHIeHTpamii: a — koHTpoab K1; 6 — GS 0,5 mkxr/mia; 8 — GS 5 Mkr/mur; © —
GS 50 mxr/mit. Mikpodoto x400.

Fig. 2. Microscopy micrographs showing morphology of L929 cells (scenario 2) 3 days after the
addition of different concentrations of gramicidin S to the monolayer of cells: a — control K1; 6 —
0.5 pg/ml gramicidin S; B — 5.0 pg/ml gramicidin S; r — 50 pg/ml gramicidin S. Magnification
x400.

Hns mopanpmioi omiaky BBy GS Ha MopdosoriyHi xapaktepucTuku kiitua 1929
micast 3a0apBlIeHHST TeMATOKCHIJIIHOM Ta €03MHOM BHU3HAYald IUIONIYy KIITHH (3araibHa
JIoma), TUIONy sjapa Ta siAepHo-luTorutazMatuyHe BimHomeHHs (ALB) (Ta6mums 1). B
npucytHocTi GS B MakcuManibHIN KOHIEHTpauii 50 MKI/Mil i MOKa3HUKU He BU3HAYalIH,
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TOMYy IO He4YucieHHI kimituHM JiHiT [929, mo 306eperiucs mnpu 3acTOCYBaHHI Takoi
KOHIICHTpaLii MenTuay, Oy He po3IUIaCTaHl Ta MM MIKHOTUYHE SPO.

Tabmmmsa 1. MopdomeTpuuHi moka3HUKY (IUIOMA SApa, TUIOMA KITHHU Ta SACPHO-IUTOINIA3MATHIHE
BigHomeHHs (LB)) kiitur mixii 1929, skxi Oynn KyJIpTHBOBaHI 3 Pi3sHUMH KOHIEHTpamisMua GS 3rigHOo
eKCIIepUMEHTAIEHAM YMOBaM BapiaHT]1, BapiaHT 2.

Table 1. Morphometric indicators (nucleus area, cell area, nucleus-to-cytoplasm ratio) of L 929 cells
cultured with different concentrations of gramicidin S according to the experimental conditions of
scenario 1 and scenario 2.

KonTtpons Konnenrpauist GS
YMOBU eKCIIEPUMEHTY K1 nmns Bapianty 1; JAMCO 0,5 MKr/™Mi 5 MKr/mi
K2 nyst Bapianty 2
IInoma KiniTUHA 72,33 85,28 83,94 145,77*
. | (3aransna moma), (58,55-92,80) (75,71- (71,57-107,53) |(101,27-
= MKM? 116,11) 178,83)
.8 | [Inoma simpa, MKM? 26,19 28,99 24,92 49,23*
g (22,43-32,67) (21,58-36,88) |(21,69-29,15) |27,72-66,89)
A 0B 0,35 0,33 0,29% 0,36
(0,297-0,47) (0,25-0,37) (0,24-0,36) (0,26-0,41)
IInoma kaiTHHYH, 73,67 79,06 84,23 77,49
~ (3ar221nLHa IoIa), (69,69-90,69) 65,38-109,55) |(67,76-106,73) |(65,14-91,21)
£ | MKM
.§ ITnowa sapa MKkM? 24,88 (21,69-29,63) 23,90 25,80 27,79
g (20,19-26,89) |(22,20-33,05) |[(23,02 —32,41)
o S1B 0,32 (0,29-0,38) 0,29 0,335 0,37*
(0,25-0,36) (0,25-0,39) (0,31-0,43)

ITpumiTka: * — BIAMIHHOCTI JOCTOBIPHI BiTHOCHO iHTakTHOTrO KoHTpoito K1 ta K2 BimmosinHo, p < 0,05; nani
HaBeJIeHO fK: MeniaHa (KBapTHib | — KBapTUib 3)

Note: * — differences are significant compared to intact control K1 and K2, respectively; p < 0.05; data are
presented as: median (quartile 1 — quartile 3)

3 Tabnuui 1 BuaHo, mo JAMCO, sikuii 0yB BUKOPUCTaHH K po3uMHHUK GS, 3HauyIIe HE
BIUIMBAaB Ha MOpP(OMETpHYHI IOKAa3HMKH KyJIbTypu KIITUH JiHII 1929 sk Ha cranaii
NPUKpPIIUIEHHS Ta (GOopMyBaHHS MOHouIapy (BapianT 1), Tak 1 Ha c(OpMOBaHUN MOHOILIAP
(Bapiant 2). Ilpote BrimB GS Ha MophoMETpUYHI MapameTpu KIITHH 3ajexaB Bill HOTo
KOHIIEHTpALlli Ta BUX1IHOTO CTaHy KYJIbTYpH.

[Ipu nonmaBanni 0,5 mxr/mMn GS Ha erami ¢opmyBaHHS MoOHOIIapy (Bapiant 1) tutoma
KJIITHH JIeIo 30UIbIIyBaNack Ha TJIi 3MEHIIEHHs IO Spa, 1110 MPU3BEI0 0 JOCTOBIPHOTO
3umkeHas 1B kaiTuH.

Honasanns 5 mkr/mn GS Ha erari ¢popMyBaHHS MOHOUIapy (BapiaHT 1) MpU3BOIMIO 0O
3HAYyIIOro 30UIbIIEHHS TUIOIII si/ipa Ta KJIITHH B LijloMy, npudomy LB He BiapizHsiocs Bifg
BiJIOBITHOT'O KOHTPOJTIO.

Amikaris 0,5 mxr/ma GS 1o chopmMoBaHOTO MOHOIIAPY KIITHH (BapiaHT 2) JOCTOBIPHO
HE 3MiHIOBaJla MOpP(QOMETpUYHI NMOKa3HUKHM KIiTHH. IIpote B mpucytHocti 5 Mir/min GS
BIJIMIYCHO TEHJEHIIIIO JO 3POCTAaHHSA IUIONIl SApa Ta 3arajdbHOI TUIONI KIITHHH, IO
IPU3BOJUIIO JI0 JOCTOBIpHOTO 3pocTanHs SLIB.

Takum uymHOM, cTaTUCTHYHO 3Hauymmi edekt GS Ha MopdoMeTpuyHI TMOKA3HUKH
¢i6pobmacTiB (monyy sapa Ta KITHH) OyJ0o BCTAHOBJIEHO JHMIIE NpH MAii NENnTHIY B
KOHIIEHTpAIlii 5 MKI/MJI Ha HETIPUKPITUICH] KIITHHY (BapiaHT 1).

B 3B’s3Ky 3 IIMM MU JOCTIAMIM PO3MOJUT KITHH 32 3arajbHOIO IUIOLICIO Ta IJIOLICIO
anpa micast o0pooku GS 3a cxemamu BapiaHTy 1 Ta BapiaHTy 2.
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ITnoma KITHHE, MKM? a)

AK1 @ I'C 0.5 Mxr/mn ¢ I'C 5 Mkr/Mi
300 %

250 .
200

150

Ilnoma sapa. MKM?

0 40 80 120

IInoma KITHHA, MKM? 6)
300 AK2 @ I'C 0,5 mxr/Mmn ¢ I'C 5 mxr/mn

250

[Inoma siapa. MKM?

80 120

Puc. 3. Posmonin 3a 3aranpHOIO IDIOMICIO Ta IDIOMICHO sipa KIiTHH ¢idpodmactiB LI29, mo 6ymu 0OpobdneHi GS
3TiIHO YMOBaM €KCIIEPUMEHTY: a — BapiaHT 1; 6 — BapiaHT 2.

Koom BUIIZIEHO MOMYJISIIIIFO KIITHH, XapakTepHY IS yCiX TOCTIKEHUX 3pa3KiB KYJIbTYpP — T.3B. MOMYJIALIA 1,
Ta NPSIMOKYTHUKOM — TIOITYJISILIIO 2.

Fig. 3. Distribution of L929 fibroblast cells by total area and nucleus area. Cells were treated with gramicidin S
according to experimental conditions: a — scenario 1; 6 — scenario 2.

Oval encircles the population of cells presented in all samples studied — the so-called population 1; rectangle
encompass cells of population 2.

3 Puc. 3 BUIHO, 10 KOHTPOJIbHI KIIITUHU Ta 3pa3KH, sKi KyabTUByBanu 3 0,5 MKr/mi ta
5 mkr/mn GS (Bapiant 2, Puc. 36) ta 3 GS 0,5 mxr/mi (Bapiant 1, Puc. 3a) po3noginstoTecs y
MeKax OJIHIET JOCUTH IIIBHOT MOMYJISil KIiTHH (momysnsauis 1, Puc. 3).

[Tpote 5 mMkr/mn GS, nonaHuil y MOKMBHE cepepOBUIIIE i Yac GOpMyBaHHS MOHOLIAPY
(Bapiant 1, Puc. 3a), iHAyKye B KyJbTypi KIITHH (OPMYBAaHHS JBOX MOMYJSIIH KITITHH:
nomyssii 1, sika XapakTepHa Ui ycix JOCHIIKEHUX 3pa3KiB, Ta MOMYJALIi 2, sKa BKIOYA€e
34,7+0,3% xiTiTHH, 0 MOPQOJOTIYHO BIAPI3HAIOTHCA BiJ KIITHH TOMYISmii 1 3aBasku
BEJIMKOMY sJIpy Ta 30inblieHid miomy kiuituHU. Lle cmiBmagae 3 HamMMU Bi3yadbHUMHU
CIIOCTEPEKEHHSAMHU aH130MOp(dii KyIbTypH KIITHH, 110 (GopMyBasiacsi B MPUCYTHOCTI 5 MKI/MI
GS.
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Tabmumsa 2. MopdomeTpuuHi MoKa3HUKHK (IUIOMA S/Apa, TUIOIMA KITHHU Ta SACPHO-IUTOINIA3MATHIHE
BigHomeHHs (SLIB)) pisHuX momymsmisx KmituH miHii L1929, mo kymeTuBYyBanmu 3 5 Mxr/min GS 3rigHO
eKCIIepUMEHTAIBHAM YMOBaM BapiaHT 1.

Table 2. Morphometric indicators (nucleus area, cell area, nucleus-to-cytoplasm ratio) of different
populations of L 929 cells cultured with 5.0 pg/ml of gramicidin S according to the experimental
conditions of scenario 1.

[Tnoma kniTuHM (3arajabpHa Inoma spa, MKM? AlB
II01Ia), MKM?
HMonymsuis 1 | 109,05* (89,55-146,67) 28,68 (22,73-49,23) 0,28* (0,24-0,38)
HMonmynsuis 2 | 179,34* (151,38-225,20) 68,00* (65,00-77,00) 0,41* (0,38-0,43)

[TpumiTka: * — BIAMIHHOCTI JOCTOBIPHI BiTHOCHO BiJIIOBIAHOTO iHTAaKTHOTO KOHTpOJr0 K1, p<0,05. lani
HaBeJIeHO SK: MeniaHa (KBapTwib | — KBapTWib 3).

Note: * — differences are significant compared to intact control K1; p<0.05; data are presented as:
median (quartile 1 — quartile 3)

[Tomanpmnii MOPIBHSUIBHUN aHalli3 KIITHUH y ckiagl obox mnomynsanii (Tabmuns 2)
nokKaszaB, IO mnomyssmis | Ta momymsamis 2 BiIpi3HSAIOTBCS 32 MOPHOMETPUYHHMHU
napamerpamu: nonyisuis 1 Mae 3HWKeHuM nokasHuk LB, aHamoridyHo 3paskam,
KynpTiBOBaHUM 3 0,5 Mkr/mut GS (Bapiant 1, Tabauus 1). [Ipore kniTuHN momyssimii 2 MalOTh
JOCTOBIpHO BUCOKUH nokazHUK LB Ha Ti 301bIIeHHS po3Mipy KIITHH Ta 3pOCTaHHS IO
sapa y OuThII HIXK 2,5 pasu.

Sk Binomo, LB € HenpsiMuM moka3HUKOM Mpodideparii Ta pyHKIIOHAIBHOT aKTUBHOCTI
KIiTHH: 3HWKeHHs SL[B Moxe cBimYMTH TpO TNpHUTHIYEHHS BiAmoBiAHUX (yHKIIH, a
3poctanHs LB — npo miBUIEHHS PYHKIIOHAIBHOI aKTUBHOCTI KJIITHH, 200 OyTH 03HAKOIO
npomigepauii [22]. 3rigHo HamuMm gaHuM (Tabmuus 1), SLIB iHTakTHOro KOHTPOJIIO
nopiBHioe 0,349 s K1 Ta 0,32 nna K2. Bigminaocti Mixk SIL[B KOHTpOJIbHUX KYIBTYp €
CTaTMUCTUYHO He3HauylmuMu. HaitHmkuuil nokasznuk LB € npuraMaHHUM KyJIbTYpi KJIITHH 3
0,5 mxr/mMn GS B mo>kuBHOMY cepenouili (BapianT 1, Tabmunsl) Ta kniTuHHIN momynsii 1,
mo Oyna KynpTuBOBaHa 3 5 MKr/mMia GS (BapianT 1, Tabmuus 2). HaiiBumi 3nauenns LB
BCTAHOBJICHO JUIS KyJAbTYpu 3 5 MKr/mui GS B MOXXHUBHOMY CepeloBMILI (BapiaHT 2) Ta
nonysnii 2 KyneTypu 3 5 Mkr/mi GS B moxuBHOMY cepenouii (Bapiant 1). Bucoke SL[B
XapakTepHe s Majo AudepeHLiHoBaHUX KIIITHH, K1 HIBUJKO AUIATHCA, Ta iX MMOMEepPEeIHUKIB.
Benuki 3puni KITHHM 3a3BHYail MalOTh HHU3bKE SACPHO-IUTOIIA3MATHYHE BIJIHOIICHHS.
lmoBipHo 3menmenns SIIB mnpum HeBenmukMX KoHNeHTpamisx GS €  Hacmigxom
CTUMYJIIOIOUOTO BIUIMBY aHTHO10THKA Ha KIITUHHY npodidepatito. Binomo, 1o ¢akropu, gxi
3MIHIOIOTh MIPOHUKHICTH IJIa3MaTUYHOT MeMOpaHH, BIUTUBAIOTh Ha PETYJIALI0 00’ eMy KIITHH
M 9ac JUICHHS, TMOCTIOBHICTh KIITHHHOTO ITUKJIY Ta JOMOMAararTh MiITPUMYBaTH OalaHC
MDK mpodidepariero, arnonTo3oM, IEepeXpecHUMH MepemKoJaMu 3 IHIIMMHU OilKaMu
KIITUHHOI MeMmOpaHu abo (axTopamMu TpaHCKpUIIIi, fKi, B CBOI YEpry, MOIYJIOIOTbH
OpOTpeciio  KIITUHHOTO ILHMKIYy a0 perymoTh HUIIXH OlOCHHTE3y CTPYKTYpHHUX
KOMITOHEHTIB KJIITHHH.

[Toka3HUK KOH(DIIOEHTHOCTI MOHOIIAPY TAKOX € MOKA3HUKOM KIIITHHHOT npodidepariii. B
3B’A3Ky 3 MM MM Jociiawid BB GS Ha QopMyBaHHS KOH(QIIIOEHTHOTO MOHOIIApY
(BapianT 1) Ta iforo 30epexeHICcTh (BapiaHT 2).

3 Tabnuui 3 BUAHO, IO MJIOLII MOHOIIAPIB KOHTposbHUX 3pa3kiB K1 Ta K2 nocroBipHo
HE BIAPIHAIOTHCSA. BpaxoByrouu, 10 TpUBANICTh KynbTUBYBaHHA KoHTpomiB K1 ta K2
ckiagae 3 ta 6 ai0 BiANOBITHO, MOXKHA MPUIYCTUTH, IO aKTUBHE (POPMYBAaHHS MOHOILIAPY
BifOyBaeThcss B mepmi TpH JOOM  KyJIbTHBYBAaHHS. VIMOBIDHO, IO OJOBKEHHS



52
H. M. Anabenanbkapim, B. I1. Bepect, H. H. MoiceeBa, I'. A. boxok,
T. I1. boumapenko

KYJbTUBYBaHHS 30UIbIIY€E NIUIBHICTh KJIITHHHUX KYJIBTYpP, IIO MPHU3BOJUTH 10 KOHTAKTHOTO
iHrioyBanus npomidepaii [22]. Take «KOHTAKTHE» MPUTHIYEHHS MOTJIO MPOSBISATHCS TaKOXK
y 3MmeHieHHi S1B BignosigHoro inTakTHOrO KOHTpOto (K2, Bapiant2). [lumekcun, nogaHui
y MOXUBHE CEPEIOBHUIIE, IOCTOBIPHO HE BIUTMBAE HA (hopMyBaHHs MoHomIapy. JlonaBanus GS
B 000X HENITHYHUX KOHIeHTpamisx 0,5 Tta 5 MKr/ma mo HenpukpimieHux (iopobdiacTis
JIOCTOBIpHO TIpUTHIdYye QopMyBaHHs MoHomapy (Bapiant 1). Armuikamis GS y Takux
KOHIICHTpAIliIX J0 TMPHUKPIJICHUX KITUH (BapiaHT 2) MPU3BOAUTH JO HE3HAYHOTO
301IBIICHHS TUIOIII MOHOIIApy Ais 3paskiB 3 5 Mkr/mi GS (BapianT 2), IO KOpETIoe 3
i ABUIICHHSIM 3HaueHHs SL[B.

Tabmuus 3. BigHocHa rurolna MOHOIIApy Ha PI3HMX TEepMiHaX KyJIbTHBYBaHHS KiiTWH niHil L929 y
npucyTHocTi GS 3riZJHO CXeM eKCIepUMEHTY BapiaHT | Ta BapiaHT 2.

Table 3. The relative area of the monolayer at different times of cultivation of L929 cells in the presence
of gramicidin S according to the scenario 1 and scenario 2 experimental schemes.

YMoBH Kontpons (K) Jumexcnn (1) Konnentparis GS
eKCIICPUMCHTY 0,5 MKT/MIT 5 MKr/mMI
Bapianr 1 79,24 75,87 73,15* 70,99*
(77,31-81,17) (67,00-74,74) (72,37-5,120) (66,93-71,71)
Bapianr 2 83,28 85,44 86,24 91,90
(83,27-87,63) (82,10-90,72) (82,10-90,73) (87,24-97,14)

IIprmitka: * — BiAMIHHOCTI TOCTOBIpHI BiTHOCHO BIiAMOBIAHOTO iHTaKTHOTO KOHTpomtoo, p<0,05. [ami

MPECTAaBJICHO SK: MeiaHa (KBapTHIIb | — KBapTHIIh 3).

Note: * — differences are significant compared to corresponding intact control; p < 0.05. Data given as:
median (quartile 1 — quartile 3)

TakiM yuHOM, HaWOUIBII YYTIMBUMH 1O HETITHUYHUX KOHIEeHTpauii GS BuUsABMIMCA
KJIITUHA Ha cTajll NpUKpIMIeHHS Ta (opMyBaHHS MoHomapy. IIpurHiueHHs IMIBHIKOCTI
dbopmyBaHHS MOHOIIApY y BapianTi 1 cmiBnmagano 31 3HmwkeHHsIM SLIB kynbTyp KJIITHH B
npucytHocTi 0,5 mxr/mia GS. ITig BrimuBoM 5 Mkr/mit GS akTUBHICTB (POPMYBaHHS MOHOILIAPY
Oyla TaKoXX HHU3bKOIO, XOuYa KyJbTypa MICTHJA 3HAYHHM BIJICOTOK KIITHH 3 BHUCOKUM
nokazuukom SI[B. mosipHO, mo iHribyrounii epexr GS 06yMOBIEHHIl MPUTHIYEHHIM
a/ITe3UBHUX BIIACTUBOCTEH KITITHH.

Jns moganbiioro 3’scyBaHHs BIUMBY GS Ha MirpaniifHo-mposnidepaTuBHi BIaCTUBOCTI
KJIITHH MU BUKOPHUCTAJHM TECT «IOAPANUHA», SIKUH € 3araJlbHO NMPHHHATHUM TMPOCTHM WU
iHpOpMATHBHUM METOJIOM BHBYCHHS aKTHBHOCTI KJIITHH iN Vitro. Bin 3acHoBaHuWil Ha TOMy
SBMIL, 0 KJIITUHU y KYJbTYpl 37aTHI A0 MIrpaiii B 30HY 3 MEHIIO KIITHHHOIO HIIJIBHICTIO
[18, 23]. Lleit nporiec TpuBae MOKU KIITUHHA IUIBHICTh KYJIBTYPH HE TOCSITHE (a3u 3JIMBHOTO
pocty (koHTakTHE 1HT10yBaHHs) [22].

BisyanbHe crnocTepeXeHHs 3a IUJIOUICI0 TMOAPSMHMHU JJO3BOJMJIO BCTAHOBUTH, IO
KIITUHU Y 1HTakTHUX KOHTpossix (K2 ta K3) mpakTu4HO HOBHICTIO 3aKpHUBAOTh AEPEKT
MoHou1apy uepe3 72 ronunu (Puc. 4).

Kopotkorpusana (1 rox) ammikamis aumexkcuny (/13), 0,5 ta 5 mxr/ma GS 1o xkyasTypu
KITHH (BapiaHT 3) He BIUIMBA€ JIOCTOBIPHO Ha JUHAMIKY «3aro€HHs» TOAPANUHU B
nopiBHsHHI 3 KOHTpoJisiMu K3 (Tabnuns 4). [ToBHe 3akpuTTs AedEKTY CIIOCTEPITAEThCS Yepes
72 romuuu. Ilpu nomaBanni mitmuHoi KoHIeHTparii GS (50 MKr/miu) crnocTepiraerbes
YIOBUIbHEHE 3alOBHEHHS AePEeKTy MOBEpXHI KITHHAMH, Npubnu3Ho 50% BiA KOHTPOIIO
yepe3 24 roaunHu. Ilpu mopanbmioMy KyJabTHBYBAaHHI KJIITMHM BTPayarOTh MirpauiiHo-
nposidepatuBHl Ta aare3wBHI 3M10HOCTI, OCKUIBKM BIHOCHA IUJIOMIA TOAPSITHHI
301IBIIYETHCS 10 BUXIAHOTO po3Mipy. Takum 4MHOM, KOPOTKOTpUBaia iHKyOais (1 ronuHa)
3 50 Mkr/mia GS npu3BOIUTH 10 PO3BUTKY HE3BOPOTHHUX MOIIKOIKEHb KIIITHH.
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; TP b »
Puc. 4. 3aroeHHs mOAPSITMHA B MOHOIIAP] IHTAKTHUX KIITHH JiHiT L1929 3 yacoMm KyJIbTHBYBaHH |
a — nedekT MoHomapy, 6 — 4epe3 24 roaunu, B — depes 48 roj, r — uepe3 96 rouH.

Fig. 4. Scratch recovery in a monolayer of intact L929 cells after different duration of cultivation:
a — monolayer defect, 6 — after 24 hours, 8 — after 48 hours, r — after 96 hours.

Tabmmus 4. BinnocHa rutomta noapsinuay (%) Ha pi3HUX TepMiHaxX KyJIbTHBYBaHHS KIITHH JiHiT 1929, sxi
0yio 06pobiieHo pizHuMHU KoHIeHTpalisiMu GS npotsrom 1 romunu (Bapiant 3) JlaHi mpeaCTaBICHO K
MemiaHa (KBapTHib | — KBapTUib 3)

Table 4. Relative scratch area (%) after different durations of culturing of L929 cells treated with various
ramicidin S for 1 hour (scenario 3). Data presented as: median (quartile 1 — quartile 3)

concentrations of

YMoBH

TepMiH KyJIbTUBYBaHHS, TOJIMHU

EKCIIEPUMEHTY 12 rox 24 ron 48 rog, 72 Ton

IHTaKTHHANI 40,37 12,04 13,32 0

koHTpoiib (K3) (37,08-46,74) (11,08-12,99) (6,85-19,78)

KouTtpos 3 48,63 29,48 4,30 0

00pookoro IMCO (44,47-62,82) (28,48-44,89) (4,03-4,58)

(01€)

GS 0.5 Kt/ 30,90 15,58 5,86 5,55

’ (29,90-36,84) (14,78-31,77) (5,51-6,22) (2,78-10,24)

GS 5 wxr/ 41,30 29,22 17,30 8,73
(39,37-51,24) (22,19-41,06) (11,61-17,30) (7,99-10,08)

GS 50 MKr/vt 87,21* 64,43* 85,67* 98,00*
(83,45-93,95) (64,24-72,74) (185,29-90,77) (97,5-98,50)

[Ipumitka: * — BigMiHHOCTI 1ocTOBIpHI BitHOCHO K3, p < 0,05

Note: * — significant differences compared to K3, p < 0,05

[Ipu 1OBrocTpOKOBOMY KYJIbTHBYBAaHHI KJIITHH (BapiaHT 2) JUMEKCHUI Ta OOUIBA POIUMHH
GS 0,5 Ta SMKr/mI ranpMyroTh pernapaiito moapsouau nepiri 24 roguau (Tabmuis 5) [41-
43]. TIpote ranpmiBHHE edekT 5 MKr/Ma GS OyB OLIBII POJOHTOBAaHUI 1 3HAUYIIE OJOKYBaB
3aKpHUTTS MOAPATUHH NpoTsiroM 48 romuH. KynbTUBYBaHHS 3 JITUYHOI KOHIEHTpauiero GS
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50 MKr/MJ1 IPU3BOJIUTE A0 JIECTPYKINT KJIITHHHOTO MOHOIIAPY HE TUILKH B 30H1 MOJAPSIIUHH,
aye i Ha 1HIIUX JTIISTHKaX.

TakuM unHOM, Ha 72 TOOUHY KYJIbTHUBYBAHHS B1I0YBaIOCS 3aKPUTTS MOAPSANUHU Y BCIX
3pa3kax, KpiM THX, 0 KyiabTuBYBamu 3 GS 50 wmkr/mm. Lle me pa3 miaTBepIxye
CIIOCTEPEKEHHS PO Te, 10 L KOHIEHTPALs € JITUYHOO Ul KIITHH MpH ii JOBrOTpUBATii
aruTiKarii.

B ocranHi poku 3’SIBUJIMCS HOBI JaHi, IO MENTHIMA TPaMIllUIUHA MAOTh HE TUIBKH
aHTuOaKTepianbHUi eeKT, ajne il 34aTHI NpPUrHiYyBaTH Mpomideparnio 1 Mirpamio pakoBUX
kmitua [10, 11, 20]. i pmawi, 3 omHOrOo OOKYy, CTUMYJIOBAJIH PO3POOKY IMOXITHUX
rpaMilUInHIB, fKi Ha (QOHI OLTBII HU3BKOI TOKCHYHOCTI A KIITHH 30epiraiu 3HauHy
aHTHOaKTepiadbHy 1 MPOTUIYXJIWHHY aKTUBHICTH [8, 9, 24], a 3 iHmoOro OOKy, 3arocTpuiIO
iHTepeC 10 pO3YMIHHS MEXaHi3MIB B3a€MOAIl TpaMilWAWHY 3 KIITHHAMH, $Ki Ha
CHOTOJHINIHIA JI€Hb 3aJMIIAIOTBCS HE IOBHICTIO 3’sicoBaHUMU. lluTomiTnunuii edexT
rpaMillUIMHy TIEPEBAXHO IOB’A3YIOTh 31 30ypeHHSAM JIMIJHUX MIapiB  OakTepiasbHOI
MeMOpaHnu [25] 1, B HACHIJOK I[bOTO, MOPYIIEHHSM KIITHHHOTO Ta 10HHOTO romeoctasy [13,
20]. Iami aBTOpHM HamoJsATaOTh, 1m0 Hacamnepen, GS mopymrye cuaTe3 AT®, Grokyroun
nesiki pepMeHTH pectipaTopHOro Huisixy [26], abo BIIMBAE HA JOKali3aliio nepudepruaHux
MeMOpaHHUX OLUIKiB, mO OepyThb y4yacTb y KIITHHHOMY TOZUII Ta CHHTE31 KIITHHHOI
obOosnonku [27]. HoBi maHHI TakoX CBig4aTh, IO HPUTHIYYBaHHSA MIrpamii KIITUH TMif
BIUTMBOM aHTHOIOTHKIB 3 TPYIU T'PaMillUIMHIB CYMPOBODKYETHCS 3HIDKEHHSIM eKchpecii Ta
MePEPO3NO/IIJIOM Ha TOBEPXHI KIITHH TPAaHCMEMOpPaHHHMX NPOTEiHIB, AKI BiIMOBITAIOTH 3a
aaresiro Ta Mirpamiro kmitaH [11]. Ane 3aranpHOi KapTUHU B3aeMOJIi IpaMilUIuHy S 3
KIIITHHAMH HE Ma€, 3aBASKA TOMY IO MO0 BIUIMB Ha Pi3HI THUIH KIITHH HE € OJHAKOBUM |3,
11, 28]. 3 ormsay Ha BUBYCHHS MOXJIMBOCTI CHCTEMHOTO 3aCTOCYBaHHS aHAJIOTIB abo
IHKaINCy/IbOBaHUX HAHOHOCIAMU (OpM aHTUMIKpOOHMX menTuaiB [29] wnikaBuM Oyno
BHUBUYEHHS BIUIMBY GS Ha KIIITUH CHOJMYYHOI TKAHUHH HA J10J1ady 70 poOIT 3 BUBUEHHS BILTUBY
I[bOT'0 MUKJIIYHOTO MENTHAY Ha KIITHHU KpoBi [3, 4, 28, 30].

Tabmuus 5. BinHocHa muiolna NOAPSNUHM Ha PI3HUX TepMiHAX KyJIbTUBYBaHHA KIITHH JiHii 1929 3
pisauMu KoHneHTpaimismu GS npotsarom 3 xi6 (Bapiaut 2). [ani npeacTasieHo sSk: Meaiana (KBapTuib 1
— KBapTWIb 3)

Table 5. Relative scratch area (%) after different durations of culturing of L929 cells treated with various
concentrations of gramicidin S for 3 days (scenario 2). Data presented as: median (quartile 1 — quartile 3)

YMoBHu TepMiH KyJIbTUBYBaHHS, TOAMHH

€KCIIEPUMEHTY 12 rog 24 ron 48 rog 72 ron

[aTakTHMWI 42,62 12,04 13,32 0

KoHTpoIb (K2) (37,61-57,25) (11,08-12,99) (6,85-19,78)

KonTtpoms 3 48,63 23,99 4,31 0

00po6KoI0 (44,47-62,82) 21,50-35,97 (4,03-4,58)

IMCO

npoTsroM 3 11io

(J12)

GS 0.5 MKI/at 32,16 31,58* 0,86 0

’ (29,01-33,35) (28,29-44,87) (0,54-2,37)

GS 5 MKr/aa 42,93 46,86* 30,87* 4,24
(38,59-46,69) (35,92-48,76) (28,06-34,40) (2,61-11,30)

GS 50 KL/ 77,718* 97,75* 82,46* 100
(60,92-94,64) (96,45-99,06) (79,75-85,16)

[Ipumitka: * — BiAMIHHOCTI TOCTOBIpHI BiIHOCHO 1HTAaKTHOT'O KOHTPOII0, p < 0,05

Note: * — significant differences compared to intact control, p < 0,05
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Hame pnocniokeHHs NpHUCBsiueHE BUBYEHHIO BIUIMBY GS Ha pax (QyHKUIIOHATBHHUX
xapaktepucTuk ¢iobpobmactiB  minii L[929, mo nposBuAOTbCS Ha PI3HMX ~ eTamax
KyJIbTUBYBAHHS: aJire3isi, MirpamiiHo-nposideparuBHuil noTeHiian, GopMyBaHHS MOHOIIAPY.

I'paminuaus S y koHuentpauisx 0,5, 5,0 Ta 50 Mxr/mMa nonaBanu a0 KiituH JiHil L929
Ha PI3HMX eTanax KyJIbTHBYBaHHs: 0 CYCHEH31l KIITMH — JUIsl JOCJIKEHHs BIUIMBY Ha
NPUKPIIUIEHHS Ta MBUIKICTh (popMyBaHHS MOHOMApy (BapianT 1), 10 MOHOIIAPY KIITUH —
JUIS BUSBIICHHST MOJKJIMBOTO TOKCHYHOrO edekTy (BapiaHT 2 Ta BapiaHT 3) Ta y TecTi
«mojpsnuHa» (BapiaHT 2, BapiaHT 3) — IS OLIHKKA MIrpaiiiHo-1posi)epaTuBHOTO
MOTEHITaTy KJIITHH B ipucyTHOCTI GS.

Binomo, mo antubakrepianpauil epekr GS mposBiseThCs B iana3oHi KOHLIEHTpaIii 3—
12,5 mxr/mn [31], B 1ol wac sk 50% NIUTOTOKCHMYHA [ig Ha KYJIbTypl KIITHH — IpHU
KoHueHTpanii 18,7 Mxr/mi, a 50% remMoni3 epuTPONHTIB CIOCTEPITraeThC MPHU KOHIIEHTPAIT
35,2 mxr/mi [32, 33].

3a nammmu ganumMu GS B KoHHeHTpamii 50 MKI/MII  NIPOSBISB  BHPa)KEHUIM
IUTOTOKCHYHUN edekT. HaBiTh KopoTKoTpHBasia, npotsroMm 1 roxunu, amiikamis GS y
KOHIeHTpalii 50 MKI/MJI Ha MOHONIAP KJIITHH B TECTI «IOJPSIHHA» TPHU3BOAWIA JIO
HE3BOPOTHOTO TaJlbMyBaHHSl MirpaiiifHoi akTUBHOCTI (hiOpobnacTiB mHpu  «pemapariii»
MoHomapy. JloBrorpuBana iHkyOamis (MPOTATOM TPHOX MAi0) HENPUKPIIUIEHUX KIITHH IO
chopmoBaHoro MoHourapy 3 GS B koHueHtpamii 50 MKr/miul mpu3BoIWIa 1O pyHHYBAaHHS
[ITICHOTO MOHOIIAPY Ta IMUTOTITHYIHOTO €PEKTy Ha yCi KIITHHHU.

Y HenmiTnyHuX KoHIEeHTpamisx 0,5 ta 5 Mkr/min BrumB GS Ha JOCHIIHKEHI KIIITHHH
3aJIe)aB BiJl TEPMIHY aIlIiKamii Ta BUXIMHOTO cTaHy KiituH. JlomaBanHs GS 10 KIIITHH TIiJ
4ac 1HOKYJISILIT MPU3BOIMIIO 10 3MEHILIEHHS 11011 ¢(hOPMOBAHOTO MOHOLIAPY Ta MOTIPIICHHS
noka3HukiB 1B Ha TpeTio 100y, 0cOOIUBO st 3pa3KiB, KynbTHBOBaHUX 3 0,5 MKr/mi GS, B
NOPIBHSAHHI 3 BIANOBIAHUM KOHTposieM. [l KIITHUH, KylIbTUBOBaHMX 3 5 Mkr/mi GS,
noka3Huk S1IB He 3a3HaB 3HaUHUX 3MiH, 3aBISKA (OPMYBAHHIO MOMYJISIII KJIITHH, 10 MaJIK
3011bIlIEHY 3arajibHy IUIONLY KIITUHU Ta aapa. Lg monysmsuis He Oyna 3amy4yeHa 10 akKTUBHOL
npoiigepanii, ToMy 10 KIITUHM, 1HKyOoBaHi 3 GS (Bapiant 1), He cdopmyBamu
KOH(JIIOEHTHUH MOHOIIAP HE3aJEKHO BiJ HAABHOCTI a00 BIJCYTHOCTI MOMYJIALIT BETMKUX
KJIITHH.

B Toit jxe yac mpu arumikarii HeTITUYHMX KOHUEeHTpauii GS Ha HmpUKpiIUIeH! KIITHHU
(BapiaHT 2) KOH()IIOCHTHUH MOHOIIAp 30epiraBcs, a KijbKicHI 3HadeHHs SLIB 3Hauymie He
BIJIPI3HSUTUCH BiJ] BIJIOBITHOTO KOHTPOIIO, a00 mepeBUlyBanu ixX (ammikaiis 5 Mxr/mi GS).
TakuM uymHOM, HeNpuUKpimieHi ¢idpodracTu Oynu OUTBII YyTIMBUMH A0 BIUIMBY GS y
HENITUYHUX KOHIEHTPAIisX.

Bigomo, mo aaresis ¢piOpo0iacTiB 10 MO3AKIITUHHOTO MAaTPUKCY 31HCHIOETHCS 3aBIISKU
dokanpHil aaresii — crenu@iuHOMY KOHTAaKTy, 110 (OPMYETHCA 3a y4YacTIO AKTHMHOBHX
BOJIOKOH LIMTOCKEJIETY, MEMOpaHHUX MepupeprUyHuX Ta IHTETpabHUX OUIKIB 3 BOJIOKHAMHU
NO3aKJIITUHHOTO MaTpukcy. Iloka3aHo, 110 1IHTErpHUH-OMOCePEAKOBaHA a/re3isl 3aleXUTh BiJ
CTaHy JinigHoro Oimapy meMmOpanu. Tak, 3MiHa TOBIIMHHU Ollapy Ta MOAUTY JinigHOT (a3u
MeMOpaH KJIITMH MiA BIUIMBOM aMQipiIbHOT CHOJYKH OEH3MIIOBOTO CIHUPTY 3HHXKYE
MIBUKICTh MITpaIlii eHJ0TENIONUTIB BHACTIAOK MOTIPIIEHHS 3B’ A3KY 1HTETPAIbHUX O1JIKIB 3
cyocrtpatom [34, 40]. GS, sk BiZOMO, TaKkOX MOXE TPH3BOJAUTH JO KJacTepHu3aii
MeMOpaHHUX O1JIKiB, 110 BIAMOBINAIOTH 3a MOALT KiIiTHH [6, 16] Ta 1x 3maTHICTH 10 Mirparii
[11], a TakoX HMKJIOMENTH]] 31aT€H BUKIMKATH (JOPMYBaHHS HEIaMENSPHUX JiMmiaHux das y
MOJIeTIbHUX MeMOpaHax Ta CTOHIIyBatH Oimmap [1, 24].

Jist OiIbIIOCTI KIITHH HPUKPIIUIEHHS iX 10 cyOCTpaTy B CYKYNHOCTI 31 CTHUMYJISLIEIO
pPOCTOBUMH (PaKTOpaMHU PETYJIIOIOTh KIITHHHUN [WKI, CTHMYJIOIOTH KIITHHH J0 BXOIY B
miTo3 [35]. Crifika KIITHUHHA aaresiss HeoOXigHa JuIs iHimiroBaHHs cuHTedy JIHK i1
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npuayiiends amonro3y [36]. Hartsr kimituH mpu aaresii 10 MO3aKIITHHHOIO CyOCTpaTy €
KJIIOYOBOKO TOYKOIO, M0 IHilioe mepexin kimituH g0 Gi/S ¢asu [37]. Baxkarots, 1o
dbokanpHa aaresiss Mae BUpIMIAJbHE 3HAYCHHS JUII HOPMAJIbHOI pOOOTH KJIITHHH, & TaKOX
3IATHOCTI KJIITHHU pearyBaTH Ha HaBKOJHIIHE cepenosuine [38].

Lle mosiCHIOE 3HAYHO BUIIY YYTJIMBICTh HEMPHUKPIIUICHUX KIiTUH JiHil L929 no GS, sxuii
BIUIMBAaB Ha KUIbKiCHI 3HaueHHs LB, Ha ¢opmyBaHHS MoOHOmapy, B MOPIBHSAHHI 3 iX
BIUTMBOM Ha MPUKPIIJICH] KJIITHHH.

BukopucTOBYIOUHM TECT «HOIPSANKHAY», MU JOCIIIMIN BIUIUB TepMiHy arutikanii GS Ha
3JaTHICTh KYJIbTYPHU KIITHH O penapauii MOIIKO/HKEHOro MoHomapy. HaiiBuiia, miThyHa,
koHneHTpanis GS (50 MKr/mMi) HaBiTh TiA4ac KOPOTKOTPUBAIOI aruliKaimii HE3BOPOTHHO
IpUTrHIYYyBaja 3akpUTTA Aedekty moHowmapy. GS 3 HemiTuuHUMHU KOHUeHTpauismu 0,5 Ta
5 MKI/M 3BOPOTHBO TaJbMyBaB pemnapaiio nedeKkTy MOHOMIAPY MpH TPUACHHIN arutikarii.
[Tpote ranpmiBHUHN edekT 3anexas Bia koHueHtpauii GS: 0,5 MKr/min 3aTpumMyBaB 3aKpUTTS
nedexty nporsrom 24 roxuuu, a S Mkr/mit GS ipoTsiroM 48 ToauH.

HemonaBHo Oyno mokaszaHo, mo GS 3paTHUH 10 apeluTy KIITMHHOTO IMKIY Ha CTajil
G2/M, 3aBIsSKM 4OMY MOJABJISIE MIrpalilo Ta iHIYKYy€ amonTo3 B KIITHHAX paka HUTyHKY
mronuan [10]. dus xoritun minii L929 inaykoBanuii apemt Ha cramii Go/M npu3BOIUTH 110
3poctaHHs cepeaHboro (azoBoro 06’emy [39]. Mu nokasainu, 1o goaaBanas 5 Mxr/mia GS 10
¢b16pobnacTiB mix yac 1HOKYJALII MPU3BOAUTH OO BUAUICHHS TPYMU BEIUKHUX KIITHH, L0
MaroTh 30UIBIIEHWH po3Mip siapa 1 KITHHH B LIJIOMY, 1 MOXYTb, WMOBIpHO, OyTH
PE3yJIbTATOM apeIiTy KITHHHOTO MUKy y ctafii Go/M. [1pu BUBUEHHI penapariii moapsnuHu
HAMH OTPUMaHO MiATBEpKeHHA, MO GS 3 KOHIEHTpami€lo 5 MKI/MJ AIHCHO 3BOPOTHO
O1okye mpodmidepaniro Ta Mirpaniro QidpodnactiB Ha 24, a6o 48 roaMH B 3alI€KHOCTI BiJ
TPUBAJIOCTI arLTiKaIlii.

TakuMm YuHOM, TpaMmilMIMH S B KOHLEHTpalii 5 MKI/MJI HE Ma€ 3HAdyIIoro
LUTOTOKCUYHOTO e(peKTy Ha KynbTypy (iOpoOsacTiB, aje MNPU3BOAUTH JI0 MPUTHIYEHHS
MirpaniifHoi akTUBHOCTI KJIITHH. [IpHdoMy CTyIiHb NPUTHIYEHHS 1 MOXJIUBICTD BIJJHOBJICHHS
[IbOTO TIapaMeTPy 3AJICKUTH BiJ TepMiHy arutikaiii GS Ta BUX1IHOTO PiBHS aare3ii KJIiTHH.

[TepcnekTHBOIO HAIIOro JOCHIUKEHHS MOXE CTaTd BUBYEHHsA BBy GS Ha
dopMyBaHHS 00’€MHHMX KIITUHHUX arperatiB. ba3oBoio mnpoOaeMor0 pPO3BUTKY ITyXJIMH,
¢16po3y Ta paky € 3JaTHICTh TPAaHC(HOPMOBAHUX KIITUH «BIIUYBAaTH» YKOPCTKICTh TKaHMH 1
BHU3HAUaTH HampsMOK Mirpamii. JlypoTakcuc — Mirpamiss KIITUH B 01K 30UIbIIEHHS
JKOPCTKOCT1 CyOCTpary, CIOCTEpIracThes 4acTillle, MPOTE OMHCAHO 1 CIPSAMOBAHY Mirpariiio
wiitud rmiomu U-251MG 10 MeHmn sxopctkux obnacreii [44]. HeraTuBHUiT Ta MO3UTUBHUN
JYPOTaKCHUCH  OINOCEpPEJKOBAaHI  MEXaHOUYTJIMBOK  CHUTHAJI3aIli€l0,  CKOPOTIUBICTIO
aKTOMIO3WHY, piBHEM TaliHy. SIK MOKa3aHO B HamIiii poOOTi, TrpaMilMIMH S BIIMBacE Ha
MirpamiiHy axkTHBHICTb  (iOpoOsacTiB  npu 2-D  KynpTUBYBaHHI, a 3 ’sACyBaHHs
CKOPOYYBaJIbHUX 1 Jr€3MBHUX MEXaHI3MiB, YyTJIUBUX 10 il nentuay npu ¢popmysanHi 3-D
KJIITHHHUX KJIACTEpiB, CHPHUATHME PO3YMIHHIO MOJIEKYJIAPHHX MEXaHi3MIB Mirpamii Ta
CTBOPEHHIO HOBUX 3ac001B Teparii.

[re oHUM MOKJIMBHMM 3aCTOCYBAaHHSM 3HaWJ€HOT HaMHM 3JaTHOCTI TpaMilUIUHY S
3BOPOTHO OJIOKYBaTH Tpoitidepairiro Ta Mirpaiiito ¢iopo01acTiB € BAKOPUCTAHHS TENTHIHOTO
aHTUO10THKA JJIS 3aTOEHHS PaH MPU MOLIKO/KEHHI TKaHUH a0o B KocMmeTouiorii. @idpobnactu
pa3oM 13 Me3eHXIMAJIbHUMU CTOBOYPOBHUMH KIIITUHAMH Ta KEpaTUHOLUTAMHU KEPYIOTh
MOJIEKYJSIPHUMH TPOLIECAaMH, 3alyYeHHUMH JI0 3aKpPUTTS Ta BIJHOBJECHHS MOIIKOKEHOT
TKaHWHU, 3a11001raroun 1HQEKIIISAM 1 Bpa3JIMBOCTI 10 MOAATBIINX MOMIKOKEeHb. JoCmiTHUKN
3alliKaBJIeH] B MOTEHIIHHOMY TepaneBTUYHOMY 3acTOoCyBaHHI (piOpoOIacTiB I 3arO€HHS paH
3aBJISIKM iX PETeHEPATHBHUM MOJIIMBOCTSIM 1 CEKpeIlii CHTHATBHUX MOJIEKYI, SIKi PETYIIOI0Th
IHIII KJTITHHH, 110 BiJHOBIIOIOTH TKaHUHU [45].
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BUCHOBKHA

AHTHUMIKpOOHUI TenTua TpaMmimMAUH S y HENITHUYHUX KOHLEHTPAISIX BHSBIISE
BJIACTUBICTh CJIA0KOTO0 MyTareHa, BOUBa€ Ha MpoJi)epaTUBHY aKTUBHICTh KIITHH CIOJYYHOL
TKaHWHU, 30KpeMa, B KOHIeHTpamisax 0,5 MKr/mMia i 5 MKr/mul rpaminuavH S MiJBUILYE
CHHTETUYHY aKTUBHICTh Ta CTHMYJIO€ Tmpoiidepamito ¢(idbpobiacTiB B MOHOIIApi Ta
MIBUJKICTH (hopMyBaHHS MOHOILIapy KiiTHHaMHU KynbTypu L929. Haiibinpm 4uyTauBUMH 10
HETITUYHUX KOHIEHTpAIiil TpaMinuauHy S € KITHHH Ha CTaall TPUKPIIJICHHS Ta
dbopmyBaHHs MoHOMIapy. [linBUIIEHHS] KOHIIEHTpalil rpaminuanay S 1o 50 MKr/mi Bene 10
nizucy ¢idpobnactis miHii L929 y kynbTypi.

Y HemTHYHUX KOHLEHTpALsAX TpaMilUIWH S TMPUTHIYYE aJre3WBHI BIACTUBOCTI
¢i0po0aacTiB, BHKIMKAIOYM PI3HOCHPSIMOBAHI 3MIHM TIOKa3HUKIB Tmpodidepamii Ta
(GYHKIIOHATPHOI aKTHBHOCTI KJIITHH TPU CTAJIOMY TallbMyBaHHI TENTHAOM (HOpMyBaHHS
MOHOIIIAPY.

I'paminuaue S B KOHIEHTpAIii S MKT/MJT HE Ma€ 3HAYYIIOTO ITUTOTOKCUYHOTO e()eKTy Ha
KynbTypy (hiOpobmnactiB, ane NpU3BOAUTH A0 MPUTHIYEHHS MIrpaiiifHOT aKTUBHOCTI KIIITHH.
[TpryomMy CTyHiHb MPUTHIYEHHS 1 MOYKIJIMBICTH BiJIHOBJICHHS LIBOTO MapaMeTpy 3aJeKUTh Bill
TepMiHy arutikaiii GS Ta BUX1AHOTO piBHS aare3ii KIiTHH.

3BOpOoTHE OJIOKYBaHHS TpaMilMIMHOM S y KOHIEHTpauii 5 MKr/mi mposmidepamii Ta
Mmirpanii gpiOpo0racTiB y3roKyeTbCsi 31 CIOCTEPEKEHUM HaMH paHillle aHTHarperaiiiHumM
epextoMm GS momo TPOMOOIUTIB, TOOTO MOXe OyTH YHIBEpPCAIbHOIO AHTH-aATe3UBHOIO
BJIACTUBICTIO JTAHOTO JIEKAICNTHUY, SKa B MEPCIECKTUBI MOXE OyTH BUKOPUCTaHa B Teparil
HOBOYTBOPEHB; Y KOCMETOJIOT11; a TAKOK MOXE CIPHUSATH 3arOEHHIO paH.
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Background: Natural antimicrobial peptides are used in the fight against pathogens resistant to existing
synthetic antibiotics. The non-specific mechanism of cytostatic action of antimicrobial peptides, in
particular gramicidin S, against bacteria is also effective for damaging the cells of neoplasms. The
existence of such a property in a registered antibiotic will indicate its antineoplastic potential and can be
used to expand the spectrum of its therapeutic application.

Aim of work is to clarify the possible antitumor effect of the antimicrobial peptide gramicidin S.
Materials and Methods: Using the methods of confocal laser microscopy and light microscopy, the
morphological and functional features of connective tissue cells under the influence of gramicidin S in the
concentration range 0.5-50 pg/ml were studied using L1929 fibroblasts cell culture. The cell area, nucleus


https://doi.org/10.1002/psc.618
https://doi.org/10.1111/j.1399-3011.1996.tb01096.x
https://doi.org/10.1007/s10096-016-2595-y
https://doi.org/10.1007/s10989-012-9289-9
https://doi.org/10.1016/j.bpj.2017.07.010
https://doi.org/10.1002/bies.201800165
https://doi.org/10.1098/rstb.2018.0227
https://doi.org/10.1016/j.cell.2013.07.042
https://doi.org/10.1093/emph/eow010
https://doi.org/10.1371/journal.pone.0106546
https://doi.org/10.1093/oxfordjournals.alcalc.a008248
https://doi.org/10.1111/bph.15052
https://doi.org/10.3390/ijms20020304
https://doi.org/10.1080/10520290312120004
https://doi.org/10.1038/s41563-022-01294-2
https://doi.org/10.3389/fbioe.2022.958381
file:///D:/_2017-2018/_Организационная%20работа_2017-2018/Біофізичний%20вісник/49/Article_521_Biophys.Bull_Berest/Друк/berest@karazin.ua

60

H. M. Anabenanbkapim, B. I1. Bepect, H. H. MoiceeBa, I'. A. boxok,
T. I1. boumapenko

area, and nucleus-to-cytoplasm ratio were determined. To study the migratory and proliferative activity of
cells in vitro, the “scratch assay” was used, the confluency of the monolayer of cells was evaluated,
morphometric studies were performed, and the relative area of the scratch was measured after 24, 48, and
72 hours.

Results: The lytic effect of gramicidin S in a concentration of 50 pg/ml on 1929 cells was established, in
concentrations of 0.5 pg/ml and 5.0 pg/ml, the antibiotic increases the synthetic activity of cells and
stimulates the proliferation of fibroblasts in a monolayer. Cell anisomorphism is more pronounced in the
presence of 5.0 pg/ml gramicidin S added to the culturing medium during monolayer formation, while a
one-third of the cells in the sample form a population that is morphologically different from other cells in
the culture. The addition of gramicidin S at non-lytic concentrations of 0.5 and 5.0 pg/ml to unattached
fibroblasts reliably inhibits monolayer formation. Under the influence of 5.0 pg/ml gramicidin S, the rate
of monolayer formation is low, even despite the significant content of cells with a high nuclear-
cytoplasmic ratio. The kinetics of filling the cell monolayer defect using the “scratch assay” shows that
GS in concentrations of 0.5 and 5.0 pg/ml can control the migratory and proliferative properties of L929
cells.

Conclusions: The effect of gramicidin S on the morphometric parameters of cells depends on the
concentration of the peptide and the cell status in the culture. GS corrupts the adhesive properties of L929
fibroblasts in monolayer cell culture and the rate of cell monolayer formation. Cells at the stage of
attachment and monolayer formation were most sensitive to non-lytic concentrations of GS. Inhibition of
the adhesive properties of connective tissue cells by gramicidin S is a new non-canonical effect of a
known antimicrobial drug, which may indicate the possibility of using gramicidin S as an anti-neoplasm
agent.

KgEY WORDS: gramicidin S; fibroblasts L929; proliferation; cell adhesion; cell migration.
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Ta XiMi4HI CHMBOJIM BBOISATHCSA 1O TEKCTY CTATTi 3a jomoMoror pemaktopa MathType a6o Microsoft Equation.
Pucynku, npunaTthi 10 penponykii, y ¢dopmari *.emf, *.wmf, * jpg, *.jpeg, *.png BCTaBIAIOTHCSA IO TEKCTY B MEXax
IUTOIII CTOPiHKHM, BKa3aHOi BHUINE. PUCYHKH pO3MIIIyBaTH B MeXaxX TaONHIl 3 MPO3OPHMH 30BHIIIHIMU TPAHULISAMHA Y
MEepIIOMY PSAIKY, IMIAIMUC Ta KOMEHTapi 10 PUCYHKY — Y Jpyromy panxy tabmuui. ['padiku OynyroThcs y mporpaMHUX
nmakeTax, NpU3HauYeHUX Uisi 00poOKH i Bisyamisawii HaykoBux nanux: Origin, Mathcad tormo. Bukopucranss odicHOro
nakety MS Excel mnst moGynoBsu rpagiki He nomyckaerbes. L{udpu 1 mianucu Ha ocsix Ta Hajamucax MOBHHHI MaTH
mwpudt 9 pt. [linnucn mix pucyHkamu npykytotbes mpupTom 10 pt. opmynu, Tabiuii W pUCYHKH HYMEPYIOTHCS
MOCHIOBHO apabcekumu mudpamu, Hanpuknaxa, (1); Tadn. 1; Puc. 1. fkmo crarTs HamucaHa yKpaiHCBKOIO MOBOIO,
MIAMICH 10 PUCYHKIB 1 TaOIUIb AyOIIOI0THCS aHTITIHCHKOI0 MOBOIO.

Ha mepmiii cropiHmi 3BepXy Ha MEpIIOMY PSAAKY B JiBOMY BepxHboMY KyTi HaBoauThcs YK (kypcus, 11 pt). Ilicns
MPOIYCKY OTHOTO psNKa, PO3MINIYEThCS Ha3Ba CTATTi (BENWKI JITepH, NpAMUN HamiBXUpHUH mpudT, 12 pt,
BHpPIBHIOBaHHS IO HEHTpY). Ilicis mpomycky OIHOTO psaka HAOMPAarOThCS iHIIIANM, TPI3BHINA aBTOPIB (MPAMUI
HamiBXApHUA mpudT, 12 pt, BUpiBHIOBAHHSA IO IEHTPY). Ha HaCTymHOMY pSIKY pO3MIMIYIOThCS TOBHI Ha3BHU i axpecu
YCTaHOB, /€ BHMKOHyBajach po0OTa, ajgpeca eJNIEKTPOHHOI IOLITH aBTOpa — KOHTakTHOI ocodu (kypcus, 10 pt,
BUPIBHIOBAHHS IO LEHTPY). [10TiM BMIIyeThCS aTa HAIXOMKCHHS CTATTI J0 PEAAKIIIT: YUCIO — IUPpPaMHU, MiCAIb —
nponucoM, pik — nudpamu (mwpudt npsmuii, 10 pt, BupiBHIOBaHHS 1O LEHTPY). Ha HacTymHOMY psIKy BMIIyeThCs
JlaTa MPUHHATTS CTAaTTi 10 APYKY (3aIIOBHIOETHCS PENIKOJIETIEO).

[Ticns mpormycky OJHOTO psiika BMILIYIOThCS J1Ba pedepaTr (YKpaiHCHKOIO Ta aHIJIIHChKOI MoBaMu). Pedepat MoBOIO
CTaTTi po3mimyeTbes nepumM. [lepen apyrum pedeparom 3 HOBOTO psifika MUIIETHCS HA3BU CTaTi (BEIMKUMHU JTITEPaMH,
mpudT npsmuid, 10 pt, HamiBXUPHWH, BUPIBHIOBAHHA IO LEHTPY), iHIMIaNKA Ta MpPi3BUINA aBTOPiB (WIPHPT mpsaMuit
10 pt, HamiBKUpPHUI, BUPIBHIOBaHHSA IO IICHTPY), HA3BH OpraHi3amiil Ta iX aapecu (KypcuB 9 pt., BUPIBHIOBAaHHS IO
neHtpy). Pedepar moBuHeH OyTH CTPYKTYpOBaHMM Ta MICTHTH HACTYIHI YaCTHHH 3 3arojOBKaMH: AKTYaJbHICTh,
Mera po6otu, Marepianu i meToan, Pe3yabrarn, BucHoBKH, siKi TOYMHAIOTECS 3 HOBOTO psagka. CioBa “Pedepar” i
“Abstract” He THMIIYThCS. 3aroJIOBKH CTPYKTYPHHX YaCTHH IHIIYTHCS HAMIBXKHUPHUM IMIPH(TOM, IICISA 3arojoBKa
cTaBuThCsl Kparka. Tekct pedepary ckianae He MeHme 1800 ta ne Ouibme 2000 poHETUUHHX CHMBOJIB, TOOTO 0e3
HNPOMDKKIB Mix cioBamy; npsmuil mpudt 10 pt. Pedeparu apyroro MOBOI Takok HOBHHEH MaTu OOCAT HE MEHIIE
1800 Ta nHe Oinbure 2000 ¢oHeTMUHMX cHUMBONIB. Ha HAacTymHOMY psiiKy BMIIIYIOTBCS 5-8 KIIFOUOBHX CIIiB, SIKi
PO3ALIAIOTHCS MiXK 00010 Kparkoro 3 komoro (10 pt — mepuruii pedepar, 9 pt — npyruit Ta Tperiit pedeparn). 3 mouarky
psiika BEJMKUMH JIiTepamMH, WPpUGT HAMIBXUPHUH, MHIIEThCS 3aroyioBok 3 nBokpamnkor “KJHOYUOBI CJIOBA:”.
Texctu pedepartis 1 KIIFOUOBI CIIOBa MarOTh IIMPUHY Ha | CM MEHIIY, Hi’ OCHOBHHIT TekcT (110 0,5 cM 3 KOXKHOTro OOKY).
Pedeparn po3ainsioThCsl OAHUM ITyCTHM PSAKOM.

OCHOBHUH TEKCT CTATTI HABOAUTHCS MICIS MPOIyYCKy oaHoro psaka mpudrom Times New Roman (Cyr), 12 pt. A63auu
MMOYUHAIOTECS 3 YepBoHOTO psinka (0,75 cMm). PekoMeHIyeThCsl pO30UTTS CTATTI HA TaKi PO3AUIHM: BCTYH (Ha3Ba pO3IiTy
we mumetscs), MATEPIAJIM I METOJM (0GoB’i3Kk0BO uisi eKcrepuMeHTanbHuX pobit), PE3YJIBTATH W
OBI'OBOPEHHS, BUCHOBKMU. [ns1 TeopeTHUHUX poOiT mependavdaeThest OB BiIbHE PO3TANIyBaHHS MaTepiay,
Hanpukian, 3amicte po3ainy MATEPIAJIM I METO/JM pexomernaytotscs posninu IOCTAHOBKA 3AJTAYI,
MOJEJIb Ta in. Po3ninm He HyMepyIOThCs, JIITEpH BEJIMKi, HAIIBKUPHI, BUPiBHIOBaHHS 110 LeHTpy. [Tpn HeoOXigHOCTI
PO3MiNM MOAIMAIOTECS Ha miapo3ainn. Ha3Bu miIpo3ainiB MHITYTHCS 3 BENUKOI JIHTEPH 1 BHAUIAIOTHCSA HAIiBXUPHIM
mpudTOM, BUPIBHIOBAHHA IO HEHTPY. Po3minm abo migpo3mian po3aiIsIOTECA OMHUM IycTUM psakoM. Ilicims Has3B
pO3AiMIB 1 MiAPO3iNIB Kpamka HE CTaBUTHCS. Y KiHII TEKCTy CTaTTi MICIS MPOITyCKy OJHOTO PsKa Yy PO3inii
MHNOJAAKA 3a3nauaeThcsi Ha3Ba (GOHIY, sk (iHaHCYBaB poOOTy, i HOMep rpaHTy. [IOoTiM PO3MIIIYEThCS PO3IIT
KOH®JIIKT IHTEPECIB, y sikoMy aBTOPH JIEKIapyIOTh HasBHICTH (hiHAHCOBMX ab0 IHIIMX KOH(QIIIKTIB iHTEpECiB,
SIKI MOTJIM BIUTMHYTH Ha PE3yJbTaTH, IHTEPIPETAII0 Ta BUCHOBKH JOCI/DKEHHS. SIKIIO HEeMae KOHQIIKTa iHTEpeciB,
TaK i MoTpiOHO 3asBUTH: «ABTOPH MOBIJOMIISIOTH IIPO BIJICYTHICTH KOH(]IIiKTa iHTEepeciBy. I10TiM po3MinryeTsest po3i
Authors’ ORCID ID, y sixomy aBTOpH BKa3ytoTh aapecu cBoix npodinis ORCID.

JlirepaTypHi NMOCHJIaHHSI HYMEpYIOThCS B HOPSAAKY LUTYBaHHS B TEKCTi, HOMEp MOCHJIAHHS MHIIETHCS Y KBaJPaTHUX
nyxkax. He mormyckaloTbesi OCHIaHHS Ha HEOMyOJiKOBaHI poOOTH, MiJpYYHHKH Ta HaBYajbHI MOCiOHMKH. CIHMCOK
mitepatypu (mpudt 10 pt.) po3minryeTbcs 3a OCHOBHHM TEKCTOM cTarTi, BUntierbes sk po3nin REFERENCES i
0 OPMITIOETECS 3TiHO 3 MDKHApOJHHMM cTHieM O(OpPMIICHHS CHHMCKY HayKoBuX myOumikauiit Vancouver. Ilpuxnaan
odopmiieHHst 0ibmiorpadiyHUX MOCHIaHb MOXHA IIOJMBUTUCH HAa CalTi XypHaly y posaini «KepiBHMOTBO [uist
aBTopiB»: https://periodicals.karazin.ua/biophysvisnyk/about/submissions.

Pykonucu odopmJieHi He y BiTmoBiZHOCTi 10 HaBeJeHUX MPABUJ He PO3IJISIAATUMYThCs!
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INSTRUCTIONS FOR AUTHORS

Electronic files of the contributions (created in MS Word 2007 and later versions) written in English or Ukrainian,
scans of the expert inference directive and directive from the author’s institution should be sent to the Editorial
Office online via the website http://periodicals.karazin.ua/biophysvisnyk.

A manuscript should be typed in single spacing on A4 paper. Use the MS Word with following options: 12 points
Times New Roman font, text justified. Left and right margins should be 2.5 cm, the upper margin should be 3.5 cm,
and bottom one should be 2 cm. Mathematical and chemical symbols, equations, and formulae should be inserted in
the text by computer means (MathType or Microsoft Equation). Figures should be computer-generated in software
packages intended for processing and visualization of scientific data: Origin, Mathcad, etc. The use of the MS Office
Excel is not recommended. Use computer printed symbols for axes labeling. Insert prepared images into an MS
Word file as files in *.emf, *.wmf, *.jpg, *.jpeg, *.png format within the area of the page specified above. We
recommend the following layout: images are placed in the first row of the table with transparent outer borders,
legends and comments to figures are placed in the second raw of the table. The font size of figure legends should be
9 points. Formulae, tables, figures should be numbered consecutively using Arabic numerals, e.g. (1), Table 1, Fig 1.
If the article is written in Ukrainian, captions to figures and tables are duplicated in English.

Insert UDC in the first line on the left of a first page (11 pt, Italic). Leave one line blank. Place the title of the paper
in capital letters (12 pt, bold, centered) on the next line. After one blank line type initials and surnames of the
authors (12 pt, bold, centered). On the next line type the authors' affiliation and postal addresses of the institution
where the actual work was done, including an e-mail address of the corresponding author (10 pt, Italic, centered).
Then, place the date of the paper submission: day — in numbers, month — in words, year — in numbers (straight
font, 10 pt, centered). Then, place the date of the paper submission (to be filled by editor).

After one blank line place two abstracts of the paper (written in Ukrainian and English). The first abstract should be
written in the language of the manuscript. On the next line provide the second abstract (capital letters, straight font,
10 pt, bold, centered). Above the second abstract place the titles of the paper in the second language (capital letters,
straight font, 10 pt, bold, centered), then — initials and surnames of the authors (straight font, 10 pt, bold, centered),
and finally — the authors' affiliation names and addresses (9 pt, Italic, centered), every time starting from a new
line. The abstract should be structured and consist of the following parts with headings: Background, Objectives,
Materials and Methods, Results, Conclusions, each placed on a new line. The words “Pedepar” and "Abstract"
should be omitted. The headers of structural parts are written in bold letters, putting a dot after the header. The two
abstracts of the paper should contain not less than 1,800 and not more than 2,000 phonetic symbols (i.e., without
taking into account the spacing between words); straight font, 10 pt. On the next line type 5-8 key words, separated
by a semicolon (10 pt — first abstract, 9 pt — second and third abstracts). Next, the header "KEY WORDS:"
should be typed in bold capital letters at the beginning of the line. The texts of the abstracts and key words should be
indented 0.5 cm from the left and right margins. The abstracts should be separated by a blank line.

Then, leave one blank line before starting to type the text of the paper with following options: Times New Roman
font, 12 pt, text justified. The first line of each paragraph should be indented 0.75 cm from the left margin. Each
manuscript should contain the following elements: an introduction (heading of this section should be omitted),
MATERIALS AND METHODS (obligatory for experimental studies)), RESULTS AND DISCUSSION,
CONCLUSIONS. For theoretical less specified text organization is envisaged, e.g., instead of section
MATERIALS AND METHODS, the sections PROBLEM FORMULATION or MODEL are recommended, etc.
The sections are not numbered, capital letters, bold, centered. Sections may be subdivided into subsections, if
necessary. Subsection Headings are centered and should be bold and capitalized. Leave one blank line after each
section or subsection. A dot should be omitted after headings of sections and subsections. Names of the foundations
and grant numbers should be included in the section ACKNOWLEDGMENTS at the end of the text after one
blank line. The next section should be CONFLICT OF INTEREST in which you should declare financial or any
other conflict of interest. If there is no conflict of interest, you can state: “The authors declare that there is no
conflict of interest.” The next section should be Authors’ ORCID ID in which you should include ORCID internet
addresses of all authors.

References to the literature should be cited in the text consecutively by Arabic numerals in square brackets. The
citation of unpublished papers, textbooks and tutorials are prohibited. List of references (10 pt) should be given at
the end of the manuscript as a separate section REFERENCES, formatted according to the VVancouver style for
scientific publications.

The examples for reference formats are given on the journal's website in the "Author Guidelines™:
https://periodicals.karazin.ua/biophysvisnyk/about/submissions.

Manuscripts that do not meet the requirement mentioned above will not be considered for publication!
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