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Abstract

Objectives. Gene therapy techniques based on the introduction of therapeutic nucleic acids into body cells are currently being developed
for the treatment of diseases with a genetic etiology. Among modern drug delivery systems, nonviral agents based on the use of a variety
of lipids to produce liposomes and micelles occupy a special place. This work sets out to synthesize and study the properties of dimeric
cationic amphiphiles of irregular structure with symmetric and asymmetric hydrophobic blocks in order to determine the influence of
structure on physicochemical properties and evaluate the prospects of their application as transfection agents.

Methods. The formation of hydrophobic and hydrophilic blocks involves reactions of L-cystine derivatives and L-glutamic acid and
diethanolamine diesters using the condensing agents: dicyclohexylcarbodiimide (DCC) + 4-(dimethylamino)pyridine (DMAP) or
hexafluorophosphate benzotriazole tetramethyl uranium (HBTU) + diisopropylethylamine (DIPEA). In order to isolate the reaction
products from the reaction mixture, column chromatography and/or preparative thin-layer chromatography on silica gel were used. The
structure of the obtained compounds was confirmed by 'H nuclear magnetic resonance spectroscopy and mass spectrometry. Synthesized
lipopeptides in aqueous medium formed liposomal dispersions whose particle size was determined by photon correlation spectroscopy.

Results. Schemes for the preparation of novel dimeric cationic amphiphiles based on L-cystine derivatives were devised. The
hydrophobic blocks of the obtained compounds include diesters of diethanolamine and L-glutamic acid (C10, C14, and C16). Targeted
lipopeptides were used to obtain liposomal dispersed systems mixed with natural lipids. The hydrodynamic size of the particles formed
in all dispersions was determined to be within the range of 50 to 200 nm.

Conclusions. The physicochemical properties of aqueous dispersions based on the synthesized compounds were investigated. Dimeric
amphiphiles mixed with phosphatidylcholine and cholesterol form liposomal particles. The impact of amphiphile structure on aggregate
size was demonstrated. The number of L-ornithine residues (0, 1, 2) in the target products was found to be the most significant parameter
affecting the particle size.
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AHHOTaUuS

]_Ie.Jm. B HaCTOsAIEEC BpEeMs U JICHCHUA 3a6OHeBaHHﬁ, HUMECIOIUX I'CHETUYECKOC MMPOUCXOKICHUEC, pa3pa6aTLIBaIOTC$[ MCTOABI TEHHOM
TE€panunu, OCHOBAHHBLIC Ha JOCTABKE B KJICTKU OpraHu3Ma T€ParieBTU4CCKUX HYKJICMHOBBIX KHUCJIOT. CpeZ[I/I COBpPEMEHHBIX CUCTEM JOCTaB-
KU JICKapCTBCHHBIX CPEACTB 0c000€ MECTO 3aHUMAIOT HEBUPYCHBIC CPEICTBA, OCHOBAHHBIC Ha UCII0JIb30BaHUN paSHOO6pa3HI)IX JIMITU10B
JUIS TOJTYYE€HU S JIMITOCOM U MULICILT. HCHLIO JTaHHOM pa6OTBI SABJISICTCS CUHTE3 U U3YUCHUEC CBOWCTB JUMEPHBIX KaTUOHHBIX aM(bI/Iq)I/IJ'IOB
HEPETrYyISIPHOTO CTPOCHUA C CUMMETPHUYHBIM U aCCUMETPUYHBIM FPIZ[pO(l)O6HI)IM 0JIOKOM JUIS OIIPEACJICHUS BIIUSAHUSA CTPYKTYPBI Ha (1)1/1-
3UKO-XUMHYCCKHE CBOﬁCTBa, YTO IMO3BOJIUT OLCHUTD NEPCHEKTUBBI UX TPUMEHECHUS B Ka4€CTBE TpaHC(i)CKIII/IOHHLIX Ar¢HTOB.

Mertoabl. QopmupoBanue ruApoGoOHbIX U rHAPOGUIBHBIX OJIOKOB MpE/onaraeT IMPOBEICHHE PEaKkluid MPOU3BOAHBIX L-nucTHHA
u 1udGUpoB L-m1yTaMHHOBOI KHUCIOTHI M JUATAHOJAMHHA C MOMOIIBI0 KOHJCHCHUPYIOLIUX areHTOB: N,N-IHIUKIOreKCHIKapOOoany-
muna (DCC) + 4-mumernnamunonupuanaa (DMAP) mmm rexcadropdocdar 6enzorpuazonrerpamermayponns (HBTU) + numsompo-
mwTuiamuHa (DIPEA). Jlns BbIAeIeHUs MPOAYKTOB PEAKIUK U3 PEaKIIMOHHOI CMECH MPHMEHSIIACh KOJIOHOYHAsh XpoMarorpadus
W/WIH TpeTiapaTUBHAS TOHKOCIIOHHAS XpomaTtorpadus Ha cumkarene. CTpyKTypa MOTydeHHBIX COSUHEHUH MOATBEPKICHA TaHHBIMH
CTIEKTPOCKOTIHH AAEPHOTO MATHUTHOTO pe3oHanca 'H i Macc-ciekTpomerpun. CHHTE3HpPOBAHHEIE JTHTIOTIEIITHIE B BOTHOM cpeie 06-
Pa30BBIBAJIN JIMIOCOMAJIbHBIC TUCIIEPCHH, Pa3Mep YacTHI[ KOTOPBIX ONPEIeIsiI METOOM (OTOHHO-KOPPEIISIIIHOHHON CIIEKTPOCKOIIHH.

Pesyabrarsl. PazpaboTaHbl cXeMbl MOIYYCHHS HOBBIX JUMEPHbBIX KaTHOHHBIX aM(pu(UIOB Ha OCHOBE NPOM3BOAHBIX L-nucruHa. I'u-
IpodoOHbIe OIIOKH MOMYyYEHHBIX COCAMHEHUN BKIIOYAIOT AMAHUPH AudTaHONaMuHa u L-rimyramunoBoit kuciotsl (C10, C14 u C16).
[leneBble JIMIONENTH/bI ObUIN UCIOIb30BAHBI JUIS HOMYUCHHS JIMIOCOMAbHBIX IUCIICPCHBIX CHCTEM B CMECH C MPUPOHBIMH JIMIIH-
namu. Jlist BceX JUCIIEpCHii onpe/ereH MMAPOANHAMUYECKUH pa3Mep cOPMHUPOBAHHBIX YACTHUII, KOTOPBIH HAXOMUTCS B MHTEPBAJC
ot 50 1o 200 HM.

BoiBoabl. 3yueHb! GU3NKO-XUMHYECKUE CBOMCTBA BOAHBIX JAUCIIEPCHI HA OCHOBE CHHTE3UPOBAHHBIX coequHeHU. JuMepHbie aMmdu-
¢ubl B cMecH ¢ HochaTHAUIXOINHOM U XOJIECTEPHHOM 00pa3yioT JIMIOCOMaIbHBIE YaCTUIIBI. [T0Ka3aHo BIMAHKUE CTPYKTYpbl ampudu-
JIOB Ha pa3Mep MONyYaeMbIX arperaToB. YCTaHOBIEHO, YTO HAaHOONee 3HAYMMbIM ITapaMeTPOM, BIHAIOIINM Ha pa3Mep YacTHII, SBISETCS
yrciao octatkoB L-opautrHa (0, 1, 2) B cocTaBe HeneBBIX TPOIYKTOB.

KnioueBble cnoea Moctynuna: 11.12.2024
CHMMETPUHYHBIE ¥ ACHMMETPUYHBIE JUMEPHbIE KATMOHHbIE aM(DUDUIBI, TPOU3BOJIHBIE Aopa6oTaHa: 07.04.2025
L-LUCTHHA, KATHOHHBIE JMIIOCOMBI, TUITONENTH/IbI MpuHsiTa B neyats: 05.09.2025
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INTRODUCTION

Gene therapy has the potential to treat hematological
and cardiovascular diseases, neurological disorders,
cancers, and genetic disorders. Modern treatment
methods are based on the use of nucleic acids,
including small interfering RNAs, antisense
oligonucleotides, and aptamers. More recently,
mRNA-based vaccines against COVID-19 have been
approved in this area [1].

Positive results from gene therapy can be observed in
the treatment of many diseases, such as spinal muscular
atrophy, hemophilia, ophthalmological diseases, some
cancers [2], and viral diseases [3].

For the successful correction of genetic
abnormalities, the efficiency of delivering nucleic acids
and establishment of conditions for their long-term
functioning are important factors. Various viral and
nonviral vectors are being developed to deliver genetic
materials into cells, each having its own advantages and
disadvantages [4].

Liposomal systems belong to a broad class of nonviral
nucleic acid delivery agents. Such delivery agents were
among the first nonviral systems to demonstrate effective
gene delivery and undergo preclinical and clinical
trials [5].

Itis known that the structure of amphiphiles influences
the size and type of packing of the resulting aggregates.
By varying different blocks and the nature of the spacer,
the physicochemical properties of aggregates based
on these molecules and their subsequent interaction
with biological membranes can be studied. The high
transfection efficiency of cationic dimeric derivatives
with short spacer groups is likely due to the presence of
two coexisting lamellar structures [6]. It has also been
shown that a longer fragment in the hydrophobic block
(Cl16, C18) promotes the release of the nucleic acids
from the lipoplex [1, 6, 7].

The aim of the present work is to obtain and study
the properties of irregular cationic amphiphiles having
symmetric and asymmetric hydrophobic blocks to
determine the influence of structure on the properties of
the vesicles they form in an aqueous medium. This is
then used as a basis for assessing the prospects for their
application as transfection agents.

The use of natural amino acids in the structure of
nucleic acid binding agents is a promising approach.
It is known that natural amino acids are natural
components of biological systems, and their catabolism
does not produce toxic metabolites. It explains the low
toxicity and high biocompatibility of delivery agents
based on natural amino acids [8, 9]. Also, due to the
ability of amphiphiles containing amino acid residues
to protonate, positively charged cationic amphiphiles

are formed, which can subsequently be used to create
complexes with negatively charged nucleic acids. In the
structure of the target amphiphiles, the natural amino
acid L-cystine was used as a spacer unit to connect the
hydrophobic and hydrophilic domains. The disulfide
group is a potentially sensitive site to the action of
intracellular reductants, such as glutathione. Disulfide
bond disruption can reduce lipoplex stability and
promote the release of nucleic acids, thereby increasing
transfection efficiency [10, 11].

The introduction of polar blocks of synthesized
dimers of one or two L-ornithine residues attached to the
amino groups of L-cystine allows for the achievement
of a multivalent effect, which improves the ability of
cationic liposomes and genetic material to form a stable
lipoplex [1].

The present authors have previously proposed
various types of hydrophobic blocks, which are diesters
of diethanolamine and L-glutamic acid (Glu) (C10,
Cl14, and C16). The high hydrophobicity of such
compounds potentially allows for increased transfection
efficiency [1, 4].

EXPERIMENTAL
Materials and methods

The following commercially available reagents
were used without further purification: di-zert-butyl
dicarbonate, N,N'-dicyclohexylcarbodiimide (DCC),
4-dimethylaminopyridine (DMAP), hexafluorophosphate
benzotriazole tetramethyl uranium (HBTU),
diisopropylethylamine ~ (DIPEA) (Sigma-Aldrich,
Germany); sodium bicarbonate (Khimmed, Russia);

trifluoroacetic acid (Biochem, France); soybean
phosphatidylcholine  (PC) brand Lipoid S100
(Lipoid  GmbH, Germany); cholesterol (Chol)

(Sigma-Aldrich, Germany); dichloromethane (DCM),
chloroform (trichloromethane, TCM), toluene, ethyl
acetate, petroleum ether, and methanol (MeOH)
(Komponent-reaktiv, Russia).

Bis-N,N'-(tert-butoxycarbonyl)-L-cystine (1), O,0'-di-
palmitoyl-diethanolamine (2a), and O,O’-dimyristoyl-
diethanolamine (2b), dihexadecyl L-glutamate (9),
didecyl L-glutamate (11), and  bis-N,N'-(tert-
butoxycarbonyl)-L-ornithine (Boc,0Orn) were obtained
according to the methods described in [12, 13].

'H nuclear magnetic resonance (NMR) spectra were
recorded in deuterated chloroform (CDCly) (Solvex-D,
Russia) on a Bruker WM-300 NMR spectrometer
(Bruker BioSpin, Germany) operating at a frequency of
300 MHz. Mass spectra of the substances were recorded
using a Bruker Ultraflex II high-resolution time-of-flight
mass spectrometer (Bruker Corporation, Germany),
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with  MALDI ionization (matrix-assisted laser
desorption/ionization) and 2,5-dihydroxybenzoic acid
(Sigma-Aldrich, Germany) as the matrix.

Column chromatography was performed using
63-200 umofSilicaGel 60 (ISOLAB Gmbh,Germany)and
a chromatographic column (Borosil, Russia). Preparative
thin-layer chromatography (TLC) was performed on
Silica 60 gel (Macherey-Nagel, Germany) coated on
a glass plate. Analytical TLC was performed on Sorbfil
(IMID, Russia) and Silufol (Avalier, Czech Republic)
plates using the following solvent systems: (A) toluene/
ethyl acetate = 4 : 1; (B) toluene/ethyl acetate = 2 : 1;
(C) TCM/MeOH = 10 : 1; (D) petroleum ether/ethyl
acetate = 4 : 1; (E) toluene/ethyl acetate =5 : 1.

To visualize the substance spots on the TLC
chromatograms, they were immersed in a 3% ninhydrin
solution (Acros Organics, Belgium) and then heated
to 100°C.

Solvents were removed using a RV 3 vacuum rotary
evaporator at 20-300 rpm (/KA4, Germany).

Bis-N,N'-(tert-butoxycarbonyl)-
L-cystine bis(0, O'-dipalmitoyl-
diethanolamide) (3a)

To a solution of 0.250 g (0.56 mmol) of compound 1 in
DCM cooled to 0°C, 0.253 g (1.23 mmol) of DCC and
a catalytic amount of 0.007 g (0.056 mmol) of DMAP
were added. After 30 min, 0.650 g (1.1 mmol) of 2a was
added. The mixture was kept at 0°C for 1 h and at 25°C
for 24 h. The precipitate was filtered off. The solvent
was removed using a rotary evaporator. The product
was isolated by column chromatography in system (A).
0.414 g (59.8%) of compound 3a was obtained, with
a retention factor R (A) of 0.33.

'H NMR spectrum of compound 3a: 0.88 (12H, t,
J = 6.7 Hz, CH,); 1.27 (96H, s, -CH,-); 1.43 (18H,
s, CCH;); 1.60 (8H, s, B-CH,); 2.26-2.33 (8H, m,
a-CH,); 3.01 (4H, br. s, CH,-S); 3.47-3.90 (8H, m,
CH,-CH,-0O); 4.20-4.28 (8H, m, CH,-CH,-O);
493 (2H br. s, CH-CH,-S); 5.32-5.38 (2H, m,
CONHCHCO).

Bis-N,N'-(tert-butoxycarbonyl)-L-cystine
bis-(0, O’-dimyristoyl-diethanolamide) (3b)

The reaction was carried out similarly to the preparation
of compound 3a. From 0.183 g (0.416 mmol) of
compound 1, 0.189 g (0.915 mmol) of DCC and
a catalytic amount of 0.005 g (0.042 mmol) of DMAP, as
well as 0.460 g (0.874 mmol) of compound 2b, 0.070 g
(11.6%) of compound 3b was obtained. The product was
isolated by preparative chromatography on a silica gel
plate in system (B). R, (B) 0.22.

'H NMR spectrum of compound 3b: 0.88 (12H, t,
J =6.7 Hz, CH,); 1.28 (80H, s, -CH,~); 1.44 (18H, s,
CCH,); 1.55-1.7 (8H, m, B-CH,); 2.25-2.40 (8H, m,
a-CH,); 3.15 (4H, br. s, CH,-S); 3.48-3.70 (8H, m,
CH,-CH,-0); 4.20-4.38 (8H, m, CH,-CH,-0); 5.78
(2H, br. s, CONHCHCO).

L-Cystine bis(0O, O'-dipalmitoyl-
diethanolamide) (4a)

A solution of 1.1 mL (14.8 mmol) of trifluoroacetic acid
in 3 mL of TCM was added to 0.116 g (0.074 mmol)
of compound 3a. After 2 h, the solvent was removed
using a rotary evaporator, then the reaction mixture was
dissolved in TCM and washed with a 5% solution of
sodium bicarbonate. The organic residue was filtered on
a pleated filter wetted with TCM, and the solvent was
removed under vacuum. 0.101 g (99.8%) of compound 4a
was obtained, R; (C) 0.55.

L-Cystine bis(0, O’-dimyristoyl
diethanolamide) (4b)

The synthesis of compound 4b was carried out similarly to
compound 4a. From 0.07 g (0.048 mmol) of 3b, 0.044 g of
product 4b was obtained with a yield of 72%, R (B) 0.33.
MALDI TOF (m/z): calculated for [C,oH,;,N,0,0S,1*"
628.331, found 628.326 [M+2H]*".

'H NMR spectrum of compound 4b: 0.88 (12H, t,
J=6.7Hz, CH,); 1.26 (80H, s, -CH,-); 1.57-1.66 (8H,
m, B-CH,); 2.27-2.45 (8H, m, 0-CH,); 3.30-3.72 (8H,
m, CH,-CH,-0); 4.10-4.30 (8H, m, CH,~CH,-0); 4.5
(4H, br. s, CHNH,).

N-[N%,N3-bis(tert-butoxycarbonyl)-
L-ornithyl]-L-cystine bis(O, O’-dipalmitoyl-
diethanolamide) (5a)

To a solution of 0.068 g (0.205 mmol) of Boc,Orn in
DCM cooled to 0°C, 0.081 g (0.213 mmol) of HBTU
and 0.028 g (0.213 mmol) of DIPEA were added with
stirring, and the mixture was stirred for 30 min. Then
0.101 g (0.074 mmol) of compound 4a was added. The
process was then carried out similarly to the preparation
of compound 3a. The product was isolated by preparative
chromatography on a silica gel plate in system (B).
0.030 g (24%) of compound 5a was obtained, R;(B) 0.6.

'H NMR spectrum of compound 5a: 0.88 (12H,
t,J = 6.7 Hz, CH,); 1.25 (96H, s, -CH,-); 1.43 (18H,
s, CCH,); 1.54-1.65 (8H, m, B-CH,); 2.26-2.34 (8H,
m, a-CH,); 2.95-3.06 (4H, m, CH,-S); 3.4-3.9 (8H,
m, CH,-CH,-0); 4.15-4.29 (8H, m, CH,~CH,-O);
4.88-4.98 (2H, m, C-CH,-S); 5.30-5.38 (2H, m,
CONHCHCO).
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Bis-N,N'-[(bis-N%,N8-tert-
butoxycarbonyl)-L-ornithyl]-L-cystine bis-
(O, O'-dimyristoyldiethanolamide) (6b)

Much like the preparation of compound 3a, from 0.020 g
(0.06 mmol) of Boc,Orn and 0.0315 g (0.025 mmol)
of compound 4b, 0.013 g (28%) of compound 6b was
obtained. The product was isolated by preparative
chromatography in system (D), R; (D) 0.42.

'H NMR spectrum of compound 6b: 0.88 (12H, t,
J = 6.7 Hz, CH,); 1.26 (80H, s, -CH,~); 1.42 (36H, s,
CCH,); 1.55-1.66 (8H, m, p-CH,); 2.26-2.37 (8H, m,
a-CH,); 3.05-3.14 (4H, m, CH,-S); 3.46-3.67 (8H,
m, CH,~CH,-O); 4.12-4.25 (8H, m, CH,~-CH,-O);
4.60 (2H, br. s, CH-CH,-S); 5.00-5.04 (2H, m,
CONHCHCO).

N-(L-Ornithyl)-L-cystine
bis(0, O’-dipalmitoyl-diethanolamide)
trifluoroacetate (7a)

To 0.013 g (0.0078 mmol) of compound 5a, 0.230 mL
(3.09 mmol) of trifluoroacetic acid in 3 mL of DCM
was added. The reaction progress was monitored by
TLC. They were stirred for 1 h. After that, the solvent
was removed using a rotary evaporator. 0.010 g (75%)
of compound 7a was obtained, R, (C) 0.1. MALDI TOF
(m/z): calculated for [C83H16ON60“82]+ 1481.159,
found 1481.157 [M]*.

'"H NMR spectrum of compound 7a: 0.88 (12H, t,
J=6.7Hz, CH,); 1.26 (96H, s, -CH,-); 1.56-1.64 (8H,
m, B-CH,); 1.72-2.15 (4H, m, (Orn)-CH,-); 2.26-2.34
(8H, m, a-CH,); 2.95-3.06 (4H, m, CH,-S); 3.5-3.68
(8H, m, CH,-CH,~0); 4.35-4.44 (8H, m, CH,~CH,-0);
4.45-4.56 (2H, m, CH-CH,-S); 7.93 (3H, br. s,
CH,NH,); 8.97 (6H, br. s, C(O)CHNH,).

Trifluoroacetate of bis-N,N’-(L-ornithyl)-
L-cystine bis-(0, O'-dimyristoyl-
diethanolamide) (8b)

The reaction was carried out similarly to the preparation
of compound 7a. 0.126 mL (1.7 mmol) of trifluoroacetic
acid was added to 0.008 g (0.0042 mmol) of compound 6b.
0.005 g (71%) of compound 8b was obtained, R;(C) 0.1.
MALDI TOF (m/z): calculated for [CgoH,sNgO;,S,]*
371.786, found 371.785 [M+4H]*".

'"H NMR spectrum of compound 8b: 0.88 (12H,
t,J = 6.7 Hz, CH;); 1.26 (80H, s, -CH,—); 1.55-1.65
(8H, m, B-CH,); 1.70-2.11 (8H, m, (Orn)-~CH,~);
2.26-2.37 (8H, m, a-CH,); 2.95-3.06 (4H, m, CH,-S);
3.52-3.68 (8H, m, CH,-CH,-O); 4.35-4.44 (8H,
m, CH,-CH,-0); 7.94 (6H, br. s, CH,NH;); 9.12
(6H, br. s, C(O)CHNH,).

[N,N’-bis(tert-butoxycarbonyl)-L-cystine]
dihexadecyl-L-glutamate (10)

Much like the preparation of compound 3a, from 0.330 g
(0.75 mmol) of compound 1 and 0.350 g (0.60 mmol)
of compound 9, 0.043 g (22%) of compound 10 was
obtained. The product was isolated by preparative TLC
in system (A), R;(B) 0.8.

'"H NMR spectrum of compound 10: 0.87 (6H, t,
J = 6.7 Hz, CH,); 1.3 (58H, s, CH,); 1.44-1.50 (18H,
m, CCH,); 1.6 (4H, s, B-CH,); 1.86-1.92 (4H, m,
a-CH,); 3.25 (2H, s, CH,-S); 3.67 (2H, t, J = 6.5 Hz,
CH,-S); 3.8 (IH, t, J = 6.5 Hz, C(O)-NH-Glu);
48 (2H br. s, CH-CH,-S); 5.44-5.58 (2H, m,
H,CCNH-CH(COOH)-CH,).

[N,N'-bis(tert-butoxycarbonyl)-L-cystine]
dihexadecyl-L-glutamate O, O’-dipalmitoyl-
diethylamine (12a)

Much like the preparation of compound 3a, from 0.032 g
(0.032 mmol) of compound 10 and 0.019 g (0.032 mmol)
of2a, 0.040 g (77%) of compound 12a was obtained. The
product was isolated by preparative TLC in system (E),
R:(B)0.9.

'TH NMR spectrum of compound 12a: 0.91 (12H,
t, J = 6.7 Hz, CH,); 1.3 (106H, s, CH,); 1.41-1.47
(18H, m, CCH,); 1.53 (8H, s, B-CH,); 1.6-1.7 (8H,
m, a-CH,); 3.35(4H, dd, CH,-S-); 3.65-3.76 (4H, m,
CH,-CH,-0); 4.10-4.20 (4H, m, CH,-CH,-0O); 4.8
(ZHbr. s, CH-CH,-S); 5.38-5.46 (2H, m, CONHCHCO).

[N,N’-bis(tert-butoxycarbonyl)-
L-cystinyl](dihexadecyl-L-glutamate)-
(didecyl-L-glutamate) (12b)

Much like the preparation of compound 3a, from
0.065 g (0.064 mmol) of 10 and 0.030 g (0.064 mmol)
of 11, 0.015 g (17%) of compound 12b was obtained,
R;(B)0.78.

'TH NMR spectrum of compound 12b: 0.88 (12H, t,
J = 6.7 Hz, CH,); 1.27 (90H, s, CH,); 1.44-1.47 (18H,
m, CCH,); 1.82 (8H, dd, O-CH,—CH,); 2.35-2.5 (8H,
m, O-CH,—CH,); 3.64 (4H, t, /= 6.5 Hz, CH,-S); 4.78
(2ZH br. s, CH-CH,~S); 5.56-5.6 (4H, m, CONHCHCO).

L-Cystinyl-(dihexadecyl-L-glutamate)-
(0, 0'-dipalmitoyl-diethylamine)
trifluoroacetate (13)

A solution of 1 mL (14.7 mmol) of trifluoroacetic acid
in 3 mL of TCM was added to 0.040 g (0.025 mmol)
of compound 12a. After 2 h, the solvent was removed
using a rotary evaporator. 0.029 g of product 13 with was
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obtained an 82% yield, R; (E) 0.9. MALDI TOF (m/z):
calculated for [CoH,5,N,0,,S,]*" 690.751, found
690.748 [M+2H]*".

'H NMR spectrum of compound 13: 0.91 (12H,
t, J = 6.7 Hz, CH,); 1.3 (106H, s, CH,); 1.53 (8H, s,
B-CH,); 1.64-1.72 (8H, m, a-CH,); 3.35 (4H, dd,
CH,-S-); 3.60-3.73 (4H, m, CH,~CH,-0); 4.13-4.27
(4H, m, CH,-CH,-0); 4.8 (2H br. s, CH-CH,-S); 6.91
(6H, br. s, CHNH,).

L-cystinyl-(dihexadecyl-L-glutamate)-
(didecyl-L-glutamate) trifluoroacetate (14)

The synthesis of compound 14 was carried out
similarly to compound 13. From 0.015 g (0.011 mmol)
of 12b, 0.007 g of product 14 was obtained with
a yield of 50%, R, (B) 0.8. MALDI TOF (m/z):
calculated for [CgeH,3,N,0,,S,1*" 614.716, found
614.719 [M+2H]>".

'H NMR spectrum of compound 14: 0.92 (12H, t,
J = 6.7 Hz, CH,); 1.27 (80H, m, CH,); 1.77 (8H, dd,
O-CH,~CH,); 2.04-2.08 (8H, m, O-CH,-CH,);
2.3-235 (8H, m, (Glu)-CH,); 3.07-3.15 (2H, m,
NH); 4.05-4.12 (4H, m, CH-CH,-S); 4.48 (2H, m,
CONHCHCO); 4.6 (6H, br. s, CHNH,); 4.78 (2H br. s,
CH-CH,-S).

Bis-[N,N'-di-(tert-butoxycarbonyl)-
L-ornithyl]-L-cystinyl-(dihexadecyl-
L-glutamate)-(didecyl-L-glutamate) (15)

0.007 mg (0.0053 mmol) of compound 14 was dissolved
in TCM and washed with a 5% solution of sodium
bicarbonate. The organic residue was filtered on a pleated
filter wetted with TCM. Next, following a similar
procedure to that used to obtain compound 3a, 4.2 g
(0.012 mol) of Boc,Orn were added, yielding 0.002 g
(70%) of compound 15. The product was isolated by
preparative chromatography in system (E), R; (E) 0.38.

'H NMR spectrum of compound 15: 0.9 (12H, t,
J = 6.7 Hz, CH,); 1.27 (84H, m, CH,); 1.3-1.5 (36H,
m, CCH,); 1.65-1.75 (16H, m, CH,); 1.77 (8H, dd,
O-CH,~CH,); 2.04-2.08 (8H, m, O-CH,-CH,);
3.07-3.15 (6H, m, NH); 4.05-4.12 (4H, m, CH-CH,-S);
4.78 (2H br. s, CH-CH,-S).

Trifluoroacetate of bis-N,N'-(L-ornithyl)-
L-cystine-dihexadecyl-L-glutamate-
didecyl-L-glutamate (16)

The reaction was carried out similarly to the preparation of
compound 7a. 1.5 mL (0.026 mol) of trifluoroacetic acid
was added to 0.002 g (0.0011 mmol) of compound 15.
0.004 g (70%) of compound 16 was obtained, R (E) 0.1.

MALDI TOF (m/z): calculated for [CogH,5;NgO,S,]3"
487.317, found 487.313 [M+3H]>".

'"H NMR spectrum of compound 16: 0.9 (12H, t,
J = 6.7 Hz, CH,); 1.27 (84H, m, CH,); 1.51-1.60 (16H,
m, CH,); 1.65-1.81 (8H, m, (Orn)-CH,); 1.94 (8H,
dd, O-CH,-CH,); 2.14-2.21 (8H, m, O-CH, CH,);
404-4.13 (4H, m, CH-CH,-S); 478 (2H br. s,
CH-CH,-S); 7.84 (6H, br s, CH,NH,: 836
(6H, br. s, C(O)CHNH,).

Preparation of liposomal dispersions

The synthesized substances (5 mg), PC (5 mg), and
Chol (3 mg) were dissolved in a TCM/MeOH mixture
(5 : 1). The solvents were slowly evaporated on a rotary
evaporator at 30°C and 30 rpm until a thin film formed,
and then dried under vacuum for 30 min. Following
hydration with distilled water for 30 min with stirring,
the films were treated in an ultrasonic bath for 30 min
at 60°C. Liposomal dispersions were obtained with an
amphiphile concentration of 2 mg/mL.

The size distribution of liposomal particles was
assessed using photon correlation spectroscopy,
which is based on the principles of dynamic light
scattering (DLS). Measurements of the average
particle diameter and ( potential were performed
using a Delsa Nano C instrument (Beckman Coulter,
USA). Each measurement was taken three times. The
obtained correlation functions were analyzed using
the Delsa NanoUi Software version 2.73, which is
included with the instrument (Beckman Coulter, USA,
https://www.beckmancoulter.com).

RESULTS AND DISCUSSION

In this study, schemes were developed and a series of new
dimeric cationic lipopeptides with an irregular structure
based on L-cystine were synthesized (Schemes 1 and 2).

The hydrophobic block was attached to Boc-protected
L-cystine using the carbodiimide method. Following the
isolation of products 3a—b by silica gel chromatography,
their structures were confirmed by 'H NMR spectroscopy
data. In the 'H NMR spectra of compounds 3a-b,
characteristic signals were observed for the methyl
group protons (0.88 ppm), as well as the methylene
units of the fatty acid hydrocarbon chains and the methyl
group protons of the fert-butoxycarbonyl protecting
group (1.4 ppm).

The low yield of compound 3b (11.6%) is due
to difficulties in its isolation from the reaction
mixture by column chromatography as a result of its
unexpectedly low chromatographic mobility compared
to compound 3a. Compound 3b could only be isolated
using preparative TLC.
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‘ Scheme 1. Synthesis of dimeric amphiphiles with a symmetrical hydrophobic block

Compounds 4a—b, 13, and 14 were obtained by
removing the protecting groups with trifluoroacetic acid
in DCM, followed by treatment of the trifluoroacetates
with a 5% solution of sodium bicarbonate. In the
"H NMR spectra of the obtained compounds, the signal
corresponding to the Boc protecting groups disappeared.
Then Boc,Orn was added to compounds 4a—b and 14.

When using DCC and DMAP reagents for
compounds 4b and 14, the reaction mixture
predominantly contained products 6b and 15 with two
molecules of L-ornithine attached to the amino groups
of L-cystine. The reaction of Boc,Orn in the presence of
DCC and DMAP reagents on compound 4a did not yield
the target dimer 6a. When HBTU and DIPEA were used
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Fig. 1. MALDI TOF mass spectra of compounds 7a (a) and 16 (b)

in the reaction involving 4a at the same reagent ratios,
product Sa was formed, containing one molecule of
L-ornithine in the hydrophilic block. In this connection,
it is possible that the high hydrophobicity of the four
16-carbon chains creates a barrier to the interaction
of the amino groups with the activated carboxyl
component.

Products 5-6, 10, 12a-b, and 15 were isolated
by preparative TLC on silica gel and their structure
confirmed by '"H NMR spectroscopy data. The spectra
showed the appearance of proton signals corresponding
to Boc protecting groups, the ornithine hydrocarbon
skeleton, and peptide bond protons (around 5 ppm).

Table. Particle diameter and { potential measurement results

Final products 7a, 8b, and 15 were obtained by
removing the protecting groups with trifluoroacetic acid
in DCM. The mass spectra of the obtained compounds
showed molecular ion peaks (Fig. 1).

Liposomal dispersions were prepared by the thin
film hydration method using compounds 7a, 8b, 14,
and 16, trifluoroacetate salts of compounds 4b and 13,
soybean PC, and Chol. A mass ratio of synthesized
compound/PC/Chol =5 : 5 : 3 was chosen for all films [14].

The average hydrodynamic size of the obtained
particles was determined from the obtained DLS
dispersions (Fig. 2). The results are presented in the
table.

System of components Diame;)t:;?cfi;}sl,er;)rlr)ltained Polydispersity index { potential, mV
4b—PC—Chol 43 +8 0.313+0.03 +51£5
7a—PC—Chol 72+ 13 0.297 £ 0.03 +82+ 12
8b—PC—Chol 81+17 0.241 +£0.02 +62+9
13-PC—Chol 80 + 56 0.301 £0.03 +51+8
14-PC—Chol 93+ 66 0.245 +£0.02 +46+5
16-PC—Chol 15772 0.306 +0.03 +38+6
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Fig. 2. Hydrodynamic diameters of liposomal particles based on compounds 4b, 7a, 8b, 13, 14, and 16

The resulting average particle diameter falls
within the range of 50 to 200 nm, which is optimal
for creating transport systems. Thanks to the enhanced
permeability and retention effect due to increased
vascular perforation, there is an increased accumulation
of such liposomal delivery systems in the affected area
compared to healthy tissues [15, 16]. The synthesized
symmetric dimeric amphiphiles are observed to form
liposomal dispersions with a smaller particle diameter
than their asymmetric counterparts. Compounds 4b,
7a, and 8b, having a symmetrical hydrophobic block,
formed liposomal particles with a smaller diameter
than similar asymmetrical compounds 13, 14, and 16
(43-80 nm vs 80-160 nm). Symmetrical amphiphiles
form smaller liposomes than asymmetrical ones. This
is probably because the aliphatic chains of the former
are packed more tightly in a bilayer due to hydrophobic
interactions, leading to the formation of more compact
aggregates.

The ( potential values for the formed dispersions were
determined to be in the range of +38 to +82 mV. Such

high values are due to the presence of several positively
charged groups in the amphiphile molecules, which can
provide stability and efficient complex formation of
liposomal particles with nucleic acid through electrostatic
interactions.

Compared to similar compounds, the resulting
amphiphiles form smaller aggregates with a higher
surface charge density, which may provide better
compaction of nucleic acids in the lipoplex [10].

CONCLUSIONS

As a result of the study, a scheme for obtaining
irregular dimeric lipopeptides was developed and
the corresponding synthesis was carried out. The
physicochemical properties of aqueous dispersions
based on the synthesized compounds were studied.
The amphiphiles mixed with PC and Chol formed
liposomal particles with an average diameter ranging
from 50 to 200 nm. The influence of amphiphile structure
on the size of the resulting aggregates is demonstrated.
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It is established that the most significant parameter
influencing particle size is the number of L-ornithine
residues (0, 1, 2) in the composition of the target products.
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