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Objectives. The aim of this work is to synthesize cationic amphiphiles based on malonic
acid amides. The target compounds should contain saturated and unsaturated alkyl chains
in the hydrophobic portion, and one or two positive charges in the polar head as created by
ethylenediamine and amino acid L-ornithine. For such cationic amphiphiles, we determined
physicochemical properties and transfection efficiency of liposomes based on them.

Methods. The initial compound in the synthesis is diethylmalonate. We used C-alkylation to
add the first hydrophobic chain (with octylbromide, dodecylbromide, or octadecylbromide).
N-oleylamine was used as the second hydrophobic chain, which was attached at the carboxyl
group of the malonic acid via amide bond formation. The polar head was represented by
ethylenediamine, which was then attached at the second carboxyl group of the malonic acid.
Further, L-ornithine was attached to ethylenediamine to produce cationic lipids with two positive
charges in the head group. The structures of the compounds were characterized by infrared
spectroscopy, nuclear magnetic resonance spectroscopy, and elemental analysis. Particle size
distribution was evaluated by photon correlation spectroscopy. The luciferase test was used to
determine transfection efficiency using HeLa cells.

Results. We have developed a synthesis scheme to produce new cationic amphiphiles with an
asymmetric hydrophobic part. The obtained liposomal particles are approximately 120 nm in size
and have a relatively high zeta potential of 29-30 mV.

Conclusions. The size of these liposomes allows them to penetrate into cells, which makes
it possible to use these compositions for transfection. The high zeta potential shows that the
particles are stable. Our results demonstrate that the transfection efficiency of our liposomes
(mixed with cholesterol) is comparable to a commercial formulation. Cationic amphiphiles based
on malonic acid amides have great potential for liposome development for transfection.

© N.A. Romanova, U.A. Budanova, Yu.L. Sebyakin, 2020

36



Nadezhda A. Romanova, Ulyana A. Budanova, Yury L. Sebyakin

Keywords: cationic lipids, malonic acid amides, cationic liposomes, transfection efficiency,
targeted delivery, cationic amphiphiles.

For citation: Romanova N.A., Budanova U.A., Sebyakin Yu.L. Cationic amphiphiles based on malonic acid amides as transfection
mediators. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(5):36-45 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2020-15-5-36-45

HAYYHAS CTATbBA

Karuonnbie aMm(puduiibl Ha 0CHOBE aMU/I0B MAJIOHOBON KU CJIOTHI
B KayecTBe MeIMaTOPOB TPaHC(heKuu

H.A. PomaHOBa, Y.A. BynanoBa®, I0.A. CeGaruH

MHPSA — Poccutickuil mexHosozuueckuil yHugepcumem (MHcmumym moHKUX XUMUUECKUX MEeXHOI02UTL
umeru M.B. AomoHocoea), Mockea, 119571 Poccus
@Aemop ons nepenucku, e-mail: c-221@yandex.ru

Ienu. 3adaua daHHOU pabombl 3aKNOUANACH 8 NOAYUEHUU KAMUOHHBbIX AMPUPUIO8, S8ASIOULUX-
csl amuoamu mManoHoeoll Kucriomel. Llenesvle amgpugpusibl 00NXKHbL cO0epIKaAMb HACLIULEHHYIO U
HeHACLIUWEeHHYIO aNKUTbHblEe yenu 8 2u0pogpobHom bioKke, a maxkxie 00UH U 08a NOOIKUME T b-
HbLX 3apsi0a 8 NOJSIPHOL 207108HOU UACMU 34 cUem SMUNEHOUAMUHA U AMUHOKUCAOMbL L-opHu-
muHa. [ns makux KAmuoHHbX ampuguioe 0012KHbL bblimb onpedenieHbl PU3UKO-XUMUUEeCKUe
ceolicmea U mpaHcPeKYUoOHHAS. AKMUBHOCMb JTUNOCOMANTbHBIX KOMNO3UYUL HA UX OCHO8E.
Memoowst. Hcxo0HbM coeduHeHuem € cuHmese Obll OUIMUI0EbLil 3¢hup MANOHOBOU KUCO-
mot. C HUM npogoounu peakyuro C-anKuaupo8aHust 01t NpucoeouHeHUst nepsoti 2uopogobHoll
yenu (c ucnosnvzogaHuem okmuabpomuoa, codeyunrbpomuda u okmaoeyunbpomuda). B kaue-
cmee emopoii 2udpogpobHoll yenu ucnonwvzoganu N-oneunamuH, Komopwlii NPUCOeOUHSU NO
KapbOKCUNBLHOU epynne MaloHo80l Kuciomel nymem obpazoearust amMuoHoll cessu. IlonspHas
207108HasL 2pynna bvina npedcmasgaeHa SMULeHOUAMUHOM, KOMOPbLi NPUCOEOUHSIU N0 0CMas-
weticsi kapboKcunbHoU epynne MaioHo8ol Kuciomel. Jdanee K amuneHOUAMUHY NPUCOEOUHSL-
AU L-opHumuH Onst NOAYUeHUST KAMUOHHBIX AUNUO08 € 08YMSL NOJLOIKUMENbHbIMU 3apsi0aAMU
8 2os108HOU 2pynne. CmpyKkmypsl COeOUHEHUT XapaKmepu3o8aaiu ¢ NOMOULbI0 UHDPAKPACHOU
CNeKmpocKonuu, CneKmpocKkonuu 10epHo20 MAZHUMHO020 Pe30HAHCA U S/1leMeHMHO020 AHAU3A.
Memoodom ¢pomoHHO-KOPPEeNSIUUOHHOU CNeKMpPOCKONUU OUeHUBANU pacnpedeseHue uacmuy no
pasmepam. C nomowbto noyugepasHozo mecma onpedensnu sgpgpexmusHocms mpaHcger-
uuu Ha KremouHoi auHuu HelLa.

Pesynomameut. PaspabomaHa cxema cuHmMe3a HO8bLX KAMUOHHbLIX aMUPUPUIO8 ¢ HecumMme-
mpuuHsbim 2u0pPOopobHbIM bn0KoM. TTonyUueHHble HA UX OCHOBE TUNOCOMANIbHbLE UACMUYLL UMetom
pasmep okoso 120 HM u obradarom 0ocmamouHo 8blcoKuMm 03ema-nomeHyuaniom (29-30 mB).
Bwbi800bl. Pasmep NONYUEHHBbIX JUNOCOM NO3BOJSLEM UM NPOHUKAMb 8 KJemKu, umo oeaaem
BO3MOXKHBIM UCNOAB308AHUE MAKUX KOMNO3UYUll 05t mpaHcgerkyuu. Boicokuil 03ema-nomeH-
uuan csudemenscmayem ob ux cmadbunvHocmu. Hawu pesysismamosl nokazanu, umo agpgper-
musHoCMb MPAHCHEKYUU NOSAYUEHHBIMU JTUNOCOMAMU 8 CMECU C XOIeCMEePUHOM CONoCmasuma
¢ Kommepueckum npenapamom. KamuoHHble am@puguibl HA OCHO8E AMUO08 MASIOHOBOU KUCSO-
mbl SI8/SIIOMCS. NepCneKmueHbIMU 0151 paspabomKu mpaHCPeKYUOHHBIX JUNOCOMANbHBIX KOM-
no3uyull Ha ux ocHoee.

Knroueesle cnoea: KamuoHHble AUNUObL, AMUObL MATOHOBOU KUCIOMbL, KAMUOHHbLE JIUNOCOMBbL,
MPAHCPHEKUUOHHASL AKMUBHOCMb, HANPABLEHHASL 00CMA8KA, KAMUOHHblE AMPUPUILL
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INTRODUCTION

Gene therapy is a promising approach for
many genetic disease treatments, which introduces
missing genes or replaces defective genes with healthy
ones [1]. Since the early stages of the development
of the concept of gene therapy in medicine, effective
methods of transferring nucleic acids to cells have
been proposed [2]. These methods provide the
delivery of polynucleotides to biological tissue
or cells—the so-called gene transfection. Due to
nuclease degradation, “pure” DNA or RNA cannot
penetrate the cell membrane without using physical
methods such as injections or “gene guns,” so carriers
able to transport DNA through the bloodstream and
effectively release genetic material near the cell
nucleus are needed [3].

Polynucleotide delivery systems are divided into
two main classes: viral and non-viral vectors [4-5].
Despite high transfection efficiencies, viral systems
have disadvantages as they can cause immune
responses to a greater or lesser extent [6].

Nucleic acid carrier systems based on cationic
lipids are a promising pharmaceutical tool for gene
therapy strategy implementation [7]. Unlike viral
systems, these complexes do not have immunogenic
potential or size restrictions of delivered genetic
fragments [8]. However, cationic lipids, as well as
other non-viral vectors such as polymers and peptides,
exhibit low transfection efficiency and pronounced
toxicity [9].

During the development of optimal transfection
systems, new lipids are constantly being synthesized
and studied. To increase the rate of transfection, the
structures of cationic lipids are changed, the ratios
with uncharged auxiliary lipids are changed, and
varying amounts of DNA are added [10-12]. In
this regard, it is important to study the physical and
chemical properties of lipids to better understand the
structure-efficiency relationship for gene transfer [7].
Therefore, numerous studies with multidisciplinary
approaches are needed [13].

The advantage of cationic lipids is that they
can be constructed in accordance with the “modular
principle”—it is possible to perform structural
changes separately in the head group, the linker, and
the lipophilic region [11, 14, 15]. The structure of the
hydrophobic domain determines the phase transition
temperature and bilayer fluidity, which further affects
the liposome stability, protection of DNA from
nucleases, endosomal output, release of DNA from
the lipoplex, and penetration into the nucleus [3, 16].
Oleic unsaturated chains promote endosomal release
by increasing the membrane fluidity of transfection
complexes [17]. The effectiveness of transfection

of cationic lipids is also affected by asymmetry [3].
In addition, multivalent lipids are more active than
monovalent lipids [11].

A promising class of cationic lipids is malonic
acid diamides [13]. Malonic acid-based cationic lipids
were first described in the literature (as nucleic acid
carriers) about 10 years ago. Malonic acid diethyl
ether is the central building block of synthesis. The
chemical properties of malonic acid make it possible
to attach alkyl chains via acyl functions in the form
of amides or esters [11]. Malonic acid diamides
with two long hydrophobic alkyl chains and a polar
head group, used as a new class of non-viral gene-
transferring agent, have shown high transfection
efficiency and moderate toxicity. In addition, amide
bonds showed better hydrolytic stability than ester
bonds. It was shown that an increase in the cationic
head group by combining with two lysine molecules,
rather than just one, leads to an increased transfection
efficiency [10, 15]. Thus, the characterization of the
biocompatibility of effective lipid compositions and
the study of therapeutic concepts for the medical
use of highly effective cationic lipids derived from
malonic acid are an urgent task [11].

The aim of this work is to obtain cationic
amphiphiles based on malonic acid amides
containing saturated and unsaturated alkyl chains in
a hydrophobic block (scheme 1), as well as one or
two positive charges in the polar head region created
by ethylenediamine and L-ornithine, and study the
properties and transfection activities of the liposomal
compositions based on them.

MATERIALS AND METHODS

General method

All chemicals and reagents were used without
pretreatment: diethylmalonate, ethylenediamine, octyl-
bromide, dodecylbromide, octadecylbromide (all—
Acros  Organics, Belgium), N-oleylamine (Sigma-
Aldrich, USA), di-tert-butyl dicarbonate (Boc,0)
(Sigma-Aldrich, USA), L-ornithine monohydrochloride
(L-Om*HCl) (Acros  Organics, Belgium), N,N’-
dicyclohexylcarbodiimide =~ (DCC)  (Sigma-Aldrich,
USA), 1-hydroxybenzotriazole (HOBT) (Sigma-Aldrich,
USA), potassium hydroxide (CHIMMED, Russia),
sodium sulfate anhydrous (CHIMMED, Russia), and
trifluoroacetic acid (TFA) (Biochem, Russia).

'"H NMR nuclear magnetic resonance spectra
were recorded in deuterated chloroform using a
Bruker WM-400 pulsed NMR spectrometer (Bruker,
Germany) with an operating frequency of 400 MHz.
The internal standard is hexamethyldisiloxane.
Infrared spectra were recorded on an EQUINOX
55 (Bruker, Germany) Fourier transform-infrared
spectrometer. Elemental analysis was performed using
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Scheme 1. Malonic acid amides.

a CHNS analyzer FLASH EA 1112 (Thermo Finnigan
Italia S.p.A, Italia). Thin-layer chromatography (TLC)
was performed on Sorbfil plates (/MID, Russia), and
column chromatography was performed on silica gel
with a size of 0.040-0.063 mm (Merck, Germany).
To detect spots in TLC, heating over the flame
of an alcohol lamp was used. To detect substances
containing amino groups, a 5% solution of ninhydrin
was used, followed by heating to 50°C.

EXPERIMENTAL

Mono-N-tert-butoxicarbonylethylenediamine
(1). 8.01 g (133.5 mmol) of 1,2-ethylenediamine was
dissolved in dioxane in an inert argon atmosphere,
and a solution of 3.78 g (17.34 mmol) Boc,O in
dioxane was added dropwise for 3 h. The mixture
was stirred at room temperature for 24 h. The solvent

was distilled in a vacuum, and the remaining solid
was dissolved in water. The product was isolated by
dichloromethane extraction (3 x 50 mL). The product
yield was 2.18 g (78.5%).

IR spectrum (v_ , cm™): 3355 (NH), 2978, 2934
(CH,), 1693 (C=0, “I amide band”), 1526 (NH, “II
amide band”), 1392, 1367, 1278, 1253 (C-0), 1173
(C-N), 1045 (CH,), 966 (CH,).

Diethyl ether of octylmalonic acid (2a). 0.49 g
(20.42 mmol) sodium hydride was gradually added
to a solution of diethylmalonate 3 g (18.75 mmol) in
anhydrous tetrahydrofuran and mixed for 1 h at room
temperature. After that, a solution of 3.29 g (17.05 mmol) of
octylbromide in anhydrous tetrahydrofuran was added
to the protonated diethylmalonate drop by drop and
mixed for 24 h. The solvent was distilled on a rotary
evaporator. Ice water was added to the reaction mass,
the products were extracted with ethyl acetate, dried
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with sodium sulfate, and the solvent was distilled on
a rotary evaporator. We obtained 4.23 g (82.9%) of
the product.

'H NMR spectrum of compound 2a (CDCIl,, 9,
ppm): 0.86 (t, 3H, —~CH,), 1.27 (m, 18H, —-CH,CH,,
-OCH,CH,), 1.89 (m, 2H, -CHCH-), 3.35 (t, 1H,
—-CH-), 4.18 (m, 4H, -OCH,CH,).

Diethyl ether of dodecylmalonic acid (2b).
Similarly, from 3 g (18.75 mmol) of diethylmalonate,
0.49 g (20.42 mmol) of sodium hydride, and 4.24 g
(17.03 mmol) of dodecylbromide. The product yield
was 5.16 g (83.9%).

'"H NMR spectrum of compound 2b (CDCI,,
d, ppm): 0.87 (t, 3H, -CH,), 1.28 (m, 26H, -CH,CH,,
-OCH,CH,)), 1.78 (m, 2H, -CHCH -), 3.30 (t, 1H,
~CH-), 4.20 (m, 4H, -OCH,CH,).

Diethyl ether of octadecylmalonic acid (2¢).
Similarly: from 2 g (12.50 mmol) of diethylmalonate,
0.33 g (13.75 mmol) of sodium hydride and 3.79 g
(11.37 mmol) of octadecylbromide. The product yield
was 3.91 g (83.5%).

'"H NMR spectrum of compound 2¢ (CDCI,,
3, ppm): 0.90 (t, 3H, -CH,), 1.27 (m, 38H, -CH,CH,,
-OCH,CH,), 1.84 (m, 2H, -CHCH,-), 3.37 (t, 1H,
—CH-), 4.21 (m, 4H, -OCH,CH,).

Monoethyl ether of octylmalonic acid (3a). To a
solution of 8.37 g (30.77 mmol) of compound 2a in
ethanol, a solution of 2.07 g (36.96 mmol) KOH in
ethanol was added dropwise for 1 h. Then the mixture
was mixed for 3 h and left overnight without stirring.
After that, ecthanol was distilled to half the volume
and the solution was acidified with an equimolar
amount of 0.1 M hydrochloric acid. The target
compound was extracted with ethyl acetate, dried
with sodium sulfate, and the solvent was distilled on a
rotary evaporator. The product was extracted by flash
chromatography with hexane elution, then by a 15 : 1
chloroform : methanol system. We obtained 3.69 g
(49.2%) of the product.

'"H NMR spectrum of compound 3a (CDCI,,
3, ppm): 0.86 (t, 3H, -CH,), 1.28 (m, 15H, -CH CH,,
-OCH,CH,), 1.89 (m, 2H, -CHCH -), 3.37 (t, 1H,
~CH-), 4.19 (m, 2H, -OCH,CH,).

Monoethyl ether of dodecylmalonic acid (3b).
Similarly: of the 7.83 g (23.87 mmol) compound 2b
and 1.6 g (28.57 mmol) KON. The product yield was
2.9 g2 (33.6%).

'"H NMR spectrum of compound 3b (CDCI,,
8, ppm): 0.87 (t, 3H, —-CH,), 1.24 (m, 23H, -CH,CH,,
-OCH,CH,), 1.70 (m, 2H, -CHCH ), 3.20 (t, 1H,
—-CH-), 4.16 (m, 2H, ~OCH,CH,).

Monoethyl ether of octadecylmalonic acid (3c¢).
Similarly: from 7.02 g (17.04 mmol) of compound 2¢
and 1.15 g (20.54 mmol) KOH. The product yield was
2.6 2 (39.8%).

'"H NMR spectrum of compound 3¢ (CDCI,,
9, ppm): 0.88 (t, 3H, ~CH,), 1.28 (m, 33H, -CH CH,,
—-OCH,CH,), 1.91 (m, 2H, -CHCH,CH-), 3.38 (t,
1H, -CH-), 3.72 (m, 2H, -CHCH,-), 4.18 (m, 2H,
—~OCH,CH,).

Ethyl ester of 2-{[(9Z)-octadec-9-enoylamino]-
carbonyl}decanoic acid (4a). To a solution of 217.9 mg
(0.89 mmol) of compound 3a in anhydrous methylene
chloride at 0°C, 241 mg (1.79 mmol) HOBT and a
solution of 368 mg (1.79 mmol) DCC were added with
stirring. After that, 287 mg (1.07 mmol) of oleylamine
in anhydrous dichloromethane was added to the
solution. The mixture was kept for 2 h when cooled
and left for a day while stirring at room temperature,
and then the precipitate was filtered out. The solvent
was distilled on a rotary evaporator. The product
was isolated by column chromatography in a 40 : 1
tetrachloromethane : methanol system. We obtained
299 mg (68.0%) of the product.

'"H NMR spectrum of compound 4a (CDCI,,
8, ppm): 0.86 (t, 6H, 2CH,), 1.26 (m, 37H, -CH CH,,
-OCH,CH,), 1.47 (m, 2H, -NHCH,CH -), 1.84 (m,
2H, -CHCH-), 1.97 (m, 4H, -CH CH=CHCH -),
3.23 (m, 3H, -CH-, -CH,NHCO-), 4.18 (m, 2H,
-OCH,_CH,), 5.35 (m, 2H, -CH=CH-), 6.55 (m, 1H,
—NH-).

Ethyl ether of 2-{[(9Z)-octadec-9-enoylamino]-
carbonyl}tetradecanoic acid (4b). Similarly: from
182 mg (0.61 mmol) of compound 3b, 164 mg (1.21 mmol)
of 1-hydroxybenzotriazole, 251 mg (1.22 mmol) of
N,N’-dicyclohexylcarbodiimide, and 195 mg (0.73 mmol)
of oleylamine. The product yield was 226 mg (67.5%).

'"H NMR spectrum of compound 4b (CDCI,,
8, ppm): 0.87 (t, 6H, 2CH,), 1.26 (m, 45H, -CH,CH,,
-OCH,CH,), 1.48 (m, 2H, -NHCH,CH -), 1.86 (m,
2H, -CHCH -), 1.99 (m, 4H, -CH CH=CHCH -),
3.23 (m, 3H, -CH-, -CH ,NHCO-), 4.18 (m, 2H,
—-OCH,CH,), 5.34 (m, 2H, -CH=CH-), 6.58 (m, 1H,
—NH-).

Ethyl ether of 2-{[(9Z)-octadec-9-enoylamino]-
carbonyl}eicosanic acid (4¢). Similarly: of the 190 mg
(0.49 mmol) compound 3¢, 134 mg (0.99 mmol)
HOBT, 204 mg (0.99 mmol) DCC, and 159 mg (0.59 mmol)
oleylamine. The product yield was 205 mg (65.5%).

'"H NMR spectrum of compound 4¢ (CDCI,,
8, ppm): 0.87 (t, 6H, 2CH,), 1.27 (m, 57H, -CH,CH,,
-OCH,CH,), 1.49 (m, 2H, -NHCH,CH -), 1.83 (m,
2H, -CHCH -), 2.00 (m, 4H, -CH CH=CHCH -),
3.23 (m, 3H, -CH-, -CH NHCO-), 4.18 (m, 2H,
—-OCH,CH,), 5.34 (m, 2H, -CH=CH-), 6.57 (m, 1H,
—NH-).

2-{[(9Z2)-octadec-9-enoylamino]|carbonyl}-
decanoic acid (5a). To a solution of 277 mg (0.56 mmol)
of compound 4a in ethanol, a solution of 63 mg
(1.13 mmol) KOH in ethanol was added dropwise

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(5):36-45

40



Nadezhda A. Romanova, Ulyana A. Budanova, Yury L. Sebyakin

for one hour. Then the solution was mixed at boiling
conditions for eight hours. After that, ethanol was
distilled to half the volume and the reaction mass
was acidified with an equimolar amount of 0.1 M
hydrochloric acid. The compound was extracted
with ethyl acetate, dried with sodium sulfate, and
the solvent was distilled on a rotary evaporator. We
obtained 245 mg (94.0%) of the product.

"H NMR spectrum of compound 5a (CDCI,,
8, ppm): 0.87 (t, 6H, 2CH,), 1.27 (m, 34H,-CH,CH,),
1.47 (m, 2H, -NHCH,CH_-), 1.94 (m, 6H, -CHCH -,
—-CH CH=CHCH,-), 3.19 (t, IH, -CH-), 3.30 (m, 2H,
~CH NHCO-), 5.34 (m, 2H, -CH=CH-), 6.43 (m,
1H, -NH-).

2-{[(92)-octadec-9-enoylamino]|carbonyl}-
tetradecanoic acid (5b). Similarly: of 200 mg (0.36 mmol)
compound 4b and 40 mg (0.71 mmol) KON. The
product yield was 153 mg (81.8%).

'"H NMR spectrum of compound 5b (CDCI,,
8, ppm): 0.90 (t, 6H, 2CH,), 1.27 (m, 42H,-CH,CH,),
1.53 (m 2H, -NHCH,CH -), 1.95 (m, 6H, -CHCH —,
-CH CH=CHCH,-), 3.15 (t, 1H, -H-), 3.31 (m, 2H,
—CH NHCO-), 5.35 (m, 2H, -CH=CH-), 6.26 (m,
1H, -NH-).

2-{[(9Z)-octadec-9-enoylamino]carbonyl}-
eicosanic acid (5¢). Similarly: of the 190 mg (0.30 mmol)
compound 4c¢ and 34 mg (0.61 mmol) KON. The
product yield was 170 mg (93.6%).

'"H NMR spectrum of compound 5S¢ (CDCI,,
8, ppm): 0.88 (t, 6H, 2CH,), 1.27 (m, 54H,-CH,CH,),
1.53 (m, 2H, -NHCH,CH -), 2.01 (m, 6H, -CHCH —,
—~CH,CH=CHCH -), 3.16 (t, 1H, ~CH-), 3.30 (m, 2H,
—CH NHCO-), 5.35 (m, 2H, -CH=CH-), 6.33 (m,
1H, -NH-).

The diamide N-2-[(/V-tert-butoxycarbonyl)-
amino]ethyl-2-octyl-N’-[(9Z)-octadec-9-enoyl]-
propane (6a). To a solution of 255 mg (0.55 mmol)
of compound 5a in anhydrous methylene chloride
at 0°C, 149 mg (1.1 mmol) HOBT and a solution
of 226 mg (1.1 mmol) DCC were added with
stirring. Then 105 mg (0.66 mmol) of Boc-protected
ethylenediamine in anhydrous dichloromethane was
added to the solution. The mixture was kept for 2 h
at 0°C and then stirred for 24 h at room temperature.
The precipitate was then filtered out. The solvent
was distilled on a rotary evaporator. The product
was isolated by column chromatography in the 40 : 1
tetrachloromethane : methanol system. We obtained
259 mg (77.8%) of the product.

'"H NMR spectrum of compound 6a (CDCI,,
6, ppm): 0.88 (t, 6H, 2CH,), 1.23 (m, 34H,-CH,CH,),
1.45 (m, 11H, 3CH,, -NHCH,CH ~), 1.65 (m, 2H,
—~CHCH,-), 1.95 (m, 4H, -CH,CH=CHCH,-), 2.95 (t,
1H, -CH-), 3.25 (m, 4H, -OCNHCH ~CH NHCO-),
3.43 (m, 2H, -CH NHCO-), 5.01 (m, 1H, -NH-),

5.37 (m, 2H, -CH=CH-), 6.82 (m, 1H, -NH-), 7.28
(m, 1H, -NH-).

The diamide N-2-[(/V-tert-butoxycarbonyl)-
amino]ethyl-2-dodecyl-N’-[(9Z)-octadec-9-enoyl]-
propane (6b). Similarly: of 66 mg (0.13 mmol)
compound Sb, 35 mg (0.26 mmol) HOBT, 53 mg
(0.26 mmol) DCC, and 26 mg (0.16 mmol) Boc-
protected ethylenediamine. The product yield was
55.1 mg (65.6%).

'"H NMR spectrum of compound 6b (CDCI,,
8, ppm): 0.87 (t, 6H,2CH,), 1.16 (m, 42H,-CH,CH,),
1.43 (c, 9H, 3CH,),1.63 (m, 2H, -NHCH,CH -), 1.81
(m, 2H,-CHCH -), 1.99 (m, 4H, -CH,CH=CHCH -),
294 (t, 1H, -CH-), 3.24 (m, 4H, -OCNHCH,-CH NHCO-),
3.43 (m, 2H, -CH NHCO-), 5.00 (m, 1H, -NH-),
5.34 (m, 2H, -CH=CH-), 6.81 (m, 1H, -NH-), 7.26
(m, 1H, -NH-).

The diamide N-2-[(/V-fert-butoxycarbonyl)-
amino]ethyl-2-octadecyl-/V’-[(9Z)-octadec-9-enoyl]-
propane (6¢). Similarly: of 160 mg (0.26 mmol)
compound 5¢, 71 mg (0.53 mmol) HOBT, 109 mg
(0.53 mmol) DCC, and 51 mg (0.32 mmol) Boc-
protected ethylenediamine. The product yield was
179.8 mg (90.8%).

'"H NMR spectrum of compound 6¢ (CDCI,,
8, ppm): 0.87 (t, 6H,2CH,), 1.20 (m, 54H, -CH,CH,),
1.43 (c, 9H, 3CH,),1.60 (m, 2H, -NHCH,CH -), 1.72
(m, 2H,-CHCH ), 1.95 (m, 4H, -CH,CH=CHCH -),
293 (t, 1H, -CH-), 3.23 (m, 4H, -OCNHCH,-CH NHCO-),
3.42 (m, 2H, -CH NHCO-), 4.98 (m, 1H, -NH-),
5.32 (m, 2H, -CH=CH-), 6.76 (m, 1H, -NH-), 7.21
(m, 1H, -NH-).

Diamide N-(2-aminoethyl)-2-octyl-N’-[(9Z)-
octadec-9-enoyl|propane (7a). To 248 mg (0.41 mmol)
of compound 6a, 70 mg (6.14 mmol) of TFA was
added in 3 mL of methylene chloride, and stirred for
3 h at 0°C. Then the reaction mass was washed with
a 10% solution of sodium bicarbonate and water. The
organic residue was dried with sodium sulfate, and
the solvent was distilled in a vacuum. We obtained
201.8 mg (97.5%) of the product.

Diamide /N-(2-aminoethyl)-2-dodecyl-N’-[(9Z)-
octadec-9-enoyl|propane (7b). Similarly: from 135 mg
(0.20 mmol) of compound 6b and 35 mg (3.07 mmol)
of TFA. The product yield was 110.4 mg (96.0%).

Diamide NV-(2-aminoethyl)-2-octadecyl-N’-[(92)-
octadec-9-enoyl|propane (7c¢). Similarly: from 169 mg
(0.23 mmol) of compound 6¢ and 39 mg (3.42 mmol)
of TFA. The product yield was 142.6 mg (97.0%).

Diamide N’-2-[(2,5-di(/N-tert-butoxycarbonyl)-
amino-1-oxopentyl)amino]ethyl-2-octyl-N-[(92)-
octadec-9-enoyl|propane (8a). To a 250 mg (0.49 mmol)
solution of compound 7a in anhydrous methylene
chloride at 0°C, 133 mg (0.99 mmol) HOBT and a
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203 mg (0.99 mmol) DCC solution were added during
mixing. Then 196 mg (0.59 mmol) of Boc-protected
ornithine in anhydrous dichloromethane was added
to the solution. The mixture was kept for 2 h when
cooled and stirred for 24 h at room temperature,
and the precipitate was filtered out. The solvent was
distilled on a rotary evaporator. The product was
isolated by column chromatography in the 40 : 1
tetrachloromethane : methanol system. We obtained
219 mg (54.1%) of the product.

'H NMR spectrum of compound 8a (CDCI,,
8, ppm): 0.85(t, 6H, 2CH,), 1.21 (m, 34H,-CH CH,),
1.43 (s, 18H, 6CH,), 1.54 (m, 2H, -NHCH,CH -),
1.69 (m, 4H, -CHCH,CH,CH NHCO-), 1.93 (m,
6H, -CHCH -, -CH CH=CHCH,-), 3.08 (m, 2H,
—CH NHCO), 3.20 (m, 3H, -CH-, -CH NHCO-),
3.46 (m, 5H, -CH—-, -OCNHCH ~-CH NHCO-), 4.10
(m, 1H, -NH-), 4.89 (m, 1H, -NH-), 5.23 (m, 1H, -NH-),
5.33 (m, 2H, -CH=CH-), 6.96 (m, 1H, -NH-), 7.37
(m, 1H, -NH-).

Diamide N’-2-[(2,5-di(/N-tert-butoxycarbonyl)-
amino-1-oxopentyl)amino]ethyl-2-dodecyl-/N-
[(9Z)-octadec-9-enoyl]propane (8b). Similarly: of
141 mg (0.25 mmol) compound 7b, 68 mg (0.5 mmol)
HOBT, 103 mg (0.5 mmol) DCC, and 100 mg (0.3 mmol)
Boc-protected ornithine. The product yield was 166 mg
(75.5%).

'"H NMR spectrum of compound 8b (CDCI,,
8, ppm): 0.87 (t, 6H, 2CH,), 1.24 (m, 42H,-CH,CH,),
1.43 (s, 18H, 6CH,), 1.54 (m, 2H, -NHCH,CH ),
1.69 (m, 4H, -CHCH,CH CH NHCO-), 1.92 (m,
6H, -CHCH —, -CH CH=CHCH -), 3.06 (m, 2H,
-CH NHCO), 3.19 (m, 3H, -CH-, -CH NHCO-),
3.44 (m, 5H, -CH-, -OCNHCH -CH NHCO-),
4.10 (m, 1H, -NH-), 4.87 (m, 1H, -NH-), 5.20 (m,
1H, -NH-), 5.33 (m, 2H, -CH=CH-), 6.94 (m, 1H,
-NH-), 7.36 (m, 1H, —-NH-).

Diamide NV’-2-[(2,5-di(/V-tert-butoxycarbonyl)-
amino-1-oxopentyl)amino]ethyl-2-octadecyl-/NV-
[(9Z)-octadec-9-enoyl|propane (8c). Similarly: of
the 159 mg (0.25 mmol) compound 7¢, 66 mg (0.49 mmol)
HOBT, 101 mg (0.49 mmol) DCC, and 97 mg
(0.29 mmol) Boc-protected ornithine. The product
yield was 158.8 mg (67.3%).

'"H NMR spectrum of compound 8¢ (CDCI,,
o, ppm): 0.87 (t, 6H, 2CH,), 1.20 (m, 54H, -CH CH,),
1.46 (s, 18H, 6CH,), 1.59 (m, 2H, -NHCH,CH -),
1.70 (m, 4H, -CHCH,CH ,CH,NHCO-), 1.92 (m,
6H, -CHCH -, -CH CH=CHCH,~), 3.07 (m, 2H,
-CH,NHCO), 3.26 (m, 3H, -CH-, -CH NHCO-),
3.45 (m, 5H, -CH~-, -OCNHCH,-CH NHCO-), 4.15
(m, 1H, -NH-), 4.88 (m, 1H, -NH-), 5.25 (m, 1H,
—NH-), 5.33 (m, 2H, -CH=CH-), 6.94 (m, 1H, -NH-),
7.38 (m, 1H, -NH-).

Diamide N’-2-[(2,5-diamino-1-oxopentyl)amino]-
ethyl-2-octyl-N-[(9Z)-octadec-9-enoyl]propane
(9a). To 5 mL of a 208 mg (0.25 mmol) solution of
compound 8a in methylene chloride, 1.59 g (13.95 mmol)
of TFA in 1 mL of methylene chloride was added and
stirred for three hours at 0°C. The solvent and excess
acid were distilled on a vacuum rotary evaporator. We
obtained 213 mg (99.1%) of the product. Found, %:
C56.19; H8.25; N 7.95. C, H,,N.O_F . Calculated, %:
C 56.54; H 8.60; N 8.25.

Diamide  N’-2-[(2,5-diamino-1-oxopentyl)amino]-
ethyl-2-dodecyl-N-[(9Z)-octadec-9-enoyl|propane
(9b). Similarly: from 64 mg (0.07 mmol) of compound
8b and 915 mg (8.03 mmol) of TFA. The product yield
was 65 mg (98.5%). Found, %: C 57.89; H 8.43; N 7.83.
C,H, N.O.F . Calculated, %: C 58.34; H 8.95; N 7.74.

447781 577 6°
Diamide ’-2-[(2,5-diamino-1-oxopentyl)amino]-
ethyl-2-octadecyl-N-[(9Z)-octadec-9-enoyl]-
propane (9¢). Similarly: from 58 mg (0.06 mmol)
of compound 8¢ and 1.1 g (9.65 mmol) of TFA.
The product yield was 59 mg (98.3%). Found, %: C
60.32; H 9.14; N 6.82. C_. H_ _N_.O_F . Calculated, %:

5077937 577 67

C 60.67; H 9.40; N 7.08.

Preparation of liposomal dispersions

Two types of liposomes were obtained: from pure
cationic lipid and from a mixture of cationic lipid
and cholesterol in a ratio of 7 : 3. Four milligrams
of each type of lipid composition were dissolved in
chloroform. The solvent was distilled on a vacuum
rotary evaporator to form a thin lipid film. The
resulting films were dried in vacuum for three hours
and then hydrated with 2 mL of distilled water at
room temperature. The hydrated films were shaken
and processed in an ultrasonic bath (2 x 30 min) at
40°C. The particle size distribution was estimated
using photon correlation spectroscopy, which is based
on the principles of dynamic light scattering, using a
Photocor Compact-Z particle size analyzer (Russia).

Plasmid DNA transfection

Cells were planted in a tablet in the amount
of 7 x 10° cells per well in 300 pL of full DMEM
culture medium and incubated for 24 h at 37°C in a
CO, incubator until a monolayer was reached the day
before transfection. A dispersion of the transfection
agent with a total volume of 80 pL, consisting of
1.177 pL of pGL3 plasmid and 9 pL of liposomal
dispersion, was prepared in a serum-free OPTIMEM
medium (ratio N : P = 16 : 1). The commercial
transfection agent Lipofectamine 2000 (Thermo
Fisher Scientific, USA) was used as a positive
control. A “naked” plasmid was used as a negative
control. The prepared mixtures were kept for 20 min
at room temperature and applied to a monolayer
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of cells in wells. The cells were incubated at 37°C
in a CO, incubator for 24 h, and then activity was
determined using a luciferase test.

Luciferase test

The test was performed using the Luciferase
Assay System (Promega Corporation, USA)
commercial Suite. To do this, growth medium was
removed from the wells and then 70 puL of Glo Lysis
Buffer, 1X (Promega Corporation, USA) was added.
The cells were maintained at 37°C for 15 min ina CO,
incubator to achieve complete lysis. Then they were
taken from the bottom of the cells and transferred to
Eppendorf plastic tubes (Germany). To precipitate
cellular debris, the resulting lysate was centrifuged
for three minutes at 10000 rpm. A 50 pL aliquot of the
supernatant was selected, and a luciferase substrate
was added in a ratio of 1 : 1. The transfection
efficiency was assessed by the luminescence level on
a GloMax 20/20 Luminometer (USA).

RESULTS AND DISCUSSION

In this work, malonic acid amides were
synthesized (Scheme 1), where the initial compound
in the synthesis was malonic acid diethyl ether.
The mobility of the a-methylene hydrogen link
and its increased acidity in the molecule enable the
C-alkylation reaction, which result in the attachment
of the first hydrophobic chain. For this purpose,
CH Br, C _H,Br, and C_ H, Br bromides were
used, thereby obtaining three corresponding cationic
lipids that differ in hydrophobic block length.

The asymmetry effect and presence of
unsaturated higher fatty acid residues in the
hydrophobic block on the efficiency of transfection
is known from literature [3]. Therefore, as the second
hydrophobic chain, N-oleylamine was used, which
was attached to the carboxyl group of malonic acid
by forming an amide bond. The polar head group was
first represented by ethylenediamine, which was then
attached to the remaining carboxyl group of malonic
acid by forming an amide bond. Then the natural
amino acid L-ornithine was added to ethylenediamine
to produce cationic lipids with two positive charges
in the head group.

The physicochemical properties of the obtained
one- and two-component liposomal dispersions
(cationic lipid and a mixture of cationic lipid and
cholesterol in a ratio of 7 : 3) were studied, and
the particle sizes, zeta potentials, and transfection
efficiencies were determined. The particle sizes
were practically unchanged when cholesterol was
added to the lipid and were within 100 nm, which is

Cumulative number, %

necessary for effective transfection (Fig. 1). The zeta
potentials of the compositions were 29-30 mV. The
values of this parameter at the level of 30 mV refer
to the stability of the obtained particles, that is, their
stability in relation to aggregation [18].

100

75 4

50 4

25 7

le-4 0.01 1 100

Diameter, nm

let+4

Fig. 1. Size distribution of dispersion particles
based on compound 7b.

Transfection effectiveness of the obtained
liposomes was studied on the HeLa cell line
(cervical cancer cells) by assessing the level of
luminescence in the cell supernatants of the studied
samples after delivery of the pGL3 plasmid encoding
the luciferase gene. A commercially available
transfection agent Lipofectamine 2000 was used as
a positive control and a “naked” plasmid was used
as a negative control. It was found that sample 7b,
in which cholesterol was added to the cationic lipid,
showed a good result, almost reaching the level of
transfection activity of Lipofectamine 2000 (Fig. 2).
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100

30 0.022 0.0037

Luminescence intensity ofluciferase, %

® Lipid 7b

® Lipid 7b : Cholesterol (7 : 3)
Lipofectamine2000

= pGL3

Fig. 2. Transfection efficiency for obtained liposomes.

CONCLUSIONS

A synthesis scheme was developed and new cationic
amphiphiles with an asymmetric hydrophobic block
were generated. Liposomal dispersions were formed, and
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