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Congratulations to Academician
Ilvan Aleksandrovich Novakov
on his 75th birthday!

Ivan Aleksandrovich Novakov, Honored Scientist of the Russian Federation, Academician
of the Russian Academy of Sciences, Doctor of Chemical Sciences, and Member of
the Editorial Board of our journal Tonkie Khimicheskie Tekhnologii [Fine Chemical
Technologies], marks his 75th anniversary on July 2, 2024.

Ivan Aleksandrovich’s scientific, pedagogical, and organizational work is inextricably linked with the Volgograd
State Technical University (VolgSTU). From 1988-2014, he served as rector of VolgSTU; from 2014 to the present, he
has been its president. Since 1991, he has also been Head of the Department of Analytical and Physical Chemistry and
Physico-Chemistry of Polymers.

Academician [.A. Novakov is the recipient of many well-deserved awards: Honorary Worker of Higher Professional
Education of the Russian Federation (1998), Honored Scientist of the Russian Federation (2004), Honorary Worker of
Science and Technology of the Russian Federation (2009). He was also awarded the Order “For Merit to the Fatherland”
(IIT degree).

Academician [.A. Novakov is the author of more than 1500 scientific works, including 7 monographs and 262
patents. He is a member of the editorial boards of more than ten scientific journals, including Polymer Science, Russian
Journal of Applied Chemistry, Plasticheskie Massy, Tonkie Khimicheskie Tekhnologii [Fine Chemical Technologies].
Academician [.A. Novakov is the Chairman of the Dissertation Council 24.2.282.01 on the basis of VolgSTU. Under
his leadership, 56 dissertations for the Degree of Candidate of Sciences and 12 dissertations for the Degree of Doctor
of Sciences have been successfully defended.

The wide-ranging fundamental research of Ivan Aleksandrovich Novakov has proven its relevance in many fields.
In particular, he is responsible for the development of elastomeric materials from reactive oligomers by free-injection
molding, which does not require the use of energy- and metal-intensive equipment in enclosed spaces. The results of
his work have been implemented at over 3000 sports facilities. In 2004, [.A. Novakov and his colleagues were awarded
the Hero City of Volgograd Prize in the field of science and technology.

Under his leadership, one of the priority areas of modern polymer chemistry related to the creation of heat-, thermo-,
and chemically stable polymers based on frame structures has been developed. In 2007, I.A. Novakov and his colleagues
were awarded the Lebedev Prize for a series of works in this field. In 2016, the team headed by I.A. Novakov was
awarded the Prize of the Government of the Russian Federation in the field of science and technology.

The Editorial Board and the Editor-in-Chief of Tonkie Khimicheskie Tekhnologii [Fine Chemical Technologies]
cordially congratulate Ivan Aleksandrovich on his 75th birthday, wishing him good health and new creative

successes.
Best regards, J
Editor-in-Chief Andrey V. Timoshenko
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Congratulations to Academician
Ivan Aleksandrovich Novakov on his 75th birthday!

PEOAKLUMNOHHAA CTATbA

NMo3popasnasem akagemMmuka
NUeaHa AnekcaHngpoBu4ya HoBakoBa
c 75-neTHnmM roomneem!

2 wmronsg 2024 1. ucnomHSETCS 75 JIET 3aciHyXKCHHOMY JEesATEN0 HayKu Poccuiickoit
®Denepanuu, akageMuky Poccuiickoil akageMuy HayK ¥ WIEHY PEJKOJUIETUH HALLETO Kyp-
Hana «Toukue xumuueckue mexnoroeuu = Fine Chemical Technologies» nOKTOpy XUMH-
yecknx Hayk MBany Anekcanaposuuy HoBakoBy.

Haywnas, megarormueckas ¥ opraHu3aiiionHast padoTa MiBana AnekcanjpoBHya Hepa3phIBHO CBsi3aHa ¢ Bonrorpaackum
TOCYAapCTBEHHBIM TexHUYecKknM yHuBepcuTeToM (Bonrl'TY). B mepuoa ¢ 1988 mo 2014 . . A. HoBakoB siBisiicst pek-
TopoM, a ¢ 2014 r. o Hactosiee Bpemsi oH — npe3ugeHT BoirI TY. C 1991 1. oH Bo3miaBinseT Kaeapy aHaIuTHUECKOM,
¢br3UIecKOil XUMHHN 1 (PU3UKO-XUMHH TTOJTUMEPOB.

Axamemuk V.A. HoBakoB MMeeT 3aciTy»KeHHbIEC HAarpazbl: TIOYETHBIN PaOOTHHK BBICIIETO MPO(ECCHOHATEHOIO 00pa3oBa-
nus Poccuiickoii @enepaumu (1998 1), 3acmysxennsiii nestens Hayku Poccuiickoit @eneparmu (2004 1), modeTHbIH pabOTHHK
Hayku 1 TexHuku Poccuiickoit deneparmn (2009 ). Harpaknen opnenom «3a 3aciyru niepen OredectBom» 111 crenenn.

Axanemuk U.A. HoBakos siBisiercst aBropom Oosiee 1500 HaydHBIX paOoT, BKITtoUast 7 MoHorpaduii u 262 maTeHTOB.
N.A. HoBakoB — uJjieH peakoiuieruii 6oiee AecAaTH HayYHBIX M3IAHUH, CPeau KOTOPBIX JKYPHAJbI «BblCOKOMONEKY-
JIAPHBIE coeOunenusny, «XKypnan npuxiaonou xumuuy, «lInacmuueckue maccer», « Tonkue xumuueckue mexHono2uy =
Fine Chemical Technologies» u np.

W.A. HoBakoB siBIIsIeTCS TipeicenaTeneM nuccepraiuonHoro cosera 24.2.282.01 na 6aze Bonr['TV. Ilox ero py-
KOBOJICTBOM YCIICLITHO 3aIUIICHbI 56 TuccepTanuii Ha COMCKaHWE YYEHOW CTEeNeHM KaHauaara HayK u 12 muccepra-
LU — Ha COMCKaHWE YYEHOU CTENEHU JOKTOpa HayK.

OynnaMeHTaNIbHBIE HeclienoBanus Bana Anekcanaposrnya HoBakoBa pa3HOIUIAHOBBI U aKTyalbHBL M pazpabo-
TaHBI HJIACTOMEPHBIC MAaTEPUAIIbI U3 PCAKIIMOHHOCIIOCOOHBIX OJIUTOMEPOB METOIOM CBOOOHO-TUTHEBOTO (DOPMOBAHUS,
He TpeOyIomeM IPIMEHEHNS YJHEPTOSMKOTO M METAIIOEMKOTO 000PYIOBaHMUS B 3aKPHITHIX IOMETICHUSIX. Pe3ynbrarsl
pabot BHenpenbl 6onee yeM Ha 3000 ciopTuBHBIX 00bekTax. B 2004 r. . A. HoBakoB ¢ kosieramu ynocroeH “TIpemun
ropona-repost Bonrorpaga” B 0051acTi HayKH ¥ TEXHUKH.

[Ton pyxoBoacTBom M.A. HoBakoBa pa3BUTO OAHO M3 MPUOPUTETHBIX HAPABICHUI COBPEMEHHON XUMUU MOJINME-
POB, CBSI3aHHOE C CO3JJaHUEM TeIlIO-, TEPMO- U XUMUYECKH YCTOHYMBBIX MOJIMMEPOB HA OCHOBE KAPKACHBIX CTPYKTYD.
B 2007 r. 3a ceputo pabot B 3ToM HanpasiaeHuu M.A. HoBakoB ¢ komeramu ygocroeH npemun nmenn C.B. Jlebenesa.
B 2016 r. xonnektus, Bo3rmasisieMblit 1.A. HoBakoBbeiM, ynocroen npemun [IpaBurensctBa Poccuiickoit @eneparum
B 00JIACTH HAyKU U TEXHUKH.

PenaknmonHas KoyUIeTHsi WM TIIaBHBIA penakTop KypHana «Toukue xumuueckue mexronoeuu = Fine Chemical
Technologies» cepnedno nmo3apasisiroT MBana AstlekcanapoBruya ¢ 75-J€THEM H JKETA0T eMy KPEIKOro 3I0pPOBbs U HO-

BbIX TBOPYECKHUX YCIIEXOB.
C HaWJTy4YIIUMU MOKEJIaHUAMU é

I'maBHBIN pemakTop / A.B. TumormeHko
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Concentration of heavy metal ions from aqueous media
under dynamic conditions using a composite sorbent
based on chitosan and silica

Victoria A. Gabrin!*“, Tatiana E. Nikiforova!, Vladimir A. Kozlov!, Pavel B. Razgovorov>
!Ivanovo State University of Chemistry and Technology, Ivanovo, 153000 Russia
2Yaroslavl State Technical University, Yaroslavl, 150023 Russia

™ Corresponding author, e-mail: gabrinvictoria@gmail.com

Abstract

Objectives. The study set out to investigate the sorption, toxicological, and regeneration properties of a composite sorbent based on
chitosan hydrogel and unsuspended silicon dioxide (chitosan—colloidal silica), which manifest themselves under dynamic conditions of
purification of aqueous solutions, as a means of removing heavy metal ions.

Methods. The total dynamic exchange capacity of a chitosan—colloidal silica composite sorbent was evaluated under dynamic sorption
conditions by passing solutions containing Zn(II), Cd(II), Cu(II), and Cr(III) ions having a concentration of 240-251 mg/L through a fixed
sorption bed. The method for determining acute toxicity using daphnia (Daphnia magna Straus) is based on the direct calculation of the
mortality of daphnia exposed to toxic substances contained in the test aqueous extract in comparison with a reference culture in samples
that do not contain toxic substances. The regeneration ability of the sorbent was assessed by counting the number of sorption—desorption
cycles using 0.1 M NaOH and 0.1 M NaHCO, eluents, as well as aqueous solutions of H,O, (1 and 3%).

Results. The effectiveness of the chitosan—colloidal silica composite sorbent in the process of dynamic purification of aqueous media
to remove Cu(Il), Zn(II), Cd(II), and Cr(III) ions was established. After determining the times of ion breakthrough and saturation of the
developed sorbent, its dynamic exchange capacity was calculated by processing the kinetic curves of sorption of heavy metal ions under
dynamic conditions. The results of regeneration of the sorbent were presented in the context of the possibility of its reuse. It is shown that
the sorbent can withstand up to five sorption—desorption cycles while maintaining a level copper cation extraction above 90%.
Conclusions. Analysis of the kinetic curves demonstrated that the driving force behind the removal of heavy metals from aqueous media
by means of the obtained sorbent is the external diffusion mass transfer of ions from the mobile phase of the solution. Biotesting of
samples showed that the developed chitosan-based sorbent does not have acute toxicity.

Keywords Submitted: 11.07.2023
heavy metals, adsorption, composites, chitosan, biotesting, regeneration Revised: 13.10.2023
Accepted: 14.03.2024
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HAYYHAA CTATbA

KoHLUeHTpupoBaHe UOHOB TS)XeNbIX MeTan/ioB

U3 BOAHbIX cpea B AMHAMU4YeCKUX YCIOBUSX
KOMMO3ULMOHHbIM COPOEHTOM Ha OCHOBE XUTO3aHa
M ANOKCUaa KpeMHUs

B.A. I'n6pun'™, T.E. Huxudoposa!, B.A. Kozaos!, I1.5. Pasrosopos?
! Heanosckuii 2ocydapemeennuiii xumuxo-mexronoeuyeckuii yuusepcumem, Heanoso, 153000 Poccus
2 Apocnagckuii 2ocyoapcmeennviii mexnuyeckuii yuusepcumem, Apociaeis, 155023 Poccus

™ demop ona nepenucku, e-mail: gabrinvictoria@gmail.com

AHHOTaUuS

Heﬂﬂ. I/I3yquI/Ie COp6HI/IOHHLIX, TOKCHUKOJIOTUYECKUX U PETCHEPAIIMOHHBIX CBOMCTB KOMITO3HITHOHHOTO COp6CHTa Ha OCHOBC ' IPOTreiis
XHUTO3aHa U HECYCIICHAUPOBAHHOI'O JJUOKCH/Ia KPEMHU (((XHTOSaH—KOJIHOHIIHLIﬁ erMHe3CM»), MPOABJIAOIINXCA B TUHAMUYECKUX yC-
JIOBUSIX OYUCTKU BOAHBIX PACTBOPOB OT MOHOB TSKEJIbIX METAJIJIOB.

Mertoabl. [TosiHy0 THHAMHYECKYIO OOMEHHYIO eMKOCTb KOMIIO3UIIHOHHOTO COPOCHTA «XUTO3aH—KOJUIOUTHBIH KPEMHE3EeM» OLCHHBAIIH
B YCIIOBUSIX JTMHAMHYECKOM COPOLINH, POITyCcKasi 4Yepe3 HeMOABKHBINA COPOIIOHHBIN CII0 pacTBOPEI, cofepskamue nousl Zn(11), Cd(1D),
Cu(Il) u Cr(Ill) ¢ xoHuenTpammeit 240-251 mr/n. Meron onpeneneHust OCTPOH TOKCHYHOCTH C UCITIONb30BaHNeM maduuil (Daphnia
magna Straus) OCHOBAaH Ha NPSIMOM CYETE IPOLIEHTAa CMEPTHOCTH adHUil P BO3/IEHCTBUU TOKCHYECKUX BEILIECTB, IPHCYTCTBYIOMIHUX
B HCCJICIyeMOii BOZHOM BBITSKKE, [0 CPABHEHUIO C KOHTPOJIBHOM KYJIBTYPOii B MpoOax, He COAEPIKAIIMX TOKCHYECKUX BerecTB. OLeHKY
pereHepannoHHON cIIoCOOHOCTH COpOEHTA ONpeAeIsTN (PUKCHPOBAHMEM KOJMUYECTBA IIUKIOB COPOIIMU—IECOPOIMU C UCTIONIB30BAaHUEM
smoentoB — 0.1 M NaOH, 0.1 M NaHCO,, a Taxxke Bonabrx pactBopos H,O, (1 1 3%).

PesyabTarbl. YcranosneHa 3pQeKkTuBHOCT paboThl KOMIIO3HUIIMOHHOTO COPOCHTA «XHTO3aH—KOJUIOMIHBIH KpeMHe3eM» B Ipolecce
JMHAMHUYECKol ourcTKH BoaHbIX cpe oT noHoB Cu(Il), Zn(IT), Cd(II) u Cr(III). Onpenesensl BpeMeHa MPOCKOKAa HOHOB U HACBHILICHHS
pa3paboTaHHOro copOeHTa U paccCYMTaHa €ro AWHaMH4YecKas OOMEHHasi eMKOCTh MyTeM 00pabOTKH KMHETHYECKUX KPHBBIX COPOIMHU
HOHOB TSDKENBIX METAJJIOB, CHATBIX P OCYIIECTBICHUH COPOIMHU B THHAMUYECKHX YCIOBHAX. [IpecTaBIeHbl pe3ybTaThl perenepa-
LUK ¥ BO3MOXKHOCTb ITOBTOPHOTO HCIIONB30BaHUS COPOEHTA, KOTOPBIN CIIOCOOCH BBIACPIKHUBATH /IO MSATH LUKIOB COPOINH—IECOPOLUH
C COXpaHEHHEM CTETIEeHH U3BJICUEHHs KaTHOHOB Menu BbIme 90%.

BI)IBOZII)I. AHann3 KHHETHYECKUX KPUBBIX ITOKa3aj, 4To )Z[BPI)KyH.ICﬁ CHJION I[I/IHaMPI‘IeCKOI;'I OYUCTKH BOAHBIX CPEI OT TAKEIIbIX METAJJIIOB
TOJTY4YEHHBIM COp66HTOM ABJIACTCS BHeIJ_IHeI[I/Id)(by?,I/IOHHLIﬁ MacconepeHoC MOHOB U3 HO)IBPI)KHOfI (1)8.3131 pacTBoOpa. BI/IOTCCTI/IpOBaHHe
06pa3u013 II0Kasajio, 4To pa3paGOTaHHHﬁ COp6€HT Ha OCHOBC XMTO3aHa HC 06J1az[aeT OCTpoﬁ TOKCUYHOCTBIO.

11.07.2023
Oopa6oTaHa: 13.10.2023
MpuHara B nedaTtb: 14.03.2024

Moctynuna:
KnioueBble cnoBa

a)lCOpGLU/ISI, TSAXKCJIbIC METAJIJIbl, XUTO3aH, KOMIIO3UThI, 6HOTeCTI/II)OBaHI/le, pereucpanns

Anga uMTMpOBaHUNA

I'a6pun B.A., Huxugoposa T.E., Koznos B.A., Pazrosopos I1.b. KonnentprnpoBanne HOHOB TSKEJIBIX METAJUIOB U3 BOAHBIX CPEX B JIU-
HAaMHYECKHUX YCIIOBUSIX KOMIIO3MIIMOHHBIM COpPOGHTOM HA OCHOBE XWTO3aHA M JAMOKCHAA KPeMHUS. ToHKUe XuMuueckue mexHono2ull.
2024;19(3):183-191. https://doi.org/10.32362/2410-6593-2024-19-3-183-191

INTRODUCTION adsorption approaches [4-6]. Due to its low energy

intensity and high efficiency, the last of these methods

The need to improve the quality of water, representing
a major technological and life resource, continues to
present challenges [1-3]. Current improvements in
wastewater treatment methods are mainly achieved by
improving previously introduced methods, including
those based on ion exchange-, electrolysis-, membrane
separation-, ultrafiltration-, reverse osmosis-, catalysis-,
sedimentation-,  coagulation-  (flocculation),  and

is considered optimal for the removal of hazardous
pollutants, including heavy metals [ 7-9]. Adsorption water
treatment methods use a variety of materials: silica gel,
activated carbon, resins, clays, and polymers. In terms of
their economic feasibility and environmental significance,
carbohydrate biopolymers (cellulose, alginate, and
chitosan) have received increased attention as efficient
alternative adsorbents over the past twenty years. This is
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mainly due to their key advantages—natural abundance,
environmental friendliness, biodegradability, ease of
modification, and relatively low production cost [10].
Among the abovementioned carbohydrate biopolymers,
chitosan is the most environmentally friendly due to its
improved target sorption characteristics [11].

The main advantages of chitosan-based adsorbents
are their high absorption capacity for heavy and rare earth
metal ions. However, a key disadvantage of chitosan is
its insolubility in aqueous solutions with pH < 6.5. In this
regard, the development of chitosan-containing sorbents
that are stable in acidic media was studied in numerous
works. Attempts to solve the problem include the use of
crosslinking agents: glutaraldehyde, epichlorohydrin,
ethylene glycol diglycidyl ether, etc. [12].

The possibility of using chitosan adsorbents to obtain
products of any shape (in the form of powder, microspheres,
fibers, or membranes) dramatically expands its potential for
wastewater treatment and in modern medicine. Chitosan
can be used as a matrix to obtain composite sorbents,
representing relatively inexpensive and effective materials
with a developed surface. The fillers of this matrix can be
zeolites, diatomite, silica, titania, montmorillonite, cellulose,
etc. Although the introduction of such fillers into the
chitosan matrix does not always lead to a significant increase
in sorption capacity, the development of the scientific
foundations and technology for creating new composite
chitosan-containing sorbents based on its structural and
mechanical characteristics represents a very promising
direction in the development of industrial ecology [1, 7, 13].

The present work set out to investigate the sorption,
toxicological, and regeneration properties of a composite
sorbent based on chitosan hydrogel and unsuspended
silicon dioxide (“chitosan—colloidal silica”), manifested
under dynamic conditions of purification of aqueous
solutions, as a means of removing heavy metal ions.

EXPERIMENTAL
Materials

Chitosan (Bioprogress, Russia; degree of deacetylation,
88%; molar mass, 220 kDa); epichlorohydrin
(Sigma-Aldrich, USA; >98.0%); colloidal silica (silicon
dioxide) (Ekokremnii, Russia; Kovelos 35/05;
r = 3-5 um); sulfates of copper (CuSO, 5H,0);
zinc  (ZnSO, 7H,0);  cadmium (CdSO, 8H,0);
chromium  (Cry(SO,);-6H,0); sodium hydroxide;
acetic acid (50 vol %); sodium bicarbonate; hydrogen
peroxide (aqueous) (LenReaktiv, Russia). These reagents
were used without additional purification.

Along with sorbent regeneration efficiency and
acute toxicity of aqueous extracts, the dynamic
sorption characteristics of a chitosan—colloidal silica
composite sorbent obtained according to the previously

published procedure were studied [13]. The obtained
physicochemical and structural-mechanical characteristics,
as well as the static sorption of copper ions, agree with the
previous results [13].

Equipment and research methods

The total dynamic exchange capacity (TDEC) of the
chitosan—colloidal silica composite sorbent was assessed
under dynamic sorption conditions by passing solutions
containing Zn(II), Cd(II), Cu(Il), and Cr(IIl) ions at
concentrations of 240-251 mg-L~!' through a fixed
sorption bed. In a dynamic experiment, the sorbent (0.2 g
on chitosan basis) was placed in a laboratory column
in the sorption plant (Fig. 1). Every 10 min, the metal
salt solution passing through the column was collected
to determine its cation concentration with a 210 VGP
atomic absorption spectrometer (Buck Scientific, USA).

Fig. 1. Plant for studying dynamic sorption characteristics:
(1) container with metal salt solution (electrolyte),

(2) pump, (3) fixed-bed column with a sorbent,

and (4) receiving container

The TDEC value was determined by analyzing the
obtained dynamic curves by calculating the area above
the output sorption curve:

C. xA
A 2, (1)
TDEC=3X€. @)
Msorb

where Q is the flow rate of the solution, L-s™'; M4 18
the mass of the sorbent placed in the ion-exchange
column, g; At and At, are the times of breakthrough and
saturation, respectively, s; and C; is the concentration of
copper ions at the inlet, mg-L 1.

Determination of the acute toxicity
of the sorption material

The acute toxicity of the aqueous extract was determined
using daphnia (Daphnia magna Straus) as a test object.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(3):183-191 185



Concentration of heavy metal ions from aqueous media under dynamic conditions

using a composite sorbent based on chitosan and silica

Victoria A. Gabrin,
etal.

The method is based on direct calculation of the mortality
percentage of daphnia exposed to toxic substances
contained in the studied aqueous extract in comparison
with a reference culture in the form of samples that do
not contain toxic substances.

The acute toxicity 4 (%) of the aqueous extract was
determined by the formula
A= Xref Xtest x 100, (3)

ref
where X, is the number of surviving daphnia in the
reference culture and X, is the number of surviving
daphnia in the water extract.

The preparation of cultivation water and dilutions of
aqueous extracts for biotesting, and the biotesting itself
were carried out according to the published method [14]
for water samples obtained after contact with the studied
modified sorbent. The biotesting was performed as follows.
After growing daphnia cultures in a climatostat maintaining
a 12-h photoperiod at room temperature (25 + 0.1°C), ten
age-synchronized daphnia cultures were placed for 1 day
into each of the test tubes with test solutions pre-aerated
for 30 min. The experimental conditions corresponded
to the conditions for daphnia cultivation: 7'= (20 £ 2)°C,
pH 7.0-8.2, and time 48 h.

Determination of the number
of sorption—desorption cycles

In order to evaluate the possibility of reusing a composite
sorbent without losing its effectiveness against heavy
metal ions, desorption-based approaches can be used.
Desorption of heavy metal ions was carried out using
the suitable eluents 0.1 M NaOH and 0.1 M NaHCO;,
as well as aqueous solutions of H,O, (1 and 3%). The
spent sorbent containing 0.1 g of dry chitosan was placed
in 10 mL of a desorbing eluent solution and kept for
10 min. Following desorption, the chitosan—colloidal
silica sorbent was washed with distilled water. When
determining the number of sorption—desorption cycles,
the sorbent regenerated in this way was reused to extract
Cu(II) ions.

Regeneration  efficiency  was  selected  as
a characteristic parameter of the recovery of spent
sorbent. The regeneration efficiency RE (%) of the
sorbent was calculated by the formula

A
RE =Lx100, 4)
4,

where 4, and A, are the sorption after regeneration and
the initial sorption of the sorbent, mg-g~!, respectively.

RESULTS AND DISCUSSION

The chitosan—colloidal silica composite sorbent was
tested under dynamic conditions of sorption of various
heavy metals (Fig. 2). The ion breakthrough time and
sorbent saturation time were determined along with
the TDEC (Table 1). In the experiment, the height
of the packed sorbent bed (5 - 1072 m) and the diameter
of the column (4 - 1072 m) remained unchanged. When
calculating the total dynamic exchange capacity, the mass
of the sorbent and the time consumption of the model
wastewater solution were taken into account.

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200

1,8
Fig. 2. Kinetic curves of sorption

of (1) Cu(Il), (2) Cd(I1), (3) Zn(1I), and () Cr(III) under
dynamic conditions by the chitosan—colloidal silica sorbent
atpH 5.9, T=298K,m_, =02 g,and 0=0.15L-h"!

sorb

The shape of the kinetic curves of sorption under
dynamic conditions suggests that the sorption of Cu(Il),
Cd(II), Zn(I1), and Cr(III) ions predominantly occurs by
the external diffusion mechanism of mass transfer of ions

Table 1. TDEC of the sorbent and variables determined under dynamic conditions

TDEC
Metal C,, mgL™! mg ., h 7,8 T,, 8 m m
mg-g mol-kg
Cu(II) 240 900 5400 180 2.8
Cd(In) 250 1050 6200 216 2.0
0.2
Zn(II) 251 1000 5800 204 3.0
Cr(I1I) 248 1100 6300 219 4.2
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Table 2. Acute toxicity of aqueous extract after contact with the chitosan—colloidal silica sorbent
Sorbent Dilution ratio (aqueous Number of surviving daphnia Mortality of daphnia in
extract content), % Tesi Reranes test, %
Biotesting time: 48 h
10 (10) 10 10 0
Chitosan—silica composite 3(33.3) 10 10 0
1(89) 10 10 0

from the mobile phase of the solution to the fixed sorbent
bed. This may be due to the value of the crystallographic
radius of the ion. Under both dynamic and static sorption
conditions, sorbate—sorbate interactions are not excluded,
leading to the formation of electrostatically bound ionic
clusters. In a constant flow of liquid, such clusters do not
significantly penetrate into the bulk phase through pore
channels, but are mainly retained on the surface [15].

Further dynamic experiments will be aimed at
identifying optimal process parameters and increasing
the efficiency of wusing the chitosan—colloidal
silica sorbent. Taking into account the increased
sorption (sorption capacity) of the resulting material
under static conditions, this primarily concerns the
dosage of the sorbent and the dimensions of the
column (8-10 mol/kg) [13].

Biotesting of the aqueous extract demonstrated the
absence of an acute toxic effect at 4 < 10% (Table 2),

95 1

90 1

85 | -

80 1

: ]

X
o
=
1 2 3 4 5
Number of cycles
(a)

100

98 4

96 4

94 4

92 ] -
X 90
S
X

1 2 3 4 5

Number of cycles

©

RE, %

RE, %

whereas in the case of 4 > 50%, the previously shown
acute toxic effect on living organisms is confirmed [14].

The biotesting of the water extract showed that, in the
tested water after 48 h, the mortality of daphnia was less
than 10%, which indicates the nontoxicity of the sorbent.

Figure 3 illustrates the change in the efficiency of
regeneration of the chitosan—colloidal silica sorbent
with an increasing number of sorption—desorption cycles
using different eluents.

As noted earlier, a very important characteristic of
sorbents is their regeneration ability. The developed
chitosan—colloidal silica sorbent can maintain its efficient
extraction of copper ions after five sorption—desorption
cycles. The most efficient eluent is an H,0, solution;
here, the efficiency of using a 1% solution is comparable
to that of a 3% solution. After five sorption—desorption
cycles, the sorption capacity can be restored by more
than 90%. When using sodium bicarbonate, the reduction

100+
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70 A
60 A
50 4

.
8]
61
4]
2]
01l
1 2 3
Number of cycles
(b)
100+
98 4
96 4
94 4
—
8 ]
61
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0l
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Number of cycles
(d)

Fig. 3. Change in the efficiency of regeneration of the chitosan—colloidal silica sorbent with increasing number of sorption—desorption
cycles. Eluents: (a) 0.1 M NaOH, (b) 0.1 M NaHCOj,, (¢) 3% H,0,, and (d) 1% H,0,
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Table 3. Effect of the contact time of the spent sorbent with the eluent on the efficiency of sorbent regeneration and its mass loss

in the first sorption—desorption cycle

0.1 M NaOH 0.1 M NaHCO, 3% H,0, 1% H,0,
Sorbent Sorbent Sorbent Sorbent
.C ontac.t mass loss,| RE, % C ontac‘t mass loss,| RE, % C ontac.t mass loss,| RE, % .Contac.t mass loss,| RE, %
time, min o time, min o time, min o time, min a
% % % %
Vsolution =10 mL
1 0 15 1 0 10 1 0 2 1 0 1
3 1 45 3 0 30 3 0 20 3 0 25
5 2 70 5 0 59 5 0 80 5 0 86
10 5 97 10 0.5 92 10 0 97 10 0 98
15 8 96 15 2 93 15 1 95 15 0.5 97

in regeneration efficiency to 47% after three cycles
makes further testing impractical. The optimal contact
time of the sorbent and eluent was determined to be
10 min (Table 3).

A further increase in the contact time between the
sorbent and the eluent did not provide more efficient
regeneration. In addition, an increase in regeneration
time was accompanied by a significant (up to 8% in the
first cycle) sorbent mass loss in comparison with the
initial mass of the sorbent.

Thus, crosslinked chitosan granules bulk-modified
with colloidal silica, which have valuable properties
in terms of permitting their reuse, can serve as an
economical and effective sorbent for the extraction of
heavy metal ions from aqueous media.

CONCLUSIONS

Dynamic parameters of the extraction of heavy metal
ions by the chitosan—colloidal silica composite sorbent
were obtained. It is shown that the column sorption of
Cu(Il), Cd(II), Zn(II), and Cr(Ill) ions from aqueous
media predominately occurs by the external diffusion
mechanism of mass transfer of ions from the mobile
phase of the solution to the fixed bed of the sorbent. The
conditions for the regeneration of the spent composite
sorbent are identified. It is determined that the use of
a 1% hydrogen peroxide solution as a reducing eluent
allows the obtained sorbent to be used in five sorption—
desorption cycles while maintaining the degree of
extraction of metal ions above 90%. The biotesting
method established the absence of acute toxicity for

living organisms of the aqueous extract of the solution
in contact with the sorbent. In the future, the developed
sorbent based on chitosan and silicon dioxide will be
tested under conditions of purification of aqueous media
similar to industrial conditions in order to evaluate
the quality of purification of aqueous solutions for
removing heavy metal ions used in electroplating and
hydrocarbon processing (oil refining). This will help
to improve effectiveness of natural water protection
systems and reduce anthropogenic impacts on the
environment.
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Effect of 2-hexanol and methanol
on the one-pot process of dehydration
and alkoxycarbonylation for the synthesis of esters
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Abstract

Objectives. To study the possibility of one-pot synthesis (combination of two processes in one reactor) for the following pairs
of processes: (1) dehydration of 2-hexanol and isomerizing alkoxycarbonylation of the resulting 2-hexene, in order to obtain 2-hexyl
heptanoate, and (2) dehydration of 2-hexanol and isomerizing methoxycarbonylation of the resulting 2-hexene, in order to obtain methyl
esters of C, carboxylic acids. To investigate the effect of the concentrations of 2-hexanol and methanol on the rate of the one-pot synthesis.

Methods. One-pot synthesis was studied in a toluene medium in a steel batch reactor designed to operate at elevated pressure and
equipped with a glass insert, a magnetic stirrer, a sampler, and gas input and discharge devices. Samples of the reaction mass were taken
during the combined process and were analyzed by means of gas—liquid chromatography with a flame ionization detector.

Results. The possibility of ome-pot combination was demonstrated for 2-hexanol dehydration catalyzed by methanesulfonic
acid, as well as for the isomerizing alkoxycarbonylation of the resulting 2-hexene with 2-hexanol and CO, catalyzed by the
Pd(PPh,),Cl,-XANTPHOS-methanesulfonic acid system. The dependencies of the rates of the dehydration of 2-hexanol and the
formation of esters of C,, carboxylic acids on the concentration of 2-hexanol were shown to pass through a maximum. The possibility
of the one-pot process was proved for the synthesis of esters from 2-hexanol, methanol, and CO with the predominant formation
of heptanoic acid esters in the presence of the above catalytic system. The rates of dehydration of 2-hexanol and the formation of 2-hexyl
esters of C, carboxylic acids were found to decrease with increasing the concentration of methanol in the reaction mass. Under mild
conditions (temperature 115°C, CO pressure 3 MPa) with the addition of methanol, the total fraction of 2-hexyl and methyl heptanoic
acid esters among C, carboxylic acid esters was determined to be 85.5%.

Conclusions. The reactions of intramolecular acid—catalytic dehydration of 2-hexanol and isomerizing alkoxycarbonylation of the resulting
2-hexene, catalyzed by the Pd(PPh,),Cl,-XANTPHOS-methanesulfonic acid system, can be performed as a one-pot process. Methanesulfonic
acid simultaneously functions as a catalyst for the dehydration of 2-hexanol and a cocatalyst for the palladium—phosphine system for the
alkoxycarbonylation of hexenes. In the presence of the Pd(PPh,),Cl,~XANTPHOS-methanesulfonic acid catalytic system, processes for
the synthesis of heptanoic acid esters from 2-hexanol, methanol, and CO can be combined within one reactor. An increase in the methanol
concentration negatively affects the rate of the dehydration of 2-hexanol and the formation of 2-hexyl esters of C, carboxylic acids. A small
amount of methanol in the reaction mass leads to an increase in the fraction of heptanoic acid esters among C, carboxylic acid esters.
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HAYYHAA CTATbA

BnusHue rekcaHosna-2 u MeTaHoJ1a Ha COBMeELLEeHHbIN
npouecc aerngparauvm v ankoKkCUuKapooHnnIMpoBaHus
AN CUHTEe3a CJIOXHbIX 3(dUpoB

H.T. CeBoctbsinoBa™, C.A. Barames, A.C. Ponnonosa, JI.K. Kos1enko
Tynvckuti 2ocyoapcmeennvlii nedacoeudeckuul ynusepcumem um. JI.H. Toncmoeo, Tyaa, 300026 Poccus

™ demop ons nepenucku, e-mail: sevostyanova.nt@gmail.com

AHHOTaUus

I_Ie.lm. HBy‘lI/ITB BO3MOXHOCTU COBMEUIICHUSA B OJHOM PEAKTOPE NPOLECCOB!: 1) JAeruaparaiuuu rekcaHosyia-2 u HU30MEPUBYIOLICTO aJIKO-
KCI/IKap6OHI/IJ'II/Ip0BaHI/I${ 06pa3y10mer005{ rexceHa-2 JJIS TOJTy4YC€HUS 2-FeKCHJIFeHTaHO&Ta; 2) Aeruaparanuu reKcaHoiia-2 u HU30MEpHU3y-
omero MeTOKCI/IKap6OHI/IJ'II/IpOBaHI/I${ 06pa3y10merocsl TeKceHa-2 Jyist TOJTY4YCHUS METHIIOBBIX 3(1)I/IpOB Kap60HOBLIX KHCJIOT C7. HUccneno-
BaTb 3aKOHOMCPHOCTH BJIMSHUSA KOHICHTpAallun TreKCaHoJIa-2 ¥ METaHOJIa Ha CKOpPOCTb COBMEUICHHOTO IpoLecca.

MeToasl. CoBMENIEHHEIH MPOLECC H3yUalld B CPeJie TOMYoJIa B IIEPHOIMIESCKOM CTATBHOM PEaKTope, PACCINTAHHOM Ha paboTy IPH I10-
BBIIICHHOM JaBJI€HHUHU, CHA0)KEHHOM CTEKJITHHOM BCTAaBKOM, MAarHUTHON MEIIAJIKOH, TpoO0OTOOPHUKOM, yCTpOHCTBAMHU BBOA M cOpoca
razos. OTOupaemMsblie B X0/ie COBMEIIEHHOTO MpoIecca MpoOb! PeaKI[OHHON MacChl aHATTM3UPOBAIN METOIOM Ta30-KHIKOCTHOH XpoMa-
Torpaduu ¢ IIaMEHHO-MOHN3AIMOHHEIM JIETEKTOPOM.

Pesynbrarsl. [TokasaHa BOSMOKHOCTb COBMEILCHHS B OTHOM PEAKTOpE ACTHApPATALMU I'eKCAHONIA-2, KaTaIM3UPYeMOil MeTaHCyIb(o-
KHCIIOTOM, U W30MEPHU3YIOUIETO AIKOKCUKapOOHWIMPOBaHUS 00pasyromierocsi rekceHa-2 rekcanonoM-2 u CO, KaTaau3upyeMoro Cu-
cremoii Pd(PPhy),Cl,~XANTPHOS-MeTanCynb()OKHCIOTA. YCTAHOBIEHBI SKCTPEMAIIBHBIE 3aBUCUMOCTH CKOPOCTEH AETHIpaTAIuH
reKcaHona-2 u 06pa3oBaHus CIOKHBIX YPUPOB KapOOHOBBIX KUCIOT C., OT KOHIEHTpAluK rekcanona-2. Ilokazana BO3MOKHOCTb peann-
3alUH COBMEILICHHOTO B OJHOM PEaKTOpe Mpolecca CHATE3a CIMKHBIX 2QHUPOB U3 rekcanona-2, meranona 1 CO ¢ mpeuMyIIeCTBEHHBIM
00pa30BaHUEM CIOKHBIX 3()HPOB TENITAHOBOW KUCIOTHI B IPUCYTCTBUH YKAa3aHHOM KaTalUTHYECKOH cucteMbl. OOHAPYKEHO CHIDKCHUE
CKOPOCTEH JIETH/IpaTaluy rekcanona-2 1 00pa3oBaHus 2-reKCHIIOBBIX d(GUPOB KapOOHOBBIX KHCIOT C,, ¢ YBENMYEHNEM KOHICHTPAIHH
METaHOJIa B PeakIMOHHON Macce. B markux ycnoBusx (temmeparypa 115°C, nasnerne CO 3 MIla) B mpucyTcTBUE J0OABOK METaHOIA
ompe/ieieHa CyMMapHast 0J1st 2-TeKCHIIOBOIO U METHIIOBOTO 3(DMPOB I'€NTAaHOBOM KUCIOTBI CPEIH CIOKHBIX dGUPOB KaPOOHOBBIX KHC-
not C,, koTopas cocTauia 85.5%.

BbiBoabI. Peakuny BHYTPUMONEKY/IAPHOH KHCIOTHO-KATAIUTHYECKON JETHAPATALMN I'eKCAHOIa-2 U M30MEPHU3YIOIIEro aJIKOKCHKap-
OoHMIMpPOBaHUs 00pasylomerocs rekcena-2, karamusupyemoro cucremoit Pd(PPh,),ClL,-XANTPHOS-merancymbpokuciora, MOryT
OBbITh COBMEIIICHBI B OJHOM peakTope. MeTaHCyab()OKHCIOTa OJJHOBPEMEHHO BBINOJIHAET (YHKINH KaTalnu3aTopa JernipaTaliy rek-
caHoJa-2 M cOKaTaau3aropa naaiaani-GpochuHOBOIM cuCTEMBI ATKOKCMKapOOHMIMPOBAHUS I'€KCEHOB. B MPUCYTCTBUY KaTaIuTHYECKOIT
cuctembl Pd(PPh,),Cl,—XANTPHOS-meTancynb(okucioTa MOTYT ObITh peaqn30BaHbl B OHOM PEAKTOPE MPOLECChl CUHTE3a CIIOK-
HBIX 3()MPOB TeNTaHOBON KHUCIOTHI U3 TekcaHona-2, Mmeranona u CO. YBennueHne KOHIEHTPAIMY METaHOJIa HEraTHBHO BIIMSET Ha CKO-
POCTH JIerHIpaTallii IeKkcaHona-2 1 0Opa3oBaHue 2-TeKCUIIOBBIX 3(QHpPOB kapOoHOBbIX kuciaoT C,. HebonbIue koaudecTsa MeTaHoa
B PEAKIHOHHOM Macce NMPUBOAAT K YBEINUCHHIO JOJIM CIOKHBIX 3(UPOB IenTaHOBOMH KUCIOTBI CPEN CIOXKHBIX 3(GUPOB KapOOHOBBIX
kucinor C,.

KnioueBble cnoea Moctynuna: 07.09.2023
COBMEILEHHBIH MPOLIECC, CUHTE3 CI0KHOr0 3upa, AeruapaTaLys Clupra, Dopa6oTaHa: 30.01.2024
HW30MEpU3YIOIIIEee aHKOKCHKap6OHHHI/IpOBaHI/I€, TEKCaHOJI-2, METAHOJI, M1aJUIaIneBhIN MpuHaTa B neyartb: 17.04.2024

karanusarop, aupochun XANTPHOS, merancysbhokuciora

Ana unTUpoBaHuga

CesocresinoBa H.T., barames C.A., Poquonosa A.C., Koznenxo /1.K. Biusinue rekcanosna-2 u MeTaHoja Ha COBMEILEHHBIH MPOLIECC J1erH-
JIpaTaliy U aTKOKCUKapOOHHIMPOBAHHUS ISl CHHTE3a CIOKHBIX 3GUpoB. Tonkue xumuueckue mexnonoeuu. 2024;19(3):192-201. https://
doi.org/10.32362/2410-6593-2024-19-3-192-201

INTRODUCTION compounds give esters. In the former case, it is mainly

homogeneous catalysts based on rhodium and iridium
CO-based syntheses are used to obtain a wide range compounds with the addition of iodides which are
of organic products. For example, carbonylation used, since not alcohols, but alkyl iodides are directly
of alcohols and alkoxycarbonylation of unsaturated carbonylated [1, 2]. These processes primarily use
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methanol and ethanol which produce carboxylic acids
and esters as the main products, and hydrocarbons and
ethers as by-products. In the latter case, the most active
catalysts are considered to be homogeneous systems
based on palladium compounds with organophosphine
and H-acid promoters. In the presence of such
systems, alkoxycarbonylation yields only isomeric
esters [3, 4]. The alkoxycarbonylation of alkenes,
which occurs with the cleavage of the C—C = bond,
is energetically preferable to carbonylation of alcohol,
which requires the cleavage of the C—O o bond.
However, some alcohols are more accessible than
alkenes. Previously “one-pot synthesis” (combination
of two processes in one reactor) was shown to be
possible for the dehydration of (primary and
secondary) alcohols and carbonylation of the resulting
alkenes to form esters and carboxylic acids in the
presence of homogeneous palladium catalysts and
p-toluenesulfonic acid (TsOH) [5-8]. In particular,
a one-pot process based on cyclohexanol and CO was
carried out in the presence of homogeneous catalytic
systems based on Pd(PPh,),Cl, [6], PdCI, [7], and
Pd(OAc), [8] in combination with the promoting
additive PPh; and TsOH. TsOH was a catalyst for
the dehydration of cyclohexanol and a cocatalyst
for the alkoxycarbonylation of cyclohexene.
However, of practical interest is the synthesis
of esters of aliphatic acids, primarily, of a linear
structure, which as a rule are of the greatest
value. For example, heptanoates and decanoates

are components of hormonal drugs (testosterone
preparations) [9]. High selectivities for esters of linear
carboxylic acids are achieved in alkoxycarbonylation
catalyzed by means of palladium systems with
some diphosphines, mainly tert-butyl-substituted
diphosphines [10-16] and diphosphines of the
XANTPHOS group! [17, 18]. These include in the
case of alkenes with internal position of the C=C
bond (isomerizing alkoxycarbonylation). Isomerizing
alkoxycarbonylation consists of two stages: migration
of a multiple bond from the internal position to the
terminal position and subsequent alkoxycarbonylation
to form an ester with a mainly linear structure.

The purpose of this work was to study the possibility
of one-pot combination of the following processes
(Fig. 1): (1) dehydration of 2-hexanol (1) and isomerizing
alkoxycarbonylation of the resulting 2-hexene (2),
in order to obtain 2-hexyl heptanoate (product 3a,
reactions (1), (2)); and (2) dehydration of alcohol 1
and isomerizing methoxycarbonylation of alkene 2,
in order to form methyl esters of C, carboxylic
acids (products 4a—4c, reactions (1), (3)) aimed
at increasing the rate of the process of obtaining esters;
as well as to investigate the effect of the concentration
of alcohol 1 and methanol on the rate of the one-pot
process of ester synthesis.

The catalyst used in the one-pot processes being study
was the Pd(PPh,),Cl,~-XANTPHOS-methanesulfonic
acid (MsOH) system. This catalytic precursor was chosen
due to its highest level of activity in a model one-pot

WYWM*

+CO+/\/Y 4, p, cat

OH |(2)

tLH

W CeHi>
-H,0 2

1 OH (1)

+CO + CH3;0H| ¢, p, cat
(3) 0

/\M(O\ +

4a 0] 4b

W/\/\

4c O

‘ Fig. 1. Scheme of the one-pot synthesis of esters from 2-hexanol, methanol, and CO

1

XANTPHOS is an organophosphorus compound C;,H;,0P, obtained from heterocyclic xanthene.
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process based on cyclohexanol and CO in comparison
with PdCl, and Pd(OAc), [6-8]. XANTPHOS and
MsOH were used as components of catalytic systems for
isomerizing alkoxycarbonylation [17, 18].

EXPERIMENTAL

The one-pot process was studied in a toluene
medium (Komponent-Reaktiv, Russia) in a steel
batch reactor (Russia) according to the published
procedure [8]. During the experiments, the temperature
was maintained at 115°C, and the pressure of a 1:1
mixture of CO (BK Group, Russia) and Ar (Arton,
Russia) was 6.1 MPa. The concentrations of the
components of the catalytic system were as follows, mol/L:
C(Pd(PPh,),Cl,)=2.0- 1073 (TCI, Japan), ((XANTPHOS)=
= 2.5 - 1073 (BIOSYNTH CARBOSYNTH, USA), and
C(MsOH) = 0.16 (Sigma-Aldrich, France).

Samples of the reaction mass were taken during
each experiment and were analyzed by means of gas—
liquid chromatography with a Crystallux-4000M
chromatograph (Meta-Chrom, Russia) with a flame
ionization detector and argon carrier gas. The carrier
gas flow rate was 1.0 mL/min; and the flow splitting
1:60. The evaporator and detector temperatures
were 300 and 320°C, respectively. The components
of the reaction mass were separated in an Optima-5
capillary column (MACHEREY-NAGEL, Germany);
30 m x 0.32 mm; film thickness 0.35 pm; temperature
programming mode: isothermal mode 80°C for 5 min,
intherange 80-220°C at a heating rate of 20 deg/min, in the
range 220—280°C at a heating rate of 8 deg/min, isothermal
mode 280°C for 2.5 min. Peak areas were calculated using
the NetChrom? program. The chromatogram peaks were
identified by retention time by comparing them with
the retention times of standard samples of substances.

The concentrations of substances 1-4 were calculated
by the internal standard method and decane was used
as an internal standard (EKOS-1, Russia). The internal
standard was introduced at a constant concentration into
the reaction solution in toluene before the start of the
experiment. Toluene was chosen as a medium for the
one-pot synthesis as the most commonly used solvent
for alkoxycarbonylation processes [6-8, 15, 19-22].
Insignificant (total yield of no more than 8%) amounts
of ethers, heptanoic acid, and 2-methylhexanoic acid were
formed as by-products.

RESULTS AND DISCUSSION

The possibility of the one-pot combination of the dehydration
of alcohol 1 and the alkoxycarbonylation of resulting
alkene 2 was tested in experiments 1 and 2 (Table 1). The
mostreactive ofall alcohols inalkoxycarbonylation is known
to be methanol [23]. In this regard, the one-pot synthesis
was performed using both alcohol 1 and methanol (Table 1,
experiments 3, 4). The yields of products 3a—3¢ were
calculated by the formula:

C(3a-3c¢)

nGa=3o =" cw)

-100%, (A)
wherein C(1) is the initial concentration of alcohol 1,
mol/L; C(3a-3c) are the concentrations of esters at the
end of the process, mol/L.

The yields of products 4a—4c¢ were calculated by the
formula:

C(4a—4c)

n(4a—4c) = C’(Tpl—l)

-100%, (B)
wherein  C(CH;OH) is the initial concentration
of methanol, mol/L; C(4a—4c) is the concentrations
of esters at the end of the process, mol/L.

Table 1. Results of the study of one-pot processes based on alcohol 1 and CO (experiments 1 and 2), as well as alcohol 1, methanol, and

CO (experiments 3 and 4); the time of the processes was 7 h

Product yield, % Conversion
of alcohol 1, %
Exp. No. C(1),M | C(CH,0H), M
3a 3(atb+c) 4a 4(at+b+c) 1
1 0.500 - 36.1 60.3 - - 94.7
2 1.000 - 10.4 20.0 - - 39.5
3 0.250 0.250 10.7 13.7 13.9 15.6 66.4
4 0.500 0.500 5.4 7.2 5.1 6.1 423

2

https://www.meta-chrom.ru/catalog/soft/netchrom/. Accessed February 28, 2024.
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Table 2. Initial rates of alcohol 1 dehydration (), formation of product 3a (r3,), and formation of the sum of products 3a+3b+3¢ (73,3}, 3.

in experiments 1, 2, and 5-7

Exp. No. | C(1), mol/L 7y + 102, mol/(L-min) 32 * 10%, mol/(L-min) Fiasabise * 104 mol/(L-min)
1 0.500 1.70 2.2 3.0
2 1.000 0.85 0.9 1.3
5 0.150 0.26 0.6 0.7
6 0.300 1.21 2.5 3.5
7 0.750 1.01 1.6 2.2

The conversions of alcohol 1 and methanol were
calculated by the formula:

C'(1,CH,OH)

1,CH,OH) =
L CLOM =4 e, om)

100%, ©
wherein C’(1, CH;0H) is the concentration of alcohols
at the end of the process, mol/L.

As the data in Table 1 shows, in the presence
of methanol, the yields of products 3(a+b+c) decreased,
and the total yield of methyl and 2-hexyl esters was also
lower when compared with experiments 1 and 2. The
intermediate products in all experiments were 1-hexene
and 2-hexene. The by-products were heptanoic acid,
2-methylhexanoic acid, and also ethers.

The effect of the concentration of alcohol 1 on the
rate of the one-pot synthesis of ester products 3a—3c¢ was
studied in a series of one-factor experiments (Table 2,
experiments 1, 2, 5-7). This consisted of varying the
concentration of alcohol 1 in a toluene medium and
keeping other reaction conditions constant (in the
absence of methanol). Table 2 presents the initial rates
of the dehydration of alcohol 1 (), the formation
of product 3a (r3,), and the formation of the sum of
products 3a+3b+3c¢ (73, 3p,3.) in the one-pot process.

Table 3. Initial rates of alcohol 1 dehydration in experiments 4
and 8—11 with the addition of methanol; in all experiments,
C(1)=0.500 M

Exp. No. C(CH;0H), mol/L | 7y - 102, mol/(L-min)
8 0.025 1.48
9 0.050 1.29
10 0.150 1.10
11 0.300 0.90
4 0.500 0.78

Note: experiments are listed in order of increasing methanol
concentration.

The rate r; was calculated from the slope of the initial
portion of the curve for the total formation of free
hexenes, esters, heptanoic acid, and 2-methylhexanoic
acid. The rates of ester formation were calculated from
the slopes of the initial portions of their accumulation
curves.

As the data in Table 2 shows, the dehydration rate
reached its highest value at an alcohol 1 concentration
of 0.500 mol/L. The rates of ester formation were
the highest at C(1) = 0.300 mol/L. The fraction
of product 3a among resulting esters 3a—3¢ ranged from
57.5% at C(1) = 0.300 M to 74.7% at C(1) = 0.15 M.
The conversion of alcohol 1 in the latter case reached
89.7%.

At the next stage of research, the effect of methanol
on the one-pot process was studied in a series of one-factor
experiments. This process simultaneously involved
alcohol 1, methanol, and CO. In these experiments
(Table 3, experiments 4, 8-11), the concentration
of methanol was varied, and the initial concentration
ofalcohol 1 was 0.500 M. Table 3 presents data on changes
in the initial rate of the dehydration of alcohol 1. Figure 2
illustrates the dependencies of the initial rates of the
formation of products 3a—3¢ and 4a—4c.

3.5
3.0
2.5
2.0

L5

7+10% mol/(L-min)

1.0

0.5

~NoW R

0 0.1 0.2 03 0.4 0.5
C(CH,0H), mol/L

Fig. 2. Dependencies of the rates of the formation of products
(1) 3a, (2) 3a+3b+3c, (3) 4a, and (4) 4a+4b+4c in the one-pot
process based on alcohol 1, methanol, and CO
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As the data in Table 3 (in comparison with the
results of experiment 1, Table 2) and Fig. 2 shows,
an increase in methanol concentration led to a decrease
in the rates of the dehydration of alcohol 1, the
formation of product 3a, and the formation of the sum
of products 3a+3b+3c. The dependencies of the rates
of the formation of products 4a, 4b, and 4¢ passed
through a maximum. The total fraction of products 3a
and 4a among the resulting esters ranged from 53.7%
at C(CH,OH)=0.025M t0 80.3% at C(CH;0H)=0.50 M.
However, the conversion of alcohol 1 in the latter case
was only 42.3%. In experiments 1-10, the fraction
of products 3a+4a among the various esters was the
largest (85.5%) in experiment 3.

Liquid-phase dehydration of secondary alcohols

under conditions of acid catalysis occurs by
the £1 mechanism [24]:
(l)H
CH;(CH,);CH—CH; + H"
4)
@
o
CH3(CH2)3CH_CH3 —_—
-H,0
(5)
i @
+ H,0
—>CH3(CH2)2C|/I}LCH—CH3 (—62)>

®
—> CH;(CH,),CH=CHCH, + H;0

The dehydration of alcohols is known to be
complicated by side reactions of the formation of ethers.
In our studies, an increase in the concentration of alcohol 1
to 0.500 M led to an increase in the rate of dehydration.
With a further increase in the concentration of alcohol 1,
solvation of the carbocation formed in reaction (5)
by molecules of alcohol 1 apparently progressed,
resulting in the formation of by-products (ethers) and
a decrease in the rate of intramolecular dehydration.
Under the action of methanol, these negative processes
probably occur more actively, resulting in a decrease
in the rate of the formation of hexenes as the methanol
concentration is increased.

By-products of heptanoic and 2-methylhexanoic
acids can be formed in two ways: by the hydrolysis
of esters 3a, 3b, 4a, and 4b and the hydroxycarbonylation
of 1-hexene and 2-hexene. This is similar to that
described previously for the one-pot process based
on cyclohexanol and CO [7, §].

The established dependencies of the rates of the
formation of products 3a—3c¢ in the one-pot process based
on 2-hexanol and CO, as well as those of products 4a—4c¢

in the one-pot process based on 2-hexanol, methanol,
and CO, pass through a maximum. This is consistent
with the data on the alkoxycarbonylation of cyclohexene
using cyclohexanol and methanol, catalyzed by the
Pd(PPh,),Cl,~PPh,~TsOH system [21, 22]. The
ascending branches of such dependencies are due
to the participation of alcohols as co-reagents
in alkoxycarbonylation. The descending branches
appear to be associated with the involvement of these
components in ligand-exchange reactions leading to the
formation of catalytically inactive palladium complexes
(reactions (7), (8)) [21, 22].

Pd(PPhs),(Tol), + ROH
Pd(PPhs),(ROH)(Tol) + Tol

%

Pd(PPh;),(Tol), + 2ROH
Pd(PPh;),(ROH), + 2Tol

®)

The decrease in the rates of the formation
of products 3a and 3a+3b+3c¢ and the total rate of the
formation of esters 3a+3b+3c+4a+4b+4c in the presence
of methanol is presumably a consequence of a decrease
in the rate of the dehydration of alcohol 1. At the same
time the addition of methanol leads to an increase in the
fraction of linear esters.

CONCLUSIONS

The possibility of one-pot combination was determined
for the intramolecular acid-catalytic dehydration
of alcohol 1 and the isomerizing alkoxycarbonylation
of the resulting 2-hexene, catalyzed by the
Pd(PPh,),Cl,-XANTPHOS-MsOH  system. MsOH
simultaneously served as a catalyst for the dehydration
of 2-hexanol and a cocatalyst for the palladium—phosphine
system of alkoxycarbonylation of hexenes. The
dependencies of the rates of the dehydration of alcohol 1
and the formation of 2-hexyl esters of C, carboxylic
acids on concentration of alcohol 1 were shown to pass
through a maximum. The main product of the one-pot
process was 2-hexyl heptanoate. The rates of the
dehydration of alcohol 1 and the formation of 2-hexyl
esters of C, carboxylic acids were found to decrease with
increasing methanol concentration. The dependencies
oftherates ofthe formation of methyl esters of C, carboxylic
acids on the concentration of methanol were demonstrated
to pass through a maximum. The highest selectivities
for heptanoic acid esters (up to 85.5%) were obtained
at a molar ratio of 2-hexanol : CH;OH = 1:1. Thus,
further studies of the one-pot process based on 2-hexanol
and CO with the addition of methanol should be aimed
at finding optimal conditions, in order to ensure high
yields of heptanoic acid esters.
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Abstract

Objectives. Cationic amphiphiles and antimicrobial peptidomimetics are widely investigated as antibacterial agents due to their
membrane-active mechanism of action. Particular attention is focused on the rational design of compounds in this class to achieve high
antimicrobial activity. The aim of the present work is to synthesize bivalent cationic amphiphiles with L-ornithine as a branching element
and evaluate the effectiveness of their antibacterial action. The compounds differ in terms of hydrophobicity due to the variation of
N-terminal aliphatic amino acids in the polar block and alternation of dialkyl and alkyl-hetaryl radicals in the lipophilic block.

Methods. For the synthesis of nonpolar fragments of amphiphiles, methods for the alkylation of amines with alkyl bromides in the
presence of carbonate salts were used. The formation of amide bonds of L-ornithine derivatives with amino acids was carried out using
the carbodiimide method. For the reaction products recovery from the reaction mixture, column chromatography on silica gel and
aluminum oxide activated Brockmann grade II was used. The antimicrobial activity of the synthesized compounds against gram-positive
B. subtilis 534 and gram-negative E. coli M 17 bacterial strains was evaluated. Minimum inhibitory concentration (MIC) values were
recorded using a serial microdilution method in a nutrient medium.

Results. Developed schemes for the preparation of bivalent cationic amphiphiles based on L-ornithine derivatives are presented.
Differences in the structure of aliphatic amino acids (glycine, B-alanine, y-aminobutyric acid (GABA)), in the length of alkyl
radicals (Cg, C,,), or in the presence of an indole moiety, were used in the design of target compounds. The high antibacterial activity
of the synthesized compounds was demonstrated. The most active compounds were lipoamino acids with terminal GABA residues and
asymmetrical non-polar block (tryptamyl-dodecylamine). The MIC values were 0.39 pg/mL for gram-positive bacteria and 1.56 pug/mL
for gram-negative bacteria. A GABA derivative with a symmetrical lipophilic moiety based on dioctylamine demonstrated activity with
an MIC of 0.78 ug/mL against B. subtilis and 3.12 pg/mL against E. coli.

Conclusions. Nine new lipoamino acid cationic bivalent amphiphiles based on L-ornithine were synthesized. The structure of the
obtained compounds was confirmed by nuclear magnetic resonance 'H spectroscopy and mass spectrometry data. Leading compounds
in antimicrobial activity against both gram-positive and gram-negative strains of bacteria were determined. The influence of the degree
of lipophilicity in the asymmetric nonpolar block on the level of exhibited antimicrobial activity is demonstrated.
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AHHOTauus

I_Ie.lm. Karnonueie aM(bI/I(bI/IJ'[LI " aHTI/IMI/IKpO6HbI€ NEOTUAOMUMETHUKH HIMPOKO UCCIIECAYIOTCSA B Ka4Y€CTBE aHTI/I6aKTepI/IaJ'II)HI;IX CpeacTs
B CBA3HU C UX MeM6paH0-aKTI/IBHBIM MEXaHU3MOM JICHCTBUS. Oco0o¢ BHUMaHHE YACIIACTCA palluUOHAJIbBHOMY z[nsaﬁHy JAHHBIX COCIUHEC-
HUM JJI51 JIOCTHKEHUS BBICOKOM aHTI/IMI/IKpO6HOI‘/‘I AKTUBHOCTH. HCJ'II)IO Z[aHHOfI paﬁOTLI SABJIIETCS CUHTE3 U ONIPEJICTICHUE 3(1)(beKTI/IBHOCTI/I
aHTI/I6aKT€pI/IaHBHOFO JIEACTBHSI OMBAJICHTHBIX KaTHOHHBIX an)I/I(bI/IJ'IOB C L-OpHI/ITI/IHOM B KaQ4UCCTBC pPa3sBETBUTCIIA. COCI[I/IHCHI/IS{ OTJIU-
YHarTCs CTCIICHBIO FPI,I[pO(bO6HOCTI/I 3a CHET BapbUPOBaHUsA N—KOHHCBBIX aJ'II/I(baTI/I‘IeCKI/IX AMUHOKHUCJIOT B IIOJIAPHOM 0JI0Ke 1 yepeaoBa-
HUEM JUAJIKWJIBHOTO U aJIKWJI-I€TapujIbHOI'O paIluKajioB B J'II/IHO(I)I/I.]'H)HOM 0JI0KeE.

Metoapl. /st cMHTE3a HEMONSPHBIX (PparMeHToB aM(pUQHIOB HCIIOIH30BAaHBI METOABI AIKMIHPOBAHUS aMUHOB AIKMIOPOMUIAMH
B IIPUCYTCTBUH KapOOHATHBIX coreil. @opMupoBaHne aMUTHBIX CBSA3EH MPON3BOAHBIX L-OPHUTHHA C aMHHOKHCIIOTAMH OCYIIECTBIISIOCH
KapOOJUUMHIHBIM METOJOM. J[JIsl BBIEIICHNS TIPOTYKTOB PEAKIINH U3 PEaKIMOHHONW CMECH HCIIOIb30BaTach KOJIOHOYHAsT XpOMAaTorpa-
¢us Ha cunmkarene U okucu amomunus 11 crenenn akruBHOCTH 10 bpokmany. Onpenenena aHTUMHKPOOHAast aKTHBHOCTE CHHTE3HPO-
BaHHBIX COEIMHECHUI 110 OTHOLICHUIO K TPAMIOIOKHUTENBEHBIM B. subtilis 534 u rpamorpunarensHeM E. coli M17 mtamMmMoB GakTepHid.
3HaueHNss MUHUMAIbHOH nHruoupyromieit konnenTpanuu (MYK) ¢puxcnpoBamics ¢ moMoImbo MeTo/a CepUiHBIX MUKpOpa30aBIeHIH
B TINTATEILHON Cpezie.

Pe3syabTarsl. PazpaboTaHbl cxeMbl OTy4eHH OWBAIICHTHBIX KATHOHHBIX aM(pHU(UIOB Ha OCHOBE MPOM3BOAHBIX L-opHuTHHA. B nusaii-
HE IIEIeBBIX COEANHEHNI UCIIONB30BAINCE PA3IHYNS B CTPYKType anu(aTHIeCKUX AMHHOKHCIIOT (ITINIKH, 3-alaHuH, Y-aMHHOMACITHAs
kucnora (FAMK)), B nnmne ankunbubix pamukanos (Cg, C|,) WM B HATMYUN MHAOIBHOTO (parmenta. [lokasana BBICOKas aHTHOAK-
TepHagbHass aKTUBHOCTb CHHTE3MPOBAHHBIX coenuHeHnil. Hanbonee akTHBHBIMM OKA3allCh JIMTOAMHHOKUCIOTEI C TEPMHHAIBHBIMU
octatkamu [AMK 1 HeCHMMETPUYHBIM HENOIAPHBIM OJ0KOM (Tpunramuin—aoaenmiamut). 3nadenuss MUK cocraBumm 0.39 Mkr/mi
B OTHOIICHUH TPAMITIOIOKUTEIBHBIX OakTepuit v 1.56 MKr/mMi i TpaMoTpuuarenbHbix 0akrepuii. [IponssonHoe TAMK ¢ cuvmmeTpud-
HBIM JTUNO(WIEHBIM ()PAarMEHTOM Ha OCHOBE JHOKTHJIAMUHA MPOIEMOHCTPHPOBAIO aKTUBHOCTH ¢ MUK 0.78 MKr/mMia B OTHOLICHUH
B. subtilis u 3.12 Mxr/ma B oTHOIIEHHH E. coli.

BbiBoabl. CHHTE3MPOBAHO AEBATh HOBBIX JIMHOAMHHOKHCIOTHBIX KATHOHHBIX OMBaJeHTHbIX am(uduioB Ha ocHoBe L-opHuTHHA.
CTpPyKTypa MOTy4eHHBIX COETMHEHHUIH IOITBEP K IeHa JAHHBIMHU CTIEKTPOCKOTHH AePHOTO MArHHTHOTO pe3oHanca 'H u Macc-criekTpo-
MmeTpun. OmnpeieneHsl COeANHEHUA-TUIEPHI 0 AHTUMHUKPOOHOH aKTHBHOCTH KaK MO OTHOIIEHUIO K TPaMIIONI0KHUTEIbHBIM, TaK U 110 OT-
HOILEHHIO K IPaMOTPHUILIATENIbHBIM IITaMMaM Oaktepuii. [Toka3aHo BIMSHUE CTENEHH JIUMO(GUIBHOCTH B ACUMMETPHYHOM HEHOJISPHOM
0JI0KEe Ha YPOBEHb MPOSIBIAEMOI aHTUMUKPOOHOIT aKTHBHOCTH.

KnioueBble cnosa Moctynuna: 03.07.2023
MENTHIOMAMETHKH, KATHOHHbIE aM()HQHUIIBI, TPOU3BOIHBIC L-OpHUTHHA, MUHUMAITbHASI JOopa6oTaHa: 07.11.2023
MHIHOMPYOLIAs KOHLEHTPALIKsl, aHTHOAKTepUalbHASL AKTHBHOCTh MNpuHsTa B neyats: 15.04.2024

Ana unTUpoBaHua

Bonpora T.I'., bynanosa V.A., Cebsikun 10.J1. [IponsBonHbie L-opHUTHHA C TETApUILHBIME M JIKAIBHBIMU (DParMEHTaMHU B CTPYKTypE:
CUHTE3 ¥ aHTHOAKTepUallbHAsI aKTUBHOCTh. ToHKue xumuueckue mexuonoeuu. 2024;19(3):202—213. https://doi.org/10.32362/2410-6593-

2024-19-3-202-213

INTRODUCTION

The increasing number of antibiotic-resistant bacterial
infections represents a major public health concern [1].
This can lead to longer hospital stays, the need for
more outpatient follow-up, and higher costs of new
drugs needed for treatment [2]. While hospital-acquired

infections have long been accompanied by high
antibiotic resistance, there has also been a gradual
increase in out-of-hospital infections in recent years.
With the ever more rapid spread of bacterial genes due to
globalization, multidrug-resistant strains are burgeoning
worldwide [3].
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To date, no antibiotic has entered clinical trials for
which no cases of resistance have been reported [4]. This
may be explained in terms of the tendency for existing
antibiotics to inhibit processes necessary for bacterial
survival, thus stimulating evolution by encouraging
drug-resistant mutations [5—6].

Cationic amphiphiles and antimicrobial
peptidomimetics are widely investigated as antibacterial
agents due to their membrane-active mechanism of
action, to which it is more difficult for bacteria to develop
resistance [7, 8]. However, most of these compounds are
limited in terms of practical application due to their low
biocompatibility. For this reason, special attention is
paid to the rational design of these compounds to achieve
effective antimicrobial activity at minimal doses while
maintaining low toxic side effects [9-12].

Indole derivatives are known to exhibit a variety of
biological properties including antibacterial [13—-15],
antifungal [16], antiviral [17-18], antitumor [19],
anti-inflammatory [20] and other activities. In this
regard, the incorporation of the indole cycle into the
structure of peptidomimetics seems to be a promising
approach.

The aim of this study was to synthesize and determine
the antibacterial efficacy of bivalent cationic amphiphiles
with L-ornithine as a splitter. The compounds differ in
the degree of hydrophobicity due to the variation of
N-terminal aliphatic amino acids in the polar block and
alternation of dialkyl and alkyl-hetaryl radicals in the
lipophilic block (Fig.).

EXPERIMENTAL
Materials and methods

The experiments used the following commercially
available chemicals and reagents without further
purification: di-fert-butyl dicarbonate, N,N'-dicyclo-
hexylcarbodiimide (DCC), 4-dimethylaminopyridine
(DMAP), 1-hydroxybenzotriazole, L-lysine monohydro-
chloride, L-ornithine monohydrochloride, glycine,
tryptophan, L-phenylalanine, y-aminobutyric acid
(GABA)  (Sigma-Aldrich, Germany); [p-alanine,
tryptamine, 1-bromoctane, 1-bromodododecane (Acros
Organics, Belgium); potassium carbonic acid, sodium
carbonic acid, sodium sulfuric acid anhydrous (Chimmed,
Russia), trifluoroacetic acid (TFA) (Biochem, France).
The spectra obtained by 'H nuclear magnetic
resonance (NMR) spectroscopy were recorded in
deuterated solvents (Solvex-D, Russia) deuterated
chloroform (CDCl,), dimethyl sulfoxide-d, (DMSO-d,)
on a Bruker DPX-300 NMR spectrometer (Bruker
BioSpin, Germany) with an operating frequency
of 300 MHz  The internal standard was
hexamethyldisiloxane (Sigma-Aldrich, Germany). Mass

@ ® @ <)

=

Fig. Schematic representation of target structures;
Orn — L-ornithine

spectra were recorded on a VISION 2000 time-of-flight
mass spectrometer (Thermo BioAnalysis, United
Kingdom) by MALDI (matrix assisted laser desorption/
ionization), 2,4-dihydroxybenzoic acid (Sigma-Aldrich,
Germany) was used as a matrix.

Thin-layer chromatography (TLC) was performed
on Sorbfil plates (IMID, Russia) in solvent systems
(Component-Reactiv, Russia): (A) chloroform-methanol
1 : 1, (B) methylene chloride-methanol 1 : 1, (C) toluene-
ethyl acetate 2:1, (D) methylene chloride-methanol
20: 1, (E) toluene-acetonitrile 1:25, (F) toluene-ethyl
acetate 1 : 1, (G) toluene-ethyl acetate 7 : 1, (H) methylene
chloride-methanol 25 : 1.

Column chromatography was performed on Merck
0.040-0.063 mm silica gel (Merck, Germany) and
Brockmann L40/250 grade II aluminum oxide (Chemapol,
Czech Republic). Detection of stains of substances by
TLC was carried out by heating over a spirit flame.
Substances containing double bonds were detected by
aqueous potassium permanganate solution (Chimmed,
Russia). Substances containing free amino group were
detected by 5% ninhydrin solution (Acros Organics,
Belgium) followed by heating to 55-75°C. Substances
containing secondary or tertiary amino groups were
detected in Dragendorff’s reagent solution [21].

N-Tryptamyl-octylamine (3a)

We dissolved 0.50 g (3.12 mmol) of tryptamine 2,
030 g (1.56 mmol) of 1-bromooctane and
0.51 g (1.56 mmol) of cesium carbonate (Chimmed,
Russia) in 60 mL of acetonitrile. The reaction was carried
out under stirring for 6 h at 25°C. Following completion
of the reaction and solvent evaporation, 30 mL of
distilled water was added to the reaction mixture and
extracted with ethyl acetate (3 x 40 mL). The organic
phase was dried over Na,SO,, filtered, and evaporated
using a rotary evaporator (/KA, Germany). The reaction
was monitored by TLC in system (A). The product was
isolated by column chromatography on aluminum oxide
in system (E); 0.33 g (44%) of product 3a was obtained
with a retention factor R.(A) of 0.38.
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"H NMR spectrum (CDCl,, 6, ppm): 0.87 (3H, t, CH,);
1.25 (10H, m, -CH,-); 1.5 (2H, m, CH,~CH,-NH); 2.35
(2H, s, CH,~CH,~NH (ar)); 2.70 (2H, t, CH,~CH,-NH);
3.0 2H, m, CH,-CH,~NH (ar)); 3.75 (1H, qu., -NH);
7.15 (1H, m, ar-CH>-); 7.20 (1H, dt, ar-CH®-); 7.40 (2H, d,
ar-CHZ-), 7.71 (1H, d, ar-CH*-); 8.10 (1H, s, ar--NH).

N-Tryptamyl-dodecylamine (3b)

We dissolved 2.50 g (15.6 mmol) of tryptamine 2 and
312 g (12.5 mmol) of dodecyl bromide in
tetrahydrofuran (Component-Reactiv, Russia), then we
added 2.60 g (18.8 mmol) of K,CO; and KI (Chimmed,
Russia) in catalytic amount. The reaction was carried
out at room temperature (25°C) and under vigorous
stirring for 6 h. The precipitate was then filtered off,
the solvent was distilled off, and the remaining reaction
mass was dissolved in ethyl acetate and washed
with H,O (3 x 50 mL). The organic phase was dried
over Na,SO,, filtered, and evaporated using a rotary
evaporator. The product was isolated by column
chromatography on aluminum oxide in system (H);
0.89 g (36%) of compound 3b was obtained, R;(B) 0.36.
'H NMR spectrum (CDCl;, 8, ppm): 0.87 (3H, t,
CH,); 1.25 (18H, m, -CH,-); 1.5 (2H, m, CH,~CH,-NH);
2.35(2H,s,CH,~CH,~NH (ar)); 2.70 (2H, t, CH,~CH,~-NH);
3.00 (2H, m, CH,~CH,-NH (ar)); 3.75 (1H, qu, -NH);
7.15 (1H, m, ar-CH-); 7.20 (1H, dt, ar-CH®-); 7.42 (2H, d,
ar-CHZ-), 7.72 (1H, d, ar-CH%-); 8.10 (1H, s, ar-NH).

[a-N,8-N-Bis-(tert-butoxycarbonyl)-L-ornithyl]-
N'-tryptamyl octylamide (5a)

The reaction was carried out according to the described
procedure [22]. From 0.93 g (2.31 mmol) of a-N,5-N-bis-
(tert-butoxycarbonyl)-L-ornithine (Boc,0rn) 4 [22] and
0.63 g (2.31 mmol) of compound 3a, 0.60 g (56%) of
compound 5a was obtained, R(F) 0.45.

"H NMR spectrum (CDCl,, 6, ppm): 0.87 (3H, t, CH,);
1.25 (10H, m, -CH,-); 1.41 (18H, s, CCH,), 1.60 (2H, m,
CH,~CH,~-NH (Orn)); 1.69 (2H, m, f-CH,); 1.90 (2H, m,
s—Ni{%HfCHZ{ILIZf (Orn)); 2.90 (2H, s, CH,~CH,~NH
(ar)); 3.13 (2H, m, CH,-CH,~NH (Om)); 3.24-3.41 (2H, m,
a-CH,); 3.49 (1H, s, &-NH); 3.6-4.0 (2H, m, CH,~CH,-NH
(ar)); 4.50 (1H, a-NH (Orn)); 5.25 (1H, dd, -CH- (Orn));
7.05 (1H, d, ar-CH-); 7.15 (1H, m, ar-CH>-); 7.20 (1H,
dt, ar-CH®-); 7.43 (2H, d, ar-CH?), 7.70 (1H, d, ar-CH*-);
8.25 (1H, s, ar-NH).

[a-N,8-N-Bis-(tert-butoxycarbonyl)-L-ornithyl]-
N'-tryptamyl-dodecylamide (5b)

The reaction was carried out similarly to the preparation
of compound 5a. From 0.19 g (0.56 mmol) of

compound 4 and 0.19 g (0.56 mmol) of compound 3b,
0.22 g (52%) of compound 5b was obtained, R (F) 0.63.

'H NMR spectrum (CDCl,, 8, ppm): 0.87 (3H, t,
CH,); 1.25 (18H, m, -CH,-); 1.41 (18H, s, CCH,),
1.60 (2H, m, CH,-CH,-NH (Orn)); 1.71 (2H, m, B-CH,);
1.90 (2H, m, s-NHfCHfCHfCHf (Orn)); 2.93 (2H,
s, CH,~CH,-NH (ar)); 3.11 (2H, m, CH,-CH,-NH
(Om)); 3.2-3.4 (2H, m, a-CH,); 3.49 (IH, s, &-NH);
3.62-3.98 (2H, m, CH,~CH,~NH (ar)); 4.50 (1H, s,
a-NH (Om)); 5.25 (1H, dd, -CH- (Orn)); 7.05 (1H, d,
ar-CH-); 7.15 (1H, m, ar-CH3-); 7.21 (1H, dt, ar-CH%-);
7.40 (2H, d, ar-CHZ-), 7.72 (1H, d, ar-CH*-); 8.25 (1H,
s, ar-NH).

L-Ornithyl-N-tryptamyl octylamide (6a)

We added 650 pL (8.60 mmol) of TFA to
0.51 g (0.86 mmol) of compound 5a in methylene
chloride and stirred for 3 h. The reaction was monitored
by TLC data in system (D). Following completion of the
reaction, the solvent was distilled off in vacuo. The residue
was dissolved in 40 mL ethyl acetate, washed with 5%
NaHCOj solution (2 x 30 mL), then with H,O (30 mL)
to pH 7. The organic phase was dried over Na,SO,, and
the solvent was distilled off using a rotary evaporator.
15 mg (45%) of compound 6a was obtained, R(A) 0.15.
MALDI-TOF (matrix-assisted laser desorption/ionization
time-of-flight) (m/z): 425 [M+K]", 409 [M+Na]*.

L-Ornithyl-N-tryptamyl-dodecylamide (6b)

Thereaction was carried out similarly to the preparation of
compound 6a. From 0.22 g (0.35 mmol) of compound 5b,
68 mg (44.3%) of product 6b was obtained, R;(A) 0.23.

[a-N,6-N-Bis-((N-tret-butoxycarbonyl)-glycyl)-
ornithyl]-N'-tryptamyl octylamide (8a)

The reaction was carried out similarly to the preparation
of compound 5a. From 45 mg (0.26 mmol) of N-tret-
butoxycarbonylglycine  (Boc-Gly) 7¢ [22] and
40 mg (0.10 mmol) of compound 6a, 25 mg (33.5%) of
compound 8a was obtained, R(D) 0.49.

'HNMR spectrum (CDCl,, 8, ppm): 0.87 (3H, t, CH,);
1.25 (10H, m, -CH,-); 1.45 (18H, s, CCH,), 1.57 (2H,
br, CH,-CH,-NH (Om)); 1.61 (2H, br, B-CH,);
1.75 (2H, m, 6-NH-CH,~CH,~CH,~ (Orn)); 2.60 (2H, s,
CH,~CH,-NH (ar)); 3.22 (2H, m, CH,~CH,-NH (Orn));
3.35-3.55 (2H, m, 0-CH,); 3.95 (2H, br., -CH,— (Gly));
4.10 (2H, m, CH,~CH,-NH (ar)); 4.51 (1H, a-NH (Orn));
540 (1H, dd, -CH- (Orn)); 7.05 (1H, d, ar-CH-);
7.08-7.19 (1H, m, ar-CH>-); 7.22 (1H, dt, ar-CH®-);
7.40 (2H, d, ar-CH?), 7.71 (1H, d, ar-CH*-); 8.25 (1H,
s, ar-NH).
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[a-N,8-N-Bis-((N-tret-butoxycarbonyl)-
B-alanyl)-ornithyl]-N'-tryptamyl
octylamide (8b)

The reaction was carried out similarly to the preparation
of compound S5a. From 68 mg (0.36 mmol) of N-tret-
butoxycarbonyl-B-alanine (Boc-f-Ala) 7d [22], and
55 mg (0.14 mmol) of compound 6a, 41 mg (35%) of
compound 8b was obtained, R;(G) 0.49.

'"H NMR spectrum (CDCl,, 8, ppm): 0.87 (3H,
t, CH,); 1.25 (10H, m, -CH,-); 1.43 (18H, s, CCH,),
1.62 (2H, m, CH,~CH,~NH (Orn)); 1.73 (2H, m, B-CH,);
1.90 (2H, m, 6-NH-CH,-CH,~CH,~ (Om)); 2.25 (4H,
br., B-CH, (B-Ala)), 2.90 (2H, s, CH,~CH,~-NH (ar));
3.15 (2H, m, CH,~CH,-NH (Orn)); 3.2-3.4 (2H, m,
a-CH,); 3.35 (4H, br., a-CH, (B-Ala)), 3.49 (1H, s,
8-NH); 3.6-3.9 (2H, m, CH,-CH,—NH (ar)); 4.32 (1H,
br., -NH (B-Ala)); 4.50 (1H, a-NH (Orn)); 5.25 (1H,
dd, -CH- (Orn)); 7.05 (1H, d, ar-CH-); 7.15 (1H, m,
ar-CH3-); 7.20 (1H, dt, ar-CH®-); 7.41 (2H, d, ar-CHZ),
7.72 (1H, d, ar-CH%-); 8.25 (1H, s, ar-NH).

[a-N,5-N-Bis-((N-tret-butoxycarbonyl)-GABA)-
L-ornithyl]-N'-tryptamyl octylamide (8c)

The reaction was carried out similarly to the preparation
of compound 8a. From 53 mg (0.26 mmol) of N-tret-
butoxycarbonyl-GABA (Boc-GABA) 7e [22] and
40 mg (0.10 mmol) of compound 6a, 12 mg (34%) of
compound 8¢ was obtained, R;(F) 0.35.

'"H NMR spectrum (CDCI,, 8, ppm): 0.87 (3H, t,
CH,); 1.25 (10H, m, -CH,-); 1.41 (18H, s, CCH,),
1.55-1.66 (2H, m, CH,-CH,-NH (Orn)); 1.62-1.73
(2H,m, B-CH,); 1.74-1.82 (4H, m,~CH,~CH,~CH,-NH
(GABA)), 1.90 (2H, m, 8-NH-CH,-CH,~CH,— (Orn));
2.25(4H,m,~CH,-CH,~CH,~NH(GABA)),2.91 (2H,s,
CH,—CH,-NH (ar)); 3.00 (4H, m, -CH,-CH,-CH,-NH
(GABA)),3.12(4H, m,-CH,-CH,—CH,-NH (GABA)),
3.15-3.19 (2H, m, CH,-CH,-NH (Orn)); 3.2-3.4 (2H,
m, a-CH,); 3.49 (1H, s, 3-NH); 3.6-3.9 (ZH, m,
CH,~CH,-NH (ar)); 4.02 (2H, m, -CH,-CH,~CH,~NH
(GABA)), 4.50 ( H, a-NH (Orn)); 5.25 (1H, dd, -CH-
(Orn)); 7.05 (1H, d, ar-CH-); 7.15 (1H, m, ar-CH>-);
7.20 (1H, dt, ar-CH%-); 7.41 (2H, d, ar-CH?); 7.71 (1H,
d, ar-CH%-); 8.25 (1H, s, ar-NH).

[a-N,b6-N-bis-((N-tret-butoxycarbonyl)-glycyl)-
L-ornithyl]-N'-tryptamyl-dodecylamide (8d)

The reaction was carried out analogously to the
preparation of compound 5a. From 19 mg (0.11 mmol)
of Boc-Gly 7¢ and 20 mg (0.045 mmol) of
compound 6b, 19 mg (29%) of compound 8d was
obtained, R (D) 0.49.

'HNMR spectrum (CDCls, 3, ppm): 0.87 (3H, t, CH,);
1.25 (18H, m, -CH,~); 1.43 (18H, s, CCH,), 1.50 (2H,
br.,, B-CH, (alkyl)); 1.71 (2H, br., y-CH,~ (Om)); 1.9-2.3
(2H, m, B-CH,~ (Om)); 3.11 (2H, br., CH,~CH,-NH
(ar)); 3.30 (2H, m, 8-CH,— (Orn)); 3.40 (4H, br., -CH,—
(Gly)), 3.7-3.9 (2H, m, &-Cﬂzf (ar)); 3.7-3.9 (2H, dm,
a-CH,— (alkyl)), 4.12 (1H, m, ~CH- (Orn)); 4.60 (1H,
br., 6-NH (Orn)); 4.80 (2H, br., -NH (Gly)); 5.11 (1H,
br., a-NH (Orn)); 7.05 (1H, d, ar-CH-); 7.15 (1H, m,
ar-CH>-); 7.20 (1H, dt, ar—Cﬂﬁ—); 7.41 (2H, d, ar-CH?),
7.70 (1H, d, ar-CH*-); 8.25 (1H, s, ar-NH).

[a-N,8-N-Bis-((N-tret-butoxycarbonyl)-
B-alanyl)-L-ornithyl]-N'-tryptamyl-
dodecylamide (8e)

The reaction was carried out similarly to the preparation
of compound 5a. From 26 mg (0.015 mmol)
of Boc-B-Ala 7d and 27 mg (0.006 mmol) of
compound 6b, 16 mg (16%) of compound 8e was
obtained, R;(D) 0.44.

'"H NMR spectrum (CDCl;, 8, ppm): 0.87 (3H, t,
CH,); 1.25 (18H, m, -CH,~); 1.43 (18H, s, CCH,),
1.49 (2H, br., B-CH, (alkyl)); 1.70 (2H, br., y-CH,~
(Orn)); 1.9-2.3 (2H, m, B-CH,— (Orn)); 3.03 (4H, br.,
B-CH, (B-Ala)), 3.10 (2H, br., CH,~CH,-NH (ar));
3.30 (2H, m, 8-CH,~ (Orn)); 3.51 (4H, br., a-CH,
(B-Ala)), 3.7-3.9 (2H, m, 0-CH,~ (ar)); 3.7-3.9 (2H, m,
a-CH,— (alkyl)); 4.10 (1H, m, -CH~ (Orn)); 4.60 (1H,
br., 5-NH (Orn)); 4.81 (2H, br., —-NH (B-Ala)); 5.08 (1H,
br., a-NH (Orn)); 7.05 (1H, d, ar-CH-); 7.15 (1H, m,
ar-CH3-); 7.19 (1H, dt, ar-CH®-); 7.40 (2H, d, ar-CHZ),
7.69 (1H, d, ar-CH%-); 8.25 (1H, s, ar-NH).

[a-N,8-N-Bis-((N-tret-butoxycarbonyl)-GABA)-
L-ornithyl]-N'-tryptamyl-dodecylamide (8f)

The reaction was carried out similarly to the preparation
of compound 5a. From 28 mg (0.015 mmol)
of Boc-gABA 7e and 27 mg (0.006 mmol) of
compound 6b, 47 mg (24%) of compound 8f was
obtained, R;(D) 0.44.

'H NMR spectrum (CDCl,, 6, ppm): 0.87 (3H, t, CH,);
1.25 (18H, m, -CH,~); 1.41 (18H, s, CCHj;), 1.55 (2H, br,,
B-CH,(alkyl)); 1.70 (2H, m, y-CH,~ (Orn)); 1.89 (4H, m,
7-CH,~ (GABA)), 2.21 (2H, m, B-CH,~ (Orn)); 3.03 (4H,
br, B-CH, (GABA)), 3.08 (2H, br., CH,~CH,~NH (ar));
3.29 (2H, m, 3-CH,—(Orn)); 3.50 (4H, br., a-CH, (GABA)),
3.7-3.9 (2H, m, a-CH,~ (ar)); 3.7-3.9 (2H, m, a-CH,~
(alkyl)), 4.10 (1H, m, —CH- (Orn)); 4.58 (1H, br,
0-NH (Orn)); 4.77 (2H, br., -NH (GABA)); 5.10 (1H, br,,
o-NH (Orm)); 7.05 (1H, d, ar-CH-); 7.15 (1H, m, ar-CH>-);
7.18 (1H, dt, ar-CH®-); 7.40 (2H, d, ar-CH?), 7.71 (1H, d,
ar-CH%); 8.25 (1H, s, ar-NH).
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Trifluoroacetate salt

of [a-N,6-N-bis-((N-tret-butoxycarbonyl)-
glycyl)-L-ornithyl]-N'-tryptamyl
octylamide (9a)

Compound 8a 24 mg (0.033 mmol) was dissolved
in anhydrous methylene chloride and cooled to 0°C.
To the resulting solution 0.33 mmol TFA was added.
The reaction mixture was stirred for 2 h at room
temperature. The reaction was monitored by TLC data
in system (D). The TFA and solvent were distilled off
on a rotary evaporator; 23 mg (98%) of product 9a
was obtained. MALDI-TOF (m/z): 537 [M+K]",
521 [M+Na]™.

Trifluoroacetate salt

of [a-N,6-N-bis-((N-tret-butoxycarbonyl)-
B-alanyl)-L-ornithyl]-N'-tryptamyl
octylamide (9b)

The reaction was carried out analogously to the
preparation of compound 9a. From41 mg (0.059 mmol) of
compound 8b, 40 mg (99%) of product 9b was obtained.
MALDI-TOF (m/z): 567 [M+K]", 551 [M+Na]".

Trifluoroacetate salt

of [a-N,6-N-bis-((N-tret-butoxycarbonyl)-
GABA)-L-ornithyl]-N'-tryptamyl
octylamide (9c¢)

The reaction was carried out analogously to the
preparation of compound 9a. From 12 mg (0.019 mmol)
of compound 8¢, 11 mg (98%) of product 9¢ was obtained.
MALDI-TOF (m/z): 579 [M+K]*, 595 [M+Na]".

Trifluoroacetate salt

of [a-N,6-N-bis-((N-tret-butoxycarbonyl)-
glycyl)-L-ornithyl]-N'-tryptamyl-
dodecylamide (9d)

The reaction was carried out analogously to the
preparation of compound 9a. From 19 mg (0.026 mmol) of
compound 8d, 18 mg (99%) of product 9d was obtained.
MALDI-TOF (m/z): 595 [M+K]*, 579 [M+Na]*.

Trifluoroacetate salt

of [a-N,6-N-bis-((N-tret-butoxycarbonyl)-
B-alanyl)-L-ornithyl]-N'-tryptamyl-
dodecylamide (9e)

The reaction was carried out analogously to the
preparation of compound 9a. From 16 mg (0.021 mmol)
of compound 8e, 16 mg (99%) of product 9e was
obtained. MALDI-TOF (m/z): 623 [M+K]", 607 [M+Na]".

Trifluoroacetate salt
of [a-N,86-N-di-((N-tret-butoxycarbonyl)-GABA)-
L-ornithyl]-N’'-tryptamyl-dodecylamide (9f)

The reaction was carried out analogously to the
preparation of compound 9a. From41 mg (0.053 mmol) of
compound 8f, 43.3 mg (99%) of product 9f was obtained.
MALDI-TOF (m/z): 651 [M+K]", 635 [M+Na]".

[a-N,8-N-Bis-(tert-butoxycarbonyl)-L-ornithyl]-
N’-dioctylamide (11)

The reaction was carried out analogously to the
preparation of compound 5a. From 1.00 g (4.14 mmol)
of Boc,Orn 4, 1.71 g (8.29 mmol) of DCC, and 1.66 g
of dioctylamine 10, 0.95 g (75%) of compound 11 was
obtained, R;(F) 0.64.

'H NMR spectrum (CDCLy, 8, ppm): 0.87 (6H, t,
CH,); 1.27 (20H, m, —-CH,-); 1.44 (18H, s, CCHy), 1.55
(4H, br, —CH,~CH,-NH-CH,-CH,-), 1.73 (2H, m,
CH,~CH,-NH (Orn)); 1.92 (2H, m, 8—NH£H2{IH2{IH27
(Orn)); 3.03-3.25 (2H, m, CH,~CH,-NH (Orn)); 3.50 (4H,
m, CH,~CH,-NH-CH,-CH,) 4.52 (1H, s, 8-NH); 5.01
(1H, o-NH (Orn)).

L-Ornithyl-N-dioctylamide (12)

Thereaction was carried out similarly to the preparation of
compound 6a. From 0.95 g (1.69 mmol) of compound 11,
0.30 g (49%) of compound 12 was obtained, R;(A) 0.19.

[a-N,6-N-Bis-((N-tret-butoxycarbonyl)-glycyl)-
L-ornithyl]-N'-dioctylamide (13a)

The reaction was carried out similarly to the preparation
of compound 5a. From 0.12 g (0.07 mmol) of Boc-Gly 7¢
and 0.02 g (0.028 mmol) of compound 12, 23 mg (29%)
of compound 13a was obtained, R;(D) 0.57.

'H NMR spectrum (CDCl,, 6, ppm): 0.87 (6H,
t, CHy); 1.27 (20H, m, —CH,-); 144 (18H, s,
CCH,); 1.55 (4H, br, —-CH,~CH,~NH-CH,~CH,-);
1.59 (2H, m, CH,~-CH,~NH (Orn)); 1.90 (2H, m,
6-NH-CH,~-CH,~CH,~ (Om)); 3.10-3.25 (2H, m,
CH,-CH,-NH (Orn)); 3.20 (4H, m, -CH,—~(Gly)); 3.45
(4H, m, CH,~CH,-NH-CH,~-CH,); 3.81 (2H, br., -NH
(Gly)); 4.81 (1H, s, 6-NH); 5.10 (1H, o~-NH (Orn)).

[a-N,6-N-Bis-((N-tret-butoxycarbonyl)-
B-alanyl)-L-ornithyl]-N'-dioctylamide (13b)

The reaction was carried out similarly to the preparation of
compound 5a. From 0.12 g (0.063 mmol) of Boc-p-Ala 7d
and 0.10 g (0.028 mmol) of compound 12, 19.5 mg (31%)
of compound 13b was obtained, R;(H) 0.55.
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'"H NMR spectrum (CDCl,, 8, ppm): 0.87 (6H,
t, CHy: 127 (20H, m, —CH,); 144 (ISH, s,
CCH,), 155 (4H, br, —CH,~CH,-NH-CH,~CH,),
1.60 (2H, m, CH, CH, NH (Om)); 1.89 (2H, m,
§-NH-CH,~CH,-CH,~ (Omn)); 3.00 (4H, br., B-CH,
(B-Ala), 3.12-325 (2H, m, CH, CH,NH (Om));
3.45 (4H, m, CH,~CH,-NH-CH,~CH,); 3.50 (4H, br,
a-CH, (B-Ala)); 4.80 (1H, s, 6-NH); 5.10 (2H, br., -NH
(B-Ala)); 5.28 (1H, d, a-NH (Orn)).

[a-N,6-N-Bis-((N-tret-butoxycarbonyl)-GABA)-
L-ornithyl]-N'-dioctylamide (13c)

The reaction was carried out similarly to the
preparation of compound 5a. From 0.14 g (0.07 mmol)
of Boc-gABA 7e and 0.10 g (0.028 mmol) of
compound 12, 20 mg (27%) of compound 13¢ was
obtained, R;(H) 0.60.

'"H NMR spectrum (CDCl,, 8, ppm): 0.87 (6H, t,
CH,); 1.27 (20H, m, -CH,-); 1.44 (18H, s, CCHy);
1.55 (4H, br., -CH,~CH,-NH-CH,~CH,~); 1.73 (2H,
m, CH,~CH,~NH (Om)); 1.91 (4H, m, y-CH,~ (GABA);
1.92 (2H, m, 6-NH-CH,-CH,-CH,—(Orn)); 2.97 (4H,
br, B-CH, (GABA); 3.01-3.22 (2H, m, CH,~CH,—
NH (Orn)); 3.50 (4H, m, CH,~CH,~NH-CH,-CH,);
3.58 (4H, br., a-CH, (GABA); 4.50 (1H, s, 3-NH);
4.77 (2H, br., —-NH (GABA)); 5.01 (1H, a-NH (Orn)).

Trifluoroacetate salt of [a-N,5-N-bis-
((N-tret-butoxycarbonyl)-glycyl)-L-ornithyl]-
N’-dioctylamide (14a)

The reaction was carried out similarly to the preparation
of compound 9a. From 23 mg (0.033 mmol) of
compound 13a,23 mg (99%) of product 14a was obtained.
MALDI-TOF (m/z): 508 [M+K]*, 492 [M+Na]*.

Trifluoroacetate salt of [a-N,5-N-bis-
((N-tret-butoxycarbonyl)-B-alanyl)-L-ornithyl]-
N’-dioctylamide (14b)

The reaction was carried out similarly to the preparation
of compound 9a. From 19 mg (0.028 mmol) of
compound 13b, 20 mg (99%) of product 14b was obtained.
MALDI-TOF (m/z): 536 [M+K]*, 520 [M+Na]*.

Trifluoroacetate salt of [a-N,B-N-bis-
((N-tret-butoxycarbonyl)-GABA)-L-ornithyl]-
N’'-dioctylamide (14c)

The reaction was carried out similarly to the preparation
of compound 9a. From 20 mg (0.028 mmol) of
compound 13¢, 21 mg (99%) of product 14c was obtained.
MALDI-TOF (m/z): 564 [M+K]*, 548 [M+Na]".

Antibacterial activity

Antibacterial activity was studied by determining the
minimum inhibitory concentration (MIC) by serial broth
microdilution [23]. Suspensions of B. Subtilis 534 and
E. coli M17 with a concentration of 1.5 x 108 CFU/mL
and an optical density of 0.5 McFarland units were
used as test microorganisms. The wells of a 96-well
plate were filled with 50 pL each of the contaminated
broth and appropriate amounts of the test compounds.
The plates were incubated at 36 = 1°C for 16—18 h. The
MIC of the substances is taken as the first transparent
well in the row when counting from the right-hand
side.

RESULTS AND DISCUSSION

The design of target compounds was based on differences
inthestructure ofaliphaticaminoacids(glycine, f-alanine,
GABA), in the length of alkyl radicals (Cg, C,), or in the
presence of an indole fragment.

A developed scheme for the preparation of bivalent
cationic amphiphiles based on L-ornithine derivatives
containing a tryptamine residue was based on
differences in the length of aliphatic chains Cg and C,
(Scheme 1).

To obtain compound 3a, the alkylation of tryptamine 2
was carried out with octyl bromide in the presence of
potassium carbonate and potassium iodide in acetonitrile.
The alkylation reaction with dodecyl bromide was
carried out in tetrahydrofuran in the presence of cesium
carbonate. The products were separated by column
chromatography on aluminum oxide. Boc-protected
L-ornithine was attached to the obtained tryptamine
derivatives by carbodiimide method. The products
were isolated by column chromatography on silica gel.
To obtain compounds 6a,b with free amino groups,
5a,b was treated with a solution of TFA in methylene
chloride (volume ratio 1 : 1) followed by treatment with
5% NaHCOj; solution.

The addition of Boc-protected glycine, B-alanine
and GABA residues to 6a,b was carried out in the
presence of DCC and DMAP. Protective groups
were removed using the standard method to give
trifluoroacetate salts of 9a—f. The structure of the
target and intermediate compounds was confirmed by
'H NMR spectroscopy and mass spectrometry. The
NMR spectra contained proton signals characteristic of
aliphatic radicals in the hydrophobic block, aromatic
rings of tryptamine residue, and the hydrocarbon
skeleton of amino acids.

Scheme 2 was used to prepare L-ornithine derivatives
with a symmetrical lipophilic fragment of two alkyl
chains.
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‘ Scheme 1. Synthesis of amphiphiles with hetaryl moiety
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Scheme 2. Synthesis of amphiphiles with dialkyl moiety
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Table. Minimum inhibitory concentration of compounds 9a—f, 14a—c against gram-negative bacteria E. coli and gram-positive bacteria

B. subtilis
MIC, pg/mL
Structures Sarrg:)le -R
coce E. coli M17 | B. subtilis 534
(e} 9a Gly 3.12 6.25
/\/\/\/\ H
N Nr 9b B-Ala 3.12 1.56
R
\ H
9¢ GABA 1.56 1.56
N
H
0] 9d Gly 6.25 3.12
/\/\/\/\/\/\ u
N N~ 9¢ B-Ala 3.12 0.39
N R
\ H
9f GABA 1.56 0.39
N
H
0 14a Gly 6.25 6.25
/\/\/\/\ q
N)l\@ 14b B-Ala 6.25 1.56
_R
\/\/\/\/ N l4c | GABA | 3.12 0.78
Compound 11 was prepared similarly to 5a,b from CONCLUSIONS

Boc-protected L-ornithine 4 and dioctylamine 10 by
carbodiimide method. The reaction product was
isolated by column chromatography on silica gel.
Aliphatic amino acids were attached to free amino
groups of L-ornithine 12 derivative with subsequent
removal of Boc-protecting groups. The structure of
the obtained compounds was confirmed by MALDI
mass spectrometry. Molecular ion peaks were present
in the mass spectra of compounds 14a—c.

Antimicrobial activity was determined for the
synthesized compounds against gram-positive B. subtilis
and gram-negative E. coli bacterial strains. The MIC
values were fixed using the method of serial broth
microdilution (Table).

The most active compounds were lipoamino acids
with terminal GABA residues and unsymmetrical
nonpolar block (tryptamyl-dodecylamine). MIC
values were 0.39 pg/mL against gram-positive
bacteria and 1.56 pg/mL for gram-negative bacteria.
A GABA derivative with a symmetric lipophilic
moiety based on dioctylamine showed activity
with MICs of 0.78 pg/mL against B. subtilis and
3.12 pg/mL against E. coli.

As a result of this work, the synthesis of nine new
lipoaminoacid bivalent cationic amphiphiles based
on L-ornithine was carried out. The structure
of the obtained compounds was confirmed by
'H NMR spectroscopy and mass spectrometry. High
antibacterial activity of the synthesized compounds
was demonstrated. The leading compounds with low
MIC values both against gram-positive and gram-
negative bacterial strains were revealed. The influence
of the degree of lipophilicity in the asymmetric
nonpolar block on the level of antimicrobial activity
was demonstrated.
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Abstract

Objectives. To describe the pharmaceutical technology of controlled degradation of protein molecules (PROTAC®, Proteolysis Targeting
Chimera), approaches to the design of the PROTAC® molecule, methods of ligand and linker selection and synthesis, as well as the
application of this technology in dealing with a variety of diseases and the possible limitations of its use.

Results. The review covers 77 sources, mostly from 2020-2023. The review outlines the principle of PROTAC® technology: the
construction of a chimeric molecule consisting of three fragments. One fragment specifically binds to the biotarget, another recruits
the proteolytic system of the host cell, and the third binds them together. The main areas of the current development of the technology
are described herein, as well as the opportunities and limitations of chimeric molecules in the fight against different types of infectious
diseases.

Conclusion. The potential to use PROTAC® technology to combat cancer as well as neurodegenerative, autoimmune, and infectious
diseases is shown.
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MUPIA — Poccuiickutl mexnono2udeckutl yuugepcumem (Mucmuniym monkux xumudeckux mexronoauil um. M.B. Jlomonocosa),

Mocksa, 119571 Poccus

™ demop ons nepenucku, e-mail: matildafox@mail.ru

AHHOTaUuus

Iesn. Onucarh hapMareBTHYECKYIO TEXHONOTHIO HANPaB/IeHHoi nerpajamuu Gemkosbix Mosekysn (PROTAC®, PROteolysis TArgeting
Chimera), MoIxo/ibl K KOHCTpYMpoBaHuio Monekysisl PROTAC®, metosibl mosibopa M CHHTE3a JIMTaHIoB U JIMHKEPA, a TAKKe IPUMEHe-
HYE JJAHHON TEXHOJIOTUH B OOPBOE ¢ pa3IMuHBIMU 3200JICBAaHNUSIMI M BO3ZMOYKHBIE OTPAHHYCHHS €€ HCIIOJIb30BaHMs.

PesyanTarel. O630p OXBaTHIBACT 77 HCTOYHHKOB, B OCHOBHOM 3a 2020-2023 rT. B 0630pe m3710%eH mpuHIT TexHomorun PROTAC®,
KOTOPBIH 3aKITIOYaeTCsl B KOHCTPYHPOBAHUN XMMEPHOH MOJEKYIBI, COCTOAIIEH 13 Tpex (parMeHToB. OnuH (GparMeHT crenuduuecku
CBSI3BIBACTCS C OMOMUIIIEHBIO, APYTOil PEKPYTUPYET MPOTEOTUTHIECKYIO CHCTEMY KIETKH-X035MHA, & TPETHH CBA3BIBACT UX MEXKIY CO-
60i1. OnHcaHbl HAIPABIEHHSI COBPEMEHHOTO Pa3BUTHS TEXHOJIOTHH, a TAK)Ke BOSMOXKHOCTH U OTPAaHUYCHHUSI XUMEPHBIX MOJIEKY B OOph-
0c ¢ pa3HBIMH THIIAMH HH()EKINOHHBIX 3a00JICBaHUI.

BuiBoabl. [T0Ka3aHb! MepCeKTUBB HCTIONb30BanHus TexHonorun PROTAC® B Gophbe ¢ OHKOMOTHUECKHMH, HelpoereHepaTHBHEIMH,

ayTOMMMYHHBIMU U HH(EKIHOHHBIMH 3a00I€BaHUSIMU.

Kniouyesbie cnoea

IIPOTHBOBHPYCHBIE TPETIapaThl

Anga uuTnpoBaHua

PROTAC, yOMKBUTHH-IIPOTEACOMHAs CUCTEMa, JTUTra3bl E3, MONeKyIsapHbINA An3aiiH,

MocTtynuna: 30.08.2023
Oopa6oTaHa: 03.11.2023
MpuHara B neyatb: 11.04.2024

3axaposa M.A., Uynunos M.B. Texnonorus PROTAC® u nepcrekTHBbI ee IpUMeHeHus B 60phbe ¢ nudekimamu. Toukue Xumuyeckue
mexnonoauu. 2024;19(3):214-231. https://doi.org/10.32362/2410-6593-2024-19-3-214-231

INTRODUCTION

Chimeric molecule technology used in the controlled
degradation of proteins (PROTAC®, Proteolysis
Targeting Chimeras) is one of the most promising
developments in rational drug design. The concept
of drugs based on controlled degradation of selected
target proteins was proposed in 2001 [1], while
active development started only a few years ago. In
2016, the PubMed! database contained references
to only 13 publications with the PROTAC keyword.
In 2022 there were already 479 of such references.
Although, at the moment, no drug based on this
technology has yet received FDA (U.S. Food and
Drug Administration) approval, at least 15 such drugs,
mostly antitumor drugs, are in various stages of clinical
trials. The theoretical mechanism of the PROTAC®

1

2

https://pubmed.ncbi.nlm.nih.gov/. Accessed February 26, 2024.
https://www.brenda-enzymes.org/. Accessed February 26, 2024.

molecule action is schematically presented in Fig. 1.
The target molecule is constructed of 3 blocks:
block 1 is responsible for binding to the target protein;
block 2 is responsible for interaction with the enzyme
ubiquitinligase E3 (EC 2.3.2.27)% and block 3 binds
them together. The PROTAC® molecule binds the first
ligand fragment to the target protein, while the second
fragment interacts with the E3 ligase. Thus, protein
molecules are physically brought closer together. The
main function of E3 ligases is to trigger the mechanism
of labeling different proteins with the peptide fragment
ubiquitin. This mechanism is mediated by another
enzyme, E2 ligase, and carries out the destruction of
unnecessary protein molecules in the cell by a special
proteasomal enzyme complex [2]. As a result of
PROTAC® molecule action, the target protein molecule
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Fig. 1. PROTAC-induced degradation of the target protein by the ubiquitin-proteasome system (Ub — ubiquitin)

is tagged with a polyubiquitin chain and is attacked by
the proteasome, resulting in its degradation.

The obvious field of application for the technology
is in the treatment of cancer. Selective targeted
destruction of tumor cell components is the main
area for cancer chemotherapy. PROTAC® technology
allows such targets that are inaccessible to conventional
drugs to be attacked, i.e., suicide inhibitors. The
technology can be used in neurodegenerative diseases
such as Alzheimer’s disease, autoimmune diseases
and in all areas where specifically targeted drugs such
as monoclonal antibodies are used. The undoubted
advantage of PROTAC® is the relative simplicity and
low cost of the active substance which is constructed
from small molecules produced by conventional
chemical synthesis.

Many reviews published in recent years [3-10]
are devoted to the advantages and prospects of this
technology. However, the simplicity of the idea hides
many difficulties in its realization. This review is
devoted to the achievements and problems in the design
of chimeric molecules for selective degradation of target
proteins, as well as the potential for the application of
PROTAC® technology in the fight against infectious
agents.

Construction of the PROTAC® molecule

The PROTAC® molecule consists of three structural
components. Each of them is selected in accordance with
the structure of the biotarget and, in turn, characterizes
the pharmacodynamic and pharmacokinetic properties
of the chimera. In terms of the design algorithm, well-
studied ligands with a proven affinity to the target are
chosen most often. A modification point is defined in the
ligand structure, preferably at the periphery, where the
pharmacophore will not be affected. At this point a linker
group is attached to it. For the resulting intermediates,
binding to the target is tested and, if successful, an
E3 ligand selected from a set of known structures is
attached to the other end of the linker. The construction of
the PROTAC® molecule is complete, but its performance
will depend on many nuances in the selection of all three
components.

Selection of ligands to E3 ligase

The number of ubiquitin-transferring ligases in the
human body is in excess of 600 [2]. However, only
a few of them have low-molecular-weight ligands
and are suitable for working with the PROTAC®
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molecule. E3 ligase is an enzyme which performs the
function of attaching ubiquitin to an arbitrary protein.
In this sense there are almost no differences between
different types of ligases. However, some of them have
their own activator: a binding site for a low molecular
weight ligand. Interaction with this ligand activates
the enzyme. In fact, out of all the possible varieties,
3 ligases are normally used in practice: CRBN
(cereblon), VHL (short for Von Hippel-Lindau) and
cIAP (cellular inhibitor of apoptosis). They account
for more than 95% of the described active PROTAC®
chimeras, and more than half of them—for CRBN [6].
The known synthetic ligands to these three proteins are
shown in Fig. 2.

Thalidomide 1 and its derivatives 2—5 are CRBN
ligands. Their binding to CRBN is responsible for the
antitumor activity of these compounds [12]. The ligands
of other enzymes used are pseudopeptide molecules
containing non-natural amino acids. A comparison of

ligand structures explains the reasons for the popularity
of CRBN: simplicity, synthetic availability and activity
in racemic form. Another reason for this choice is that
the activity of PROTAC® molecules targeting the same
protein but designed for different ligases differs [3].
The most efficient chimeras are constructed on the
basis of CRBN. However, the choice of ligase should
be determined primarily by the biotarget, since the
proteome has significant differences in different organs
and tissues [13, 14].

Synthesis of ligands to CRBN

According to a review [11], the frequency of ligands
to CRBN in successful PROTAC® molecules varies
depending on the attachment point and linker type
(Fig. 3).

The most common ligands 15-17 are based on
the structure of pomalidomide 2. The methods for
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Fig. 2. Ligands of ligases E3. Possible modification points are marked in blue [11]
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their synthesis are presented in Scheme 1. From the
most available Boc-L-glutamine in the presence of
a condensing agent (usually carbonyldiimidazole),
a cyclic derivative 12 is obtained. After removal of
the protecting group, it is acylated with 3-substituted
phthalic anhydride. Linker groups are attached to the
resulting derivatives 14. This is achieved either by
direct substitution of fluorine for amine 15, or the nitro
group of compound 14b is first reduced to an amine,
whereupon pomalidomide 2 is obtained. This is then
acylated or alkylated at the amino group. Similarly,
4-hydroxyphthalidomide 14c¢ is prepared from
3-hydroxyphthalic anhydride, which is alkylated on
the phenolic hydroxyl to synthesize ligands of type 18.
Ligands of types 19-20, in which the linker is attached
via a carbon chain, are prepared by Pd-catalyzed cross-
coupling with terminal acetylenes. There are a few
alternative routes to these structures, but almost all
are based on the condensation of substituted phthalic
anhydride with glutamine, glutamic acid, or cyclic
3-aminopiperidine-2,6-dione  13. The differences
are mainly determined by the convenience of linker
chain attachment and the overall yield of the synthetic
scheme.

Similarly, derivatives substituted at the 4 position of
the phenyl ring of phthalic anhydride are obtained. More
details on the methods of synthesis of E3 ligands can be
found in the review article by Bricelj et al. [11].

Selection of linker group and assembly
of PROTAC® molecule

The efficiency of the chimeric molecule depends not
only on the affinity of ligands to the target protein and
E3 ligase, but also on the proper selection of the linker
group binding them. A number of studies [15, 16] have
shown that the length, flexibility, and structural features
of the linker group play a critical role for the formation
of the ternary complex “target protein-PROTAC-
ligase E3.” Simple and relatively short hydrocarbon
chains or polyethylene glycols are most often chosen
as the initial linker which are gradually modified in the
process of structure optimization. The attachment point
ofthe linker to the ligands and the linker chain orientation
should be selected in such a way as not to reduce the
affinity of the ligands. Most often the selection is carried
out by rational design methods, based on the established
structure of the binding site. The main rules for selecting

Fig. 3. Structures of synthetic ligands to CRBN in successful PROTAC® [11]
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the attachment point are as follows: (1) the molecular
fragment of the ligand should not be changed significantly
so as not to lose affinity; (2) the linker should enter the
active center from the side available for solvation [6].
An example of the effect of linker on the activity of

O

H
O Oy
o SO
22, 23af
HN~y Y

Y
HN -y o

a chimeric molecule is shown in Cao et al. [17] (Fig. 4).
The chimeric molecule SK-575 22 was designed to
degrade the nuclear protein PARP1 (poly(ADP-ribose)
polymerase), a validated cancer target, and was based
on the structure of inhibitor 21 (Olaparib). It showed

Fig. 4. Structures of PROTACs® for degradation of PARP1 (blue is the CRBN ligand, red is the ligand to PARP1,

green is the spacer group) [17] and the initial inhibitor
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Table. ICy, (uM) value depending on linker length

Compound 22 23a 23b 23c 23d 23e 23e 24
pou n=17 n= n=3 n=>5 n==6 n=_8 n=9 n="17
ICsp, M 0.019 + 0.006* >10 0.83+£0.26 | 0.123 £0.071 | 0.029 + 0.008 | 0.021 £ 0.003 | 0.025 £+ 0.004 | 0.035 +0.015

Note: n is the number of carbon groups in the chain. IC, (uM) is concentration of half-maximal inhibition.

* Parameters show the high efficiency of compound 22.

efficient degradation of the target protein (>99%)
at a concentration of 100 nM in a model cell system,
although its homologs had lower activity. The 23c—e
homologs, which had 1-2 atoms different spacer chain
lengths, were comparable in activity. Shorter or longer
linkers markedly decreased the activity of the chimera.
Isomer 24 at the same concentration degraded only
77% of the target protein. It can be assumed that the
attachment point of the linker affects the stability of
the ternary complex. To a large extent, the degradation
efficiency of the target protein is influenced by the type
of linker. Analogs of compound 22 with polyethylene
glycol linkers were 3—5 times less active (Table).

The degree of the target protein destruction depends
on many factors. Affinity to the target protein is not
a direct indicator of PROTAC® molecule efficiency.
Affinity is necessary for the PROTAC® molecule to
work, but a high binding constant to the target protein
does not guarantee its efficiency.

The sequence of work on the design of PROTAC®
molecules to describe the experimental techniques and
test systems used, is presented in the form of a protocol
in Carmony and Kim [18]. The design principles of
PROTAC® molecules with different targets are discussed
indetail in[19, 20]. In most works, the design and assembly
of the final molecule is described in a step-by-step
sequence (ligand synthesis—spacer selection—chimera

assembly—activity studies). However, rapid synthesis
of large libraries of target molecules for high-efficiency
screening and optimization may be one of the directions
of technological development. Examples of technological
platforms for highly efficient synthesis of libraries of
PROTAC® molecules are given in [21-23].

TARGET SELECTION AND PROSPECTS
FOR TECHNOLOGY DEVELOPMENT

The choice of target protein is the main element when
designing the PROTAC® molecule and this is determined
by the therapeutic goal. The very concept of targeted
protein degradation seems to be the most suitable for the
fight against cancer [24-26]. Indeed, the first PROTAC®
molecules to have passed phase I and II clinical trials
target androgen (ARV-110, 25) [27, 28] and estrogen
(ARV-471, 26) [29] receptors, and are designed to target
prostate cancer and breast cancer, respectively (Fig. 5).

An important advantage of PROTAC® technology
when compared to traditional drugs is that not only the
active site of the target protein, but also any fragment
thereof can be used for chimera binding. Thus, the
spectrum of biotargets is expanded to include many
previously inaccessible targets for therapy.

A focus on well-studied targets unites all
successful examples of the development of chimeric

Fig. 5. The first clinically successful examples of PROTAC® technology application (blue is the CRBN ligand,
red is the ligand to the target receptor, green is the spacer group)
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molecules—protein  disruptors. The targets for
PROTAC® molecules are receptors [27, 29, 30], protein
kinases [31], bromodomain-containing proteins and
protein transducers [3], as well as many other proteins.
Like all successful innovations, PROTAC®
technology has generated a whole range of new
directions. They are all united by the idea of using the
cell’s own mechanisms to attack a biotarget. The first
such direction was the use of alternative pathways
for degradation of target proteins not mediated by the
ubiquitin-proteasome system. Autophagy is another
way in which cells divest themselves of unnecessary
components [32]. Takahashi et a/. [33] showed that it
is possible to design molecules 27-28, named by them
as AUTAC (autophagy-targeted chimera) (Fig. 6),
which utilize the autophagy mechanism to target
protein degradation. Like the PROTAC® molecule, such
a chimera acts inside the cell. AUTAC binds a “warhead”
for the target protein to a guanine derivative which tags
the protein for destruction by autophagy [34]. Targeted
proteolysis can be induced by so-called heat shock
proteins (HSPs). Chimeras which utilize binding to the
HSP90 protein (HEMTAC) are described in a study
by Li et al. [35]. About 40% of the proteins belong to

membrane or extracellular proteins. These targets are not
accessible to the proteasome system and are not subject
to autophagy. Many of them play an important role in the
processes of carcinogenesis, age-related and autoimmune
diseases [36]. The lysosomal degradation pathway can
be involved against extracellular proteins [37, 38].
A number of structures, known as LYTAC (lysosome-
targeted chimera), have been identified in which
ligands to specific carrier proteins CI-M6PR [38] or
ASGPR 29 [39, 40] are used to transport the extracellular
target protein into the lysosome (Fig. 6). Monoclonal
antibodies [39] or aptamers [40, 41] were used as ligands
to the target protein.

An alternative to PROTAC® technology is the
actively developing RIBOTAC (Ribonuclease Targeting
Chimeras) technology: chimeric molecules targeting
RNA degradation [42]. In this case, not only the method
of degradation, but also the type of biotarget is changed.
When the target is a nucleotide sequence, binding to it is
usually by means of either an antisense oligonucleotide
or small interfering RNA (siRNA). Using ligands of this
type for chimera targeting means rejecting almost all
the advantages of the new technology: simplicity and
cheapness of synthesis, stability of the molecule, as well
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Fig. 6. The structures of AUTAC 27-28 (blue is a guanylate marker, red is a ligand to the target receptor, green is a spacer group) [33]
and LYTAC 29 (blue is an ASGPR ligand, red is an antibody to the target protein, green is a spacer group) [39]
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as the possibility to use enteral routes of administration
into the body. Therefore, RIBOTAC technology uses small
molecules which bind selectively to RNA, especially to
those RNAs which form stable secondary and tertiary
structures [43] (Fig. 7). The target disruptor is interferon-
dependent ribonuclease L (EC 3.1.26), an enzyme involved
in the immune system. It is activated by an oligoadenylate
fragment responsible for binding to ribonuclease in the
RIBOTAC structure. The search for ribonuclease ligands
among other small molecules is described in [45].

Another alternative are chimeras in which different
biopolymers, such as peptides, oligonucleotides,
or antibodies (non-small molecule PROTACs or
NSM-PROTAC), rather than small molecules act as
ligands to the target protein [46]. Such constructs lose
a number of advantages of the original technology,
while instead gainmore precise targeting of previously
inaccessible targets.

TECHNOLOGY CHALLENGES
AND SOLUTIONS

There exists a set of difficulties inherent in PROTAC®
technology which have so far prevented it from attaining

RIBOTAC
RNA i ti
Ribonuclease

\N/\

a leading position in drug design [47]. The first such
problem is the inherently poor pharmacological properties
of most chimeric molecules. Almost all of them fall
outside the accepted drug-likeness parameters due to their
significant size and molecular weight. Low solubility also
complicates the development of dosage forms for oral
administration. This problem can be partly solved by
conventional structure-based design methods [48, 49].

Another difficulty in the design of chimeric
molecules is related to the relatively weak set of tools
available for this work. While there is a huge variety
of physicochemical methods and test systems for
searching and optimizing traditional drugs, no such
variety of approaches has yet been developed for the
new technology. As mentioned earlier, the efficacy of
PROTAC® molecule is not directly related to the easily
measured affinity, but rather to the stability of the ternary
complex and protein-protein interaction parameters. It is
not yet fully understood what these values, as well as
the selectivity of PROTAC® molecules, depend upon.
Thus, it will be some time before the rational design of
new chimeras becomes routine procedure. A review on
tools and methods for the rational design of PROTAC®
molecules is presented by Liu et al. [50].

OH

N f
\©:N/>_Q\NH 0
30

Fig. 7. RIBOTAC-induced degradation of RNA by ribonuclease L. MicroRNA-210 is a targeted chimeric molecule
TGP-210-RL 30 [44] (blue is a ligand to ribonuclease L, red is a ligand to microRNA-210, green is a spacer group)
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Another problem is related to the mechanism of
action of PROTAC® molecules. When traditional
suicide inhibitors enter the cell, each drug molecule
“kills” only one target molecule (enzyme or receptor).
Thus the drug action is directly related to concentration
and affinity. However, PROTAC® recruits the cell’s own
systems, and once the target protein is broken down, the
chimera is incorporated into a new catalytic cycle. Thus,
the action of the drug will continue until all PROTAC®
molecules are completely eliminated or broken down.
This opens the way to the highest level of efficacy on the
one hand and uncontrollable side effects on the other. It is
highly desirable to provide a chemical “switch” as a way
of stopping or reactivating the effect of the disrupting
molecule at the right moment.

This type of development is currently being
carried out in the field of photopharmacology [52]. An
example of a photoswitchable PROTAC® molecule
is shown in Fig. 8. The initial structure is a chimeric
molecule ARV-771 31 targeting the oncomic target
BRD-4. The spacer length is 11 A, and if changed up or

down, the stability of the ternary complex is disturbed
and PROTAC® stops working. In the structure of
the photoswitchable molecule 32a, the polyethylene
glycol spacer is replaced by a fragment of substituted
trans-azobenzene of equal length. Upon irradiation
with 530 nm light, azobenzene is isomerized to the
cis-form 32b. Hereby the distance between the ligands
is reduced to 8 A and the substance loses activity. The
reverse transition is initiated by irradiation at 415 nm.

The “switch” may also be purely chemical in nature.
Variants of chimeric anticancer molecules utilizing
the folate targeting system have been described [53].
In normal cells, folic acid receptors are present in
low numbers when compared to many types of tumor
cells which actively express these receptors. When the
inactive prodrug 33 conjugated to folic acid is transported
into cancer cells, the active substance, PROTAC®
ARV-771 31, is released by the action of endogenous
hydrolases (Fig. 9).

Another way to bring the pharmacodynamics of the
PROTAC® molecule closer to conventional models is to

530 nm
Cl

Cl

Fig. 8. Photoinduced switching PROTAC® (blue is ligand to the E3 VHL ligase, red is ligand to the target protein BRD4,

and green is spacer groups) [51]
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Fig. 9. PROTAC® 33 with folate delivery system to the tumor cell (the fragment of the initial active substance is highlighted in red,
the folate group is highlighted in purple, the spacer fragment is highlighted in green) [53]; covalent PROTAC® (an orange fragment
is an acrylamide group responsible for covalent binding to the target) [54]

use covalent inhibitors as a “warhead”. If the ligand in
the chimera binds covalently to the target protein when
the proteasome destroys the target, it releases the already
spent molecule. It is then unable to re-enter the catalytic
cycle. Thus, the PROTAC® molecule begins to function
as a conventional suicide inhibitor, while retaining
an advantage in the target spectrum. There are other
design concepts for PROTAC® technology which utilize
covalent binding, including reversible binding [55].
A study by Jin er al. [56] proposed controlling the
degradation process of the target protein by introducing
into the cell a substance which selectively binds the
active PROTAC® molecule.

APPLICATION OF PROTAC®
TECHNOLOGY IN INFECTION COMBAT:
OPPORTUNITIES AND LIMITATIONS

At first glance, the use of the new technology against
pathogens and viruses appears very promising. However,
the number of publications describing antibacterial
or antiviral PROTAC® molecules is still relatively
small. Strategies for the application of directed protein

(Fig. 10).

extended to bacterial cells. In 2022, Morreale et al. [57]
proposed the concept of BacPROTAC, based on
the protease system of gram-positive bacteria and
mycobacteria ClpCP, similar to the ubiquitin-protease
system of eukaryotes. When compared to eukaryotic
proteasomes, which recognize complex polyubiquitin
chains, the activation mechanism of ClpCP is much
simpler. A phosphate group bound to the arginine
residue of the target protein serves as a degradation tag.
As proof of concept viability, the researchers tested the
degradation efficiency of a model protein (streptavidin)
in vitro by coupling its ligand (biotin) to phosphorylated
arginine via a linker in the BacPROTAC-1 35 compound

Compound 35 at a concentration of 100 uM degraded
the target protein in vitro in the presence of ClpCP in
Bacillus subtilis. However, the pharmacokinetics of

BacPROTAC-1, based on phosphorylated arginine,

degradation against bacterial, viral and protozoan ClpCP.

infections should be considered separately due to the
significant differences between the biotargets.

Strictly speaking, it is impossible to apply PROTAC®
technology in its original form against prokaryotic
cells, i.e., bacteria, since the ubiquitin-proteasome
system exists only in eukaryotes. However, the very
idea of directed degradation of target proteins through
activation of the cell’s own systems may well be

is unsatisfactory and the guanidine phosphate group
is unstable. The researchers proposed replacing the
arginine-phosphate ligand with cyclic peptide molecules
similar to cyclomarin A: an antibiotic isolated from
a marine actinomycete that has significant affinity for

BacPROTAC is currently more of a fundamental
concept than a technology. There are still many hurdles
to be overcome before it can be applied in practice. The
high selectivity of the PROTAC® molecule in the case
of antibacterial therapy is rather a disadvantage. The
countless variety of genetically variable pathogenic
microorganisms makes it extremely difficult to select
a target and a universal approach to chimera design.
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Fig. 10. BacPROTAC-1 is a model chimera using the ClpCP protease system to destroy streptavidin (the CIpCP ligand is blue,
the target protein ligand, biotin, is red, and the linker group is green) [57]

Nevertheless, there are authoritative reviews [58—61]
which confirm the relevance of such studies.

PROTAC® antiprotozoal molecules appear more
likely, since the pathogens are eukaryotes and the
ubiquitin-proteasome system is present, although less
well understood than in humans. However, studies
describing such chimeras have not yet been published.

The largest number of papers focusing on the
application of the technology in the fight against
infections is focused on the development of PROTAC®
antiviral molecules. The life cycle of the virus takes
place in a human cell, meaning that the ubiquitin-
proteasome system is suitable for destroying the protein
components of the virus. RIBOTAC technology also
seems promising, since the viral RNA has significant
differences. However, a number of unresolved questions
remain: are the sites of virus localization in the cell
accessible to the proteasome? Can the chimera not only
reduce viral load but also prevent infection? Several
reviews have considered the problems of using the
technology in the fight against viruses [14, 60—64].

There are two possible ways of using the technology
in the fight against viral infection: destruction of viral
targets themselves or destruction of host cell proteins
responsible for pathological processes. However, there
are still relatively few examples of PROTAC® being
used to degrade virus proteins. The structures of the most
active of the described compounds are shown in Fig. 11.

Li et al. [65] used pentacyclic triterpenoid oleanolic
acid as a “warhead” to target the hemagglutinin of
influenza virus. Oleanolic acid exhibits antiviral activity
against the influenza A virus and has a moderate affinity
for hemagglutinin [66]. Two sets of PROTAC® molecules
with ligands to CRBN and VHL ligases and with different
spacer groups were synthesized. Destruction of the target
protein was carried out in vitro in a model cell system.
The maximum level of hemagglutinin degradation (mean
degradation concentration DCy, = 1.44 uM) was shown
by compound 36 with VHL ligand.

Oseltamivir is a known influenza drug which inhibits
the influenza virus neuraminidase, an enzyme involved
in the replication process. Oseltamivir-based compounds
have been used to target the neuraminidase of the
HINT1 strain of influenza A virus [67]. A large series of
compounds were prepared using ligands to CRBN and
VHL, a variety of linkers and different type of linker
attachment to the oseltamivir molecule. In vitro, the
best activity was demonstrated by compound 37 (half-
maximal effective concentration EC, = 0.33 uM). This
is almost the same as the comparison drug, oseltamivir
phosphate (ECy, = 0.36 uM). The compound showed
no cytotoxicity to normal cells at concentrations up to
50 uM.

The function of the serine protease NS3/4A of the
hepatitis C virus is to cleave the viral polyprotein: an
important step in viral replication. Thus, degradation
of the NS3/4A protease by PROTAC® should inhibit
virion formation and multiplication. Telaprevir,
a peptidomimetic NS3/4A protease inhibitor, was used as
the “warhead” of compound 38, and the tricyclic imide
fragment served as the ligand of the E3 CRBN ligase.
Compound 38 showed high protease degradation ability
(DCy, =50 nM) in a cell model [68].

In order to degrade SARS-CoV2 virus nucleic acids,
the RIBOTAC technology described above [69, 70]
was used by binding antisense sequences to ligands to
ribonuclease L.

Some of the organism’s own ways of fighting viruses
are similar to the action of PROTAC® technology. For
example, one of the E3 ligases (URBS5) has an affinity
to the MERS-CoV ORF4b coronavirus protein which
suppresses the immune system of the cell. As a result
of its action, this protein is tagged with a polyubiquitin
chain and destroyed by the proteasome, thus increasing
the body’s resistance to the virus [71]. There are also
natural substances which work on a similar principle.
The metabolite APL-16-5 (39, Fig. 12) isolated from the
fungus Aspergillus sp. CPCC 400735, has an antiviral
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effect against influenza A. This is due to the fact that
it is a ligand of both virus polymerase and E3 ligase
TRIM25 [72].

Another way of fighting viral infection is to inhibit
the pathological cellular processes caused by the virus.
In this case, the action of PROTAC® technology is
more traditional. Infection caused by cytomegalovirus
develops with the participation of cyclin-dependent
protein kinases (CDK), inhibitors of which are being
tested as antiviral drugs [73]. In particular, compound
SNS-032 40 from Selleck (USA), a selective CDK
inhibitor, served as the basis for the antiviral PROTAC®
drug 41 [74]. Compound 41 (EC, = 0.025 + 0.001 uM)
was almost four times as effective when compared with
the original SNS-032 (ECy, = 0.105 + 0.004 pM).

In the search for an effective therapy for
COVID-19 during the pandemic, many registered drugs
from a wide variety of classes were retested. In particular,
indomethacin, an old anti-inflammatory drug, was found
to have some efficacy against coronavirus infection.
Desantis et al. [75] developed several PROTAC®
drugs which utilize the structure of indomethacin as
a “warhead” targeting prostaglandin-E synthase 2
(PGE-2). This enzyme interacts with the coronavirus
protein NSP7 which is required for SARS-CoV2
replication. The exact mechanism of the antiviral
action of indomethacin is unclear, but destruction
of PGE-2 suppresses replication. The most active
compound 42 (EC5, = 18.1 uM) is 5 times more effective
than indomethacin (EC5, = 94.4 uM). Interestingly,
these PROTAC® compounds are also active against
other types of coronaviruses, e.g., HCoV-OC43, while
not exhibiting cytotoxicity against uninfected cells.

One reason for the high mortality rate of COVID-19 is
the hyperactivation of the inflammatory response
caused by histone deacetylases (HDACS). Inhibition
of HDAC-3 reduces inflammation. HDAC-3-targeted
chimeras for the treatment of COVID-19 were proposed
by Zahid et al. [76] based on the anti-inflammatory drug
PROTAC® HD-TAC7 43 (MedChemExpress, USA).
Computer analysis showed that the proposed molecules
could theoretically be used to control inflammatory
responses in COVID-19. However, the potential

3 http://cadd.zju.edu.cn/protacdb/. Accessed February 26, 2024

practical applications were limited by unresolved
pharmacokinetic problems. Molecular dynamic modeling
and computational analysis have also been used in [77]
to design possible PROTAC® molecules targeting the
SARS-CoV-2 protease, another confirmed viral target.
However, the results of the calculations have yet to be
verified by chemical synthesis and activity studies on
models and in vivo studies.

CONCLUSIONS

PROTAC®, a targeted protein degradation technology,
is based on the use of heterobifunctional molecules to
recruit intracellular protein degradation mechanisms
to an intracellular target protein of interest. This
chemically induced affinity between the molecular
mechanism of protein degradation and the target leads
to polyubiquitinylation and proteasomal degradation of
the target protein. The PROTAC® chimeric molecule is
assembled from three parts: a ligand to the target protein;
a ligand to the E3 ligase enzyme recruiting ubiquitin-
proteasome system; and a linker that binds them together.
The publicly available PROTAC-DB 2.03 database
contains information on 3270 engineered chimeras,
360 “warheads”, 1500 linkers and 80 E3 ligase ligands,
as well as data on known crystal structures of ternary
complexes.

Originally designed to target cancer and
neurodegenerative diseases, this technology can also be
directed against infections. New modifications suggest
the use not only of the proteasome system, but also
other defense mechanisms of the cell. Nucleic acids
also act as a biological target. As of the end of 2022, at
least 20 PROTAC® projects worldwide were in clinical
trials and at least one had reached Phase III. The precise
targeting of the body’s own defense systems, which is
no less effective than monoclonal antibody technology
but cheaper, opens the way to treating a wide variety of
diseases.
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Abstract

Objectives. Lung cancer, representing a difficult-to-diagnose heterogeneous malignant neoplasm, is characterized by an asymptomatic
course up to late stages, a high incidence of adverse outcomes, and a high probability of metastasis. Its most common form is non-small
cell lung cancer (NSCLC). Recent studies have demonstrated a significant role of non-coding RNAs—in particular, microRNAs—in
the development of NSCLC. MicroRNAs, which function as post-transcriptional regulators of the expression of protein-coding genes,
including those associated with oncogenesis, are involved in the processes of cell proliferation, differentiation, and apoptosis. One of the
approaches for regulating the expression of microRNAs themselves is to change the methylation of the CpG island adjacent to the
microRNA gene or overlapping it. It has been shown that microRNA genes are several times more likely to undergo methylation than
protein-coding genes. The aim of the present work is to study changes in the level of methylation of a number of microRNA genes and
compile a potential panel of markers for the diagnosis and prognosis of NSCLC.

Methods. Samples of NSCLC tumors were collected and clinically characterized at the Blokhin National Medical Research Center
of Oncology, Ministry of Health of the Russian Federation, Moscow, Russia. High-molecular-weight DNA was isolated from tissues
using a standard method. The level of methylation was analyzed using bisulfite conversion of DNA and quantitative methyl-specific
polymerase chain reaction with real-time detection. The significance of differences between the studied groups was assessed by the
nonparametric Mann—Whitney U test for independent samples. Differences were considered significant at p < 0.05.

Results. The analysis of methylation levels of microRNA genes revealed a significant (p < 0.05) increase in the methylation level
of eight microRNA genes: MIR124-1/2/3, MIR125B-1, MIR129-2, MIR137, MIR375, MIR1258, and MIR339 (p < 0.01, false discovery
rate < 0.25). On the basis of receiver operating characteristic analysis, a panel of markers is proposed for the diagnosis of NSCLC
according to the nature of methylation of the studied microRNA genes in the tumor and in the normal tissue.

Conclusions. Our results, which contribute to the understanding of molecular mechanisms involved in NSCLC development, can
be used in the development of new diagnostic and prognostic approaches in clinical oncology.
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AHHOTaUuS

Iesn. Pak nerkoro npeacTasiseT co0oil reTeporeHHoe 3710KaueCTBEHHOE HOBOOOPa30BaHHE C HU3KHM JIUArHOCTUUSCKUM IOTEHIINATIOM,
XapakTepu3yloleecs 0eCCHMITOMHBIM T€YEHHEM BIUIOTH JI0 MO3IHUX CTaIHi, BEICOKOI YacTOTON HEOIAaronpHsaTHEIX HCXOJOB 1 BBICO-
KOl BEPOSITHOCTHIO MeTacTasupoBaHus. Ero camoli pacrpocTpaHeHHOH (HOpMOIl sSBISETCS HEMEIKOKIETOUHBIH pak Jierkoro (HMPJI).
[locnennue uccnenoBaHus MOKa3bIBAIOT 3HAUUTENBHYIO poib Hekopupyrommx PHK, B wactHoctu, muxkpoPHK, B passutun HMPJI.
MukpoPHK BBIIOIHAIOT QYHKIHIO MOCT-TPAHCKPUIILIMOHHBIX PETYIATOPOB KCIPECCHH OETOK-KOAUPYIOIIUX TEHOB, B TOM YHCIIE, CBS-
3aHHBIX C OHKOT'€HE30M, ¥ BOBJICYEHBI B POIECCHI pondeparyy, 1 depeHupOBKY U aronTo3a KiaeTok. OJHIM U3 Ty TeH peryssiiuy
skcrpeccnu camux MUKpoPHK sBisiercst m3menenne metunupoBanust CpG-ocTpoBka, npuiieskamniero k reny MukpoPHK wmu nepekpoi-
Baromiero ero. ITokaszano, uto renst MukpoPHK B HeckombKO pa3 yalie mogBepraroTcst METHINPOBAHHIO, €M OENOK-KOAUPYIONIHE TeHBI.
Llenpio HACTOSIETO MCCIENOBAHUS SBISUIOCH M3ydeHHE U3MEHEHHs YPOBHS MeTHInpoBaHus psja reHoB MuUKpoPHK u cocraBnenue
MOTEHIIUAILHOM MaHeJIn MapKepOB ISl IMarHOCTUKHU U ripornoza HMPIL.

Metoasi. O6pasus! ommyxomeit HMPJI cobpansl u kimHHYeckn oxapakrepu3oBanbl B HUW kmuHMYeckolt orkonorun HarmoHanbHOTO Meu-
LIMHCKOT'O UCCIIEIOBATENILCKOTO IIeHTpa oHKooruy uM. H.H. broxuna. Beicokomonexymspayro JJHK Bbinemnsnu U3 TkaHu CTaHAAPTHBIM METO-
JIOM. AHaJIU3 YPOBHSI METUIIMPOBAHMS IIPOBOMIIIIN C TIpUMEeHeHHeM OucyibdurHoit konBepcnu JJHK 1 konmyecTBeHHOI MeTHiICTIeUDUYHOI
[OJIMMEPa3HOU HEHON peaKluel ¢ IeTeKIUel B pealbHOM BpeMeHHU. {7 OLCHKY 3HAYUMOCTH PA3IMUUil MKy UCCIIELYEMbIMU IPyIIIaMu
MIPUMEHSUTN HeapaMeTpHIeCKi KpuTepuii MaHHa—YHUTHH 711 HE3aBUCUMBIX BBIOOPOK. Pasmiauns cunramu nocroBepHbME pH p < 0.05.
Pe3yabrarsl. B pesynsrare ananmsa ypoBHel MeTwminpoBanus reHoB MHKpoPHK Hamu Gbuto moxaszano 3naumnmoe (p < 0.05) ysenu-
YeHHe YPOBHSI METWINpOBaHUS BockMH TreHoB MukpoPHK: MIR124-1/2/3, MIR125B-1, MIR129-2, MIR137, MIR375, MIR1258,
MIR339 (p < 0.01, FDR < 0.25). bein npoBener ROC-ananu3, TO3BOIMBIINNA MPEITIOKUTH TAHEIb MapkepoB s nuarHoctaukn HMPJT
10 XapaKTepy METUINPOBAHNUS HCCIeN0BaHHBIX TeHoB MUKpoPHK B omyxonu u Hopme.

BeiBonpl. [TonyueHHble HaMu pe3yibTaThl CIIOCOOCTBYIOT OHMMAHHIO MOJIKYJIIPHBIX MexaHu3MoB pa3sutuss HMPJI u moryT ObITh
HCTIONB30BaHbI IPU Pa3padOTKE HOBBIX ANATHOCTHUECKHUX U MPOTHOCTHYECKUX TTOIXO/I0B B KIIMHUYIECKO OHKOJIOTUHL.

Kniouesble cnoBa MocTtynuna: 22.02.2024
mukpoPHK, MeTnnupoBanne, maHeas MapKkepoB, HEMEIKOKICTOUHBIN paK JIETKOTO [Aopa6oTtaHa: 29.03.2024

MpuHata B neyatb: 15.04.2024
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INTRODUCTION

Representing the most common type of lung cancer (up
to 85% of cases), non-small cell lung cancer (NSCLC)
is difficult to diagnose due to its heterogeneity (lung
adenocarcinoma, squamous cell lung cancer, large cell
lung cancer, etc.) and low detection rate in the early stages.
NSCLC has a high metastatic potential. It is noted that up to
40% of detected NSCLC cases were identified as metastatic
tumors. For this reason, in the diagnosis and prognosis of
this type of cancer, a molecular approach is important [1].

At the moment, there is no unified system of
molecular diagnostics and prognosis for determining the
development of the early-stage oncological process and
assessing its metastatic potential. As for any multifactorial
disease, there are both genetic and epigenetic development
triggers for each type of cancer [2]. One of the most
significant epigenetic regulatory mechanisms, which
dynamically and specifically influence processes in the
cell, including gene expression, is the DNA methylation
mechanism, which provokes tumor development when
in an aberrant state. Aberrant methylation involves two
differently directed processes: hypermethylation of
tumor suppressor genes and demethylation of oncogenes.
Aberrant methylation is associated with the regulation
of many genes, including microRNA genes, which
themselves constitute a regulatory element of the gene
expression system [3].

MicroRNAs belong to the group of short non-coding
RNAs, which perform a regulatory function in the
body at the post-transcriptional level. MicroRNAs
are involved in many cellular processes, including
proliferation, differentiation, and apoptosis, whose
disruption can lead to tumorigenesis [4]. Methylation/
demethylation has been shown to play a much larger role
in the regulation of microRNA genes than protein-coding
genes. Hypermethylation leads to the switching off of
the microRNA gene, while demethylation, conversely,
causes its activation. Methylation and expression
profiles of microRNA genes turned out to be highly
specific for tumors of different locations and histological
profiles [5]. NSCLC is characterized by a specific level
of microRNA gene expression, which is associated
with the clinical and pathological properties of a tumor.
However, the methylation status of miRNA genes,
which influences expression, is rarely studied. Detection
of hypermethylation of a number of microRNA genes

that exhibit tumor suppressor properties in NSCLC is
a priority research area due to the possibility of creating
a system of diagnostic and prognostic markers based on
hypermethylated microRNA genes [6].

The aim of the present work is to create a potential
marker system for the diagnosis and prognosis of NSCLC
based on changes in the methylation level of a number of
microRNA genes in a tumor.

EXPERIMENTAL

Collection of material. The level of methylation of
microRNA genes was analyzed using 70 paired samples
of tumor and adjacent normal lung tissue from NSCLC
patients treated at the Blokhin National Medical Research
Center of Oncology, Ministry of Health of the Russian
Federation, Moscow, Russia. Samples were collected
during elective surgery. All tumors were classified
according to the TNM classification of the International
Union Against Cancer and histologically verified
based on the World Health Organization classification
criteria [7]. The diagnosis was carried out on the basis
of histological findings. Table presents clinical data of
patients.

The study included samples of NSCLC tissue
from patients who had not received radiation therapy,
chemotherapy, or hormone therapy before surgery. The
work was carried out in compliance with the principles
of voluntariness and confidentiality in accordance
with the Declaration of Helsinki of the World Medical
Association [8].

DNA  extraction. High-molecular-weight DNA
was isolated from tissue by a standard method
using phenol-chloroform extraction [9]. The DNA
concentration was determined by optical density using
a NanoDrop ND-1000 spectrophotometer (7hermo
Fisher Scientific, USA).

Determination of the level of methylation. The
methylation of microRNA genes was analyzed using
quantitative methyl-specific polymerase chain reaction
with real-time detection (qMS-RT-PCR) following
bisulfite conversion of DNA according to the published
procedure [10]. The completeness of DNA conversion
was determined using the ACTB (ACTin Beta)
control locus using oligonucleotides specific to the
unconverted template. Amplification was carried out
using a qPCRmix-HS SYBR reagent kit according to
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Table. Clinicopathological characteristics of the studied samples

Clinicopathological parameter Total number, N = 70 %
Squamous cell lung cancer 39 55.7
Histologic type
Lung adenocarcinoma 31 443
1 14 20.0
I 28 40.0
Tumor stage
I 20 28.6
v 8 11.4
Gl 6 8.6
Degree of differentiation G2 35 50.0
G3 29 414
T1 11 15.7
T2 35 50.0
Tumor size
T3 13 18.6
T4 11 15.7
NO 29 414
Lymphatic metastasis
N1 41 58.6
MO 62 88.6
Distant metastasis
M1 8 11.4

the Evrogen (Russia) protocol in the Bio-Rad CFX96
Real-Time PCR Detection System (Bio-Rad, USA).
Oligonucleotide sequences and PCR conditions
for microRNA genes were as presented in previous
work [11]. Commercial human genomic DNA #G1471
(Promega, USA) was used as a control for unmethylated
alleles. Commercial human genomic DNA #SD1131
(Thermo Fisher Scientific, USA) was used as a control
for 100% methylation.

Statistical processing of the results was carried
out using the IBM SPSS Statistics 22 software!. The
significance of differences between the studied groups
was assessed by the nonparametric Mann—Whitney
U test for independent samples. Differences were
considered significant at p < 0.05. Data were expressed

1

as median (Me), lower (Q1), and upper (Q3) quartiles.
Correlation analysis was performed by Spearman’s
rank correlation method, and its significance level
was calculated [12]. To compile a panel with certain
sensitivity and  specificity coefficients, receiver
operating characteristic (ROC) analysis was performed.
Differences were considered significant and reliable at
p <0.05. False discovery rate < 0.25.

RESULTS AND DISCUSSION

Using a representative statistical sample of NSCLC
samples (70 tumor/normal pairs), changes in the
methylation level of ten microRNA genes were studied:
MIR124-1, MIRI124-2, MIR124-3, MIRI125B-1,

https://soware.ru/products/ibm-spss-statistics. Accessed March 6, 2024.
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MIR127, MIR129-2, MIR137, MIR375, MIR1258, and
MIR339. According to the obtained results, a statistically
significant (p < 0.01) increase in the level of their
methylation (Fig. 1) in the tumor in comparison with
the adjacent histologically unchanged normal tissue
was found for the genes of eight out of ten microRNAs
(MIR124-1/2/3, MIR127, MIR129-2, MIR137,
MIR1258, and MIR339). We have previously presented
convincing data for other types of cancer about the role
of hypermethylation of these eight microRNAs [11, 13].
Note that, for NSCLC, a high level of methylation for the
microRNA gene MIR339 was identified for the first time.

In the present work, we noted a correlation between
the methylation levels of the studied microRNA genes
and the clinicopathological characteristics of tumors.
For example, methylation of the MIR125B-1, MIR1258,

p<0.001 p=0007 p<0.001 p<0.001
1001 | | ,
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p <0.001
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and MIR339 genes was observed in all NSCLC tumor
samples (p < 0.05), regardless of histological type, stage
and degree of differentiation, and the presence or absence
of metastases. We also noted an association between
hypermethylation of the MIR124-3, MIR125B-1,
MIR137, and MIR1258 genes with the presence of
metastases to lymph nodes and distant metastases
(» <0.05). Using the ROC analysis results, we developed
two potential test systems for assessing the development
and progression of NSCLC, which have the potential for
use in the diagnosis and prognosis of this disease (Fig. 2).

The potential diagnostic panel consists of three
markers: MIRI125B-1, MIR1258, and MIR339
(sensitivity Se = 92.7, specificity Sp = 85.8, area under
the curve AUC = 0.967, p < 107°) (Fig. 2a). The potential
prognostic panel consists of four markers: MIR124-3,

p <0.001 p<0.001 p=0.004
. Tumor
.
.Norm

iy

MIR  124-1 124-2 124-3 125B-1 127

129-2

BT

1258 339

Fig. 1. Changes in the methylation level of ten microRNA genes in 70 paired tumor samples and histologically unchanged lung tissue

in NSCLC
1.0 1.0
0.8 0.8
e =
Q Q
Y04 Y04
0.2 0.2
Se=92.7 Se =98.9
Sp=85.8 Sp=94.5
0 AUC =0.967 0 AUC =0.968
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
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(a) (b)

Fig. 2. ROC analysis of potential panels of markers based on assessing the methylation level of microRNA genes for the diagnosis
and prognosis of NSCLC: (a) panel 1 (diagnostic): MIR125B-1, MIR1258, MIR339; (b) panel 2 (prognostic): MIR124-3, MIR125B-1,
MIR1258, MIR137. Se—sensitivity; Sp—specificity; AUC—area under the curve
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MIR125B-1, MIR137, and MIRI258 (Se = 98.9,
Sp = 94.5, AUC = 0.968, p = 1 - 107%) (Fig. 2b). The
detection of hypermethylation of all microRNA genes
included in the diagnostic panel suggests that the patient
has NSCLC. If methylation of all genes included in
the prognostic panel is detected, the patient has a high
probability of developing metastatic NSCLC. Due to the
high sensitivity (which exceeds 90%) and specificity of
the prognostic panel of markers, their use as screening test
systems with further confirmation by validated methods
is justified. The detection of four hypermethylated
miRNA genes of this panel may signal the need for
additional monitoring of the patient for early detection
and prevention of the development of metastases.

At the present stage of development of medicine,
instrumental, biochemical, and histological studies
of biopsy and/or resection material remain the main
diagnostic methods. However, these methods are often
insufficient for making a confident diagnosis. In this
connection, the use of validated test systems based on
molecular genetic studies could significantly change
approaches to diagnosis through early detection of
cell malignancy and prognosis by assessing certain
tumor markers of different localizations, including
NSCLC [14, 15]. The use of microRNAs as test systems
for the diagnosis and prognosis of NSCLC and other
types of cancer is particularly promising due to their
tissue specificity, which links them to the specific course
of the cancer [14].
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Abstract

Objectives. To develop an effective technology for the cultivation of Chinese hamster ovary (CHO) cells stably producing
GamP2CS5 antibody which is a component I of the GamCoviMab candidate drug for emergency prevention and therapy of infection caused
by SARS-CoV-2 virus; to select optimal cultivation parameters and to scale this technology in production.

Methods. The study was performed on CHO GamP2C5 (clone 78) cell culture, producing a single-domain antibody fused
to the Fc fragment of human IgG1 GamP2CS5. Different culture media and supplements were used. Cells were cultured in Erlenmeyer
flasks, Biostat® RM 20 wave-mixed bioreactor, Ambr® 250 mini bioreactors, STR 200 stirred-tank bioreactor.

Results. Using molecular-genetic and biotechnological methods, a stable clone producer of CHO GamP2C5 antibody, clone 78, was
obtained. Then a technique was worked out for the cultivation of the obtained clone producer on different culture media. The most
suitable cultivation regimes, culture media, and optimal supplements were selected. This technology was tested in laboratory conditions
in a 10-L reactor, and then successfully scaled up for production at the MedGamal Branch of the Gamaleya National Research Center
for Epidemiology and Microbiology.

Conclusions. This study demonstrates the fundamental feasibility of developing and scaling up a culture technology, in order to produce
a drug based on a modified single-domain antibody with virus neutralizing activity against different strains of SARS-CoV-2 virus.
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AHHOTaUuus

Hesn. Pazpaborars 2h(heKTHBHYIO TEXHOIOTUIO KYJIFTHUBUPOBAHUS KJIETOK SUYHUKOB KHTaiickoro xomsuka (CHO), crabunbHo mpomy-
nupyronmx antureno GamP2CS5, kotopoe siBisieTcsi KOMIoHeHToM | kanaunarHoro npemnapata ['amKoBuMab s sxctpenHoi mpodu-
JIAKTHKY U Tepanuu HHPEKInu, BeI3BaHHOH BHpycoM SARS-CoV-2; monoOpars onTuManbHbIe TapaMeTphl KYJTUBHPOBAHHS M MACILITA-
OMpOBAaTh JAaHHYIO TEXHOJIOTHIO Ha IIPOU3BOJICTBE.

MeTtoasl. VccnenoBanue npoBoauioch Ha KyasType kinetok CHO GamP2CS5 (kmon 78) mpomyuupyromieil 0qHOIOMEHHOE aHTUTEIO,
ciutoe ¢ Fe-pparmentom IgGl uenoBexka GamP2CS; ObUM HCMONB30BaHbI PA3INYHBIC CPEIbl A KYJIHTHBUPOBAHUS U MHUTATEb-
Hble 100aBkU. KynbTHBHpOBaHHE KIETOK MPOXOAMIO B Koybax OpreHmeliepa, OHOpeakTope ¢ BOJHOBBIM TUIIOM IE€PEMEIINBAHUS
Biostat® RM 20 basic, munu6ropeaxtopax Ambr® 250, Guopeaktope ¢ oceBbIM THIIOM nepememmBanus STR 200.

Pe3yabTarsl. [Ipu nomMomm MOJIEKyISIPHO-TE€HETHYECKUX U OMOTEXHOJIOTHUECKUX METOOB ObLT OTyUeH CTAOHIIBHBII KIIOH-TTPOAYLIEHT
antutena CHO GamP2CS5 (xioH 78), 1 oTpaboTaHa MeTOANKA Ky IbTHBHPOBAHUS ITOJTYUYSHHOTO KJIOHA-TIPOYIICHTA Ha PA3INYHBIX THTa-
TEJIBHBIX cpefiaxX. bputn BeIOpaHbl Hanboee MOAXOIIIE PEKUMBI KyIbTUBHPOBAHMS, IUTATEIbHAS Cpelia ¥ ONTHMAJIbHBIC TOAITUTKY.
JlarHas TexHONIOTHsI ObLIa 0TpaboTaHa B JaOOPATOPHBIX YCIOBUIX B 10-TUTPOBOM peakTope M YCIEUIHO MaclITaOUupOBaHa Ha MPOU3-
BozicTBE B puinane «Mearamam» HanmoHaapHOTO HCClIeI0BaTeIbCKOTO IEHTPA SIUASMHOIOTUH 1 MUKpobronoruu uM. H.®. T'amanen.

BeiBonbl. B nanHOM Hcclie[oBaHUH ITOKa3aHa IIPUHINIIHAIBHAS BOSMOXKHOCTh Pa3pabOTKH M MAacIITaOMPOBAHMS TEXHOJIOTHH KYJIBTH-
BUPOBAHUS ISl HOJTydeHHs TIpenapara Ha OCHOBE MOAM(MHUIIMPOBAHHOTO OTHOJOMEHHOTO aHTUTEJA C BUPYCHEHTpaN3yolieil akTHBHO-
CTBIO IIPOTUB Pa3IMYHbIX ITaMMOB Bupyca SARS-CoV-2.

KnioueBble cnoea MocTtynuna: 12.12.2023
MOHOKJIOHAJIbHBIE AHTUTEJIA, OJIHOJOMEHHBIEC AHTUTEIIA, THKEIJIOIEIIOUEUHbIe aHTUTENA, OopaboTaHa: 08.02.2024
KyJbpTHBHpOBaHue, kietku CHO, maciitabupoBanue ouonporecca MpuHsiTa B neyats: 17.04.2024

Anga uuTnpoBaHus

Tonsuckuit I.M., Pa6osa E.I., [lepkaeB A.A., Crapko H.C., Kamamnosa W.C., Il{e6nsxos [I.B., Kapnos A.I1., Ecmaramberos 1.b. Pa3pa-
60TKa TEXHOJIOTUH KYJIBTHBUPOBAHHUS KIICTOYHOMN JTMHHH, IPOAYIUPYIOIICH OMHOIOMEHHOE aHTHTEIO, ciutoe ¢ Fe-dhparmentom IgG1 ge-
noBeka. Tonkue xumuueckue mexronocuu. 2024;19(3):240-257. https://doi.org/10.32362/2410-6593-2024-19-3-240-257
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INTRODUCTION

Following the development of hybridoma technology
in the mid-1970s, monoclonal antibodies [1] began to
be explored as potential therapeutics for a variety of
diseases [2]. Over the last decade, several dozen antibody-
based drugs (Adalimumab, Pembrolizumab, Nivolumab)
have been developed: some are among the top-selling
drugs ranking worldwide [3]. Monoclonal antibodies
are used to treat a wide range of human diseases,
including various types of cancer [4]. Furthermore,
therapeutic antibodies are effective in the therapy of
multiple sclerosis [5], Crohn’s disease [6], rheumatoid
arthritis [7], and bacterial and viral infections [§].

The COVID-19 pandemic had a tremendous impact
on drug and vaccine discovery and the development
of strategies designed to control infectious diseases.
Monoclonal antibodies represent the largest and fastest
growing class of pharmaceutical compounds to have
shown therapeutic potential in the treatment of viral
infections, including against SARS-CoV-2 virus.

In recent years, the number of preparations based
on monoclonal antibodies against viral infections,
especially chronic infections [9], has increased markedly.
Monoclonal antibodies can be used to suppress the
spread of infection through direct viral neutralizing
activity [10]. To date, several antiviral drugs with
a high level of efficacy have been approved. Among
them, Casirivimab/imdevimab (REGEN-COV) is the
first monoclonal antibody-based drug which can be
used for both treatment and emergency prevention of
COVID-19 [11].

One particular case of monoclonal antibodies are
the heavy chain antibodies of the camelid family. They
are devoid of light chains and the variable fragments
are represented by a single heavy chain domain.
Furthermore, the variable fragments of the heavy chain
can be used independently. Such modifications are called
nanobodies, also known as single-domain antibodies or
VHH [12].

Single-domain antibodies are a relatively new
class of drugs. They were discovered by chance while
analyzing camel serum. Due to their structure and
properties, nanoantibodies are able to effectively bind
to antigen epitopes which are difficult to reach for
classical antibodies. They also prevent interaction
of receptors with ligands, or deliver substances that
perform various functions to target cells. At the same
time, the disadvantages of nanoantibodies are associated
with their rapid excretion by kidneys and a lack of an
independent effector function due to the absence of
Fc fragment. Many studies demonstrate the successful
use of single-domain antibodies and their modifications
for therapy and prevention of various infectious diseases

of viral and non-viral etiology [13—18]. In order to
improve the pharmacokinetic and effector properties of
nanoantibodies, as well as to increase their avidity due to
the dimerization of the molecule, modification with the
Fc fragment of human IgG is used [13, 15, 17].

A single-domain antibody fused to the Fc
fragment of human immunoglobulin class, which
has a broad spectrum of viral neutralizing activity
against SARS-CoV-2 virus and is component I of
the GamCoviMab candidate drug for therapy of
COVID-19 infection, was developed in the Gamaleya
National Research Center for Epidemiology and
Microbiology of the Ministry of Health of the Russian
Federation. The development of scalable technology
for cell culture and chromatographic purification of
the target antibody was beneficial to the production
of this drug. This article describes our results relating
to the development of a strategy to select optimal
parameters for culturing processes, in order to produce
a single-domain antibody fused to the Fc fragment of
human immunoglobulin G class. Data is also presented
on in vitro scale-up in a 10 L wave-mixed bioreactor
and scale-up at GMP production in a 200 L stirred-tank
bioreactor.

MATERIALS AND METHODS
Materials

Culture of Chinese hamster ovary (CHO) cells
GamP2C5 (clone 78) producing a single-domain
antibody fused to Fc fragment of human IgG1 GamP2C5
was obtained in the laboratory of immuno-biotechnology
of the Gamaleya National Research Center for
Epidemiology and Microbiology on the basis of
CHO-K1 cells (Collection of Cultures and Tissues of the
Gamaleya National Research Center for Epidemiology
and Microbiology).

Cultivation media: ActiPro™ (Cytiva, USA),
Fujifilm BalanCD® CHO Growth A (Irvine Scientific,
USA), Cosmos (Flora Bio, Turkey), SFM4CHO (Cytiva,
USA), Dynamis™ AGT™ (Thermo Fisher Scientific,
USA), Capricorn (Capricorn Scientific, Germany).

Supplements: Cell Boost 6 Supplement (Cytiva,
USA), Cell Boost 5 Supplement (Cytiva, USA),
Cell Boost 7 A (Cytiva, USA), Cell Boost 7 B
(Cytiva, USA), Cosmos Flora Bio Feed A (Flora
Bio, Turkey), Cosmos Flora Bio Feed B (Flora Bio,
Turkey), Capricorn’s CHO Feed 1 (Capricorn Scientific,
Germany), Capricorn’s CHO Feed 2 (Capricorn
Scientific, Germany). Protein A (ProA) Biosensors
(Forte Biosciences, USA).

Culture vessels: 250 mL Erlenmeyer flasks
(Corning, USA), disposable mini bioreactors for
Ambr® 250 Disposable bioreactors system (Sartorius,
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Germany), disposable culture bags: Flexsafe® RM 20 opt
(Sartorius, Germany), Flexsafe® STR 200 (Sartorius,
Germany).

Equipment

TC20 Cell Counter (Bio-Rad, USA), Celltron
shaker (Infors HT, Switzerland), Biostat® RM 20 basic
wave-mixed  bioreactor  (Sartorius, = Germany),
Ambr® 250 mini bioreactor (Sartorius, Germany),
STR 200 stirred-tank bioreactor (Sartorius, Germany),
Cedex® Bio Analyzer (Roche, Switzerland), Seven
Compact S210 pH meter (METTLER TOLEDO, USA),
Octet® RED96e molecular interaction analyzer (Forte
Biosciences, USA).

Methods
Cell density measurement

A 20 pL suspension culture of CHO cells was taken.
The obtained cell suspension was mixed with trypan
blue solution (an acidic aniline dye used for counting
the number of dead cells in suspension, which, unlike
live cells, are stained blue) in the ratio of 1 : 1. The
total volume of the stained suspension should be at
least 30 pL to fill two chambers of the slide. The stained
suspension was transferred by pipetting. We took 10 uLL
of the stained suspension with an automatic pipette and,
holding the pipette at a 45° angle, gently introduced

Table 1. Plan of experiment

the suspension into each of the slide chambers. Slides
completely filled with stained cells were transferred
to an automated TC20 Cell Counter to measure cell
density.

Measurement of antibody concentration

The amount of antibodies in the samples was determined
by biolayer interferometry (BLI) using Octet® RED96e
system (Forte Biosciences, USA) and biosensors
with immobilized protein A (Forte Biosciences,
USA), according to the manufacturer’s protocol.
GamP2C5 antibody solutions obtained earlier by stable
transfection and purified by affinity chromatography on
Mabselect SuRe™ sorbent (Cytiva, USA) as previously
described [13, 15, 17] were used as standard samples
with known concentrations.

Measurement of residual metabolites

Concentrations of major cultures (glucose, glutamine,
and glutamate) and metabolites (lactate and ammonium)
in the samples were determined using a Cedex®
Bio Analyzer (Roche, Switzerland) according to the
manufacturer’s protocol.

Cell cultivation

The cells were cultured in Erlenmeyer flasks and in
wave-mixed bioreactor and stirred-tank bioreactor.
Culture media in combination with supplements were
used to select optimal conditions (Table 1).

Experiment number Media Supplement Containers and equipment Volume, L
1 SFM4CHO Cell Boost 6 Erlenmeyer flasks 0.25
Erlenmeyer flasks 0.25
Biostat® RM 20 bioreactor 10
2 ActiPro™ Cell Boost 7A
Ambr® 250 mini bioreactor 0.20
Bioreactor STR 200 200
Cell Boost 7A Erlenmeyer flasks 0.25
3 BalanCD®
Cell Boost 7B Biostat® RM 20 bioreactor 10
Feed A Erlenmeyer flasks 0.25
4 Cosmos
Feed B Biostat® RM 20 bioreactor 10
Feed 1 Erlenmeyer flasks
5 Capricorn 0.25
Feed 2 Biostat® RM 20 bioreactor
Cell Boost 7A
6 Dynamis™ AGT™ Erlenmeyer flasks 0.25
Cell Boost 7B
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Cultivation of cells in Erlenmeyer flasks

Cell suspension culture of CHO GamP2C5 (clone 78)
cells was performed in Erlenmeyer flasks with a ventilated
lid of 250 mL. Initial volume of cell suspension was
30mL. Initial concentration was 0.3 mL/mL. Starting from
the third day of culturing, supplements were added in the
amount recommended by the manufacturer. Cultivation
was performed at 37°C, 80% humidity and 5% CO,, with
a platform stirring speed of 110—130 rpm at an amplitude
of 25 mm. Glucose was maintained at 4.5-5.0 g/L. If
necessary, pH was maintained at 6.9-7.4 using 7.5%
sodium bicarbonate solution (Labochem International,
Germany).

Cell cultivation in a Biostat® RM 20 wave
bioreactor

The suspension was cultured in wave-mixed bioreactor
with a working volume of up to 10 L (Table 2).

The initial working volumes were 25-30% of the final
volume, with a minimum concentration of 0.3 mIn/mL.
On the third day of cultivation, the inoculum was diluted
with fresh culture medium to 65-70% of the final volume.
Starting on the fifth day of culturing, supplement was
added at a concentration according to the manufacturer’s
instructions. Furthermore, pH 6.8-7.5 was adjusted by
adding sodium bicarbonate (Labochem International,
Germany) as needed. Glucose concentration was
maintained at 4.5-5.0 g/L, so glucose solution (Merck,
USA) was used if necessary. In order to obtain the
maximum content of the target product, a change in the
temperature parameter and pH at the time of stationary
phase of cell cultivation was applied (Table 3).

Cell cultivation in Ambr® 250 mini bioreactors

The suspension was cultured in mini stirred-tank
bioreactors with a working volume of up to 250 mL. The
initial working volumes were 25-30% of the final volume,

Table 2. Parameters of the cultivation process in the Biostat® RM 20 wave-mixed bioreactor

Parameter

Value

Temperature

37.0£1.0°C

Dissolved oxygen, %

No lower than 40

pH 6.8-7.5
CO, concentration in the gas phase, % 5.0£2.0
Platform tilt angle, © 6-10
Platform swing frequency, swing/min 14-30
Volumetric flow rate of gas mixture, L/min 0.2-0.8

Table 3. Parameters of the cultivation process depending on the experiment in the Biostat® RM 20 wave-mixed bioreactor

Parameter Experiment 1 Experiment 2 Experiment 3
Temperature, °C 37.0 33.0 37.0
Dissolved oxygen, % 40 40 40
pH 7.2 7.2 6.8
CO, concentration in the gas phase, % 5.0 5.0 5.0
Platform tilt angle, © 7 7 7
Platform swing frequency, swing/min 15 15 15
Volumetric flow rate of gas mixture, L/min 0.5 0.5 0.5
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Table 4. Parameters of the cultivation process depending on the experiment in the Ambr® 250 mini bioreactor

Parameter Experiment 1 Experiment 2 Experiment 3

Temperature, °C 37.0 33.0 37.0
Dissolved oxygen, % 40 40 40

pH 7.2 7.2 6.8

CO, concentration in the gas phase, % 7.0 7.0 7.0
Stirrer, rpm 300-500 300-500 300-500
Air overlay, mLpm 4 4 4

Air sparger, mL/min 4 4 4

O, sparger, mLpm 0-2 0-2 0-2

and the minimum concentration was 0.6 mln/mL. On the
third day of cultivation, the inoculum was diluted with
fresh culture medium to 65-70% of the final volume.
Starting on the fifth day of culturing, supplement was
added at a concentration according to the manufacturer’s
instructions. The pH 6.8-7.5 was maintained by adding
sodium bicarbonate (Labochem International, Germany)
as needed. Glucose concentration was maintained at
4.5-5.0 g/L, so glucose solution (Merck, USA) was used
if necessary. In order to obtain the maximum content
of the target protein, the temperature parameter and pH
were varied during cultivation (Table 4).

Cell cultivation in the STR 200 stirred-tank
bioreactor

The suspension was cultured in a stirred-tank bioreactor
with a working volume of 200 L. The initial working
volumes were 25-30% of the final volume, and the
minimum concentration was 0.5 min/mL. On the third

day of cultivation, the inoculum was diluted with fresh
culture medium to 65-70% of the final volume. Starting
on the fifth day of culturing, supplement was added
at a concentration according to the manufacturer’s
instructions. The pH 6.8-7.5 was maintained by adding
sodium bicarbonate (Labochem International, Germany)
as needed. Glucose concentration was maintained at
4.5-5.0 g/L, so glucose solution (Merck, USA) was used
if necessary. In order to obtain the maximum content
of the target antibody, the temperature parameter was
changed during cultivation (Table 5).

RESULTS AND DISCUSSION

A panel of single-domain antibodies specific
to the receptor-binding domain (RBD) of the
S-protein of SARS-CoV-2 virus was obtained at the
immunobiotechnology laboratory of the Gamaleya
National Research Center for Epidemiology and

Table 5. Parameters of the cultivation process in an STR 200 stirred-tank bioreactor

Parameter Experiment 1
Temperature, °C 37.0-33.0
Dissolved oxygen, % 40
pH 7.2
CO, concentration in the gas phase, % 5.0
Stirrer, rpm 60-110
Air overlay, Lpm 10
Air sparger, L/min 10
O, sparger, Lpm 0-10
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Microbiology by immunization of the two-humped
camel with recombinant RBD of the S-protein of
SARS-CoV-2 virus and phage display technology [19].
Several of the most promising clones were selected from
the obtained panel and subsequently modified by fusion
with the Fc fragment of human IgG1. These forms were
further investigated in detail by various in vitro methods,
including direct viral neutralization on live SARS-CoV-2
virus. As a result, a single-domain antibody fused
to the Fc fragment of human IgGl GamP2C5 was
obtained (Fig. 1).

A genetic construct was then developed, in order to
allow expression of this single-domain antibody fused to
the Fc fragment of human IgG1. Today, most therapeutic
antibodies are produced in mammalian cells. They are
best suited for the production of recombinant antibodies
with the highest degree of biological similarity to
antibodies produced in the human body [20]. In this
study, CHO cells were used. Further, a clone stably
producing this antibody was selected using cell-to-cell
transfection methods and several rounds of selection.
As a result, the cell line CHO GamP2C5 (clone 78) was
obtained, expressing a single-domain antibody fused to
the Fc fragment of human [gG1 GamP2CS5.

The most important component for the development
of culturing technology is the culture medium which
ensures cell viability and proliferation. The composition
of the culture medium directly affects the production
rate and quality of biopharmaceuticals. Therefore,
it is important for researchers working with cell

N\,
N\,
.__P2CS5 single-domain antibody

-

Hinge region of IgG1

() .

\\ Fc fragment of [sG1.

IR
/

o - . )RR -

Fig. 1. (a) Schematic representation of a single-domain
antibody fused with the Fc fragment of human IgG1 GamP2C5;
(b) structure of a single-domain antibody fused with

the Fc fragment of human IgG1 (SP—amino acid sequence

of the signal peptide of the heavy chain of IgG1;
P2C5—amino acid sequence of the P2C5 single-domain
antibody; Hinge—amino acid sequence of the hinge

region of IgG1; Fc fragment—amino acid sequence

of the Fc fragment of IgG1)

cultures to select the right medium which is suitable
for their purposes [21]. In order to select the optimal
culture media based on availability and affordability,
6 basic culture media and 7 culture supplements were
analyzed (Fig. 2).

Cryovial

Erlenmeyer flask

. . Dynamis™
™ ® Y
ActiPro - SFM4CHO Cosmos ’ Capricorn ’ BalanCD AGT™ ’
Cell boost Cell boost
7A Flesil

B

Fig. 2. Combination of culture media and supplement during the development of the cultivation process

246 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(3):240-257



Development of technology for culturing a cell line producing
a single-domain antibody fused with the Fc fragment of human IgG1

Dmitry S. Polyansky,
etal.

Using these culture media and supplements, an
experiment was conducted in three repetitions, aimed at
developing a process for culturing the resulting clone in
flasks to obtain the highest content of the target product.
Cells were cultured with uniform initial parameters. The
experiment was started at a cell density of 0.3 mIn/mL.
Cells were cultured in fed-batch mode, with glucose
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when cultivated on various culture media:
(a) Cosmos;

(b) Dynamis™ AGT™;

(c) ActiPro™;

(d) Capricorn;

(e) SFM4CHO;

(f) BalanCD®

and glutamine levels controlled. The survival ratios and
cell culture densities at a particular day of culturing are
shown in Fig. 3.

The leader in cell density was ActiPro™ medium.
Cells on this medium reached a density of 10 mIn/mL.
Cosmos and BalanCD® media showed the best results
in terms of the longest duration of cultivation. On both
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Fig. 3. The ratio of survival rate and cell culture density of CHO GamP2C5 (clone 78) in an Erlenmeyer flask
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Table 6. Yield of the target antibody GamP2C5 determined using an Octet® RED96e system
Culture media SFM4CHO ActiPro™ Cosmos BalanCD® Dynamis™ AGT™ Capricorn
Product yield, pg/mL 364.8 671.0 478.0 580.0 284.0 220.0

media, the cell culture showed a high level of viability
for 15 days. The highest content of target antibody was
recorded on ActiPro™ culture medium. The content
amounted to 671 pg/mL (Table 6).

Based on the growth graph of cell suspension on
different culture media and based on the obtained
values of final target protein content, three best culture
media—ActiPro™, BalanCD®, Cosmos—were selected
to develop further culturing process in wave bioreactors.

In order to study the cultivation process of the
obtained clone, it was necessary to develop the cultivation
process in wave bioreactors with selection of different
conditions. For the purposes of this study, experiments
were conducted with three best culture media. The
experiments were conducted under identical conditions
in a wave type stirred bioreactor with a working volume
of 10 L (Fig. 4).

The initial cell density was 0.3 mIn/mL. The ratio of
survival and cell culture density on a particular day of
cultivation is shown in Fig. 5.

In this experiment, ActiPro™ culture medium
was the leader in terms of cell density, culturing
time, and target protein content. Cells on this culture
medium reached a density of 10 mln/mL. They were

Cryovial Erlenmeyer flask

Biostat® RM 20 bioreactor

cultured for 10 days, and the target protein content was
440 pg/mL. Comparison of GamP2C5 target antibody
content depending on the culture medium is described
in Table 7.

After analyzing three basic culture media, ActiPro™
medium was selected to show the maximum result
in terms of target product productivity. Next, it was
necessary to select the optimal cultivation conditions for
further scaling of the process (Fig. 6).

In this experiment, different cultivation parameters
were worked out in a wave bioreactor with a working
volume of 10 L. In this part of the work, the productivity
of the target protein was compared after changing the
temperature parameter and pH during cultivation. The
survival ratio and cell culture density on a particular day
of cultivation are shown in Fig. 7.

When the temperature was lowered to 33°C,
the culturing time increased, but the target protein
content was lower than that at 37°C. Culturing the
cells at pH 6.8 showed a lower result in target protein
content compared to culturing at pH 7.2. When used
on Biostat® RM 20 wave type stirred bioreactors,
temperature and pH shifts did not show the expected
result. The best productivity result was obtained after

Cell boost
TA

Cell boost
7B

Cell boost
7B

ActiPro™

BalanCD®

Fig. 4. Combinations of culture medium and supplement for the cultivation process in Biostat® RM 20 wave bioreactors

Table 7. Yield of the target antibody GamP2C5 determined using an Octet® RED96e system

Culture media ActiPro™

Cosmos BalanCD®

Product yield, pg/mL 440

250 325
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Fig. 5. The ratio of survival rate and cell culture density of CHO GamP2C5 (clone 78) in the Biostat® RM 20 wave bioreactor
when cultivated on various culture media: (a) Cosmos; (b) BalanCD®; (c) ActiPro™
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Fig. 6. Selection of optimal parameters for the cultivation process in RM 20 wave bioreactors
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Fig. 7. Cultivation of CHO GamP2C5 (clone 78) cells under various cultivation conditions in Biostat® RM 20 wave bioreactor:
(a) experiment 1: pH 7.2, T=37°C; (b) experiment 2: pH 7.2, T=33°C; (c) experiment 3: pH 6.8, T=37°C

culturing at 37°C and pH 7.2. The amount of the target
antibody GamP2CS5 is summarized in Table 8.

Thus, as a result of the work done at this stage, we
have developed a process for culturing this clone in
a laboratory-scale wave bioreactor (working volume
of 10 L) with the cultivation regime indicated in
Table 9.

After analyzing the process on ActiPro™ medium
with three different cultivation conditions, we selected
the parameters that showed the maximum result in
terms of target antibody production. Then we scaled
up to a STR 200 stirred-tank bioreactor. For this
process, the optimal conditions for cell cultivation had
to be selected, while taking into account the change of
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Table 8. Yield of the target antibody GamP2C5 determined using an Octet® RED96e system

Number of experiment Experiment 1

Experiment 2 Experiment 3

Product yield, pg/mL 440

374 223

Table 9. Cultivation parameters for CHO cells on ActiPro™ medium in the Biostat® RM 20 wave bioreactor

Parameter Value
Temperature, °C 37.0
Dissolved oxygen, % 40
pH 7.2
CO, concentration in the gas phase, % 5.0
Platform tilt angle, ° 7
Platform swing frequency, swing/min 15
Volumetric flow rate of gas mixture, L/min 0.5
5

Start adding supplements, day

stirring type. The Ambr® 250 mini bioreactor system
was used for the experiments (Fig. 8).

For the processes in mini bioreactors, we used
ActiPro™ culture medium in combination with
supplements 7A and 7B. After the experiment in
flasks, they showed the best result in terms of target
antibody yield (671 pg/mL), and the highest cell
density (10 mIn/mL) was recorded on this medium.
Furthermore, after testing the conditions on the
Biostat® RM 20 bioreactor with wave-type stirring, the
ActiPro™ culture medium also showed the best result
in terms of target antibody content, which amounted to
440 pg/mL.

In experiments in Ambr® 250 mini bioreactors, the
productivity of the target protein was compared after
changing the temperature parameter and pH during

— L —

Erlenmeyer flask

Cryovial

Ambr® 250 mini bioreactor

cultivation. The survival ratio and cell culture density on
a certain day of cultivation are presented in Fig. 9.

In these experiments, it was found that when the
temperature was lowered to 33°C, the culturing time
and target protein content were longer than at 37°C.
Culturing the cells at pH 6.8 showed a lower yield of
target protein when compared to culturing at pH 7.2.
The experiment with pH variation did not show
the expected results as with the experiment in the
Biostat® RM 20 wave type stirred bioreactor. However,
the temperature variation in this experiment showed
the best result in terms of target protein content. The
amount of target antibody GamP2C5 is presented in
Table 10.

Taking into account the results obtained from the
experiments on Ambr® 250 mini bioreactors, process

Experiment 4
pH=72T=37°C

Experiment 5
pH=7.2T=33°C

I Cell boost I

TA

Experiment 6
pH=6.8 T=37°C

Fig. 8. Selection of optimal parameters for the cultivation process in Ambr® 250 mini bioreactors
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Fig. 9. Cultivation of CHO GamP2C5 (clone 78) cells under various cultivation conditions in Ambr® 250 mini bioreactors:
(a) experiment 1: pH 7.2, T=37°C;
(b) experiment 2: pH 7.2, T =33°C;
(c) experiment 3: pH 6.8, T=37°C

Table 10. Yield of the target antibody GamP2C5 determined using an Octet® RED96e system

Number of experiment Experiment 4 Experiment 5 Experiment 6

Product yield, pg/mL 382 456 240
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Fig. 10. Scaling diagram for the cultivation process to an STR 200 stirred-tank bioreactor with a working volume of 200 L

parameters were selected for the STR 200 stirred-tank
bioreactor (Fig. 10).

After conducting a number of experiments using
Ambr® 250 mini bioreactors on ActiPro™ culture
medium in combination with supplements 7A and 7B,
the conditions for optimal pH and temperature were
selected. They showed the maximum result in terms of
target antibody productivity. For the STR 200 stirred-
tank bioreactor with a working volume of 200 L,
the parameters obtained from the processes in the
Ambr® 250 mini bioreactor were used. In order to
scale the process parameters from Ambr® 250 mini
bioreactors to STR 200 bioreactor, modeling was
performed using Sartorius software!. This performs
the transfer of culturing process parameters from
a small volume bioreactor to a larger one while
maintaining mass transfer characteristics. In normal
conditions, one of the dimensionless scaling factors
used to scale up/down bioreactor processes is the
volume flow rate (vvm, where v is the volume of air
in liters, v is the volume of medium in liters, m is
the time in minutes during which the exchange
process (aeration) takes place) [22]. Taking this
parameter into account, scaling was performed (data
not presented). Furthermore, measurements on
residual metabolites (glucose, glutamine, glutamate,
lactate, and ammonium) were performed to ensure
prolonged proliferation and block cell apoptosis
during supplementation from the fifth day of
culturing (Table 11).

The survival ratio and cell culture density on
a particular day of cultivation are shown in Fig. 11.

I https://www.sartogosm.ru/. Accessed June 01, 2022.
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Fig. 11. Cultivation of CHO GamP2CS5 (clone 78) cells
in ActiPro™ medium in an STR 200 stirred-tank bioreactor

Aftertheprocess was carried outinthe STR 200 stirred-
tank bioreactor with cultivation modes selected using
the Ambr® 250 mini bioreactor, the amount of the target
antibody product GamP2C5 amounted to 564.4 pug/mL.
This value exceeds the initial value (456 pg/mL) obtained
by culturing in the Ambr® 250 mini bioreactor.

CONCLUSIONS

Work was carried out to enable the selection of
optimal parameters of the cultivation process for
the production of component I of the GamCoviMab
candidate drug. Component I of the GamCoviMab
candidate drug is an antibody GamP2C5 (CHO cell
culture, clone 78). For this clone, the optimal culturing
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Table 11. Data of residual metabolites according to the Cedex® Bio Analyzer device
Days Glucose, mg/L | Glutamine, mM/L | Glutamate, mg/L | Lactate, mg/L | Ammonium, mM/L Addition
1.0% 7A
5 2000.74 0.32 381.32 2345.45 7.920 0.1% 7B
1 g/L glucose
1.50% 7A
0.15% 7B
6 3343.45 0.15 598.39 1806.77 10.148 200 mM glutamine
2 g/L glucose
2.0% 7A
0.2% 7B
7 1721.22 0.48 972.53 2065.86 11.544 200 mM glutamine
3 g/L glucose
2.50% 7A
8 6158.21 1.23 1320.79 300.88 8.311 0.25% 7B
3.0% 7A
9 3891.29 0.59 1402.18 650.86 10.032 03% 7B
1.50% 7A
10 2191.10 0.52 1410.47 873.21 9.716 0.15% 7B
2.0% 7A
11 2272.02 0.11 584.63 727.05 3.759 02% 7B
2.50% 7A
12 323.82 0.21 609.07 257.12 3.258 0.25% 7B
4 ¢/L glucose
13 3783.16 0.21 1021.88 242.33 3.358 2 g/L glucose
14 4548.37 0.89 1101.30 323.79 8.285 -

process parameters were achieved in a stirred-tank
bioreactor at pH 7.2 using temperature reduction
from 37 to 33°C, with ActiPro™ culture medium in
combination with culture additives 7A and 7B, in which
the CHO cell culture expressed the highest amount
of the target antibody. This conclusion was based on
a study of the culture conditions of CHO cells stably
producing the GamP2C5 antibody (clone 78). The
process of cultivation of this clone in a wave bioreactor
with a working volume of 10 L is described. The
optimal culture medium was selected, in order to give
the maximum content of the target protein. Experiments
were carried out to evaluate the effect of temperature
variation during cultivation on the productivity of the
target antibody. Furthermore, the pH of the culture
medium was selected; something which also affects the
cultivation of'this clone. Then, for transfer to a production
scale bioreactor (stirred-tank bioreactor), the optimal
parameters were selected taking into account the change

of stirring type. The Ambr® 250 mini bioreactor system
was used for this work, by means of which the optimal
parameters in terms of temperature and pH were selected.
Furthermore, the study revealed that the productivity
indices for the CHO cell line stably producing the
GamP2C5 antibody (clone 78) have different values
in a wave-mixed and stirred-tank bioreactors. For this
clone in a bioreactor with wave-type agitation (working
volume 10 L), the best result in the yield of target
antibody was demonstrated at 7= 37°C. When cultured
in a stirred-tank bioreactor (Ambr® 250 mini bioreactor)
the highest productivity was demonstrated at 7= 33°C.
At the same time the content of target antibody in
Ambr® 250 mini bioreactor at T = 33°C exceeds this
index when compared with the bioreactor with wave
type of agitation (working volume 10 L) at 7'= 37°C.
Cultivation was carried out in a stirred-tank bioreactor
with a working volume of 200 L, after selecting the
optimal cultivation parameters for the CHO cell line
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stably producing the GamP2C5 antibody (clone 78).
The parameters for this process were selected using
data obtained from experiments in an Ambr® 250 mini
bioreactor. Furthermore, supplements were added with
metabolite assay/control, in order to ensure optimal
culture conditions for CHO cells stably producing
GamP2C5 antibody. Thus, in our study, we developed
an efficient technology for culturing CHO cells stably
producing GamP2C5 antibody as component I of the
GamCoviMab candidate drug for emergency prevention
and therapy of infection caused by SARS-CoV-2 virus.
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Abstract

Objectives. Chalcogenides of transition elements with low oxidation states, as well as their substituted derivatives, remain a poorly
studied class of chemical compounds. Rhenium disulfide has many distinctive features and great application potential as a new two-
dimensional semiconductor. This is due to its unusual structure and unique anisotropic properties. The presence of weak interlayer
bonding and a unique distorted octahedral (1T) structure suggests the possibility of creating new phases on its basis. The aim of this work
is to obtain and study phases in systems Re(IV)S,~Ti(IV)S,, Re(IV)S,~Mo(IV)S,, and Re(IV)S,-W(IV)S,.

Methods. The samples were obtained by high-temperature solid-phase ampoule synthesis in a vacuum. The study was carried out using
X-ray phase analysis and X-ray photoelectron spectroscopy.

Results. The regions of existence of solid solutions, intercalates and two-phase regions in the resulting systems were established.
Diffraction patterns were obtained for the new phases and the crystal lattice parameters were calculated. Based on data relating to the
binding energies of core electrons with the nucleus, the study showed the valence states of the elements after synthesis. The study also
confirmed that all phases obtained as a result of synthesis contain transition elements in the oxidation state (IV).

Conclusions. Intercalated solid solutions are formed in areas rich in rhenium, while in areas close to titanium and molybdenum
disulfides, intercalated phases are attained. In the ReS,~WS, system there is a region of solid solutions, including 30, 50, and
70 mol % rhenium disulfide. Their structure is a polymorphic modification of the structure of the original components. The presence
of rhenium, molybdenum, and tungsten in these phases in the oxidation state (+IV) was confirmed. The data obtained on phase formation
in dichalcogenide systems can be practically used in the creation of materials with unique electronic, magnetic, and optical properties
with a wide range of applications.
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Re(IV)S,-Ti(IV)S,, Re(IV)S,—Mo(IV)S, n Re(IV)S,-W(IV)S,

E.N. Edpemona, M.A. Jlazos, M.P. Koopun™, B.B. ®omuues

MHUPDA — Poccuiickuii mexnono2uieckull ynusepcumem (Mucmumym mouKux Xumuyeckux mexmoioeutl

um. M.B. Jlomonocosa), Mocxesa, 119571 Poccus

™ demop ona nepenucku, e-mail: kobrin92@ya.ru

AHHOTaUuus

Kniouyesblie cnoea

(a3zoo0pazoBaHue, KPUCTAIUTNYECKAs PEIETKA, SHEPTHU CBA3U

Ana unTUpoBaHua

TBEP/IbIE PACTBOPHI, HHTEPKATIATHI, TUCYIb(GHIbI MEPEXOAHBIX METAIIIOB,

ey, XaabKOreHH b IEPEXOAHbBIX IEMCHTOB C HU3KOW CTCICHBI OKUCIICHUS, 8 TAK)KE UX 3aMCIICHHBIC POM3BOAHBIC 0 CHX MOP
SIBJISIFOTCSL MaJIOM3YYCHHBIM KJIACCOM XMMHYECKUX COCAMHEHHUII. B KauecTBe HOBOTO JABYMEPHOIO MOJNYHNPOBOJHUKA AUCYIb(OUI PCHUSI
HUMEET MHO)KECTBO OTJIMYUTEIBHBIX 0COOCHHOCTEH 1 001ajaeT OONBIIMM MOTCHIMAIOM ISl IPUMEHEHHs OJ1aroapsi CBOei HeOObIYHOM
CTPYKTYpPE M YHHKAJIBHBIM aHH30TPOIHBIM CBOICTBAM, a HAIMYKME Y AaHHOTO COCIMHEHHMS ClIaboi MEKCIIOMHOI CBS3H U YHHKAIBHOI
HCKaKeHHOH okTadapuueckoil (1T) cTpyKTypsl MO3BONISET MPEINONI0KUTh BO3MOKHOCTD CO3JaHHsl HOBBIX (a3 Ha ero ocHose. Leinb
JIaHHOW PabOThI — MoJTyueHue u uccnepopanue pas B cucremax Re(IV)S,~Ti(IV)S,, Re(IV)S,~-Mo(IV)S, n Re(IV)S,~W(IV)S,.

MeToasl. O6pa3ub! OBUTH ITOTYYEHEI METOZOM BEICOKOTEMITEPaTyPHOTO TBep10(ha3HOTO aMITyJIBHOTO CHHTE3a B BakyyMe. MccnenoBanue
TIPOBOVIIN METOAAMH PEHTI€HO(A30BOr0 aHATHN3a M PEHTTCHOBCKOH ()OTOIEKTPOHHON CHEKTPOCKOIIHH.
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INTRODUCTION

Layered transition metal dichalcogenides are a relevant
area of numerous scientific studies. This is due to the
variety of physical and physicochemical properties of
materials based on these compounds [1-3]. However,
transition element chalcogenides with low oxidation
degree, as well as their substituted derivatives, are still
an understudied class of chemical compounds [4].
Transition element dichalcogenides are of interest due
to their layered structure and a wide range of electrical
properties from semiconducting in group 4 (d0) to
metallic in group 5 (d1), then back to semiconducting in
group 6 (d2). Here d0, d1, and d2 are the number of free
valence electrons which remain after bond formation

in dichalcogenides [5]. Dichalcogenides can also act as
superconductors [6]. Furthermore, dichalcogenides are
known for their segmentoelectric, catalytic and optical
properties, and also have a forbidden zone of tunable
widths [7].

Solid solutions and doped compounds of transition
metal disulfides are important objects of research in
chemical technology (materials science). This is due
to the variety of electronic, magnetic and optical
properties for which they are used in electronics
(second harmonic generators, field-effect transistors),
catalysis and in power engineering (solar cells) [2].
The combination of different properties (e.g.,
semiconductor and dielectric properties) can lead
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to interesting results and promising applications
of the materials [9, 10]. Transition metals and their
sulfides can be used as additives designed to improve
the properties of the original layered materials. For
example, rhenium sulfide is used as an additive to
a photocatalyst for hydrogen evolution, or to cadmium
sulfide, in order to increase the speed of this process.
In the future this will allow us to completely move
away from catalysts based on noble metals [11-13].

Rhenium disulfide (ReS,) forms two-dimensional
(2D) layered crystals [14]. As a novel 2D semiconductor,
rhenium disulfide has many distinctive features. It also
has great potential for applications due to its unusual
structure and unique anisotropic properties [15]. Due
also to its crystal structure, rhenium disulfide has many
distinctive characteristics when compared with titanium,
molybdenum and tungsten dichalcogenides: it has weak
interlayer bonding and a unique distorted octahedral
structure (structure type 1T). Due to such distinctive
characteristics, bulk and monolayer ReS, have almost
identical zone structures, and both of them belong to
direct-gap semiconductors [16, 17]'.

Combination of the properties of 4th and 6th groups
of disulfides (titanium, molybdenum, tungsten) with the
properties of rhenium disulfide in a single structured
phase of the host-guest type, can be assumed to result in
a change in their properties.

The aim of the present work is the synthesis of
new phases: solid solutions in the Re(IV)S,~Ti(IV)S,,
Re(IV)S,~Mo(IV)S,, and Re(IV)S,~W(IV)S, systems.

MATERIALS AND METHODS

The following initial substances were used in the
work: rhenium—metal powder with the content of
the main component not less than 99.9% of rhenium
(GOST  25278.16-87%), titanium—metal powder,
chemically pure (Company Standard Technical
Specification KOMP 3-272-10), tungsten—metal
powder, chemically pure (Company Standard
Technical Specification KOMP 3-684-13), elemental
sulfur, especially pure (Component-Reactive, Russia,
TU 3-304-10), and molybdenum disulfide (Spets
Metal Master, Russia, TU 48-19-133-90). Other
dichalcogenides were obtained by direct interaction of
powders of corresponding metals (titanium, tungsten,
and rhenium) and elemental sulfur.

Lookup_table.pdf. Accessed October 18, 2022.

The synthesis of rhenium disulfide was carried out
by the method described above [4]. The suspensions
of metallic thenium and elemental sulfur were placed
in a quartz ampoule, vacuumized (pressure 107> atm),
sealed, and placed in a muffle furnace. Synthesis was
carried out in the following mode. Over a period of 5 h the
ampoule with the reaction mixture was gradually heated
to a temperature of 1000°C and kept at this temperature
for 20 h. Then the ampoule with the sample was cooled
in the furnace for a day. The yield of the product by
sulfur is stoichiometric. Titanium and tungsten disulfides
were prepared by a similar method.

The synthesis of samples in the double disulfide
systems Re(IV)S,~Ti(IV)S,, Re(IV)S,~-Mo(IV)S,, and
Re(IV)S,~W(IV)S, was carried out in the following
way. The disulfides were mixed in stoichiometric
amounts. Then the resulting charge was homogenized
in a ball mill for 30 min and then sealed in a vacuum-
quartz ampoule. The synthesis was carried out in
a muffle furnace and heated to 1100°C for 10 h. It
was then kept at this temperature for 48 h, and then
spontaneously cooled. Samples of double sulfides were
prepared with the ratio of the main component from
0 to 100%.

X-ray studies were performed on a XRD-6000
diffractometer (Shimadzu, Japan) (Cu-K  radiation,
20 = 10°-60°, imaging step 0.2 deg/min, exposure 10 s).
A ICDD-JCPDS? card index was used to identify the
phases (rhenium disulfide (card 89-0341), trigonal crystal
lattice; titanium disulfide (card 15-853), hexagonal
crystal lattice; molybdenum disulfide (card 17-744),
hexagonal crystal lattice; tungsten disulfide (card 8-237),
hexagonal crystal lattice).

Studies of the electronic structure and composition
by X-ray photoelectron spectroscopy were carried out on
a Kratos AXIS Ultra DLD electron spectrometer (Kratos
Analytical, United Kingdom) with a monochromatized
X-ray source Al Ka (hv = 1486.6 eV, energy resolution
0.5eV).

RESULTS AND DISCUSSION
Phase formation in the ReS,-TiS, system

Diffractograms of some samples of the system in the
titanium-rich region are shown in Fig. 1. The calculated
unit cell parameters of these phases are presented in
Table 1. It should be noted that the nature of the X-ray

BE Lookup Table for Signals from Elements and Common Chemical Species. URL: https://xpslibrary.com/wp-content/uploads/2019/07/BE

2 GOST 25278.16-87. State Standard of the USSR. Alloys and foundry alloys of rare metals. Methods for determination of rhenium. Moscow:

Izdatel’stvo standartov; 1998.

December 28, 2023.

International Center for Diffraction Data (former name—1Joint Committee on Powder Diffraction Standards). https://www.icdd.com/. Accessed
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diffractograms of the initial components, namely the
insufficient number of reflexes (for example, the number
of reflexes is four for rhenium disulfide according to
the ICDD-JCPDS card catalog), may lead to an error in
the calculation of lattice parameters of solid solutions.
However, this does not affect the determination of phase
formation of the synthesized samples. The results of
X-ray phase analysis established the invariability of
lattice parameters in this region of rhenium disulfide
concentrations, allowing us to speak about the formation
of solid solutions of RexTi(HC)S2 composition in the
range 0 < x < 0.04. With increasing Re content, the
existence of a two-phase region with the presence of
TiS, was noted.

Analysis of Fig. 2 shows that compositions with
rhenium disulfide content of 50% have two phases, and
with a content of 60% and more—one phase. Thus,
solid solutions are established in a wide region rich in
rhenium. It can also be seen that in compositions with
rhenium content of 60% and 70%, the reflexes 34° and
57.7° are present. These belong to the rhenium disulfide
phase which is consistent with the data obtained from
the JCPDS database (card 89-0341). Calculation of
lattice parameters was performed for the solid solutions
obtained (Table 1). When analyzing the results, it should
be borne in mind that the ionic radii of all transition
elements in the oxidation degree (IV), considered in this
work, are approximately equal and are ~0.6 A [18]. In
this case, the consistency of the lattice parameters may
indicate the formation of solid substitution solutions
based on both titanium disulfide and rhenium disulfide.
At the same time, it can be assumed that the changes
observed in the ¢ parameter indicate the formation of
intercalated compounds based on rhenium disulfide. This
is natural if we assume that the layers in the structure
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T
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Fig. 1. Diffraction patterns of some samples of the system

ReS,-TiS,, including solid solutions of composition
substitution Re;  Ti,S, (2.5 and 3.5% Re)
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Fig. 2. Diffraction patterns of the original ReS, and solid
solutions synthesized from it with the nominal composition
Re, TiS,

of rhenium disulfide are weakly connected and that the
interlayer distance of rhenium disulfide is larger than that
of titanium disulfide. Noticeable changes caused by the
intercalation of rhenium in TiS, include the broadening

Table 1. Crystal lattice parameters and bond energies of some phases RexTi(l_x)S3

Composition a, A c, A v, A3 Re bond energy, eV Ti bond energy, eV
ReS,, trigonal crystal lattice 6.35(5) 12.78(15) 434.49 41.00 -
ReS, 95% 6.39(5) 12.23(15) 432.39 42.06 -
ReS, 90% 6.41(5) 12.27(15) 436.21 - -
ReS, 80% 6.55(5) 12.76(15) 47491 - -
ReS, 70% 6.41(5) 12.28(15) 437.66 - -
ReS, 3.5% 3.40(4) 5.69(6) 56.93 40.92 456.09
TiS,, hexagonal crystal lattice 3.40(4) 5.69(6) 57.14 - 457.20

Note: a and c are lattice measurements, ¥ is unit cell volume.
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of the diffraction maxima (compared to the original
ones) and a decrease in their relative intensity. This effect
may be due to the appearance of microstresses in the host
lattice or a decrease in the crystallite size.

X-ray photoelectron spectra were measured
for titanium(IV) sulfide and samples of three
compositions: Re; 35Tl 9655, Rej 95Tl 055, and
a sample from the two-phase region with rhenium(IV)
sulfide content of 20% (Table 1). The Ti 2p line has
an energy of 457.2 eV, corresponding to tetravalent
titanium in the sulfides. Insamples Re) 4535Ti 9455, and
Re 95Tl o5S, both peaks of titanium were shifted.
This suggests the formation of solid solutions in the
considered systems. Other forms of rhenium in the
samples were not observed.

Phase formation in the ReS,—MoS, system

Figure 3 shows the diffractograms of samples of the
rhenium disulfide-molybdenum disulfide system with
a different ratio of components (from 20 to 90%). The
results of calculation of crystal lattice parameters are
presented in Table 2. The table shows that the parameters
of samples with different sulfide content differ from those
of pure metal disulfides.

Analysis of the X-ray diffraction patterns enables
two regions of solid solutions to be defined: on the
basis of ReS,—up to 35 mol % MoS,, and on the basis
of MoS,—up to 20 mol % ReS,. In the concentration
range from 20 to 65 mol % MoS, a two-phase region is
observed in the system. The MoS, based solid solutions
show a change in both lattice parameters as the rhenium
content increases. This may indicate the formation of
a solid solution introduction. On the rhenium disulfide
side, there is a sharp change in the a and V' parameters
for the phase containing 20 mol % MoS,. This may
suggest the formation of a solid solution of introduction
on the basis of thenium disulfide. Given weak interaction
between ReS, layers, the introduction of molybdenum
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T T T T T T T T T T T T T T T T T T T 1
ol Re 80% Mo 20%
. 7 ; i T T T T g |
A Re 65% Mo 35%
g L S T T T Re45% Mo 5%
.N“ T T T T T T —A’T_- T T 1
A s Re 40% Mo 60%
v T \_' " T Re35% Mo 65%
— T T g T T T T J\/I
i Re 20% Mo 80%
; + g 7 g T 7 T g |

10 20 30 40 50 60

20

‘ Fig. 3. Diffraction patterns of the ReS>-MoS: system

into the layer structure will naturally affect mainly
the a parameter, while the ¢ parameter may remain
unchanged.

Phase formation in the ReS,-WS, system

According to the X-ray diffraction patterns of samples
of ReS,~WS, system (Fig. 4) and calculated parameters
of crystal lattices (Table 3), a conclusion can be drawn
about the formation of solid solutions in the region
with the content of rhenium disulfide from 30 to
70%. Figure 4 shows that X-ray diffraction patterns
of samples with rhenium disulfide content of 70, 50,
and 30% are characterized by additional reflections.
This may indicate polymorphism in this part of the
double system. Since the presence of polymorphic
modifications in this system is characteristic only for
tungsten disulfide, it can be assumed that polymorphism
refers to this sulfide [19] specifically. The decrease in
the values of the crystal lattice parameters of solid
solutions compared to those of rhenium disulfide can
be related to the strengthening of interlayer interaction
during the introduction of WS, into the layers and the
alignment of their wavy structure.

Table 2. Crystal lattice parameters and bond energies of solid solutions formed in the ReS,~MoS, system

ReS, composition a, A ¢, A v, A3 Re bond energy, eV Mo bond energy, eV
MoS,, hexagonal crystal lattice 3.161(18) 12.290(4) 106.43 - 229.50
ReS, 20% 3.165(25) 12.254(87) 106.30 42.67 227.21
ReS, 35% 3.173(46) 12.328(16) 107.50 41.15 226.31
ReS, 80% 6.749(03) 12.727(5) 501.99 41.61 226.32
ReS,, trigonal crystal lattice 6.352(52) 12.779(44) 434.49 41.00 -
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X-ray photoelectron spectra of some synthesized
samples of double systems (Tables 1-3, Fig. 5)
show the presence of transition elements (titanium,
molybdenum, tungsten, and rhenium) in oxidation
degrees (IV). Pure disulfides of rhenium, molybdenum,
tungsten, and titanium were used as reference
compounds in analyzing the spectra. This concurs
well with the literature date (see Footnote 1). Certain
changes in the binding energy of the backbone
electrons of these elements are due to the formation
of solid solutions. This is natural, bearing in mind that
in individual disulfides the metal-to-metal interatomic
distances are small and comparable to the interatomic
distances in metals.

I, a.u.
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Re 70% W 30%

-

et

Re 50% W 50%

Re 30% W 80%

Re 20% W 80%
A

20 30 40 50 60
20

-

1

Fig. 4. Diffraction patterns of solid solutions
in the ReS,~WS, system

Table 3. Crystal lattice parameters and bond energies of solid solutions formed in the ReS,~WS, system

ReS, composition a, A ¢, A v, A3 Re bond energy, eV | W bond energy, eV
WS,, hexagonal crystal lattice 3.15(6) 12.31(54) 153.76 - 32.00
ReS, 20% 3.29(7) 12.4(87) 169.05 42.11 33.88
ReS, 30% 5.75(62) 12.45(33) 519.29 4127 32.97
ReS, 70% 5.39(7) 12.64(56) 462.59 40.34 32.01
ReS, 80% 5.71(98) 12.69(12) 521.08 42.62 34.67
ReS,, trigonal crystal lattice 6.35(21) 12.78(65) 649.67 41.00 -

Intensity, a.u.
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Fig. 5. Survey spectrum of the ReS, 35%~WS, 65% solid solution (a) and the ReS, 80%—-MoS, 20% solid solution (b)
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Analysis of the chemical state of atoms (rhenium,
molybdenum, and sulfur) on the surface of solid solution
sulfides Rej (Mo, ,S, consisted in a detailed study of the
spectra of the electronic levels of Re 4f, Mo 3d, and S 2p.
This enabled us to quantitatively characterize the binding
energies of the backbone electrons with the nucleus.

In the X-ray photoelectron spectrum of Re 4f spin-
orbit splitting of the peak occurs, in all samples the
element is characterized by the presence of two lines. This
is consistent with the literature date (see Footnote 1). In
samples containing molybdenum, the binding energies of
both peaks shifted, possibly indicating the formation of
solid solutions in the systems under consideration. Other
forms of rhenium in the samples were not observed.

Molybdenum is present in the spectrum of solid
solution with a rhenium content of 20% in two lines, and
in three lines in the rest of the samples. This suggests
the possible formation of the oxide form with Mo(IV)
along with disulfide, as well as the presence of trace
amounts of molybdenum in higher degrees of oxidation.
The presence of these peaks prevents us from accurately
determining the atomic ratio of elements in the samples
obtained. Conclusions on energy redistribution were
made only on the bonding energy. This corresponds
to molybdenum in disulfide (Table 2). In the samples
containing molybdenum and tungsten, the bond energies
of both peaks shifted, possibly indicating the formation
of solid solutions in the systems under consideration.

In all samples tungsten is represented by one line
corresponding to the energy of the sulfide of the element
with valence (IV). The samples show a change in the
binding energy of the backbone electrons to the nucleus
(Table 3), indicating redistribution of energy during the
formation of solid solutions.

For the Re(IV)S,~Ti(IV)S, system, the photoelectron
spectra of three samples were investigated: intercalate

of composition Re; (35Tl 9455,, solid solution of
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