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YeCKHE TEXHOJIOTUIY OCBEIIAECT COBPEMEHHBIE IOCTIDKEHHS (yHa-
MEHTAJIbHBIX U MPUKIAAHBIX HCCIEIOBAHUH B OONACTH TOHKHX
XUMHYECKIX TEXHOJOTHH, BKTIOUAs TEOPETUUIECKIE OCHOBBI XHMU-
YECKOH TEeXHOJIOTHH, XUMHIO H TEXHOJIOTHIO JIEKAPCTBEHHBIX
TIpenaparoB 1 OHOOTMYECKH aKTUBHBIX COSMHEHHH, OpTaHUIeCKUX
BEIECTB M HEOPTaHMYECKUX MATePHAIOB, OMOXUMHIO U OHO-
TEXHOJIOTHIO, CHHTE3 M NMepepaboTKy MOINMEPOB U KOMITO3UTOB
Ha UX OCHOBE, aHATUTHUECKUE U MAaTEMAaTUIEeCKHE METO/IbI U HH-
(hopMaIOHHBIE CHCTEMBI B XUMHUHU M XUMHUYECKOH TEXHOJIOTHN.
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HAYYHAS CTATbHA

Ouenka 3HepreTu4eckon 3GpPeKTUBHOCTH CXeM
HeaMa0aTHIeCKoN peKTU(GUKALMY CMECH ALlETOH—TOIY0J—H-0y TAHOJT
C HCIOJIb30BAHMEM IKCTPAKTUBHOIO AI€HTA B MIEPBOM KOJIOHHE

I1.C. Kaaysuep ', A.I'. Pyaakos, E.A. AHOxuHa, A.B. THMOILIEHKO

MHPSA — Poccuiickuil mexHonoeuveckuil yHusepcumem (MHcmumym moHKUX XUMUMECKUX MEXHOI02UTL
um. M. B. Aomorocosa), Mockea, 119571 Poccust
MAemop ons nepenucku, e-mail: klauzner@mirea.ru

AHHOMAyus

ITenu. Hccnedosamv shdpexmusHOCMb NPUMEHEHUS. PA3JUUHLLX 8apUAHMO8 Op2aHU3AUUU
npouecca Heduabamuueckoli peKkmugpurkayuu npu pasoesneHuU cmecu ayemoH—moYyon—H-0YymaHo
IKCMpAKmugHollL pexkmugurayueti ¢ OUMemuipopmamuoom 6 cxeme C UCNOIb308AHUEM
9KCMPAKmMueHo20 azeHma 8 nepaotl KOJIOHHE.

Memoovl. Mamemamuueckoe MOOEAUPOBAHUE NPOSOOUNOCHL 8 NPOZPAMMHOM KOMNIEKCE
Aspen Plus v. 12.1. /Ins Mo0enuposaHusi NapoiIUOKOCmMHO20 pagHO8ECUSL NPUMEHSLIU YpasHeHUe
snokansHelx cocmasog Non-Random Two Liquid. ITapamempuueckass onmumusayust Headeaba-
muuecKux cxem nposoouUlacs N0 KPUmMepuio npusedeHHblX sHepemuuecKux sampam.
Pesynomamet. Ha ocHoge cxembl SKCMpaKmusHOU peKmugpuKauUU CMeCcu aemoH—moayo—H-6ymaHon
C UCNONb308AHUEM PA30ENAIULe20 a2eHma 8 nepeoll KOJIOHHEe ObLI0 paccmompeHo uemblpe
8apuUaHMA OpP2AHU3AUUU cXxem Headuabamuueckoli pekmugurkayuu, Kaxk ¢ NnpumeHeHuem
NosblUEeHUsL memMnepamypsl NOMOKO8 30 cuem cokamust 8 Komnpeccope, mak u 6e3 Hezo.
Buieoodst. I[lokasaro, umo npumeHeHue Headuabamuueckux cxem & 9IKCMpPaKmugHoU
pexmugurayuu cmecu auemoH—MOAYON—H-OYymAaHON € OUMEeMmULPOPMAMUOOM NO3BOIEM
CHU3UMb npusgedeHHvle sHepzemuueckue ampamsl Ha 11-17%, npu smom MmaKCuMalbHOE
CHUWKeHue 3Hepzo3ampam 00Cmu2aemcst 8 cxeme C UCNOoAb308aHuem romnpeccopa. OOHaro
agppexmusHocms cxem b6e3 Komnpeccopa HUXKE HEe3HAUUMENAbHO, HO MmexHOoJ02uuecKoe
opopmnerHue maxKux peueHull cyu,ecmeeHHo npowe.
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RESEARCH ARTICLE

Energy efficiency of diabatic distillation schemes
for an acetone—toluene—n-butanol mixture with an entrainer
in the first column

Pavel S. Klauzner*’, Danila G. Rudakov, Elena A. Anokhina, Andrey V. Timoshenko

MIREA - Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow, 119571 Russia
“Corresponding author, e-mail: klauzner@mirea.ru

Abstract

Objectives. To investigate the effectiveness of various options for organizing the process of
diabatic distillation in the separation of a mixture of acetone—toluene—n-butanol by extractive
distillation (ED) with dimethylformamide as an entrainer in a scheme where an entrainer is used
in the first column.

Methods. Mathematical modeling in the Aspen Plus v. 12.1 software package was used as the
primary research method. The local Non-Random Two Liquid composition equation was used as
a model for describing vapor-liquid equilibrium. Parametric optimization of diabatic schemes was
carried out according to the criterion of reduced energy costs.

Results. Based on ED scheme for an acetone—toluene—n-butanol mixture with an entrainer in the
first column, four options for organizing diabatic distillation schemes were considered, both with
and without increasing the temperature of the flows due to compression.

Conclusion. It is shown that the use of diabatic schemes in the ED of an acetone-toluene—n-butanol
mixture with dimethylformamide can decrease energy consumption by 11-17%. While the
maximum reduction in energy consumption is achieved in a scheme using a compressor, the
efficiency of schemes without a compressor is slightly lower. Nevertheless, the technological
design of the latter is much simpler.

Keywords: extractive distillation, heat integration, diabatic distillation, energy saving

For citation: Klauzner P.S., Rudakov D.G., Anokhina E.A., Timoshenko A.V. Energy efficiency of diabatic distillation
schemes for an acetone—toluene—n-butanol mixture with an entrainer in the first column. Tonk. Khim. Tekhnol. = Fine Chem.
Technol. 2023;18(1):7-20 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2023-18-1-7-20
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BBEJEHHE

OkcTpakTuBHAs pektudukanus (OP) — mupoko
OpPUMEHSIEMBIi B KPYMHOTOHHaXXHBIX MpoIeccax
OCHOBHOT'O  OpraHMYecKoro W  Hedrexummye-
CKOrO CHHTE3a METOJ pa3JAelIeHUs a3e0TPOIHBIX
cMecedl U cMecedl KOMIIOHEHTOB C OTHOCHUTEIbHOHI
nerydyectbto, Omm3koit k 1. Kak wu oObruHas
pekTudUKaALUs, ITOT MPOLECC XapaKTepUusupyercs
HU3KOW  TepMoJuHaMH4ecKod 3(PEeKTHBHOCTHIO,
MOATOMY CHHWXXEHHE OHEPreTHYEeCKHUX 3aTpaTr Ha
€ro peaqu3amuio SBIseTCS BaXHOW 3amaueit. Jns
MOBBIIICHUST ~ YHEPTETHYCCKOU s pekTUBHOCTH
OP cymecTByeT psAo METOAOB, CpPEIU KOTOPBIX
MOXHO OTMETHUTh TOI0Op pa3AeisIIomnX arcHTOB
C BBICOKOW CeNeKTUBHOCTBIO [1], omTmmuza-
UI0 CXeM paszaeneHus [2], a Takxke pa3TudHbIE
BapHaHThl BHYTPEHHEN U BHEIIHEH TeIJIONHTErpaluu.

K BHyTpeHHe! TenaonHTerpauu B my0JIMKalusIx
[3—5] oTHOCAT MpUMEHEHUE KOMILIEKCOB C YaCTUYHO
Y TIOJIHOCTBIO CBSI3AHHBIMU TEIJIOBBIMHU M MaTepHAaIb-
HBIMHU MoToKaMu. K HacToseMy BpeMeHHU Hcclieno-
BaHO IPUMEHEHIE KOMITJIEKCOB CO CBSI3aHHBIMH TEILIIO-
BBIMHU U MaTCPHATBHBIMU OTOKaMH B OP pazmuaHbIx
cMmeceir [6—9], mpemoxkeH SMIUPUIECKUN KPUTEPU
JUIS TIpEIBApUTEILHON OIICHKH SHEPreTHYECKOU d(-
(eKTHBHOCTH KOMIUIEKCOB C YaCTHYHO CBSI3aHHBIMHU
TETUIOBBIMH M MaTepualbHBIMU MoToKaMu B OP [10]
U aaropuTMbl ux ontumuszauuu [9]. IlpumeHeHue B
OP kommjekca ¢ MOJHOCTBHIO CBS3aHHBIMH TEILIO-
BBIMU M MaTepHaJIbHBIMH NOTOKaMH paccMaTpH-
BaeTcs, HanpuMmep, B padorax [11, 12].

BHemHsAs TerIonHTETpaus MOXKET OBITh pealin-
30BaHa 3a cUeT OpraHu3aluu 000TpeBa KUMATUILHUKA
OJTHO KOJIOHHBI TETIJIOM, OTBOJIMMBIM B KOHAEHCATOPE
IpYro# KOJIOHHBI, a HEOOXOoAMMas IS OCYIIEeCTBIIE-
HUS TEIUIOOOMEHa pasHHIa TeMIepaTtyp IOCTHTa-
eTcs 3a cueT mondopa aBieHHS B KolOHHaX. Takue
METOJBI paccMOTpeHbl B pabortax [13-15]. dpyrum
BapHaHTOM OCYIICCTBICHUS BHEIIHEH TEIIOMHTETpa-
LUU ABJISIETCA NMPUMEHEHUE TeIIOBBIX HACOCOB, pac-
CMOTpEHHOE, K IpuMepy, B padborax [16—19].

WHTepecHbIM BapuaHTOM TEIUIOMHTETPAIlH SBIIS-
erca mnpuMeHeHune kommiaekcoB Ttuma HIDIC (heat
integrated distillation column). Bwmecro mnepenaun
TEIUIOTH C BepXa KOJOHHBI B KyO, KaK B TEIUIOBOM
Hacoce, Ttemonepenada B HIDIC ocymecTBuseTcs
MEXAY TapejIKaMu OTTOHHOW WM YKPETUISIONEeH CEeKIUi
KOJIOHHBI, OOecCTieurBasi HETPEPHIBHBIN HIN CTYIEH-
YaTeli TONBON WIH OTBOZA TEIUIOTHl B KaKIOH U3
ceknuid. B sToM cimydae, mis oOecriedeHUs MMOJIOKHT-
€IbHOM pPa3sHOCTH TeMmIeparyp MeEXIy COOTBET-
CTBYIOLIUMH TapelIkaMy YKPeIUISIoIas CeKLIus JODKHA
paboTarh npu Oosiee BHICOKOM JaBJICHUHM, YEM OTTOH-
Has CeKIIUA.

Konnenuus BHYTpPEHHEN TEIJIOUHTErPaLlin
monpoOHO paccMoTpena aBtopamu [20] B 1977 T.
[Ipumenenue Takux cxem B mporeccax IP paccmorpeHo
B pabotax [21, 22]. DddekruBHOCTH cXem HIDiIC Obuia
MPOBEPEHA W TOATBEpPKIACHA JIKCIEpUMEHTanbHO [23].
Opnnako obOecniedenre 3(Q(EKTHBHOrO TemI000MeHa
MEXIy CEeKUUSAMH SBISAETCS JOCTaTOYHO CJIOXKHOH
KOHCTPYKIMOHHOK 3afaueil. B pasnuunbix pabdoTax
npeyaraeTcs UCTIOJB30BATh KOHIICHTPHYECKHE,
MHOTOTpYOHBIE, pa3felCHHBIE IEPEropojkaMu ¢
TEIUIOOOMEHHBIMH TaHeNsIMU [24] wnu uHble [25] KOH-
¢urypanuu. JonmomHUTEIbHBIE TPYJHOCTH IpaKTHUe-
ckoit peammzanyu cxeM ¢ HIDiC cBsi3aHbl CO CIOXHOM
YIPaBIIEMOCTHIO TIpoliecca [26].

Eme oxHuM BO3MOXXHBIM BapHaHTOM OCYIIe-
CTBJICHUS TEIUIOMHTErpaluy SBISETCS I[pUMEHEHHUE
cxeM Heagmabatudeckod pekrupukanmuu. OHH mMOn-
pa3yMeBalOT BHEIIHUH MOJABOA (MM OTBOA) TEIJIOTHI
Ha Tapelkd KOJOHH 3a CYeT MHTerpald Tera
MOTOKOB MEXAY Ppa3IMYHbIMU anmapaTaMd CXEMBI.
[IpeuMyIiecTBOM TakuWX pEIUICHUH IO CPaBHEHUIO C
kommiaekcamu HIDIC  saBnstercss mpocToTa OpraHu-
3allMM  TEIUIOMHTEpralud — JJs Hee JOCTaTOYHO
CTaHAAPTHOTO TEIUI00OMeHHOTro oOopymoBanus. [lo
CPaBHEHHUIO CO CXEMaMM C INPUMEHEHUEM TEIUIOBBIX
HaCOCOB, CXEMbl HeaJna0aTHYeCKOW pPeKTH(UKANU
MO3BOJIAIOT KCIIOJIB30BaTh KOMIIPECCOPBI C MEHbIIEH
CTETICHBPI0 CXKaTHsA, a B psle CIy9aeB OOXOIHUTHCS
0e3 Hmx. OJHAKO NTpPUMEHEHHE CXeM Heaauabaru-
YeckoW peKTU(HUKAMU B JaHHBI MOMEHT pPaccMo-
TPEHO SIBHO HEAOCTATOYHO [27].

Lenp paboTbl 3akiodyaercss B OLIGHKE DHepre-
THUECKON 3((PEKTUBHOCTH CXEM HeaauabaTHUecKon
pextudukanmu B mpouecce P cMmecu aleToH—
TONyOJi—H-0yTaHon ¢ guMmetwipopmamugoMm (JJMDA)
B KadyecTBe paszaeisoniero areHra. Cmech areToH—
TOMyON—H-OyTaHOI — D3TO CMECh pAacCTBOPHUTENCH,
MPUMEHAEMBIX TIPH  IPOHM3BOICTBE  CTaOMIMHA-9,
KOTOPBIA HCIIONB3yeTCI B KAdecTBE TEPMOCTAOMIH-
3aropa nonuamuja. Cucrema aszeorpornHa. B Heil ume-
€Tcsl OOUH a3eoTpPoll ¢ MHUHHUMYMOM TeMIIepaTypbl
KUIIEHHA B OMHApHOM COCTaBISIIOILEH TONIYOJ—H-0yTaHOM.
B wuccnenosanuu JILA. Tlupor' st pasmeneHus
JAaHHOM cMecH TIpeANIOKEHO UCHonb3oBaTh P ¢
TSOKEJOKUITIIIMM — pa3fensomuM areHtom  J[M®A.
B mnHacrosmeit pabore OyayT paccMOTpPEHBI CXEMBI
HeajanabaTudeckod  peKTU(UKAIMU,  TMONyYeHHbIE
Ha OCHOBE OJIHOW W3 JIBYX BO3MOXKHBIX CXEM pasjie-
neHus, npemnoxkeHHbIX [lupor. Cxema mpezicTaBieHa
Ha puc. 1.

' Tlupor JLA. Oyenxa s¢pgexmusnocmu acenmos
npu  pasoeneHuu HeuoeanbHvlX —cmecel  AKCMPAKMUBHOU
pexmughuxayueri: TUC. ... KaHI. TexH. Hayk. M. 1987. 204 c.
[Pirog L.A. Evaluation of efficiency agents in the separation of
non-ideal mixtures of extractive distillation. Cand. Sci. Thesis
(Eng.). Moscow; 1987. 204 p. (in Russ.).]
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s =

\@i,

K1 K2 K3
)

Puc. 1. Tpaguumonnas cxema OP cmecu
AIETOH—TONYOJ-H-OyTaHOI ¢ pazaestonmmM areaToM JIM@A:
3nech u panee: K1 — konmonna OP; K2 — koyioHHa BhIIEIEHHS
arierona; K3 — KoJlOHHA pereHepaIiy pas3aciistoniero
arenra; 1 — paznensrormumii areHT JIM®A; 2 — ucxogHas
CMecCh; 3 — areToH; 4 — Toayodn, 5 — #-OyTaHOIL.

Fig. 1. Conventional scheme of extractive distillation
for an acetone—toluene—n-butanol mixture with
dimethylformamide (DMF) as an entrainer: Hereinafter:
K1 — extractive distillation column, K2 — acetone—toluene
separation column, K3 — entrainer regeneration column;
1 — entrainer (DMF); 2 — feed; 3 — acetone; 4 — toluene,
5 — n-butanol.

PACUETHAS YACTb

B kauecTBe OCHOBHOTO METOJa HCCIEIOBaHUA
MPUMEHSUIM MaTeMaTUYeCKOe MOJEIMPOBAHUE U BbIUH-
CIIMTENBHBIA DKCHEPUMEHT, BCE pacueThl MPOBOIMIU
B IporpaMMHOM Komiuiekce Aspen Plus v.12.1
(Aspen  Technology, CIIIA). MopaenupoBaHue
ONTHUMH3AIMs TpPaguIMOHHON cxembl OP cmecu
aneToH—Tonyos—H-0ytanon ¢ JIM®A, mnpencrasieH-
HOW Ha puc. 1, ObUTM TMPOBEJCHBI B JHCCEPTAIlUU
E.A. AHOoxmHOI?. OTH HaHHBIE OBUIM B3ATHI HAMH B
KadecTBE HCXONHBIX IS pa3paboTKH CXeM Heaaun-
abatmueckoll pekTuukanuu. B kauecTBe Momenmu
ONMCaHUs MapOXKUIKOCTHOTO PABHOBECHS B CHCTEME
arieToH—Ttonyon—#-0yranon—/IM®A BrIOpaHo ypaBHe-
Hue Non-Random Two Liquid (NRTL) ¢ mapameTrpamuy,
0ITyOMKOBaHHBIMH B paboTe AHOXUHOMH (CHOCKa 2).

Mbl  paccMoTpenu — pasfied€HHE — UCXOIHOU
cMecH, cozpepxkamuid 71.3 mac. % aunerona, 14.7 mac. %
tomyona W 14.0 wmac. % wu-Oyranoma. CkopocTh
nonaun nutanus — 1000 xr/4, Temmeparypa 61.8 °C,
nanenue — 101.3 «xIla. JlaBmenue Bepxa KOJOHH
opu10 TpuHATO paBHBIM 101.3 klla, paccmarpuBaiuch

2 Anoxuna E.A. DOkcmpaxmuenas — pexmugpuxayus
6 KOMNIEKCAX ¢ YACMUYHO CEA3AHHLIMU MEeNio8biMU U
MamepuanrbHblMu  NOMOKAMU: JWC. ... J-pa TEXH. Hayk.
M. 2020. 549 c. [Anokhina E.A. Extractive distillation in
complexes with partially coupled heat and material flows. Dr.
Sci. Thesis (Eng.). Moscow; 2020. 549 p. (in Russ.).]

KOJIOHHBI C TEOPETUYECKMMHU Tapeikamu. Pacders
BBIOJIHAJNCh B IIPOEKTHO-TIOBEPOYHOM DEXKHUME C
3aKPEIUIEHHBIM KaueCTBOM IPOAYKTOBBIX I1OTOKOB.
KonmenTpannio amneroHa u #-OyTaHolla B TPOIYKTO-
BBIX TIOTOKaX 33J[aBAJIM TIOCTOSIHHON W paBHOU 99.5 mac. %;
KOHIIGHTpalKI0 Tojdyojna paBHOW 99.6 mac. %;
koH1eHTpauuio JIM®PA pasHoit 99.99 mac. % Pabouue
napaMeTpbl TPaJUIMOHHONH CXEeMbl IPEICTaBICHBl B
Tabm. 1.

OfHUM U3 KIIOYEBBIX YCIOBUH ISl OpraHU3alviu
CXeM HeaanabaTH4YecKoi peKTU(UKAINHU SIBISETCS pas-
HOCTb TemmepaTypbl A7 NOTOKa, TEIIOTy KOTOPOIo
MIPEAIONIaracTCsi MCIoIb30BaTh (MCTOYHHMK TeIuia), |
TEMIIEpaTypbl Ha TapejkaX OTTOHHOM CEKLMH KOJIOHH,
B KOTOpBIE ATO TEIUIO HANpaBieHO (MPUEMHHK TEIlIa),
JIOCTaTOYHOM U1 oOecnedeHus: ABMKYIIEH CUIIbl TeIIo-
oomena. Mcxoms w3 9TOro, THpPH MOACITUPOBAHUHU
cxeM AT MexIy HCTOYHHKOM M TNPHUEMHHKOM Teruia
npuHUMany pasHoit He meHee 10 °C. J{ns npeaBapurelib-
HOW OLIGHKM BO3MOKHOCTH PEaM3aldl CXEMbl Hea/lu-
abatuueckoil OP ¢ 3amaHHBIMH HapaMeTpamMu TEIUIO-
oOMeHa 1 BBIOOpPA HEOOXOAMMOIH CTeneHn cxkatus £
B KOMIIpeccope, He0OXOIMMO MPOBECTH OLEHKY TeMIIe-
patypHbIX TpoduiIe BceX KOJIOHH —TPaJIUIIMOHHOW
cxeMbl. TemrieparypHble poHITM NPEICTABICHBI HA PHC. 2.

Bugno, uWro Hambonee BBICOKHE TEMIIEPATypPHI
HAOJIOAFOTCS B YKPEIUISIOIeH CEKIUM KOJOHHBI K3.
Temneparypsl Bepxa komonH K1 um K2 mocrarouno
OJMM3KM, OJIHAKO AMCTHIUIIT KOJMOHHBI K2 comepkut
MPAKTUYECKH YUCTBIA aleTOH, B TO BpeMsi Kak
JucThAT kojoHHel K1 — cMmech aneroHa M Toiyouia.
IIpu ucmoNb30BaHUM TaKOTO MOTOKA Ui 0OecreveHus
MepeHoca Temia MOXKET U3MEHSIThCS €ro COCTaB,
YTO B CBOIO OYepe/b MMOBIEYET HM3MEHEHHE DPEeKUMa
pabotel  komoHHBI K2, mo3sTOMy CcHHTE3 CcXeM
HeannabaTHYecKol peKTU(UKAMKU  TPOBOIUTCS  C
UCIOJIb30BAHUEM TOJIBKO BEPXHMX IIOTOKOB Iapa
koionH K2 wm K3. Ha ocHoBe aHaimza mnpoduieit
MOYKHO MPEUIOKUTh CIEAYIOIIMe BapUaHThl Healu-
abatmyeckux cxem DP:

Cxema I. Jlna oOorpesa konoHHsl K2 mpume-
HSETCS MapoBOM MOTOK Bepxa koynoHHbl K3. B nanHom
cllyd4ae TeMIlepaTrypa IOTOKa JOCTaTOYHa, YTOObI
o0ecnieunTh IMepefady Teria 0e3 HCIOJIb30BaHUs
Kommpeccopa (puc. 3a).

Cxema II. OGorpeB xomounsl Kl ocymecTsis-
eTcsl MapoBbIM MOTOKOM Bepxa kosioHHBI K3. IToaBon
Tera K 24- Tapenke BO3MOXEH 0e3 MPHUMEHEHHS
KOMITpEeCCcOopa, U MOJBOAA TEIIa HIDKE HEOOXOIMMO
IOBBIIIEHUE TEMIIepaTypbl 3a CYET C)KaTUs Iapa B
KOMIpeccope €O CTeneHsmMu Cxarus ot £ = 1.1 10

= 2.0 (puc. 3b).

Cxema III. O6orpeB xomonnsl Kl mnapoBsiM
noTokoM Bepxa KkoyioHHbl K2. Ilpu »TOM cremneHun
CKaTusi mapa B KOMIpeccope JOJDKHBI  OBITh
6ombme 3.1 (puc. 3c).

comp
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Tabanna 1. Paboune napamerpbl TpaAUIHOHHON cxeMbl DP (cM. CHOCKY 2)
Table 1. Operating parameters of conventional extractive distillation scheme (Footnote 2)

IMapameTpsbl K1 K2 K3
Parameters
N 32 14 44
N, 23 8 10
N 10 - -
Qreb’ kBt
0 kW 200 151 59.3
Qcond’ kBt
o kw 185 148 59.1
R 0.55 0.46 1.6
T, .»°C 58.7 56.2 117.8
T, °C 135.7 110.2 151.8
S, Kr/4 _ _
S, ke/h 190.68
T, °C 60 - -
O, KBT 410
total”

Ipumeuanue: K1 — xononna DP; K2 — xononna Beienenus anerona; K3 — konmoHHa perenepanuu pas3aemsioniero areHra;
N1~ CYMMapHOE YHCIIO TapesioK B KOJOHHE; N, — HOMEp TapelKu NUTaHUs B KOJOHHE; N — HOMEp TapesKu ¢ PasziesaionuM
areHTOM B KOJIOHHE; — TEIIOBas Harpy3Ka KUNATUIbHUKA; O — TEIIOBas Harpy3Ka KOHIEHCATopa; R — (ierMoBoe 4uciio;
T ., — Temmeparypa KoniaeHcaropa; 7 , — Temmeparypa KMISATHIbHHKA; S — pacxoj pasjeNsiomero arenta; 7, — TemIeparypa

Ppa3aciArouero arcHTa, thalfcyMMapHaﬂ TCIJIOBAs HArpy3kKa.

reb

Note: K1 is the extractive distillation column; K2 is the acetone separation column; K3 is the entrainer regeneration column;
N, 18 the total number of plates in a column; N, is the feed plate number in a column; N, is the number of the plate with the
entrainer in a column; Q  is the reboiler heat duty; Q_ . is the condenser heat duty; R is the reflux ratio; T, , is the condenser

cond
temperature; 7 is the reboiler temperature; S is the entrainer flow rate; 7 is the entrainer temperature; O, is the total heat duty.

total

1 1 1r
6l
6 3
11
11 5H
16
g 16 ‘—g 7r gz1
2 = =
21 51 26}
31
26 11
361
31 I3
41
50 60 70 80 90 100 110 120 130 140 s6 64 72 80 88 96 104 112 115 120 125 130 135 140 145 150 155
T,°C T,°C T.mc
(a) (b) (c)

Puc. 2. TemniepaTtypHble MpoQuian KOJOHH TpaaumoHHoi cxeMsl OP: (a) kononna K1, (b) kononna K2, (c) xononna K3.
Fig. 2. Temperature profiles of columns of conventional extractive distillation scheme: (a) column K1, (b) column K2,
(c¢) column K3.

Toukue xuMudyeckue TexHoaoruu = Fine Chemical Technologies. 2023;18(1):7-20
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OLEeHKA SHEPreTHYECKOH 3 (PEKTHBHOCTH CXEM HeaauabaTHIECKOH PEKTH(HHKALIUE CMECH ...

\@_4,
K2 K3

Dk
Y
(@)

rQl

|

1 | T s,
| 3
2 L

|

|

|

oS
K1 K2 K3

©

(c)

\@L
K1 i K2 K3

&
(b)
e @
| 1 ————
| |> | /&
1 | |
I3 |
| |
| |
2 I |
— l—» |
| |
e |
(== | |
| |
4
I 6 ) , |
K1 I K2 | K3
o
(d

Puc. 3. Heagnabarudeckue cxembl OP: (a) Cxema I, (b) Cxema I, (¢) Cxema III, (d) Cxema IV.
Fig. 3. Diabatic extractive distillation schemes: (a) Scheme I, (b) Scheme II, (c) Scheme III, (d) Scheme IV.

Cxema IV. OGorpeB komonusl Kl mnapoBsiMu
notokamu Bepxa kojmoHH K2 wu K3. Tak kax
«TOpSYME» KOMITPECCOPBI SIBISIIOTCS  IOPOTOCTOSIIIIAM
obopynoBaHueM, TpUMEHEHHE Oojiee 4YeM OJHOTO
KOMIIpeccopa B CXEME, BEpOATHO, OyAeT HSKOHOMH-
geckn  HerenecooOpasHo. Iloatomy  paccmorpeH
BapuaHT, TPH  KOTOPOM  TEIUIOTAa  MapOBOTO
nmotoka koioHHB K3 momBomutcs k 24-if Tapenke
konoHHsl K1, a KkoMmmpeccop yCTaHOBIIEH TOJBKO
Ha TapoBOM T0TOKe KooHHBI K2 (puc. 3d).

BrlmienepeunciieHHble  BapUaHThl HeaauadaThye-
CKMX CXEM IpeJCTaBieHbl Ha puc. 3. B cxemax, rne
MIPUMEHSETCST  KOMIIpeccop, Ui MPeJoTBpaIleHUs
BO3MOKHOW KaBHTAllMM TIepeJ HUM yCTaHOBIICH
JIOTIOJTHUTENILHBINA TTO/IOTPEeBaTeNb, TEIJIOBas Harpy3ka
KOTOpOro o6o3nauena Q.

Kak m B cxemax C TEIUIOBBIMH HAcocaMH, B
HeaanadaTHIeCKuX CXeMaX IPHCYTCTBYIOT «TOPSUHE)
KOMIIPECCOPBl W JOMOJHUTEIBHOE TEIUI000OMEHHOE
o0opynoBaHue, MpU 3TOM JUIsl NMPUBOJA KOMIIpeccopa
O0OBIYHO NPUMEHSETCS AJIEeKTpoJBUraTesb. B ciyuae
MpPUMEHEHHs]  TEMJIOBBIX HACOCOB B Ipoleccax
pekTu(UKaMU aBTOPBl [28] MpPEeATIOXUIN MPOCTYIO

(hopMyIy JUIS OIICHKH SHEpreTHYecKor dPHEKTUBHOCTH
yepes MPUBEJICHHBIC dHEpreTHYecKue 3aTpathl (O ):

cons

Qcons = Qtolal +3 I/Vcomp’ (1)

rae Q. — CyMMapHble SHEPreTHYECKHE 3aTpaThl B
KUISTHIBHAKAX KOJOHH, KBT, a W — morpebnsemast
KOMIIPECCOPOM MOIIHOCTb, KBT.

DTOT MEeTOA MOXHO HCIHONB30BaTh WU JUIS OLIEHKU
SHEPreTUYEeCKUX 3aTpar B JAPYTHX CXeMax pekTudu-
Kallul, BKJIIOYAIOIIUX B ce0s KOMIIPECCOpPHI, B TOM
YHCJIC U B HeaZ[I/Ia6aTI/I‘leCKI/IX CXeMax.

OnTuMu3anus HeaanadaTHYECKUX CXEeM TPOBO-
IuijiaCb 110 KPUTCPUIO TIPUBCACHHBIX OHEProsarpar
Q.. Ipu o>TOM napamMerpamMu  ONTHMHU3ALUH
ABJISUIMCH: T10JIOKEHUE TapeJIKU I10ABOA TeIlla K OTTOH-
HOM CEKLMH KOJOHHBI N, ; KOJMYECTBO MOABOMM-
Moro temia Q.. a Takke HeoOxoaumas 11 odecrede-
HUS TpuHATOro 3HaueHuss A7 cTeneHb CKaTHs Mapa
B Kommpeccope E . Cama mpoueaypa ONTHMH-
3allii, OJJHAKO, UMella HEKOTOPbIe paziIuyuus IJis Kaxk-
Joil u3 paccmaTpuBaembix cxem. Tak, B Cxeme I

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(1):7-20
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TeMIepaTypa II0TOKa, BBIXOSILIEro cBepXy KonoHHb! K3
(T, = 117.8 °C), nosponseT O0OECTEYHUTH MOJBON
TeIIa K 00N M3 Tapeliok KoJoHHBI K2, mpu sToM
MOXXET OBITH HCIIONIF30BaHA BCSI TEIUIOTA, OTIaBaeMast
MMOTOKOM TMpHW TIOJHOW KoHAeHcaruu, — 59.1 kBrT.
Takum  oOpa3oMm, ONTUMH3AlMS JAHHOW  CXEMbI
CBOIUTCS K 1OAO0PY ONTHUMAIBHOIO  IOJIOKEHUS
Tapenku mnoasoja Temwna N, Pesymsrar Takoro
noadopa NpeAcTaBiIeH B Ta0I. 2.

MoxHO BuUAETb, uYTO Hambonee >PPEKTUBHBIM
OKa3blBa€TCs IMOJABOJ TeIUla K HWXKHEM Tapenke
KoJioHHbI. [Ipy moaBoje Temsia K TapenkaM OTTOHHOM
CEKIIMW, pacloJOKEeHHBIM BbIIe 13-, duermoBoe
YUCIIO B KOJIOHHE HECKOJIBKO BO3pacTaer, Kak u

Harpy3ka Ha KUISTHIBHHUK, OJHAKO 3HAYUTEIHHOTO
BIMSHUS Ha pPEKAM pabOThl KOJOHHBL TPH OSTOM
He HaOmonaercs. OnTtuManbHble pabouyue mapa-
MeTpbl Cxembl | puBeneHs! B Ta0MI. 3.

B Cxeme II (puc. 3b) momBom Teria BepXHETO
noroka kojsoHHbl K3 0e3 mnpumeHeHus Kommpec-
copa BO3MOXKEH TOJbKO K BepxHeil (24-i1) Tapenke
OTTOHHOW cexuuu KosioHHbl K1, sToT ciyyaii B
Tabn. 4 TpUBENCH Kak EComp = 1. B ocraabHBIX
ciydasx Jis JOCTIKEHHs HEOOXOJUMOW pPa3HMIIBI
TemrnepaTyp  HeOOXOJMMO  TOBBINIATh  JIABJICHUE
U ONpeAeNsTh HEOOXOIWUMBbIE CTEICHU  CXKATHA.
U3  dopmynsr (1) crmemyer, UYTO MaKCHUMaJbHAs
sHepretndeckas 3((EKTHBHOCTh OyAeT JOCTHTHYTA

Tab6muma 2. Onrumusaiyst pabodux napameTpoB HeaguadaTrueckoir Cxemsr |
Table 2. Optimization of operation parameters for diabatic Scheme |

N oW Gt
9 59.1 93.80 0.48
10 59.1 92.26 0.47
11 59.1 91.87 0.46
12 59.1 91.74 0.46
13 59.1 91.66 0.46

IIpumeuanue: N, — HOMEDP TapeKH MOABOJA TEMJIA B TEIIOOOMEHHHUKE; . — TEIIOBas Harpy3Ka TEMIO0OMEHHUKA;

K2 — xononna Beiienenus anerona; O ** — temiopas Harpyska KunaTiibHuKa B K2; R®? — dmermosoe uncio B K2.
Note: N, is the heat supply plate number in the heat exchanger; O, is the exchanger heat duty; K2 is the acetone separation

column; O **is the reboiler heat duty in K2; R** is the reflux ratio in K2.

Tabéauua 3. OnTuMansHele pabodre mapamMeTpsl HeagmadaTndeckoit CxeMsr [

Table 3. Optimal operation parameters for diabatic Scheme I

IIapameTtpbI

Parameters Ll = Ly
]Vtotal 32 14 44
Ny - 13 -
greb’ SVT 200 91.7 59.3

reb’

R 0.55 0.46 1.6
Q. ., KBt _ B
Q:Z’ W 59.1
8cons’ ]IE}\SK;F 3 5 1

Ipumeuanue: N,

total

JHEPro3aTpaThl CXeMBbI C TCIUIOMHTET PALIUCH.
Note: N,

total

the reboiler heat duty; R is the reflux ratio; Q. is the exchanger heat duty; O

scheme with thermal integration.

— CYMMapHO€ YHCJIO TapeloK B KOJOHHE; N, — HOMEp Tapelkd MOIBOJA TEMa B TEIIOOOMEHHHUKE;
O, — TEMIOBAas HArpy3Ka KUMATUIBHUKA; R — QriermMoBoe 4ucio; O, — TEIIoBas Harpy3ka TerioooMeHHuka; O

— IIPUBCACHHBIC

cons

is the total number of plates in the column; N, is the heat supply plate number in the heat exchanger; Q , is

reb

is the reduced energy consumption in the

cons
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npy  MHHEManbHOM W . a COOTBETCTBCHHO, U MOXXHO BHUAETh, YTO MaKCHUMAalbHOE CHIKCHHE
MUHUMANbHOH E_ . TIpH KOTOPOH o0ecrieunBaeTcs Harpy3kd Ha KHUIATWIBHUK KOJIOHHBI JOCTUIAeTCs
HeoOxoauMast pa3HuIla remneparyp. Cieayer OTMETHTS, npu mnoasojge Temwia kK 30-  Tapenke, OIHAKO
uro npu E = 2 BO3MOKEH TOABOX TemIa yKe HAaUMEHBIIUMHM  IPUBEIEHHBIMU  JHEpro3arparaMu
B KUIITWIBHUK KonoHHbI K1, TO ecTp peanmuzanus XapakTepu3yeTcsi BapuaHT C II0JIBOJAOM TeIula Ha
annabaTHYecKod CXeMbl C  TEIUIOBBIM  HACOCOM. 24-r0 Tapenky m 0Oe3 kommpeccopa. Paboume mapa-
PesynbraThl ONTUMHU3ALMU TIPEACTABICHBI B Ta0M. 4. METPBI ATOr'0 BapuaHTa MPEJCTBICHBI B Ta0I. 5.

Tadmuna 4. OnTumuzanus padounx napameTpoB Heaanadarnueckoit Cxemsr 11
Table 4. Optimization of operation parameters for diabatic Scheme I1

E W omp> KBT N 0, KBT 0.~ kBt 0,,» KBT Q..o KBT

comp W eompr KW HE 0, kKW 0. kW 0, kW -

1.0 0 24 59.1 134.0 0 134.0
1.1 0.6 25 59.3 132.6 0.4 134.8
1.2 1.1 26 58.2 133.0 0.4 136.7
1.3 1.6 27 58.0 132.8 0.4 138.0
1.4 2.1 28 57.5 132.6 0.4 139.3
1.5 2.5 30 57.4 132.0 0.6 140.1
1.7 3.3 31 56.9 132.1 0.7 142.7
2.0 4.4 32 56.7 131.3 0.9 145.4

lpumeuanue: E_ = — CTeNeHb CxXaThs Kommpeccopa; W, — norpebisemas MOIHOCTb KoMnpeccopa; Ny — HOMep
TapesIku MOJ[BOIa TeIia B TeMooOMeHHuKe; O, — TEIloBas Harpyska TemoooMennuka; K1 — xononna OP; O K' — rtenopas
Harpyska kunstunbauka K1; Q.. — Tersosas Harpyska B mpeanoforpesarene; (. — NpPHBEICHHbIE SHEPro3aTparhl CXeMbI C
TETIONHTETPaLUCH.

Note: E  is the compressor compression ratio; W is the compressor power consumption; N, is the heat supply
plate number in the heat exchanger; O, is the exchanger heat duty; K1 is the extractive distillation column; Q *' is the
reboiler heat duty in K1; @, is the heat duty in the preheater; QO  is the reduced energy consumption in the scheme with
thermal integration.

cons

cons

Tabéauua 5. OnTuMansHeie pabodre mapameTpsl HeagumadbaTrnaeckoit Cxemsr 11
Table 5. Optimal operation parameters for diabatic Scheme 11

ITapameTpbl
Parameters L L =
ol 32 14 44
Ny 24 - _
QO KBr 134 151 59.3
reb’
R 0.50 0.46 1.6
Q> KBT _ _
O kW 59.1
Qcons’ lIz]\SK’]r 344

IIpumeuanue: N, — cyMMapHOE YHCJIO TapeloK B KOJOHHE; N, — HOMEp TapelKd MOIBOJA TEIia B TEII0OOMEHHHKE;
O, — TemwIoBas Harpy3Ka KUIATIILHAKA; R — aermosoe uncno; O, — TeIIoBas Harpys3ka TermoooMennuka; Q. — NpUBeIeHHbIE
SHEPro3aTparhl CXEMbI C TEIUIOUHTETPALHCH.

Note: N, is the total number of plates in the column; N, is the heat supply plate number in the heat exchanger; QO , is the
reboiler heat duty; R is the reflux ratio; O, is the exchanger heat duty; O is the reduced energy consumption in the scheme

with thermal integration.

cons

cons
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Amnanornyno nposojuiachk ontumesanust Cxems 111

(puc. 3c), omHako OBUIO YCTAaHOBJICHO, 4YTO IS
KaXI0M  TapeyKu NHE CYLUECTBYET  IPEAECIIbHOE
KOJIMYECTBO TIIOABEJICHHON TEINIOTHI max BBIIIE

HE
KOTOPOTO ITOJYYCHUEC JUCTHUIIIATA 3aJaHHOI'0 KadyeCTBa

CTAaHOBUTCSI HEBO3MOXKHBIM. Ilpu »TOM, uem BbllIe
B KOJIOHHE DACIOJIOKEHA Tapenka N, TEM MEHbIIE
BEJIMYMHA QHE”‘“". BeposiTHO, 3TO CBf3aHO C TEM, YTO
npu ¢pukcuposBanHoM N, . ¢ poctom Q. TPOUCXOUT
YBEJIHMUCHHE CYMMApHOH KOHIIEHTpanuu H-OyTaHoIa
u JM®A Ha Tapenkax YyKpeIULAIOIIEH CEeKLuu,
npudeM, 4eM OMbKe K SKCTPAKTHMBHOW CEKIMH PacHo-
JIOXKEH YpOBEHb IOABOAA TEIUIA, TEM 3aMETHEE BIIMSA-
Hue ), Ha 3Ty KOHLEHTPALHIO.

Pe3ymnbTaTs onTHMH3AIMY IPEACTABICHB! B Ta0IMI. O,
a ONTUMAaJIbHBIC paboyne apameTpsl — B Tao. 7.

Kak yxe ynomuHamoch, HOpU MOACTUPOBAHUU
Cxemer IV (puc. 3d) ObUTO TPHUHSATO, YTO B CXEMeE
UCIIONIb3YETCsl TOJIBKO OAMH Kommpeccop. Tak kak
MOJIBECTH TEIUIOTY MapoBOro MOTOKa KOMoHHBI K3
06e3 JOMOJHUTEIBHOTO CXATUSI BO3MOXKHO TOJIBKO
Ha 24-10 TapeiKy, TO Mbl UMEEM 3aKPEIJIEHHOE 3Haue-
HUE HOMEpa TapelKu MojJadu Mepsoro noroka N, '.
Torma mnpu ONTHMH3AIMK HEOOXOAMMO OIPEACITHUTH
ONTUMAJILHOE IIOJIOKEHHUE TapelKku I0JBoJa TEIUIo-
Thl OT NApPOBOIO MOTOKA KOMOHHBI K2 — N, 2, cTeneHb
ckatus E_ . a TakKe ONTHMANbHOE COOTHOIICHHE
NEpBOro M BTOPOTO TEIUIOBBIX MOTOKOB O,.' u O, .°

B JaHHOM cj1ydae OIITUMHU3AITUIO TIPOU3BOINIIN
MTOCPECTBOM KOMOHMHAIIMH METOJIOB MOCIIEAOBATEIb-
HOTO KBaJpaTHYHOTO IPOTPAMMHPOBAHUSI M yTHUINTHI
aBTOMaTUYeCcKoro rmepebopa  Sensitivity — Analysis,
BCTPOCHHBIX B TMPOTpaMMHEIA KomIuieke Aspen Plus.
Pesynprar onTHMH3alMM TPEACTaBICH B Ta0m. &,
a ONTUMAJIBHBIC padodne mapameTpsl — B Ta0I. 9.

OBCYXJAEHUE PE3YJIbTATOB

B xoxe TmpoBeJCHHBIX —HCCIENOBaHWNA  ObUIH
PacCMOTpPEHBI YeThIpe pa3IUYHBIX BapUaHTa TEIIO-
HHTErpallud MeXJ1y KOJIOHHaMu cxeMmbl OP cmecu
aneroH—Ttonyos—x-Oyranon ¢ JIM®A B KkauecTBe
pazzmenstoniero areHta. CoOIOCTaBICHHWE TPEIIOKEH-
HBIX CXEM HeaauadaTHUECKOW PEKTHU(PUKAIIMU C TPaJIH-
OUOHHOW cxeMol OP w3 AByX OTOOPHBIX KOJOHH
10 KPUTEPHUIO TPHUBEACHHBIX JHEPro3aTpar Ipe/IcTaB-
neHo B Tabn. 10. CHmKeHUE NPUBEIACHHBIX DHEPro-

3arpar AQ  paccUMTHIBAIM 110 (GopmyIie:

AQcons = (Qtotal - Qcons) / Qtotal x 100%’ (2)

rie: O CYMMapHbIE DHEpPreTHYeCKUe 3aTparbl B
KWIISITUIBHUKAX ~KOJIOHH —TPAIWIIMOHHOM cxembl OP,
a Q = — TIPUBEJICHHBIC DHEPrO3aTPaThl CXEMBI C
TEIUIOMHTETPaIeH.

Tadauma 6. OnTumuzaiys pabounx napamerpoB Heaanadbarnueckoit Cxemsi 11
Table 6. Optimization of operation parameters for diabatic Scheme I1I

Wmmp, KBT N 0> KBT reb"‘, KBT 0,,» KBT Q..o KBT
comp comp? KW HE 0, kW 0.5 kW 0, kW o KW
3.0 15.2 24 61.7 133.2 0.5 179.3
4.0 19.5 26 75.5 119.3 0.5 178.3
43 20.9 27 84.8 109.6 0.5 172.8
4.6 21.7 28 97.4 97.4 0.6 163.1
4.8 26.5 29 114.9 79.6 0.7 159.8
5.0 32.6 30 137.4 55.9 0.8 154.5
5.4 343 31 136.5 62.4 0.8 166.1
6.3 37.8 32 134.5 65.5 0.8 179.7

lpumevanue: E — CTNCHb CKaThs Kommpeccopa; W, — norpebisemas MOWHOCTE Komnpeccopa; Ny, — HOMep
TapenKy MOjIBOJIA TEIIA B TEMIOOOMEHHHUKE; . — TemioBas Harpyska TerioooMennuka; K1 — xononna OP; O ¥ — Temosas

Harpyska kunstwibHuka K1; O, — Tenuopas Harpyska B mpeanoporpesarene;

TEIJIONHTET palue.

— MPHUBCACHHBIC dHEPro3arparbl CXEMbI C

cons

Note: E_ is the compressor compression ratio; W is the compressor power consumption; N, is the heat supply
plate number in the heat exchanger; O, is the exchanger heat duty; K1 is the extractive distillation column; Q *' is the
reboiler heat duty in KI; O, is the heat duty in the preheater; O  is the reduced energy consumption in the scheme with

thermal integration.
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Tadmuma 7. OnTumanbHbele paboune mapameTpsl Heaanadarndeckoit Cxemsi 11
Table 7. Optimal operation parameters for diabatic Scheme I1I

ITapameTpsbl
Parameters Lt L =
N 32 14 44
Ny 30 - -
8@’ o 55.9 151 593
reb?
R 0.50 0.46 1.6
Opp» KBT _ _
O kW 137.4
QPH, kBT B _
O kW 0.8
Ecomp 5.0 - -
W comy E?VT 32.6 - -
comp’
Qcons’ lIz\B%’/r 365

Ilpumeuanue: N, — CyMMapHOE YMCJIO TapeloOK B KOJIOHHE; N, — HOMEpP TapesKu IOIBOJA TeIUla B TEIIOOOMEHHMK;
O, — TeIoBas Harpy3Ka KUIATHIbHUKA, R — QuiermoBoe umcio; Q. — TEIIOBas Harpy3ka TEIUIOOOMeHHMKa; (,, — TEIUloBas
Harpyska B Npepnojorpesarene; E - — CTeneHb Cxatus Kommpeccopa; W - — 1norpelisemas MOIIHOCTb KOMIPECCOpa;
O.... — IPMBEJIEHHBIE SHEPIO3aTPATBI CXEMBI € TEIIOMHTErPALIHEN.

Note: N, is the total number of plates in the column; N, is the heat supply plate number in the heat exchanger; O , is
the reboiler heat duty; R is the reflux ratio; O, is the exchanger heat duty; O, is the heat duty in the preheater; E is the
compressor compression ratio; W mp is the compressor power consumption; Q is the reduced energy consumption in the

scheme with thermal integration.

Taéauua 8. Onrumu3zarys pabounx napameTpoB Heanunadatmaeckoir Cxemsr [V
Table 8. Optimization of operation parameters for diabatic Scheme IV

E W omp> KBT N2 0, KBT 0, KBT 0.~ kBt 0,,» KBT Q... KBT

iy W oy KW e 0, kW 0,5 kW 0.5 kW 0, kW o KW
3.5 17.4 25 27 35 126 0.8 178
4 19.4 26 16 55 123 0.8 181
43 20.5 27 14 76 113 0.8 175
4.6 21.5 28 16 93 99 0.8 164
4.8 24.8 29 13 105 83 0.8 157
5 32.6 30 25 136 31.7 0.8 130
5.4 342 31 27 136 37 0.8 140

. . . 2
lpumeuanue: E | — CTeNeHb CKaThs KoMnpeccopa; W — HOTpebisieMas MOIHOCTb KOMIIPeccopa; N, > — HOMep Tapeiku

rnoga4yu BTOPOro IOTOKa B TeHHOOGMCHHI/IK; QHEI — TCIJIOBas Harpys3ka IEpBOro IOTOKa B TeHHOOGMCHHI/IKe; QHF2 — Te1JjioBas

Harpy3ka BTOpOTro NoToKa B TermnoooMennnke; K1 — kononna OP; O | *' — Tennosas Harpyska kunstuibauka K1; O, — temosas
Harpy3ka B npeionorpesarene; Q — NPUBEIEHHBIE DHEPTO3ATPATHI CXEMbI C TEIUIOMHTETPALUEH.

Note: E | is the compressor compression ratio; W, is the compressor power consumption; N, is the second flow plate
number in the heat exchanger; Q, ' is the first flow heat duty in the heat exchanger; O, ? is the second flow heat duty in the heat
exchanger; K1 is the extractive distillation column; Q *' is the reboiler heat duty in K1; O, is the heat duty in the preheater;
0., is the reduced energy consumption in the scheme with thermal integration.
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Tadanua 9. OnTuMansHble padoune napamMerpsl Heaguadatnueckoit Cxemsr [V

Table 9. Optimal operation parameters for diabatic Scheme IV

IMapameTpsl K1 K2 K3
Parameters
N 32 14 44
Ny 24/31 - -
Qreb, kBT
Qreb’ KW 31.7 151 59.3
R 0.49 0.46 1.6
O,y KBT
137/25 - -
Oupr KW
Oy KBT
0.8 - -
Qs kW
E 5.0 - -
comp
W, kBt _ _
Wcom]]:’ KW 32.6
Qcons’ kBr
Qcons’ kW 341

Ipumeuanue: N,

Harpyska B Ipeanoporpesarenie; £

total

comp

— CTeIeHb CXKaThsl Kommpeccopa; W

— CYMMAapHO€ 4HMCIIO TapeJoK B KOJIOHHE; N, . — HOMEpP TapeJKH IOJBOJA TEIUla B TEIIOOOMEHHHUKE;
O, — TeIoBas Harpys3ka KUIATWIbHUKA; R — QuermoBoe wmcno; Q. —

TEIUIOBAs HArpy3ka TEMIooOMeHHHKa; O, — TeIoBas

comp

— motpebIsieMasl MOIIHOCTh KOMIIPECCOpa;

0. .. — IPUBEJICHHBIE JHEPrO3aTPAThl CXEMBI C TETLIOUHTErpanuei.
Note: N, is the total number of plates in the column; N, is the heat supply plate number in the heat exchanger; O, is the

reboiler heat duty; R is the reflux ratio; O, is the exchanger heat duty; O, is the heat duty in the preheater; £ . is the compressor

comj
compression ratio; W, is the compressor power consumption; O is the reduced energy consumption in the scheme with heat
integration.

cons

Tadanuna 10. DHepreTrdeckas 3pGEeKTHBHOCTD PA3IMYHBIX BApUAHTOB cxeM DP
Table 10. Energy efficiency of various variants of extractive distillation schemes

Cxema
IMapameTpsl Scheme
Parameters Toax
LU I i I v
Convent.
Qo KBT 410 351 344 266 242
total®
W . xBT
com]]:’ KW 0 0 0 32.6 32.6
Qcons’ kBT
- KW 410 351 344 365 341
AQ,.. % 0 14 16 11 17

HpuMeltaHue: Q[o[al CYMMapHBbIC DHEPreTUYCCKNUE 3aTpaTbl B KUIIATUIIbBHUKAX KOJIOHH TpaﬂI/IHHOHHOﬁ CXEMBI;
— HOT‘peGJ’IerMafI MOIIHOCTh KOMIIpECCOopa; ans MPUBEACHHBIC JSHEPro3arparbl CXEMbI C Tel'[J'IOPIHTCl"paHPIeIZ;
cons CHMIKCHHC IPUBCACHHBIX SHECPTO3aTpaT CXEMBI C TeHJ’IOHHTeraHHeﬁ.

Note: Q,

consumption; Q_ 1is the reduced energy consumption in the heat integration scheme; AQ_ is the decrease in the reduced energy
consumption in the heat integration scheme.

comp

is total energy costs in reboilers of the columns in the conventional scheme; W omp is the compressor power

total
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Kak moxno Buaets m3 Tabm. 10, MakcHMabHOE
CHIDKEHUE IIPUBEIEHHBIX 3HEPro3arpar AO0CTUIaeTCs
B Cxeme IV. Opmnako mnsi obecrieueHus paboTocrmo-
coonoctn  Cxembl IV TpeOyercss mnpuMeHEHHE
KOMIIpeccopa C BBICOKOH (Ecump = 5) creneHnlo
CKaTUs, YTO MOXKET HEraruBHO CKa3aTbCsi Ha CTOM-
MOCTH TakOil ycTaHOBKM. B cBoo ouepenb, mjs
paborel Cxem I u Il moBbilIeHHE AaBleHUs] TTOTOKOB,
a COOTBETCTBEHHO, TPUMEHEHHE JOPOTOCTOSILEro
KOMITpeCCOpHOro  obopynoBaHust He  Tpelyercs,
IIpU OTOM CHIDKEHHE SHEeprosarpar MO CpPaBHEHHUIO C
TpanuuuoHHo cxemoil y Cxem I u II comsmepumo
co Cxemotii IV.

3AK/IIOYEHUE

PaccmoTpeHo  mpuMeHeHHe — HeanMadaTHYECKHX
cxeM B OP cmecu aneToH—Tonyon—#-0yranoin ¢ JIM®DA.
IToka3aHo, YTO MPUMEHEHHE TAKUX CXEM IO3BOJISET
CHIDKATh TPHUBEJCHHBIC HSHEPIreTUYECKUE 3aTPaThl
Ha 11-17%. Ilpn sTOoM MakcUMagbHOE CHIKCHUE
sHepro3arpar gocruraercs B Cxeme IV ¢ ucnosb3osa-
HHEM KomIpeccopa, HO 3(deKkTHBHOCTE cxeM 0e3

KOMIIpeccopa  HE3HAUMTEIbHO HMXKE, IIpU  ITOM
TEXHOJOTHYECKOe  O(QOpPMIIEHHE TaKWX  peIIeHHuH
CYIIECTBEHHO TpOINe, YTO Je’aeT ux Oomee

[IPUBJIEKATEIbHBIMA C TOYKU 3PEHUS NPAKTUUYECKOI
peanuzanum. Taxum oOpasom, IpeIoKeHa
HeTpaJAMLMOHHAs Ans mnpoueccoB OP cxema BHem-
HEll TeIUIOMHTEeTpaluy, HUCHOJb3YyIomas B  OIHOMN
WIM  HECKOJNbKMX  KOJIOHHAX  HeaJuadaTHYecKuil
mponecc. Ilpennaraemoe pemieHHe TO3BOJISIET MPH
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Konaencanus BropuuHbix amuHoB ¢ CH-kucsioramu
U (popMaJIbLAETHIOM MO AeHCTBUEM MUKPOBOJIHOBOI0 U3/1y4YCHUS

A.H. Mycun!, [I.C. Cyaranoral, I0.I'. Bopucosa', T.II. Myapux?, P.P. [lamuHeB!

Y humckuii 2ocyoapemaeHHbLl HeghmsiHoU mexHuveckutl yHusepcumem, Ypa, 450064 Poccust
2 lemp oueHKu Kauecmea sepHa, Yepa, 450097 Poccust
“Aemop ons nepenucku, e-mail: yulianna_borisova@mail.ru

AHHOMAyUUs

IMenu. Cunmesupogame no peaxyuu MaHHUXa mpemuuHble AMUHbL, codeprKauiue 2em-OUXop-
yurnonponaHoeslii. unu 1,3-0uoxconaHoselil ppazmeHm, a MAKIKe NoAYUUMb IMUL08bLU
agpup B-amMuHONPONUOHOBOU KUC/IOMbL 0eKapOOKCUNUPO8AHUEM MPem-AMUHA — NPOU3BOOHO20
OUIMUAMANIOHAMA, COOEPIHAULE20 2eM-OUXTOPUUKTIONPONAHO8bLU hpazmeHm.

MemooOust. /[nsi nosyueHust MpemuuHblX aMuHoe no peaxyuu MaHHUXA OblLl UCNONB308AH
Memo0 MUKPOBOAHOU axmusayuu. [ns onpedeneHuss KauecmeeHH020 U KOJAUUEeCMEeHHO20
cocmasa peakyUOHHbIX MacC ObULUL UCNOBb308AHbL Cledyrouiue memoldbl GHANU3A: 203084
xpomamoepagpusi, Macc-CNeKmpocKonust C 9AeKmpoHHOU uoHusayuet, u 'H-, 3 C-cnekmpockonusi
S0epH020 MAZHUMHO20 PEe30HAHCA.

Pesynomamel. TpemuuHble aMuHblL, codeprkaujue 2em-OuUXOPYUUKIONPoONaHos8slil  Ulu
1,3-0uoKconaHosblii hpazmeHm, cuHmMe3upo8aHsl KoOHOeHcayuell 8mopuutblx amuHos, CH-kuciom
u napagopmanboezuda 8 Ycio8UsX MUKPOBOSHOB020 U3NYUESHUSL.

Bubteooust. C 8blCOKUMU 8bIX00AMU 8 YCIOBUSLX MUKPOBOJIHOE020 USAYUEHUS. NOAYUEHbL MPemuu-
Hble AMUHbL, COOepIKaujue 8 Ce0em CMPOeHUU 2eM-OUXTIOPUUKIONPONAHO8bLI UAU UUKI0AUe-
manvHblil hpazmeHm.

Knroueeste cnoea: smopuuHsle amuHsl, CH-Kucrioma, MukpogosiHogoe usnyueHue
Jna yumuposanusn: Mycun A.W., CynranoBa /1.C., bopucosa 10.I"., Mynpuxk T.I1., Jlamunes P.P. KonneHcauns BTOpU4HbIX

amuHOB ¢ CH-kucnoramu u (HopMasIbAEruaoM HOJ ACHCTBUEM MHKPOBOJIHOBOTO M3Iy4eHUs. ToHKUe Xumuyeckue mexHono2uu.
2023;18(1):21-28. https://doi.org/10.32362/2410-6593-2023-18-1-21-28

© Mycun A.U., Cyaranosa [1.C., Bopucosa FO.T"., Myapuxk T.I1., lamunes P.P., 2023
21


mailto:yulianna_borisova@mail.ru
mailto:pletneva@mirea.ru 
https://doi.org/10.32362/2410-6593-2023-18-1-21-28
https://doi.org/10.32362/2410-6593-2023-18-1-21-28

KoHzeHcanusa BTOPHYHBIX aMHHOB ¢ CH-kucaoTamMHu H hopMasbaAerHAOM ...

RESEARCH ARTICLE

Condensation of secondary amines with CH-acids
and formaldehyde under the influence of microwave radiation

Airat I. Musinl, Dilara S. Sultanoval, Yulianna G. Borisova'"*/,Tatyana P. Mudrik?,
Rustem R. Daminev!

IUfa State Petroleum Technological University, Ufa, 450064 Russia
2Center for Grain Quality Assessment, Ufa, 450097 Russia
“!Corresponding author, e-mail: yulianna_borisova@mail.ru

Abstract

Objectives. To synthesize tertiary amines containing gem-dichlorocyclopropane or 1,3-dioxolane
fragmentusing the Mannich reaction, as well as obtain ethyl ester of [3-aminopropionic
acidbydecarboxylation of tert-amine, a derivative of diethylmalonate containing a gem-
dichlorocyclopropane fragment.

Methods. In order to obtain tertiary amines by the Mannich reaction, the microwave activation
method was used. To determine the qualitative and quantitative composition of the reaction
masses, gas chromatography, electron ionization mass spectrometry, and 'H-, *C-nuclear
magnetic resonance spectrometry methodswere used.

Results. Under microwave radiationconditions, tertiary amines containing gem-
dichlorocyclopropane or 1,3-dioxolane fragment were synthesized by condensation of secondary
amines, CH-acids, and paraformaldehyde.

Conclusions. Tertiary amines containing a gem-dichlorocyclopropane or cycloacetal fragment

in their structure were obtainedin high yields under microwave radiation.

Keywords: secondary amines, CH-acid, microwave radiation

For citation: Musin A L., Sultanova D.S., Borisova Yu.G., Mudrik T.P., Daminev R.R. Condensation of secondary amines
with CH-acids and formaldehyde under the influence of microwave radiation. Tonk. Khim. Tekhnol. = Fine Chem. Technol.
2023;18(1):21-28 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2023-18-1-21-28

BBEJEHMHME

[MonudyHKIHOHATBHBIE BTOPUYHBIE M TPETUYHBIC
aMUHBl IIUPOKO HCIONIB3YIOTCS B CHHTE3€ OHOJIOTH-
YEeCKH aKTUBHBIX M JIGKAPCTBEHHBIX mpemnapatos [1-3].
B wactHOCTH, JUIA TIOJNYyYeHUS BTOPUYHBIX U TPETHU-
HBIX AMHHOB C KapOOHWIBHBIMH WIJIH CIOXHOX(HP-
HBIMH 3aMECTHUTEIISIMH YCIICIIHO HCIIOJIB3YyeTCsS TpeX-
KOMITOHCHTHAsI KOH/ICHCAIIUSI COOTBETCTBYIOIINX aMH-
HOB ¢ ()OPMANBICTHIOM U C COCTMHEHISIMH, COIepKa-
IIMMU TTOJIBIDKHEIN aTtoM Bogoponaa [4, 5]. B kauectse
TaKUX COCTUHEHHUH HCIONB3YIOT, KaK IPAaBHIIO, AJIKAI-
¢benomnsl, Tuankmwipochursl, 1,3-kapOOHUITBHBIC COSTU-
HeHus u apyrue CH-kuciotsl [6, 7.

Panee Hamu ObUIO TIOKAa3aHO, YTO BELIECTBA,
coJiepkKale  eeM-AUXJIOPUUKIONPONAHOBBIA  HMITH

[UKJIOANETAILHBIA  (DparMeHT, TMPOSBISIFOT  IIUPOKUH
CHEeKTp OHMOJIOrMYEeCKOH AaKTHUBHOCTH M HMX CHHTE3
MIPE/ICTABISICT 3HAUYNTENBHBINA HHTEpecC [§, 9].

B o5T10if cBSI3M, MBI M3yYWJIM KOHJEHCAIIUIO BTO-
PUYHBIX aMHUHOB, COZAEpXKAIIUX 2eM-AUXIOPIUKIONPO-
MAHOBBIM WM IUKJIOANETAlbHBIA (QparMeHT, ¢ ¢op-
manpnerugoM u CH-kucioramMu, JIUITHIMAJIOHATOM
1 allETOyKCYCHBIM 3(hHUPOM.

MATEPHUAJIBI 1 METOJAbI

AHaJM3  peakIUMOHHBIX MacC W  3aluch
Macc-CIeKTPOB COCIMHCHHM OCYIIECTBIISIH
Ha amnmapaTHO-IPOrpaMMHOM KOMILJIEKCe
«Xpomarak-Kpucramn  5000My»  (Xpomamosk, Poccus)
¢ ycranorieHHo Oazoit NIST 2020 (National Institute
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A.H. MycHuH, [I.C. CyaTaHoBa, 10.I'. BopucoBa u Ap.

of Standards and Technology, CILIA). YcioBusi Ta30xpo-
marorpaduueckoro (I'X) anamm3za: KamuuisipHas Ksap-
IeBasi KoJOHKa JuiMHOM 30 M, JUIMTEIBLHOCTHL aHaJIh3a
— 20 muH, TeMmrieparypa HCTOUYHHWKAa HOHOB — 260 °C,
temrieparypa nepexognoi smann — 300 °C, amamazon
ckanupoBanus — 30-300 [la, naBnenne — 37-43 mTopp,
ra3-HOCHTEIb — Teluii, ckopocTh HarpeBa — 20 °C/MHuH.
1 TmonydeHusi Macc-CleKTpOB COEAMHEHUH HCIOJb-
30BAIM METOJA HWOHM3ALMU DIEKTPOHHBIM  YIapoM
¢ morteHuuanoMm uoHmszauuu 70 »3B. Cnextpsl saep-
HOTO MarHutHoro pesonanca (SIMP) 'H u C peru-
cTpupoBaqu Ha crekrpomerpe «Bruker AM-500»
(Bruker, I'epmanms) c pabounmu yactotamu 500 u
125 MI'm cootBercTBeHHO; pactBoputens — CDCL.
XWAMUYECKHE CIABUTH MPUBEACHBI T10 IIKajie & (M.J.) OTHO-
CHTENBHO TETPAMETHJICHIAHAa KaK BHYTPEHHETO CTaH-
mapra. KOHCTaHTBI  CIIMH-CIIMHOBOTO — B3aMMOICH-
ctBus (J) npuBeneHs! B 1.

MuKpoBOJIHOBasA aKTUBALIMS OCYILECTBISIIACH C UC-
nosik3oBanueM cuctemel «Mars 6» (CEM Corporation,
CIIIA) c cucTeMoil KOHTPOJIS TEMIIEPaTyPhI.

[TapaMeTpbl yCTaHOBKHM MHKPOBOJHOBOTO H3ITY-
yenuss (MBU): wmomHocte wu3mydenuss 1000 BrT;
o0beM peaknnoHHONH Maccel 10 100 M BBIIEpKH-
Baemoe nasieHue g0 100 arm; mporpammupoBaHue
temrieparypsl ot 35 °C mo 280 °C.

Bropuunbie amuabl Illa u 1116 Obliv mONTyYeHBI
1o m3BecTHOM Metonuke [10, 11].

Cunte3 mpem-amunoB IVa, IV, Va, Vo

Cwmech 0.15 monp CH-kucnotsl, 0.15 monp mapa-
dbopma, 1 monb Oensona, 0.1 MOIb BTOPUYHOTO aMHHA
nepememrBanu B yciosusix MBU mpu Temmneparype
He Oomee 60 °C 1m0 TOJTHOH KOHBEPCHHM HCXOIHOTO
amuHa (2—6 4, koHTpoab MeTogoM ['X). [To okoHUYaHUM
peakuuy peakLHOHHYI CMECh OXJIaXKJajdu A0 KOMHaT-
HOM TeMIIepaTypbl, OTMBIBAJIN BOIOM, IKCTParupoBaId
XJIOPUCTBIM METUJIEHOM, OCYIIAIHd XJOPHUJIOM KaslbLUs
U ynapusaiu. LleneBble COeqMHEHUs BBIICIISIN BaKyyM-
HOM MepEeroHKou.

Hustin ({6yTun[(2,2-nuxsaop-1-MeTUI-1UKI0-
mponuia)MeTri |aMmuHo } MeTiin)Manonatr IVa. Becuser-
Has Bs3Kast kuaKocth. T = 138-140 °C (1 mm pr. cr).
Beixon 90%. Crmextp SIMP 'H (CDCL, &, wm.n):
0.90(r.,3H,CH,J=12.7Tn), 1.01 (1., 2H, CH,J=8I'n),
1.22(t,6H,2 CH,J=6.9T'n), 1.25 (¢, 3H,CH,), 1.71-1.83
(m, 4H, 2 CH,), 1.91-1.96 (m, 2H, CH,), 2.41 (1, 2H, CH,
J=6.1Tm),2.61 (1, 2H, CH, J = 10.7 I'n), 3.66 (t, 1H,
CHJ=9.5Tn), 4.25 (xs, 4H, 2 CH, J = 11.8; 7.4 I'n).
Cnextp SIMP "C (CDCIL,, 8, m.ja.): 14.1 (2 CH)),
14.38 (CH,), 21.45 (CH,), 27.66 (CH,)), 29.34 (CH,),
41.55 (CH), 57.15 (CH,), 62.25 (2 CH,), 64.76 (CH,),
64.99 (CH,), 66.82 (CH,), 66.99 (C), 171.01 (C=0).

Macc-criextp m/z, (I, %0): (282)/30), (254/256)/(10/5),
(238/240)/(40/20), (186)/(15), (170)/(30), (128)/(60),
(109/111/113/)/(50/30/12).

Hwatnn  ({OyTun[(2-(1,3-muokconan-2-1i)3THI |-
amuHo jMetiin)manonar  IV6.  becuBerHas — Bszkast
xuakocte. I' = 125-127 °C (1 mm pr cr).
Beixon 88%. Cnextp AMP 'H (CDCIL, 6, m.n.):
0.92(r,3H,CH,J=12.7T'0), 1.26 (1,6H,2 CH,J=6.9T'n),
1.67-1.74 (m, 4H, 2 CH,)), 1.88-1.91 (m, 2H, CH,),
2.48-2.63 (m, 6H, 3 CH,), 3.66 (1, 1H, CH J = 9.5 T'n),
3.84(r,2H,CH,J=6.2Tw), 3.98 (1, 2H, CH, J= 6.3 I'n),
4.20 (xB, 4H, 2 CH, J = 11.8; 7.4 I'n), 5.01 (n, 1H, CH
J = 6 TI'm). Cnexrp SIMP "C (CDCL, 6, m.n.):
13.84 (2 CH,), 14.42 (CH,), 21.38 (CH,), 28.22 (CH,),
32.11 (CH,), 41.89 (CH), 54.77 (CH,), 55.29 (CH,),
56.43 (CH,), 63.18 (2 CH,), 66.77 (2 CH,), 103.27 (CH),
170.66 (C=0).

Macc-cnexrp m/z, (I , %): (345)/(14), (282)/(40),
(238)/(70), (173)/(40), (86)/(30), (129)/(60), (73)/(100).

Otun 2-({0yTun[(2,2-muxaop-1-MeTHUI-IIUKIO-
MPOIWJI)METHI |AMHHO } METHI )-3-0KcoOyTaHoaT  Va.
becupernas Baskas kuakocts. T’ = 131-133 °C
(1 Mm pr. ct.). Boixon 85%. Crextp SIMP 'H (CDCI,
o, m.1.): 0.89 (r, 3H, CH, J = 12.7 I'n), 0.95 (r, 2H,
CH, J = 10 Tm), 1.22 (t, 3H, CH, J = 6.0 I'n),
1.44 (, 3H, CH, J = 6.3 T'm), 1.69-1.77 (m, 4H, 2
CH,), 2.41 (¢, 3H, CH,), 2.63 (1, 2H, CH, J = 9.5 T'n),
2.78 (t,2H, CH,J=7Tn), 2.98 (t, 2H, CH, J= 7.8 T'n),
3.78 (r, 1H, CHJ = 9.1 I'n), 4.33 (8, 2H, CH, J = 11.0;
7.0 Tm). Cnexrp SAMP "C (CDCL, 3§, wm.n):
14.1 (CH,),14.38 (CH,), 21.45 (CH,), 21.66 (CH,),
28.31 (CH,), 27.48 (CH,), 51.84 (CH), 57.17 (CH,),
63.33 (CH,), 65.94 (CH,), 65.98 (C), 66.39 (CH,),
66.85 (CH,), 171.01 (C=0), 201.66 (C=0).

Macc-cniexrp mi/z, (I, %): (295/297/299)/(21/16/8),
(165/167/169)/(70/45/15),  (123/125/127)/(45/23/10),
(89/91)/(80/35), (51/66).

Hwatnn  ({OyTun[(2-(1,3-muoKconan-2-1i)3THI |-
aMUHO } MeTHIT)-3-0KkcoOyTanoar V0. becrnsernas
wuakoctb. T = 122-123 °C (1 mm pr. ctr.). Beixon
83%. Cnexrp SIMP 'H (CDCI,, 8, m.1.): 0.85 (1, 3H,
CH, J = 12 Tu), 122 (r, H, CH, J = 6.7 I'n),
1.43-1.58 (m, 4H, 2 CH,)), 1.77-1.83 (m, 2H, CH),
2.14-2.20 (m, 4H, 2 CH,), 2.38 (t, 3H, CH, J = 8 T'n),
2.46 (1, 2H, CH, J = 9 T'n), 3.78 (1, 1H, CH J = 9 T'n),
3.86(t,2H, CH,J=6.0T'w), 3.90 (1, 2H, CH, J = 6.0 '),
4.24 (xs, 2H, CH, J = 11.6; 7.0 TI'm), 5.00 (x, 1H,
CH J = 6.2 I'n), Cnextp SIMP “C (CDCIl,, 6, m.n1.):
13.55 (CH,), 14.58 (CH,), 21.40 (CH,), 27.78 (CH,),
28.67 (CH,), 32.11 (CH,), 54.43 (CH,), 54.77 (CH,),
55.29 (CH,), 59.34 (CH), 63.18 (CH,), 66.77 (2 CH,),
103.27 (CH), 170.61 (C=0), 201.60 (C=0).

Mace-cnexrp m/z, (I, %): (314)/(3), (244)/(50),
(169)/(60), (128)/(60), (87)/(40), (73)/(100).
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CunTte3 3TWII0BOT0 3¢upa f-aMUHONPONHOHOBOI 3.71 (m, 1H, CH,J =8 I'n), 4.10 (xB, CH, J = 11; 8 I').
KucjaoTel VI Cnexrp AMP “C (CDCl,, 6, m.n): 14.8 (CH,),
Cmece 0.1 momp coemumnenus IVa, 0.3 monb 15.1 (CH,), 21.8 (CH,), 26.3 (CH,), 38.1 (CH,),
xynopuaa mutusg, 0.3 mome JIMCO, 0.2 Momb BOIBI 51.0 (CH,)), 53.2 (CH,), 58.7 (CH), 62.5 (CH,),
HarpeBanu npu nepemernuBanuu g0 150 °C B Teuenue 69.3 (CH,), 70.1 (CH,), 171.1 (C=0).
1 4 710 NONHON KOHBEPCHUM MCXOJHOTO COEAMHEHUs Macc-cniextp m/z, (I, %): (275/277/279)/(21/16/8),
(xonTpoms o I'X). ITo okoHYaHUM peaKLUu PeaKuOH- (165/167/169)/(70/45/15),  (139/141/143)/(100/50/10),
HYI0O CMECh OXJIKIAIM JIO KOMHATHOM TEMIIEparyphbl, (123/125/127)/(65/42/18), (89/91)/(80/40).
OTMBIBAIM  BOJOH,  OKCTPAarHpOBad  XJIOPHCTHIM

METUJIEHOM, OCYIIAIU XJIOPUOM KaNbIUs U yIapUBaJIu. PE3VJIBTATHI U UX OBCYKJIEHUE
Orun  N-Oytun-N-[(2,2-TuXI0pOIUKIONPOIIIII)- B pesynbrare TpPEXKOMIOHEHTHOM KOHJEHCALUU

metnin|-B-amannHar VI, BeciBerHas  KHAKOCTS. CH-xucnor I, II ¢ mapadopmanpaeruioM u BTOPHIHBI-

T, = 115-117 °C (1 mm pr. cr.). Beixon 88%. mu amuHamu 11la u III6 Obuté mOMydYeHBI TPETHYHBIE

Cl;;éKTp SMP 'H (CDCL,, 6, m.n.): 0.98 (1, 3H, CH, amuael IVa, IV6, Va u V06 c¢ Bexomamm 2-5%.
J =79 Tu), 121 (t 3H, CH, J = &1 Iu), 1.26 (c, [ToBeimienne Temmeparypel B umHTEpBaie 80-120 °C
3H, CH,), 1.38 (x, 2H, CH, J = 13; 8 TImn), W TIPOJIOJKUTEIIEHOCTH peakuuu 0 25 49 K yBemude-
1.51-1.66 (m, 4H, 2 CH,), 2.71 (n, 2H, CH, J = 6.9 T'n), HHIO BBIXOHa IeneBbIX aMuHOB IVa, IV6, Va u Vo6 He
276 (m, 4H, 2 CH,), 3.66 (n, 1H, CH, J = 8.2 T'n), npusenu (Cxema 1).

o o O o0
CH,0
/\O)J\/U\Rl . l’l—Bu—ITI—RZ M) /\OMRl
LI k ¢u,
Illa, b )
n-Bu—N—R
1 IVa,b
R'= OEt (I, IVa, b), CH; (II, Va, b) Va,b
R?= O _O(Illa, IVa, Va), CH, (IIIb, IVb, Vb)

j/ c1: z[c1
H,C

Cxema 1. Konnerncaunst CH-KUCIIOT, BTOpUYHBIX aMHHOB 1 napagopma.
Scheme 1. Condensation of CH-acids, secondary amines, and paraformaldehyde.

Taoauna. KonaeHcarysi BTOpUIHbIX aMUHOB ¢ popManbaeruom u CH-Kucor o aeiictBueM TepMudeckoro Harpesa 1 MBU
Table. Condensation of secondary amines with formaldehyde and CH-acids under the action of thermal heating and
microwave radiation (MWR)

Pearentsl BbIxox npoayKTa peakuuu
Reagents Reaction product yield
Ipoxyxr JIATeJbHOCTH
CH-kucjora Bropuunblii aMmuH Product TepMH4ecKoro Harpesa, 4 | Juureasnocts MBU, mun
CH-acid Secondary amine Duration Duration of MWR, min

of thermal heating, h

o o
CH; ~0 o
NN CH,
b R 3-5 90
o Na | TN
G 0 II1a o e
CJ .
|
o o

O
N M S
e N/\/k} ° &, ° N 3-5 88
" /\/\I‘\I (6]

1116
IV6
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Taonununa. [Iponomxenue
Table. Continued

Pearentsl Bbixox npoayKTa peakuuu
Reagents Reaction product yield
Mpoxykr JIINTeIbHOCTH
CH-xuciiora Bropuunblii avun Product TepMHUYeCKOro Harpesa, 4 | Jaureasnocts MBU, mun
CH-acid Secondary amine Duration Duration of MWR, min
of thermal heating, h
o o0
CH;, Mo/\
TN CH,

: ‘ 85
TaNa | N
0 o 1IIa cr ol
S~ Va <
11 o o
0
A A .
\
H

o
CH (0]

1116
Vo

IIpumeuanue: Coornomenne CH-kucnora : amuH : napadopmanbaerug =2 : 1 : 1; NpogoHKATENBHOCTD (1) TEPMHUYECKOTO
narpea/MBU = 20-25 : 2-6; Temneparypa npouecca (°C) tepmuueckoro Harpesa/MBU = 100 : 60; xouBepcus amuHa (%) mociue

TepMuyeckoro Harpeea/MBU = <5 : 90.

Note: CH-acid : amine : paraformaldehyde ratio =2 : 1 : 1; duration (h) of thermal heating/MWR = 20-25 : 2-6; process
temperature (°C) thermal heating/MWR = 100 : 60; amine conversion (%) following thermal heating/MWR =<5 : 90.

Jis  cTUMYNHPOBaHUS KOHJICHCAIMK  (Tabmuia)
MBI ucnoiib3oBanu MBU, kak 310 ObUIO OMKCAaHO paHee
JUISL peakiMi aMUHOAJIKOTOJIeH C (POpMalIbJIETHIOM U
qmatundochutom [12, 13].

[Ipu sTOM ymanoch MOHM3UTH MPOAOIIKHTEITb-
HOCTh pPEAKIUHU /10 2—6 4, TemmepaTrypy IpOBEICHUS
npouecca 10 60 °C ¥ NMOBBICUTH KOHBEPCHIO aMUHOB
IIIa u 1116 10 90% cC CeneKTHBHOCTHIO 00pa3OBaHUS
nenesbix npoaykroB IVa, IVO, Va u V6 pasHoit 75-95%.

W3 momyd4eHHBIX pe3yibTaToB CJEMYeT, 4TO IpH
mepexofe OT AudTUIManoHara I K ameTroykcycHOMY
a¢upy Il cenmekTHBHOCTH 0Opa3oBaHUS Mmpeni-aMHUHOB
IVa, 1V6, Va u Vo6 cHmkaercs.

Ucxomupie Bropuunbie amunsl 1lla, III6, comepxa-
1IHe 2eM-TUXIIOPLUKIONPONAHOBBIA U IMKIOALETAIBHBIN
(hparMeHT, Mo aKTUBHOCTH B JAHHOM pEaKlWH NMPaKTH-
YECKH HE OTIINYAIOTCS.

3aMeHa ampoOTOHHOTO pacTBopuTens (OeH307) Ha
OpPraHUYeCKHe KHCIOTHI (YKCYCHYIO MJIH TPOIMHUOHOBYIO)
WK UX 3(QUPBI TPUBOAMIIH K PE3KOMY CHH)KEHHUIO CETICK-
THUBHOCTH 00pa3oBanus mpem-aMuHoB IVa, IV6, Va u V6.

[Tonyyennbrit Ha ocHoBe amddupa I m BrOpMY-
Horo amuHa IIla ajnykt IVa Obin nexkapOOKCHITMPOBaH
(Cxema 2) o panee ucmonbp30BaHHON MeTonuke [ 14, 15].

OTIIOBEIH dpHp -aMUHOIIPOITMOHOBON KUCTOTHI VI
ObLI BbIZIEJIEH C BBIXOAOM 88%.

0
~o o /\/\N/\/U\O/\
LiCl CH;
CH
| 2 CHy —————>
/\/\N
Va Ct cl
cr’ vl

Cxema 2. JlexkapbokucunupoBanue mpem-amuaa [Va.
Scheme 2. Decarboxylation of tert-amine I'Va.
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3AK/IIOYEHUE

[Tox nericTBUEM MHKPOBOJIHOBOTO W3JIyYEHHS, B
OTIIMYHE OT TEPMHUUECKOTO HArpeBa, Mpy KOTOPOM JIaH-
Hasl peaKIus OCYNIeCTBUMA C KpaiHEe HU3KUM BBIXOZOM
LIEJICBOTO TPOJYKTa, BTOPUYHBIC aMHUHBI, COJIEpIKAIIne
2eM-AUXJIOPLUKIONPONAHOBBIA M LUKJIOALETaTbHBIN
(parMeHThI, KOHJICHCUPYIOTCS ¢ TTapad)opMalibJIerHI0M
n CH-xucnoramu ¢ 0Opa3oBaHHEM COOTBETCTBYIOIIUX
mpem-aMHHOB. JlexapOOKCHUIIUPOBaHUE mpem-aMUHa C
JIByMSI CJIIO)KHOY(DUPHBIMH TPYIIIaMHA U COJEPIKAIIEeTO
2eM-TUXJIOPIUKIIONPONAHOBBI (ParMeHT, MPUBOAMUT K
STHIIOBOMY 3(PHPY B-aMUHOITPOMTUOHOBON KUCIIOTHI.
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HAYYHAS CTATbBSA

CoBMelIeHHBIN NPoLecc CUHTEe3a
HUAKJIOTeKCUIIMKIIOTeKCAHKAPOOKCHIIATA U3 IMKJIorekcanosia u CO,
karamsupyemblii cucremoii Pd(OAc),—PPh —n-tosyosicynbdokuciiora

H.T. CeBocThsanoBa ‘', C.A. Barames, A.C. PoauoHoBa

Tynwcruii 2ocyoapemaeHHblil nedazosuueckuil yHusepcumem um. /A H. Toncmoeo, Tyna, 300026 Poccust
*Aemop onsa nepenucku, e-mail: sevostyanova.nt@gmail.com

AnHOmMmauyus

Ienu. H3yueHue 803MOXKHOCMU COBMEWLEHUSL 8 OOHOM peaKmope peaKyull KUCIOMHOKAMAU-
muueckoll Oe2udpamayull. YUKL02eKCAHONA U OAKOKCUKAPOOHUNUPOBAHUSL 06pasyrou,ezocst
UUKNI02eKCeHA UUKN02eKCAHONMOM U oKkcudom yenepooa (II). YemarosneHue 803mMosKHOCMU
docmusKeHUsL 8bLCOKUX 8blX0008 Ues1e8020 NPodyKma — YUKI02eKCUNYUUKI02eKCcaHKapborecunama —
8 Ms2KUX Yyenosuax npu kamaause cucmemoil Pd(OAc),~PPh ,—n-moayoacyisgorucioma.
Memoobst. CoemewieHtblil npoyecc usyuaics 8 cpede moayond 8 nepuoouueckom CmaibHOM
peaxmope, paccuumaHHOM HA pabomy Npu nNo8blUUEHHOM 0asieHUU, CHABIKeHHOM CMeKAsTHHOU
ecmaeKotl, MazHUMHOU MeuaniKol, npoboombopHUKOM, Yycmpolicmeamu ggoda U cobpoca 2a308.
PeakyuoHHass macca ¢ KOMNOHEHMAMU KAMAAUMUUECKOU CUCMeMbl NOMEULANACL 8 CMeEeKSIH-
HbLl peakmop 8HYMpU cmanbHo20 asmoknasa. Ombupaemble 8 xo0e coeMeueHH020 npoyecca
npobsbl peaKyUuoHHOU MACCbL AHANUSUPOBANU MEMOOOM 2A30-KUOKOCMHOU xpomamozpaguu ¢
NAMEHHO-UOHU3AUUOHHBIM 0emeKmopoM.

Pesynomameut. [lokasaHa B803MOIKHOCMb COBMEULeHUsl 8 OOHOM peaKkmope Oe2udpamauuu
UUKNI02eKCAHONA, KAMAAUSUPYEMOU MOHOLUOPAMOM N-MOAYOACYNAbPOKUCIOMBL, U ANKOKCU-
KapboHUnuposaHus. o0bpasyrouiezocst yurniozekceHa yuknozexcarHonom u CO npu kamanuse
cucmemoti Pd(OAc),~PPh —n-monyoacyisgpoxucnioma. B maekux yenosusix (memnepamypa 110 °C,
dasnerue CO 2.1 MIla) 8bixo0 yenesozo npooyxma oocmuean 64.8% 3a 5 u. YemaHosnero, umo
COBMEeWeHHbLIL Nnpoyecc O0CroXKHsiemest obpasosaruem nobouHozo Npooykma — YUKI02EKCAH-
KapboHO8OTl Kuciombl — 8 pesysibmame 2UOPOAU3A UUKI02EKCUI08020 3hUPA UUKI02EKCAH-
KapboHO80Tl KUCIOMbL U 2UOPOKCUKAPOOHUNUPOBAHUSL YUKI02EKCEHA.
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Bbteoodbl. Peakyuu 8HYMPUMONEKYNAPHOU KUCIOMHOKAMAUMUUECKOU 0eeudpamayuil YuK1o0-
2eKCAHONA U ANKOKCUKAPOOHUNUPOBAHUSL 00pA3YOULE20Cs UUKI02EKCEHA, KAMAAUIUPYEMO20
cucmemoti Pd(OAc),~PPh ~n-moayoacyasgorucioma, mozym b6oimo coemewyerHbl 8 00HOM pear-
mope. n-Tonyoacyabgorucioma moxem 00HOBPEMEHHO BbLNOJHAMb (PYHKUUU KAMAAU3IAMOopa
dezudpamayuu YUKI02eKCaHoIa U coKkamaau3damopa naanaouli-gpocgpuHogoli cucmembl
ANKOKCUKAPOOHUNUPOBAHUS YUKI02eKceHa. BoaneueHue yurnoeerxceHa — npodyrkma obpamumoii
pearxyuu 0eeudpamayuil YUKI02eKCAHONLA — 8 PEAKUUID ANKOKCUKAPOOHUNUPOBAHUSL SI8SLeMCsl
arxmopom cmeweHuUsl pagHO8eCcUsl peaKyuu 0eeudpamayiil 8 CIMopoHYy 00pAa308aHUSL LUKI02eK-
ceHa. ITo60UHbIM NPOOYKMOM NPEONALAEMO20 COBMEULEHHO20 NPOUECCA SI8SEMCESL YUKIL02EKCAH-
Kapborosasi kKucroma. Boda, obpasyrowasics 8 peysiomame 0e2udpamayui YuKi02eKcaHoNa,
S8S1emest PaKmopoM CHUIEHUSL 8blX00a Yeae8ozo NpodyiKma, umo 00YCaio81eH0 8o8leueHuUem
nocnedHezo 8 pearyuro 2u0poauU3a U NPOMeKAHUeM Pearyul 2u0POKCUKAPOOHUNUPOBAHUSL
UuKI02eKCeHA.

Knroueevle cnoea: coemeuieHHbLil npouyecc, deeudpamauuﬂ cnupma, amcorccwcap6or—thupoea1—tue
a’sikeHa, ncumadua—cpoccpuuoeaﬂ cucmema, CuJioHast NPoOmoHHast Kucsioma

Jna yumuposanua: Cesoctbsinosa H.T., barames C.A., Poquonosa A.C. CoBMEUICHHBIN NMPOLECC CHHTE3a IUKIIOTeKCHII-

HuKJIoreKkcankapOokcunara u3 nukinorekcanona u CO, xaranusupyemsiii cucremoit Pd(OAc),~PPh,—n-tonyoncynsdokucnora.
Toukue xumuueckue mexronozuu. 2023;18(1):29-37. https://doi.org/10.32362/2410-6593-2023-18-1-29-37
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Combined process of cyclohexyl cyclohexanecarboxylate
synthesis from cyclohexanol and CO catalyzed
by the Pd(OAc),—PPh —p-toluenesulfonic acid system

Nadezhda T. Sevostyanova™, Sergey A. Batashev, Anastasia S. Rodionova

Tula State Lev Tolstoy Pedagogical University, Tula, 300026 Russia
“Corresponding author, e-mail: sevostyanova.nt@gmail.com

Abstract

Objectives. To study the possibility of combining acid-catalytic cyclohexanol dehydration and
alkoxycarbonylation of the formed cyclohexene with cyclohexanol and carbon(ll) oxide in a single
reactor in order to achieve high yields of the target cyclohexyl cyclohexanecarboxylate product
under mild conditions using the Pd(OAc),~PPh —p-toluenesulfonic acid catalytic system.
Methods. The combined process took place in a toluene medium in a periodic steel reactor
designed to operate at elevated pressure, equipped with a glass insert, a magnetic stirrer, and
a sampler, as well as gas input and discharge devices. The reaction mass with the components
of the catalytic system was placed in a glass reactor inside a steel autoclave. The reaction mass
samples obtained during the combined process were analyzed by gas-liquid chromatography
with a flame ionization detector.

Results. The possibility of combining cyclohexanol dehydration catalyzed by p-toluenesulfonic
acid monohydrate and formed cyclohexene alkoxycarbonylation with cyclohexanol and
CO during catalysis by the Pd(OAc),~PPh —p-toluenesulfonic acid system in a single reactor
was demonstrated. Under mild conditions (temperature 110°C; CO pressure 2.1 MPa), the
target product yield reached 64.8% in 5 h. However, the combined process is complicated by
the formation of a cyclohexanecarboxylic acid by-product formed as a result of the cyclohexyl
cyclohexanecarboxylate hydrolysis and the cyclohexene hydroxycarbonylation.
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Conclusions. The reactions of intramolecular acid-catalytic cyclohexanol dehydration and
formed cyclohexene alkoxycarbonylation catalyzed by the Pd(OAc),-PPh ~p-toluenesulfonic acid
system can be combined in a single reactor. p-Toluenesulfonic acid can simultaneously act as a
catalyst for the cyclohexanol dehydration and a co-catalyst of the palladium—phosphine system
of cyclohexene alkoxycarbonylation. The involvement of cyclohexene, representing a product of
reversible cyclohexanol dehydration, in the alkoxycarbonylation reaction is a factor in shifting the
dehydration reaction equilibrium towards the formation of cyclohexene. Cyclohexanecarboxylic
acid is a by-product of the proposed combined process. A factor in the reduction of target product
yield is water formed as a result of cyclohexanol dehydration due to the involvement of the latter
in the hydrolysis reaction and the course of the cyclohexene hydroxycarbonylation.

Keywords: combined process, alcohol dehydration, alkene alkoxycarbonylation, palladium-—
phosphine system, strong protonic acid
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BBEJEHMUE

AJIKOKCHKapOOHWIIMPOBaHNE aJKEHOB CHHPTAaMHU
u CO — opHOCTaAUIHBIN CHOCOO MOIYYEHUS! CIOXKHBIX
3¢UpOoB U3 JOCTYHMHOTO CBIPbs, AaJIbTEPHATHBHBIN
TPaIULMOHHO peannu3yeMoil sTepudukanuyu KapOOHO-
BbIX KucioT cnupramu. CO BBIIEISIIOT U3 CUHTE3-rasa,
KOTOPBIH MOXET OBITh MOJyYeH HE TOJBKO U3 HedTH
U TPUPOTHOTO Ta3a, HO M KAMEHHOTO YIJIS, a TaKke
OTXO/I0OB OMOMAacChl — BO30OHOBISIEMOTO CHIPHEBOTO
UCTOYHHKA. B alKOKCHKapOOHWIMPOBAHWU aJKCHOB
TOMOTCHHBIC TMaJIaTui-(poCcHUHOBBIC KaTATUTHICCKHE
CHCTEMBI  CUMTAIOTCS  HamOolee aKTHBHBIMH U
CEJICKTUBHBIMH, IIOCKOJIBKY —ITO3BOJIIIOT — HOJIy4aTh
HeJIeBbIe TPOAYKTBl — CIOXHBIE 3(QHUPBI — B MSTKHX
YCIIOBUSIX C BbICOKMMHU Bbixojamu [1-9]. [TobounbiMu
NPOAYKTaMH B 9THX PEaKIUsX SBISIOTCS, KaK PAaBUIIO,
JMIIb W30MEpHBIC CIOXKHBIE dPUpbl. Takum o0pazoM,
B JKOKCHKapOOHWJIMPOBAHUM AJKCHOB, KaTalIU3Upye-
MOM COCTMHEHISIMHU TaJlIafusl, COOM0AaeTCS IPUHIIAT
OKOHOMHH aTOMOB, IICKAIIMH B OCHOBE pa3padOTKH
pecypcocOeperaonx — MalOOTXOAHBIX — XHUMHUYECKUX
TEXHOJOTHH C BBICOKHM YPOBHEM JKOJIOTHYECKOU
0e301macHOCTH.

OmHako B psje CIIydyacB ajKCHBI SIBITIOTCS
MEHee JAOCTYNHBIMU peareHTaMu 110 CpPaBHEHUIO C
COOTBETCTBYIOIUMHU crupTaMu. Cleayer OTMETHTb,
4TO CHUPTHI MOTYT MCHOJB30BaThCs Kak CyOCTpaThl

KapOOHWJIMPOBAHUS U IMONYYCHUS KapOOHOBBIX
KHCJIOT U CJIOHBIX 3(UPOB, OJHAKO B OOJIee HKECTKHX
YCIIOBHSIX, Y€M aJIKOKCHKapOOHWINPOBAHUE AJKEHOB.
Tak, B MNPOMBIIUIEHHOCTH METOKCHUKapOOHUINPO-
BaHWE OJTWIEHa — TiepBasg CTaausi B CHHTE3E
METUIMETaKpuiIaTa 1o TexHosoruu Alpha xommanuu
Lucite — peanusyeTcss TNpu Karajause Majiaguii-
¢ochunoBoii cuctemoit mpu Ttemmeparype 80 °C wu
napieanu cmecn CO um atunena 1.0 Mlla [2, 3]. B 1o
K€ BpeMs KapOOHWIMPOBaHHWE METaHONIA B TIPO-
MBIIJIEHHBIX Iponeccax Monsanto u Cativa, ocyle-
CTBJIAEMBIX IPU KaTaJlu3e POAUEBBIMU U UPUIUEBBIMHU
Karajau3aropaMd  COOTBETCTBEHHO, TpeOyeT  moj-
nepxanug temmeparypbl  150-200 °C  u  naBiieHus
CO 3-6 MIla [10].

Lenu nanHOM pabOTHI:

1) wu3ydeHHe BO3MOXKHOCTH COBMCIICHHS B
OIIHOM peakTope (puc. 1) KHUCIOTHOKATAIMTHYECKOH
JeTHIpaTalliy IUKJIOTeKcaHona (coeauHenue 1, peak-
us (1)) ¥ aTKOKCHKapOOHWIMPOBAHUS 00pa3yrOIIErocs
[UKJIOTeKCceHa (coenHenue 2) mukiorekcasoiaom u CO
(peaxums (2)) mpu karanmuse cucremoit PA(OAc),~PPh,—
n-tonyoscynbdokuciora (TsOH);

2) yCTaHOBJIGHHE BO3MOXHOCTH JIOCTHUKECHHUS
BBICOKHX BBIXOJIOB LI€JIEBOTO MPOAYKTA — LIUKIOTEKCHII-
nukiorekcankapookcuiara (LIT'LUIK, coenunenue 3) —
B MSTKUX YCIOBUSX (puc. 1) mpu xaTanu3e ykazaHHON
KaTaJIUTUYCCKON CHCTEMO.
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Puc. 1. Cxema CHHTE3a HIUKIOTSKCHIIIIMKIOTeKCAaHKapOOKCHIIara.
Fig. 1. Scheme for the synthesis of cyclohexyl cyclohexanecarboxylate.
Opranmzanusi  MpOLIECCOB,  OCHOBAaHHAs  Ha panee [17], Cl-aHHOHBI KaTaJIUTHYECKOTO TpE/IIe-

COBMELLIEHUU B OJHOM peaKkTOpe JBYX peakuuil, Haie-
JIeHa Ha WCHOJb30BaHHWE [EIIEBOIO M JIOCTYIIHOI'O
CBIpbsi, He TpeOyeT BBIACJIEHUS W OUYUCTKHU
MPOMEXYTOYHOTO MPOAYKTa H SBISETCA (DaKTOpOM
CHIDKEHHUS  KalUTaJbHBIX W  JHEprozarpar Mpu
nocienyromeM BHeapeHuu. Kak cneactBue, paspa-
OaTbIBaeMble MPOIECCHI XapPaKTEPU3YIOTCS BBICOKUM
YPOBHEM OJKOHOMHUYHOCTH, PECYpCOCOEpexeHus U
9KOJIOTUYECKON 0€30MacHOCTH.

Uccnenyemsriii npouiecc (peakuuu (1), (2)) sBis-
eTCsI  MOJCHBHBIM, TIOCKOJIBKY — AIKOKCHKapOOHWIIH-
pOBaHME LMKJIOTEKCEHa, KaTalu3upyeMoe Nalaauii-
dochuHOBRIMU  cHCTeMaMH,  HE  OCIOXKHSCTCS
o0pazoBaHHeM KaKUX-IMOO MOOOYHBIX MPOIYKTOB, B
TOM YHCIIE W30MEPHBIX CIOXKHBIX 2¢upoB. LlemeBoit
npoaykT 3toro npomnecca — II'II'K — n npyrue cnoxusie
3GUpbl  IUKIOT€KCAHKApPOOHOBOM  KHUCIOTBI ~ MOTYT
MIPUMEHSATHCS B KayecTBe JOOABKU K pa3IMYHBIM BHAM
toruB [11], moaympoaykra B CHHTE3€ JIGKAPCTBEHHBIX
cyoctannmii [11, 12], mnacrudukatopos [13, 14] u
KOMITOHEHTOB KOCMETHYECKHX cpeAcTB [15].

B kauecTBe KaTaJIMTHYECKUX MPEIIICCTBEHHUKOB
B  aJIKOKCHKapOOHWJIMPOBAaHWU QJIKCHOB Haubolee
gacto mcnoassyrores PA(OAc), [4, 16], PdCL, [6, 7]
u Pd(PPh,),Cl, [17]. Pamee ¢ wucnonb3oBaHueEM
Pd(PPh,),Cl, B coueTanuu ¢ IpPOMOTUPYIOIIMMH 100aB-
KaMu PPh3 n TsOH namu B ucciemryeMoM COBMEIICH-
HOM IIpoliecce ObUl TOJY4YeH MPOAYKT 3 C BBIXO-
oM 86.8% 3a 320 MUH MPU COOTHOIICHUU KOJMYECTB
uukiorekcanona u TsOH 2.5 : 1.0 (mo:.). [Tpu nononue-
HUM YKA3aHHOM KaTalUTHUECKOM cHCTeMbl H00aB-
KOW 71-TO3WJIaTa HATPUs KaK BO3MOXKHOTO areHTa s
CBSI3BIBAHMUS BOJBI M TE€HEPUPOBAHUSA in Situ JOIOJN-
HUTEIBbHBIX KoinuecTB TSOH  BeIXOm  1eIeBOro
mpoxyKTa cocTaBisul Oomee 99% 3a TO Ke BpeMms
IIPY COOTHOIIEHMH KOJHMYECTBA LUKJIOIeKCaHola U
cymmapsoro kommdectsa TsOH u TsONa 1.6 : 1.0 (mo:1.)
[18, 19]. OmHako I TPOMBINUICHHO Ba)KHOTO IIPO-
Lecca JKENaTeNbHO JIOCTM)KEHHE BBICOKMX BBIXO/IOB
LIEJIEBOTO  MPOAYKTa 3a Ooliee KOPOTKOE  BpeMs
IIpY MUHUMAJILHOM HCIIOJb30BaHUU PA3IMYHbIX J00a-
BOK, a [0 BO3MOXHOCTH, 0e3 HuX. Kak ObLIO moKa3aHo

CTBEHHMKA HETaTHBHO BIUSIOT HAa CKOPOCTh ATKOKCH-
KapOOHWJIMpOBaHUS. B 3Tol CBS3M Ha JMaHHOM 3Tare
HCCIICIOBAaHMI BO3MOXXHOCTH PEAM3aIli COBMEIICH-
HOTO TIporiecca IETHApaTalii ¥ aTKOKCHKApOOHIITH-
poBanusi  ucnonb3oBaincst  Pd(OAc), B  coueranuu
¢ jnobGaskamu mpomoropos: PPh, — kak omHoro wu3
HauOosiee akTUBHBIX MOHO(ochuHOB 1 TSOH — ofHOI U3
CWJIBHBIX OPTaHMYECKHMX KHCIJIOT, UCIIONB3YEMOM paHee B
ATKOKCUKAapOOHWIIMPOBAHUH IUKIIOTekceHa [16-21].

SKCIIEPUMEHTAJIBHAS YACTb

CoBMeIIIeHHBII IPOIIecC H3yJacs B Cpeie TOTyoIa
B MIEPUOJUYCCKOM CTAJIBHOM PEAKTOpPE, PACCUUTAHHOM
Ha paboTy NpHU TOBBIIICHHOM JaBJICHUH, CHAOXCH-
HOM MAarHUTHOM  MeIIaNKOH, MpoOOOTOOPHHUKOM,
yCcTpoiicTBaMH BBOAa M cOpoca razoB. PeakumoHHas
Macca € KOMIIOHGHTaMHM KaTaJIUTHYEeCKOH CHUCTEMBbI
Pd(OAc),, PPh, u moHoruapar n-tomyosncyibhokuc-
notel — (TsOH-H,0) nomemanacey B CTEKISHHBIA peak-
TOp BHYTPH CTaJIbHOTO aBTOKJIaBa. B Xoze OIbITOB
TeMIiepatypa mnojaepxuBaiach Ha ypoBHe 110 °C,
nmaBiaenne CO cocramsio 2.1 Mlla, HadanbpHbIE KOH-
[CHTPAIlH [HKIOTeKCaHONa W KOMIIOHCHTOB KaTaH-
tiyeckoi cuctembl  cocraswm: C(CHOH) = 050 M,
C,(Pd(OAc)))=2.0-10° M, C,(PPh,)=2.0-10* M,
C,(TsOH-H,0) = (0.14-0.28) M. Tlogpobnas meto-
JIMKa SKCIIEpPUMEHTA omrcaHa B padore [16].

OtOupaeMble B XOJ€ COBMEILEHHOIO Ipolecca
MpoObI PeakIMOHHONW MAacChl aHATU3UPOBAINA METOI0M
ra30-KHJIKOCTHOH Xxpomarorpadum Ha Xpomatorpade
«Kpucramtroxe 4000My» (HIID Mema-xpom, Poccus)
C TUTAMEHHO-MOHHU3AIMOHHBIM JIETEKTOPOM M Ta30M-
HOcuTeneM aproHoM. CKOpPOCTh IOTOKa ra3a-HOCHUTEIIS
1.0 mi/muH, nenenue noroka 1:60. Temmnepatypa ucra-
putrens u gerekropa cocraBmsuia 300 °C u 320 °C
COOTBETCTBEHHO. Pa3ieneHne KOMIIOHEHTOB PEaKINOH-
HOW Macchl MPOBOJIMJIOCH B KamWIUISPHOW KOJIOHKE
Optima-5 (Macherey-Nagel, TepmaHusi) pa3Mepom
30 M x 0.32 MM c TommuHOW mieHkH (.35 MkMm
B PEXHUME TPOrpaMMHUPOBAHUS TEMIIEpPaTyphl: B
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nuamnazone 120-220 °C ckopocTs HarpeBa 20 rpaji/MuH,
B muanasoHe 220-280 °C ckopocTh HarpeBa 8 Ipaji/MuH,
n3zorepmudecknii pexnm 280 °C B TeueHme 2.5 MHUH.
Pacuersl momazeil NUKOB OCYIIECTBIUIACH C IIO-
Morirbto niporpammel NetChrom V 2.1 (HIT® Mema-xpom,
Poccust). Unentndukannio mukoB Ha XpoMaTorpaMMax
MPOBOJIMIIM 0 BPEMEHU YAEP)KHUBAaHUS IMyTEM COIO-
CTaBJIGHUS] C BPEMEHAMHU YJEpXKHUBAHUSA CTaHIAPTHBIX

0.6
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0.2

C, moan/n / C, mol/LL
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0 100 200 300 400 500
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Puc. 2. KpuBble pacxonoBaHusI peareHTa 1 HaKOTUICHHSI
TIPOMEIKYTOUHOT 0, IIEJIEBOTO U TOOOYHOTO TPOYKTOB
B COBMEILICHHOM MOJIEITBHOM TIpoLiecce
npr C(TsOH) = 0.280 M: 1 — HaxomeHne npoaykra 3;
2 — HaKoTIeHUE TIOYTIPOIYKTa 2; 3 — pacxooBaHue pearenTa 1;
4 — HaKOIIJICHHWE MPOAYKTa 4.

Fig. 2. Curves of reagent consumption and accumulation
of intermediate, target and by-products in the combined model
process at C(TsOH) = 0.280 M: 1 — product 3 accumulation;
2 — intermediate product 2 accumulation; 3 — reagent 1
consumption; 4 — product 4 accumulation.

oOpasnoB BemiecTB. KoHmeHTpamuu Bemects 1-3
W IUKJIOTeKCAaHKapOOHOBOM  KHCIOTHI  (TTOOOYHBIN
MPONyKT 4) pacCUMTHIBAIA METOJOM BHYTPEHHETO
CTaHAapTa, B KAueCTBE KOTOPOTO HCIOIH30BAIH
o-KcwWioN. BHyTpeHHHI CTaHZAapT BBOIWIIM B ITOCTOSH-
HOW KOHIIEHTPAIMd B PAacTBOp IMKIOTEKCaHOTAa B
TOJIyOJIe 0 HavyaJia OIbITa.

PE3YJIBTATBI U UX OBCYXKJIEHUE

[To pesynbraTam aHanmu3a Npod peEaKIUOHHOU
Macchl, OBUIO YCTaHOBJEHO, YTO B KadecTBE IMpo-
MEXYTOYHOTO MPOJYKTa HCCIIEyeMOro COBMEIICH-
HOrO Tporiecca oOpa3yercss NHUKIOreKceH. Hapsmy
C OCHOBHBIM TIPOJYKTOM OBUIO  3a)UKCHPOBAHO
o0Opa3oBaHue MOOOYHOTO MPOAYKTA 4.

Tunuyaple KpHWBBIE pacxojia I[HKJIOTeKCaHOJa
(ucxomHOTO COCIMHEHUSA 1) u HaKOIUICHUS
LUKJIOreKCeHa  (MPOMEXYTOYHOTO  NpOIyKTa  2),
[UKJIOTeKCaHKapOokcuiaTa (LEJIeBOro mpojaykra 3)
U UUKIOTeKCAHKapOOHOBOM  KUCIOTHI (TIOOOYHOTO
MpoayKTa 4) MpeACTaBICHBI HA puC. 2.

B Tabnuie npenctaBieHbl pe3ysbTaThl MPOBEICH-
HBIX OIBITOB IIPU BapbupoBaHUU KoHUeHTpauuu TsOH
W TIOCTOSIHCTBE OCTQJIBHBIX MAPaMETPOB CHUCTEMBI.
Mo>xHO BUAETH, UTO yBennueHne KoHnenTpanun TsOH
¢ 0.140 no 0.200 M compoBOXIANOCH yBEIHMUYECHUEM
BbIXO/a LeseBoro mnpoxaykra 3 ¢ 17.2% (0.043 M)
g0 64.0% (0.160 M). IloBblmieHHMe HavaabHOM
kxonnentparuu TsOH mo 0.28 M mpuBeno k cokparie-
HUIO BPEMEHHU JOCTHKEHHS MaKCHUMAaJIbHOTO BBIXOJ1a
npoaykra 3 64.8% no 5 u. CymmapHasi KOHLEHTpaIUs
CBOOOJIHOTO HMKIOTEKCEHA M BCTYMHUBILETO B PEAKIUH
KapOOHWIIMPOBaHUS C 00pa3oBaHUEM MPOAYKTOB 3 u 4
yBEJIMYMBAJIach ¢ yBeauueHueM koHuenrpauuu TsOH.

Tabnauua. Pe3ynbTaThl ONBITOB MO BapbUpOBaHUIO KOHIEHTpauuu TSOH kak KOMIIOHEHTa KaTaJIUTUYECKOW CHUCTEMbI
Pd(OAc)z—PPh3—TsOH COBMEIIICHHOTO MOZECIFHOTO ITPOIlecca T UAPATANU IUKIOTeKCaHOIIA U ATKOKCHKAPOOHILTUPOBAHUS
00pa3yromerocs IMUKIOTeKCeHa
Table. Results of experiments on varying the concentration of TSOH as a component of the Pd(OAc),~PPh,~TsOH catalytic
system of the combined model process of the cyclohexanol dehydration and the resulting cyclohexene alkoxycarbonylation

Howmep onbiTa Bpems*. Mum
Experiment C(TsOH), M P! PR Cc1),M C2)**,M | C@3),M C4), M C@2)***,M
number Time*, min
1 0.140 450 0.355 0.045 0.043 0.004 0.092
2 0.200 450 0.143 0.034 0.160 0.003 0.197
3 0.250 420 0.112 0.058 0.160 0.004 0.222
4 0.280 290 0.073 0.091 0.162 0.004 0.257

*Bpemst J0CTIKeHNsT HanOoblel KoHIeHTpaiun npoaykra 3. / Time to reach the highest concentration of the product 3.

**KonueHtparus cBoooaHoro ukiorekceHa. / Concentration of free cyclohexene.

***CyMmapHasi KOHIICHTPAIUsl CBOOOHOTO IUKJIOTeKCEHa M BCTYIHMBIIETO B PEAKIUH KapOOHUIMPOBAHUS ¢ 00pa3oBaHHEM
nponykroB 3 u 4. / Total concentrations of free cyclohexene and cyclohexene entered in carbonylation reactions with the formation
of products 3 and 4.
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[IprunHamu 0Opa3zoBaHMS I[HUKIOTEKCAaHKAPOOHO-
BOM KHUCJIOTBI, IO-BUAMMOMY, SIBJIIE€TCS HaJIW4ME B
PEaKUMOHHOM  Macce  BOJbI, BBIACIAIOLIEHCA B
peakiuu (1) W BCTymaromied B peakUM THAPOKCH-
KapOOHMITUPOBaHUSI ITMKJIOTeKceHa (puc. 3, peakius (3))
u runapornuza LII'UTK (puc. 4, peaknus (4)).

Kartanuzatopom peaxuuu (4) MOXKET BBICTYyNaTh
cunpHas npoTroHHas kucinora TsOH. Peakuun
TUAPOKCU- U  AIKOKCUKApOOHUJIUPOBAHUS MOTYT
KaTaJU3UPOBATHCA OJHUMH M TEMH K€ CUCTEMaMH,
BKJIIOYAIOIIUMH  TaJJIaJIUeBBI  MPENIIeCTBEHHUK,
opraHoGocuH M CHIBHYI0O NPOTOHHYIO KHCJIOTY
[23, 24]. [Ipu 3TOM OONBIIMHCTBO HCCIEAOBATENICH
MPHUACPKUBAIOTCS THAPUIHOTO MEXaHU3Ma It 00enx
peakuuit [4-9, 16, 17, 20-24].

Ha ocHOBaHWM W3BECTHBIX MPEACTABICHUN O
KHCJIOTHOM KaTajlu3e JeruapaTallid CHOUPTOB U THI-
PUIHOM MEXaHU3ME aJIKOKCUKApOOHMWINPOBAHUSI MOKHO
OXKuaTh, uT0 nanbHeiimee noseimenue C (TsOH-H,0)
JIOJDKHO TPHUBOAUTH K YBEJIMYEHUIO CKOPOCTH COBME-
menHoro mnpomecca cuuresa LI'HIK [16]. Omgnaxo
nanpHeiee ysenuuenue kouuenrpauuu TsOH-H,O
MIPEJCTABISACTCS  HElenecooOpa3HbIM, MOCKOJIBKY C
TOYKH 3pEHUS TPOMBIIIICHHON peanu3anuu mpoliecca
BBICOKHE KOHLIEHTPALMM CUJIbHBIX IPOTOHHBIX KHUCIOT
B PEaKLMOHHON Macce He)KeJlaTeJIbHbI B CBSI3U C KOPPO-
3ueld  cTampbHOTO  oOopynoBaHus.  [lo-BuamMomy,
HCCIIEZIOBAaHUS JIOJDKHBI TPOJOJDKAThCA B Halpas-
JEHUM TIOMCKA ONTHUMAJbHBIX YCJIOBUH COBMELICH-

BbICOKMX  BbixogioB  LII'IIK  6e3  yBenmueHwus
KOHIIEHTPAlUK  CHJIBHOM  TPOTOHHOM  KHCIOTBHI.
OagHuM M3 Takux INyTell sBISETCS MCIOJIb30BAaHUE
opranomu(ocuHOB — 0OOJee aKTHBHBIX IMPOMOTO-
POB ISl TMAJUTAJHEBBIX KaTalM3aTOPOB AIKOKCHKAapOO-
HUJIUPOBAHUS 110 CpaBHEHHUIO ¢ MOoHOdochuHamu [1, 16].

3AK/IIOYEHUE

VYcraHoBlleHa  BO3MOXKHOCTH ~ COBMEIICHHS B
OJIHOM pEaKTOpe BHYTPUMOJIEKYJISIPHOH KHCIOTHO-
KaTAIUTUYCCKON JIeTUpaTaliiid IUKJIOTeKCaHoNa |
ANKOKCUKAPOOHWIIUPOBAHMSI  O00pa3yrOIIEerocss KO-
rekcena npu Karamuse cucremoir Pd(OAc),—PPh,—
n-TONyoJICYyTb(HOKUCIOTAa. B OCyIIecTBICHHOM COBMe-
IICHHOM TPOIIECCE 7-TONYOJICYJIb(HOKUCIOTa OHOBpE-
MEHHO BBITIONHsIA (DYHKIMHM KaTajlu3aTopa JIerHapa-
TaIUK IMKJIOTEKCAHOJAa W COKATaau3aTopa MasliaHii-
(hoCchUHOBOW  CHCTEMBI  AITKOKCHKApOOHHINPOBAHUS
LUKIOTeKCeHa.  braromapss — BOBJICUCHHMIO  ITHKJIO-
reKceHa — TPOIyKTa OOpaTHMOH peakiuu Ierujapa-
TallMd  IUKJIOCKCAHOJIa B PEAKIHI0 AIKOKCH-
KapOOHMITUPOBAHHS PABHOBECHE PEAKIIUH ICTHIPATAIIUH
OBLIO CMEIIIEHO B CTOPOHY 00pa30BaHUs IIMKJIOTEKCEHA,
1 0o0mIasi KOHBEPCHsl UKIIOTeKcaHoma jgocturana 85%.
JlanpHeWme uccieoBaHus COBMENIEHHOTO Tpoliecca
JIOJDKHBI ~ TIPOBOJIUTHCSI B HAIIPAaBICHUHM  TIOMCKa
ONTUMAJIBHBIX YCIIOBHH, O0CCIICUMBAIOIINX JIOCTHIKE-
HUe BbICOKMX BbIX0J0B LII'TII'K 0e3 yBemuueHus

HOTI'0 mnporecca, 00eCIIeunBaroINX JTOCTHUXKCHUE KOHIICHTpAlluH CHJIBHOM npOTOHHOﬁ KHCJIOTEI.
(0)
g
~
t, p, cat OH
+CO+H,0 ————>
3

Puc. 3. Cxema ruipOKCUKapOOHUITHPOBAHIS IIMKJIOTEKCEHA.
Fig. 3. Scheme for hydroxycarbonylation of cyclohexene.
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Puc. 4. Cxema rumponmsa UKIOT eKCHIIHKIOTeKCaHKapOOKCHIIaTa.
Fig. 4. Scheme for the hydrolysis of cyclohexyl cyclohexanecarboxylate.
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Abstract

Objectives. The study aimed to examine the potential use of ethanol extracts of four medicinal
plants to prevent and treat gout disease.

Methods. An investigation of some typical compound contents such as polyphenols, flavonoids,
and tannins in terms of two bioactive abilities, including anti-xanthine oxidase and antioxidant
was carried out in Eclipta prostrata L., Artemisia vulgaris L., Apium graveolens L., and Piper
betle L samples. Subsequently, the weight ratios of Piper betle L. and Artemisia vulgaris L. were
investigated to reduce the total tannin content and get the most suitable anti-xanthine oxidase
activity.

Results. As well as having the highest target compound contents, Piper betle L. demonstrated the
best anti-xanthine oxidase and antioxidant abilities even while its IC,, values were lower than
positive control; however, its high total tannin content can cause some side effects. A mixture with
a weight ratio of 1:1 of Piper betle L. and Artemisia vulgaris L. had a total tannin content half
that of Piper betle L. as well as demonstrating potential anti-xanthine oxidase and antioxidant
activities when IC,, was about 3.94 and 20.85 ug/mL, respectively.
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Conclusions. Out of the four selected plants, Piper betle L. demonstrated the best potential
material for preventing and treating gout disease. However, due to the high tannin content in it,
a mix of Piper betle L. and Artemisia vulgaris L. at a weight ratio of 1:1 gave optimal results for
application in treatment.

Keywords: gout disease, xanthine oxidase inhibitors, tannins, Piper betle L.
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HAYYHAS CTATbBA

CKPHMHHUHT 3KCTPAKTOB JICKAPCTBEHHbIX PACTCHU M
B0 BoeTHaMe M UCc/IeIOBAaHUE UX KOMOMHALIMH
NJI51 NTPOPUIAKTHKHI U JIeYeHH s TIOAATPbI
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AHHOMAauus

IMenu. H3yuumb NOMEHYUANbHOE UCNONABL308AHUE ISMAHOALHLIX 9KCMPAKMO8 uemblpex
JleKapcmeeHHblX pacmeHuil 0151 NPOPUNAKMUKU U SleueHUsl ho0azpbL.

Memoodst. Obpasyvt skaunms. npocmépmoii (Eclipta prostrata L.), nosasiHu 06blKHOBEHHOI
(Artemisia vulgaris L.), cenvOepest naxyuezo (Apium graveolens L.) u nepua 6emens (Piper betle L. )
uccedo8anucb C MOUKU 3PEHUSL COOCPIKAHUSL 8 HUX NOAUGDEHON08, (PAABOHOUO08 U OYOUNbHBIX
geujecms, a mMaroke HAAuuusi 6GUON02UUECKU AKMUBHbLX C8olicme, 8KIUAs AHMUKCAHMUH-
0KCUOA3HYIO U AHMUOKCUOAHMHYIO0 aKkmusHocmb. /lanee bblnu Hatil0eHblL 8eco8ble COOMHOULEHUS
Piper betle L. u Artemisia vulgaris L., nosgosnsiroujue cHUsUMb obuee cooeprkarHue maHuHa u
noayuums Haubosee NOOX0OSAULYI AHMUKCAHMUHOKCUOA3HYIO AKMUSHOCMb.

Pesynomamel. [IoMUMO CAMO20 8bLCOKO20 COOEPIAHUSL Uenesozo coeduHeHust, Piper betle L.
NPOOEeMOHCMPUPOBANL HAUAYUUUE AHMUKCAHMUHOKCUOA3Hble U AHMUOKCUOAHMHble C80U-
cmea, 0arke HeCMompsl Ha mo, umo e2o sHaueHus IC,, 6bl1u HUXKe NON0IKUMEIbHO20 KOHMPOJSL.
OoHaro eblcokoe codeprkaHue 00uULe20 MAHUHA 8 HEeM MOXHem 8bl3bleamb HeKomopble N0boUHbLe
agppexmol. Cmecw Piper betle L. u Artemisia vulgaris L. ¢ maccogbim coomroweHuem 1:1 umena
obuwiee codeprkaHue maHuHa 80goe meHbule, uem Piper betle L., a maxike demMoHCMpPUpo8aia
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NOMEHUUANbHY OHMUKCAHMUHOKCUOA3HYIO U AHMUOKCUOAHMHYIO AKMUSHOCMb, NPU 9MOM
IC,, cocmaenan okono 3.94 u 20.85 mre/ ma coomeemcmeeHHO.

Buleoowl.

H3z uemwbpex omobpaHHblX pacmeHulli Piper betle L. sagnsemcss HAuaywuwium

NOMEHYUANIbHBIM MAMEPUANOM ONsL NPOPUAAKMUKU U JleueHust nodazpbl. OOHAKO U3-3a
8blLCOK020 COOEPIKAHUSL 8 HEM MAHUHA cmecsb Piper betle L. u Artemisia vulgaris L. 8 coomHouweHuu
no macce 1:1 dana onmumanoHsle pesyibmamol 0151 NPUMEHEHUSL 8 leUeHUU.

Knroueeste cnoea: 60s1e3Hb nooazpa, uH2ubuUmMopsbl. KCAHMUHOKCUOA3bL, 0YbUbHbLE 8euyecmsa,

Piper betle L.

Ana yumuposanusa: Ha A.C., Le T.M. Screening of medicinal plant extracts in Vietnam and investigation of their
combination for preventing and treating gout. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2023;18(1):38—47. https://doi.

0rg/10.32362/2410-6593-2023-18-1-38-47

INTRODUCTION

A significant global increase in the number
of gout patients has recorded been in recent years.
While the highest proportions of gout patients
are experienced among the populations of North
America and Europe, the increase has also been
dramatic in in Asia [1]. Gout is a chronic syndrome
caused by the deposition of urate crystals [2] and
related to xanthine oxidase enzyme activities due
to this enzyme playing a catalyst role in the
reaction to uric acid from purine [3]. Thus, xanthine
oxidase inhibition, representing one of the main
therapies for avoiding increased concentrations of
uric acid in human blood, can be used to reduce the
risk of gout [4]. Although allopurinol is one
of the most popular drugs for inhibiting xanthine
oxidase enzyme activity, it is often associated
with side effects [5, 6]. Therefore, the identification
new potential substances for preventing and
treating gout becomes an urgent task. In this
connection, the investigation of plants containing
chemical constituents having various biological
activities has attracted a lot of interest from
scientists [7]. Over 12000 valuable plant species
in Vietnam have been identified, with over
a third of them demonstrating biological and
pharmacological activities [8]. Although anti-
xanthine oxidase abilities have been reported [9, 10],

many medicinal plants already used in alternative

therapies have yet to be studied in terms of
their  phytochemical and biological activities.
Therefore, in this study, four selected plants,

including Eclipta prostrata L., Artemisia vulgaris L.,
Apium graveolens L., Piper betle L. were evaluated
in terms of their anti-xanthine and antioxidant
activities, as well as their polyphenol-, flavonoid-,
and tannin content. The two plants identified as
showing the best potential were additionally
investigated in terms of their combined efficacy.

MATERIALS AND METHODS

Materials and chemicals

Leaves of Eclipta prostrata L., Artemisia vulgaris L.,
Apium graveolens L., Piper betle L. were collected
in Hoocmon district, Hochiminh city, Vietnam, in
February 2022 during the dry season, which is the
most appropriate time for harvesting these plants.
The plant samples, including leaves and trunk,
are shown in Fig. 1. After washing with water and
drying in shade until the moisture content was
under 12%, the samples were stored in a sealed bag
for further use. The plants were authenticated by
the Department of Ecology and Evolutionary Biology,
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Fig. 1. Photographs of plants and leaves of (a) Eclipta prostrata L. (b) Artemisia vulgaris L.
(c) Apium graveolens L. (d) Piper betle L. The photographs were captured and edited by authors.

Faculty of Biology and Biotechnology, Ho Chi Minh
City University of Science, Vietnam National University.

Absolute ethanol (C,H,OH), methanol (CH,OH),
sodium nitrite (NaNO,), sodium carbonate (Na,CO,),
sodium hydroxide (NaOH), aluminum chloride
(AIClL,), dimethyl sulfoxide (DMSO), iron(III)
chloride (FeCl,), diclofenac sodium and other
reagents of analytical grade were obtained from Merck
(Darmstadt, FR, Germany). Folin-Ciocalteu’s reagent,
quercetin, xanthine oxidase, xanthine, ascorbic acid,
allopurinol, 1,1-diphenyl-2-picrylhydrazyl (DPPH),
and gallic acid were provided by Sigma-Aldrich
(Singapore).

Preparation of plant extract

The ethanolic extracts from each plant
were extracted with absolute ethanol having a
solid-to-liquid ratio of 1:10 g/mL at 45 °C for
45 min. Next, the extracts were filtered with
vacuum filtration and evaporated until complete
removal of excess solvent. The residue was then
recovered for further extraction. The yield of
extraction is determined by Eq.1:

Extraction yield = et  100%, (1)
msample
where m_ _is the weight of dry extract (g) and m

sample

is the weight of dry raw material (g).

Qualitative phytochemical screening

The presence of  bioactive  compounds:
polyphenols, flavonoids, tannins, alkaloids, saponins,
and carotenoids were determined with phytochemical
screening [11-13].

Determination of total polyphenol content (TPC)

The TPC of the extracts was determined
using the Folin—Ciocalteu reagent following the
method of Sanchez-Rangel et al. [14]. Briefly, a
mixture consisting of 200 pL of Folin—Ciocalteu
reagent and 40 puL of the diluted extract was stored
at 25 °C for 5 min prior to adding 600 uL of Na,CO,
20 w/v % and 3160 pL of distilled water. The
absorbance of the mixture was determined using
a UV-Vis  spectrophotometer  Genesys  10S
(Thermo Fisher Scientific, USA) at 760 nm. TPC
was expressed as milligram of gallic acid equivalent
per gram of sample (mg GAE/g). The test sample
without Folin—Ciocalteu reagent was considered as
a control.

Determination of total flavonoid content (TFC)

The concentration of flavonoids in the extracts
was determined wusing the aluminum chloride
colorimetric assay method [15]. Initially, a mixture
conprising 2 mL of distilled water, 0.15 mL of
NaNO, 5%, and 0.5 mL of the extract dissolved
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in methanol, was prepared and incubated for
5 min. Afterward, 0.15 mL of 10% AICIL, 1 mL of
NaOH 1M, and 1.2 mL of distilled water were
respectively added to the mixture. The absorbance
of the mixture was measured at 425 nm using
Genesys 10S UV-Vis spectrophotometer. The
number of total flavonoids was shown as milligrams
of quercetin equivalents per gram of sample
(mg QUE/g). The test sample without AICI, was
considered blank.

Determination of total tannin content (TTC)

The concentration of tannins in the extracts
was determined by the Folin—Ciocalteu method
as described Maklar er al. [16]. A total of 2 mL of
extract in methanol was mixed with 8§ mL distilled
water and 10 mL sodium acetate buffer (pH 5)
to obtain solution 1. A mixture of 500 pL of
solution 1 and 250 pL Folin—Ciocalteu reagent was
sonicated in 5 min, and then 4250 uL Na,CO, 33%
was added. The mixture was sonicated for 30 min
before determining absorbance (4,) at 720 nm.
A total of 10 mL solution 1 reacts with 50 mg
casein at 30 °C for 1 h. The mixture was filtered
to recover solution 2. Then, a mixture of 500 uL
of solution 2 and 250 pL Folin—Ciocalteu reagent
was sonicated in 5 min. Then, 4250 puL. Na,CO, 33%
was added before sonicating in 30 min. The
absorbance of solution 2 (4,) was also measured
at 720 nm. The test sample without Folin—Ciocalteu
reagent was defined as a control. The tannin
absorbance in the extract is calculated as Eq. 2:

A=(4,-B)—-(4,-B,), 2)

where 4, A, and A4, are the absorbance of tannin
for solution 1 and solution 2; B and B, are the
absorbance of the blank in solution 1 and solution 2,
respectively.

The TTC is expressed as milligrams of tannic
acid equivalents per gram of sample (mg TAE/g).

In vitro xanthine oxidase inhibitory activity assay

The Abd FEl-Rahman and Abd-ELHak method
was applied to evaluate the xanthine oxidase
inhibitory activity of studied extracts [17]. Firstly,
the reaction mixture contains 250 pL extract in
DMSO 5%, 175 pL of sodium phosphate buffer
(pH 7.5), and 150 pL enzyme (0.2 units/mL of
xanthine oxidase in phosphate buffer). The mixture was
incubated for 15 min at 37 °C before adding 300 uL of

xanthine (mM) and then further incubating for
30 min at 37 °C. The reaction was stopped with the
addition of 125 pL. HCl 1M. The absorbance was
measured at 290 nm by Genesys 10S UV-Vis
spectrophotometer. Allopurinol was used as a positive
control. Xanthine oxidase inhibitory activity was
expressed as the percentage inhibition of xanthine
oxidase and calculated as Eq. 3:

A —A
% XO inhibition = —2k __—samle o 100% , (3)

blank

o is the absorbance
ank

. is the absorbance at 290 nm

where XO is xanthine oxidase; 4
at 290 nm of blank; 4_
of the sample.

pl

In vitro antioxidant assay

The presence of free radicals is one of
the consequences of diseases [18]. The DPPH
radical is the most popular method to determine
free radical scavenging activity, Sharma and Bhat
method with slight modification was used in this
study [19]. Briefly, 120 pL of extract in methanol
at various concentrations were reacted with 180 pL
of DPPH in methanol. The reaction mixture was
stored in the dark at 25 °C for 30 min. The DPPH
solution, ascorbic acid (vitamin C), and methanol
were used as negative-, positive-, and blank controls,
respectively. The absorbance was measured at 517 nm
using a Genesys 10S UV-Vis spectrophotometer
to calculate the percentage of inhibition (Eq. 4)
as follows:

% DPPH radical scavenging activity =

_ Acomrol B Asample 0

=—"" P x100%, 4)
control

where A4~ is the absorbance of the negative

control and ASample is the absorbance of the test

solution.

Statistical analysis

All experiments were carried out in triplicate; the
data were expressed as mean+standard deviation.

RESULTS AND DISCUSSION

Extraction efficiency of medical plant extracts

In the present study, the first task was to
investigate the number of extraction cycles. All four
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materials were extracted four times; the results are
shown in Fig. 2. There were significant differences
among the researched materials and the cycles.
The total extraction efficiency of Apium graveolens L.
leaves was the highest at 21.18%. However, the
total extraction efficiencies of the others were not
much different, falling in the range of 11.87 to
13.26%. The main reasons for the variation
were the significant amounts of petiole in the
Eclipta prostrata L. and Artemisia vulgaris L. samples
and high level of fiber in the Piper betle L. leaves.
Meanwhile, the first-cycle extractions were the
highest for all plants, with values falling in the
range of 5.63 to 12.35%. In the first cycle, there
were significant differences between compound
concentrations in the internal and external plants.
As a result, the diffusion was much easier than the
others. The figure for Apium graveolens L., the
first extraction yield, made up about 58% total one,
whereas, in terms of Piper betle L., it accounted
for roundly 72% total yield. The cycle extraction
efficiency additionally decreased as the number
of extracts increased, with fourth cycle extraction
yields at less than 1%. Therefore, three-cycle
extraction was applied in the following steps.

25 1

mthe 1st cycle
20 A mthe 2nd cycle
m the 3rd cycle

the 4nd cycle

Eclipta prostrata L. Artemisia vulgaris L. Apium graveolens L. Piper betle L.

Fig. 2. Extraction efficiencies of four studied plants.

Phytochemical screening
of medicinal plant extracts

Phytochemical screening was conducted to
identify some bioactive compounds in the materials.
The results can help to predict some bioactive
abilities or side effects. In this study, typical
natural compounds, including polyphenols, flavonoids,
tannins, alkaloids, saponins, and carotenoids were
determined; the results are shown in Table 1.
Polyphenols demonstrate various bioactivity

033
15 4
0.27
093 -
093
10 A
5 -
0

abilities, such as anti-xanthine oxidase, antioxidant,
anti-carcinogenic, anti-oxygenase, and anti-telomerase
[20, 21]. Flavonoids demonstrate significant bioactivity,
especially anti-xanthine oxidase, antioxidant, anti-
inflammatory, and antibacterial [21, 22]. Tannins
are strongly antioxidant compounds due to the
presence of many hydroxyls (—OH) in their
structures, although they can be characterized by
difficult  absorption and associated  digestion
problems [23, 24]. Moreover, bioactive capabilities
offered by alkaloids, such as anti-xanthine oxidase
and anti-inflammatory effects, address gout symptoms
[25, 26]. Saponins are known to play important roles
in preventing or treating cancer, reducing inflammation,
and increasing blood cholesterol [27, 28]. Finally,
carotenoids are demonstrated as typical antioxidant
compounds because of their reactions to superoxide
radicals and peroxyl groups [29].

The experiment results (Table 1) demonstrated
the presence of polyphenols, flavonoids, tannins,
and saponins in all four extracts. As a result, it is
predicted that these materials will exhibit anti-
xanthine oxidase and antioxidant activities. In addition,
the antioxidant effect of carotenoids found in in
Artemisia vulgaris L. and Piper betle L. offers
additional mechanisms to those of other antioxidant
compounds such as polyphenols, flavonoids, tannins,
and carotenoids. Antioxidant activity contributes
to the balance of homeostasis when suffering from
diseases [18].

TPC, TFC, and TTC of extract plants

As already mentioned, polyphenols, flavonoids,
and tannins are considered in terms of their
important ~ xanthine  oxidase  inhibition  and
antioxidant roles. In this study, the TPC and TTC
were measured using Folin—Ciocalteu reagent, while
TFC was determined by the aluminum chloride
method; these popular methods offer reliable results
[15, 16]. The TPC, TFC, and TTC were determined as
described in Fig. 3. The research materials demonstrated
widely ranging differences in terms of these values.
Piper betle L. had by far the highest values when
the TPC, TFC, and TTC were 437.12 mgGA/g;
668.18 mgQEU/g, and 62.63 mgTAE/g, respectively.
In contrast, the values of Apium graveolens L. were
the lowest. It is forecasted that Piper betle L. shows
the highest potential xanthine oxidase inhibition
and antioxidant activity, whereas these bioactive
abilities of Apium graveolens L. can be much worse.
However, the high value of TTC of Piper betle L.
can cause some side effects, especially in terms
of difficult absorption and digestion of nutrients [24].
For this reason, it is necessary to use it cautiously.
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Table 1. Phytochemical screening results from leaf extract of four plants

Bioactive Test/Reagent Medicinal plants

compounds Eclipta prostrata L. | Artemisia vulgaris L. | Apium graveolens L. | Piper betle L.
Polyphenols Tron(IIT) chloride + + + +
Flavonoids Lead acetate 10% + + + i
Tannins Gelatin 1% + ++ + ++
Alkaloids Bouchardat + ++ - +
Saponins Ll]gll)ﬁz}?:rlzin_ N N N N
Carotenoids Sulfuric acid + - i

— Not detected, + Slightly positive reaction, and ++ Strong positive reaction.

ETPC mTFC ®TTC

600 1

400

200 -

132.59

98.83
74.91 62.63
47.19 Z

15.69

2694
A 1448 504

Eclipta prostrata L. Artemisia vulgaris L.~ Apium graveolens L. Piper betle L.

Fig. 3. Total content of polyphenols, flavonoids,
and tannins of four extract plants.

Anti-xanthine oxidase and antioxidant activities

To confirm their bioactive abilities, in vitro assay
of the the materials was carried out with anti-xanthine
oxidase and antioxidant as illustrated in Table 2.

The bioactive properties as illustrated by IC
values are shown in Table 2. As expected, Piper betle L.
showed the most potential material, with IC, values
of anti-xanthine oxidase and antioxidant abilities

being lower than the positive controls, such as
allopurinol and ascorbic acid. The results agree with
an earlier study carried out into the xanthine oxidase
inhibitory effect of Piper betle L. [30]. Regarding
anti-xanthine oxidase, the data of Eclipta prostrata L.
and Artemisia vulgaris L. were almost the same,
at 164 and 161.65 pg/mL, respectively. However,
regarding antioxidant ability, Artemisia vulgaris L.
was about 9 times better than Eclipta prostrata L.
due to the difference in TTC values. In contrast,
Apium graveolens L. had the worst anti-xanthine
oxidase (IC,; 554.83 pug/mL) and antioxidant
abilities (IC,;309.52 pg/mL) due to the lowest TPC,
TFC and TTC values.

Combination of Piper betle L.
and Artemisia vulgaris L.

Out of four plants, Piper betle L. was demonstrated
to be the most promising material for preventing
and treating gout disease and its complications,
primarily in terms of reducing free radicals. However,
as already mentioned, its high TTC value can
lead to some negative side effects. Moreover, the
TTC value of Artemisia vulgaris L. was significantly
lower than that of Piper betle L., which demonstrated
potential bioactive properties. Therefore, in this

Table 2. Anti-xanthine oxidase and antioxidant of four studied extract plants

. IC_;, pg/mL
Materials

Anti-xanthine oxidase Antioxidant
Eclipta prostrata L. 164.00 + 2.51 56.80 +2.75
Artemisia vulgaris L. 161.65 +0.53 6.65 +0.30
Apium graveolens L. 554.83 +0.79 309.52 +1.22
Piper betle L. 1.18 +0.02 4.10 +0.08
Positive control 1.57+0.01 * 5.87+0.12 **

* Allopurinol.
** Ascorbic acid.
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study, the leaf powders of Piper betle L. and
Artemisia vulgaris were mixed together in different
ratios to lower the TTC and improve anti-xanthine
oxidase ability. The effects of the mass ratio of
Piper betle L. and Artemisia vulgaris on TTC and
xanthin oxidase activity are shown on Fig. 4.

70 1
62[63

60 -
50 4

40 A
31,79

20.85
20 A

13.05

Piper betle L. 2:1 1:1 1:2 Artemisia vulgaris L.
(a)
180 4
161.65
160
140
120 A
100
80
60
40 A
20 4
118 332 394 571
0 1 z 2
Piper betle L. 2:1 1:1 1:2 Artemisia
vulgaris L.

Fig. 4. TTC values (a) and xanthine oxidase inhibition (b)
of different ratios of Piper betle L.
and Artemisia vulgaris L. (W/w).

The findings showed a decline in the TTC data
with an increase in the ratio of Artemisia vulgaris L.
Here, the TTC value ratio 2:1 (w/w) was half that
of Piper betle L. Meanwhile, the TTC data of the
ratio 1:1 (w/w) was about three times lower than that
of Piper betle L. In contrast, when increasing the
content of Piper betle L., the combination shows
better xanthine oxidase inhibition; all of these
combinations showed dramatically better results
than Artemisia vulgaris L. Both ratios 2:1 and 1:1 (w/w)
had approximately similar IC,; values about 3.5 times
higher than that of Piper betle L. Meanwhile, this

value of 1:2 (w/w) was approximately 5 times higher
than in the Piper betle L. data.

The decreasing TTC in the mixed extraction could
be due to the low tannin content of Artemisia vulgaris L.
Further, ethanol has more selectivity for polyphenol
and flavonoid compounds; thus, with the high
TFC and TPC in both plants, the tannin content in
combination samples was lower than in the single
samples. Accordingly, the ratio 1:1 (w/w) was
the most promising when considering the aims
of decreased TTC and the most effective xanthine
oxidase inhibition.

CONCLUSIONS

The present work investigated four plants in
terms of their concentrations of three main compound
groups comprising polyphenols, flavonoids, and
tannins, as well as in terms of their anti-xanthine
oxidase and antioxidant activities. Although the leaves
of Piper betle L. showed the most promising results,
its TTC value was significant at 62.63 mgTAE/g.
In order to reduce side effects, a combination of
Piper betle L. and Artemisia vulgaris L. was prepared
and investigated. As a result, the ratio 1:1 (w/w)
showed the most potential when the TTC and IC,
were 20.85 mgTAE/g and 3.94 ng/mL.
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HAYYHAS CTATbSA

Coco0 nmosryuyeHusi peKOMOMHAHTHBIX AHTUTEI,
NMPOAYUMPYEMbIX KJIECTOYHO! JTUHUEH, TPAHCAYLIMPOBAHHOMN
PEKOMOMHAHTHLIMHM A/IECHOBUPYCAMH

E.C. CenoBa™, II.H. Illlepounun, A.C. Banaeaiok, A.B. BepxoBckasa, H.}JO. BuckoBa,
E.[I. ABnouuna, B.B. IIpokodrnes, E.H. Paoosa, H.B. EcmarambeToB, K.A. IIlepBoiiKHHA,
E.A. BorauyeBa, A.A. Abicenko, M.M. IlImapos

HayuoHomHbIL  UCCe008ameibCkUull. UeHmp SNUOeMUON0RUL U MUKPOOUOIOZUL UMEHUL  NOUEMHO20
akademurxa H.D. Famaneu MuHucmepcmea 30pasgooxpareHust Pocculickoli Pedepayuu,
Mockea, 123098 Poccust

“Aemop dns nepenucku, e-mail: sedova-es@yandex.ru

AHHOMAyus

Ienu. Paspabomamb mexHo02U0 NOAYUEHUS. PeKOMOUHAHMHBLLX aHMUMesn 8 CYCNeH3UOH-
HoUl Kysnbmype wkanemok uenogexa HEK293 ¢ nomousbto mpaHCOYKUUU peKomMOUHAHMHBbIMU
a0eHO8UPYCAMU UeNI08eKA NSIMO020 Cepomuna, HeCYyuuMU 2eHbl, SKCNpeccupyrouue msKesble
u Jslezkue yenu aHmumeJs, HA npumepe 08YxX NPOMUBOZPUNNOZHLLX AHMUMEN UUPOKO20
cnexmpa deticmeust 27F3 u CR9114.

Memoobst. PerxombuHaHmusle adernosupycot AdS5-27F3-H, Ad5-CR9114-H u Ad5-27F3-L,
Hecywue 2eH msiokenoll yenu anmumena 27F3, een msikenoil yenu aHnmumena CR9114 u 2zen
nezroll yenu 27F3, 6buiu noayueHsl ¢ nomowsbto Habopa AdEasy™ Adenoviral vector system.
[ns HakonsieHust npenapamugHsblx Koauuecme peKombuHanmuolx anmumen r27F3 u rCR9114
CYCNEeH3UOHHYI0 KaemouHyro auHuto HEK293 mpaHcoyuuposanu pekombuHaHmHblMuU adeHo-
8UPYCAMU, HECYULUMU 2eHbL MSIENbLX U Ie2KUX Yenelli aHmumest, U KYJabmueuposaiu KiemrKu
8 buopearxmope 801H08020 muna. PeKomMOUHAHMHblIE AHMUMENA OUUWLANU U3 KYJTbMYPANLHOU
Kuokocmu xpomamozpaguueckKum memooom. MonekynsipHyo Maccy NOAYUEHHbLX aHmumen

© Cemoma E.C., llep6ounun [.H., Baugeatok A.C., BepxoBckasa A.B., Buckoa H.}O., ABnonuna E.[.,
[Tpokodber B.B., Pa6osa E.U., EcmaramberoB U.B., IlepBoiikuna K.A., BoraueBa E.A., Avicenko A.A.,
Mmapos M.M., 2022
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E.C. Cenosa, [I.H. lllep6unun, A.C. BaHaeArox H Ap.

AHANU3UPOBAU C NOMOUBLIO HENK08020 diIeKkmpoghopesa, Uux cnocobHocmb 83aumoodelicmeogams
¢ supycamu epunna A u B memodom secmepH-6n0m arHanusa, a cnocobHocmes Hellmpaau3o8ams
supycsl epunna A u B ¢ nomowbio peakyuu 8upyc-Hellmpaiusayuu.

Pesynomamet. OmpabomarHa wmemoouka HAKONJEHUS U OUUCMKU PEeKOMOUHAHMHBLX
anmumen r27F3 u CR9114 u3 KyasmypaavHoOU KUOKOCMU CYCNEH3UOHHOU KYJabmypbsl
KIemoK uesiogeKka nocsie mpaHcOyKyuu ee peKoOMOUHAHMHBIMU A0eHO8UPYCAMU, HEeCYUUMU
2eHbl MsKenblx U aeekux yeneili amux anmumen. IlokazaHa cnocobrHocme anmumena r27F3
g3aumodelicmeogams ¢ supycamu epunna A nodepynnut 1 (kpome supyca epunn A cybmuna H2)
u nodepynnst 2 u Helimpaauzoeams ux. Ilokazara cnocobHocms anmumena rCR91 14 e3aumo-
detlicmeosame ¢ supycamu zpunna A nodepynnet 1 u supycamu epunna B, a marxxxe Helimpanu-
308amb supycoul 2punna A nodepynnet 1.

Bwieodst. OmpabomaHa mexHOoI02Usl NOAYUEHUSL PEKOMOUHAHMHBIX AHMUMEN 8 CYCNEeH3UOH-
HoU Kystemype knemok HEK293 ¢ nomoubto mpaHcOykyul peKomoOuUHaHmMmHbLMU adeHosupycamu,
HeCywuMmu 2eHbl, IKCnpeccupyrowue msokesvle U Jekue yenu aHmumeJsi, U NoKaA3aHa ux
cneyuguuHocmeo.

Knroueevle cnoea: peKomMOUHAHMHblE AHMUMENQ, PEKOMOUHAHMHBLU ad0eHo8uUpYyc uesosexa
nsimozo cepomuna, CYCneH3UOHHASL KYJlbmypa Kaemok

Jna yumuposanusn: Cenosa E.C., llepounun [.H., bangemox A.C., Bepxosckas JI.B., BuckoBa H.IO., ABnonuna E.JI.,
IIpoxodrer B.B., Padosa E.1., Ecmaramberos 11.b., ITepBoiikuna K.A., Borauesa E.A., JIsicenko A.A., IllmapoB M.M. Cnoco6
MOJTyYeHUS] PEKOMOMHAHTHBIX aHTHUTEN, IPOLYLHPYEMBIX KJICTOUHON JIMHKUEH, TpaHCAYLMPOBAHHON peKOMONHAHTHBIMH aJJCHOBU-
pycamu. Toukue xumuyeckue mexnonoeuu. 2023;18(1):48—64. https://doi.org/10.32362/2410-6593-2023-18-1-48-64
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Abstract

Objectives. To develop a technology for obtaining recombinant antibodies in a suspension culture
of human HEK293 cells using transduction with recombinant adenovirus serotype 5 (rAd5)
carrying genes expressing heavy and light chains of antibodies on the example of two broad-
spectrum anti-influenza antibodies 27F3 and CR9114.

Methods. Ad5-27F3-H, Ad5-CR9114-H, and Ad5-27F3-L recombinant adenoviruses carrying the
27F3 antibody heavy chain gene, CR9114 antibody heavy chain gene, and 27F3 light chain
gene, respectively, were generated using the AdEasy™ Adenoviral vector system. To accumulate
preparative amounts of recombinant r27F3 and rCR91 14 antibodies, the HEK293 suspension cell
line was transduced with recombinant adenoviruses carrying genes for heavy and light chains
of antibodies. The cells were cultured in a wave-type bioreactor. Chromatography was used to
purify recombinant antibodies from the culture medium. After analyzing the molecular weights of
purified antibodies using protein electrophoresis, their ability to interact with influenza A and B
viruses was analyzed using the Western blot technique, while their ability to neutralize influenza
A and B viruses was evaluated using the virus neutralization assay.
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Results. A method for the accumulation and purification of recombinant r27F3 and CR9114
antibodies from the culture medium of a suspension culture of human cells following transduction
with its recombinant adenoviruses carrying the genes for heavy and light chains of these
antibodies was developed. The ability of the r27F3 antibody to interact with and neutralize
influenza A viruses of group 1 (except influenza A virus subtype H2) and group 2 was shown.
The ability of the rCR91 14 antibody to interact with influenza A viruses of group 1 and influenza
B viruses, as well as to neutralize influenza A viruses of group 1, was demonstrated.

Conclusions. A technology for obtaining recombinant antibodies in a suspension culture of
HEK293 cells using transduction with recombinant adenoviruses carrying genes expressing
heavy and light chains of antibodies was developed along with a confirmation of their specificity.

Keywords: recombinant antibodies, recombinant human adenovirus 5 serotype, suspension cell
culture
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BBEJEHMUE

Brnarogapsi Takum cBOICTBaM, Kak BBICOKOE CPOJ-
CTBO U CHelM(PUYHOCTP K KOHKPETHOMY aHTHIEHY,
MOHOKJIOHQJIbHBIE aHTUTENa IIHUPOKO HCIOJIB3YIOTCS
Kak B Ja0OpaTOpHOH mpakTHKe Ui OOHapyKeHUs,
OUYHCTKU W XapaKTEPUCTHKHU IEJIEBBIX OCJIKOB, TaK U B
MEIUIMHE, IS TUArHOCTUYECKUX M TePaIeBTHUCCKUX
neneit [1, 2]. buonormdeckne mpemaparsl Ha OCHOBE
AQHTUTEN SIBILIIOTCSI ONHUM W3 CaMBIX IIPOIABACMBIX
KJIaCCOB OMOMOJICKYJ Ha COBPEMEHHOM PBIHKE.

CoBpeMeHHbIE  PEKOMOMHAHTHBIE  TEXHOJIOTHU
MO3BOJISIOT MPOBOAWTH HApaOOTKy aHTHUTEN B Mpera-
paTMBHBIX KonnyecTBax. Ha ceromHsIIHUN AeHb s
NPONYKIHUM pPEeKOMOMHAHTHBIX aHTtuTen (pAT), a
TakkKe UX (pParMeHTOB, TPUMEHSIOT CIEAYIOIINe
CHUCTEMBI JKCIIpecCHU: OaKTepUalbHYIO, IPOXKIKEBYIO,
IKCIIPECCHIO C TIOMOINBI0 OaKyJIOBHUPYCHBIX BEKTO-
POB B KIETKax HACEKOMBIX, a TaKKe DIKCIPECCHIO B
KJIeTKax MiekonuTaromux [3]. Bce »tm  cucTtemsl
IKCIIPECCUH  IMOJPA3yMEBAIOT IOJIYYCHUE BBICOKO-

MIPOM3BOJHUTEIHFHOTO MPOAYIICHTA, TIOCTOSHHO JKCIIpEC-
CHpYIOLIEero IieleBoil Oenok. bakrtepwanbhas [4] u
JIpOXOKeBast [S5] CUCTEMBI SKCIIPECCUU XapaKTePU3YIOTCS
BBICOKMM BBIXOZIOM IlefieBoro mpoaykra (20-1000 wmr
aHTuTena ¢ | J KynbTypajdbHOM KHIKOCTH), OIHAKO
MOJIXOAST  TOJNBKO  JUIsl  TOJMYYeHHUS  HETJIMKO-
3WIMPOBAHHBIX  (pparMeHToB aHTUTEN (OakTepmm)
WA BBICOKO MAaHO3WIMPOBAHHBIX (OPM aHTHTETN,
KOTOpBIE OBICTPO BBIBOASATCS M3 OpraHu3Ma (JPOXOKH)
[6]. Tnmuko3mimpoBaHwe aHTHUTEN, TOJYyYEHHBIX B
IPOXOKEBOW M OaKyJIOBHPYCHOH CHCTEME JKCIIPECCHU
[7], ornuuaeTcss OT HATUBHOTO TJIMKO3UIMPOBAHUSA
antuten wiekonurtamux [8]. CerogHs OONbIINMH-
CTBO  TEpaleBTUYECKHX aHTUTEI MPOU3BOAAT B
KIETKaX MJIEKOMUTAIONINX, KOTOpPbIE JIydlle BCEro
nogxoxst jans  npoaykmuu  pAT,  oOmamarommx
HauOOJBIIEH CTENEHbI0 OHOJIOIrHYECKOr0 CXOJCTBa
C aHTHTENIAaMH, BBHIPAOATHIBAIOIINMICS B OpraHU3ME
yenoBeka. KommaectBo pAT, momydaembix B KIIeTKax
CHO (xneTku sSWYHUKA KHUTAMCKOTO  XOMSYKA)
MOTYT IOCTHTaTh mpuMepHO 10 T/m KyJabTypambHOI
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xunkoctu [8]. Eme Oosee BBICOKOTO THUTpa aHTHTEN
MOXHO JOOUTHCS TIPU DKCIPECHU B IMOPHUOHAIBHOMN
JUHUKA KJIETOK cerdarku uenoBeka Per.C6 (Crucell,
Jleiinen, Hupepmanael) — mo 27 r/n B mepdy3noH-
HOM Owmopeakrtope. OIHAKO CO3JaHUE BBICOKOIPO-
OYKTUBHBIX KIETOUYHBIX JIMHUH CIHIIKOM JOPOTro,
TPYA0EMKO U TpeOyeT MHOTO BpeMeHH [9].

Bonee mpocThIM M JEIIEBBIM METOJIOM SIBIISETCS
BPEMEHHAsi OJKCIPECCHsi TE€HOB aHTHUTEN B KIETKax
MJICKOITUTAIOIINX, TaK KaK OHa He TpeOyeT COo3laHMs
KJICTOYHBIX JNUHUH-TpoayrienToB [10]. Taxoil cmocoO
HOPOAYKIUHM AHTHUTEN IOAXOMUT JUI MEJIKOCEPHHHOTO
U BHYTPHIIAOOPAaTOPHOTO TPOM3BOACTBA. B KawdecTBe
npuMepa MOKHO TPUBECTH CaMBI  pacrpoCTpaHeH-
HBIA Ha CETOMHSANIHHMNA JCHb METOa HapaOboTku pAT —
BpeMeHHas KoTpaHchekuus kierouHoi muauu CHO
OBYyMsI IUIa3MHJIAaMH, HECYUIMMH HKCIPECCHOHHbBIE
KacceTbl C JIerKOW M TSDKENOM UernsMH aHTUTea.
IIpu ucnonb30BaHUM TaKOH TEXHOJIOIMH JKCIPECCUOH-
Hasi KacceTa HE WHTErPUPYeTCs B TEHOM KIETKH W,
COOTBETCTBEHHO, JUIMTENBbHAS OKCIPECCHUS aHTHUTEN
HE TIOAJCP)KUBACTCS, TEHBI OKCIPECCHPYIOTCS B
TEUEHHe HECKONBKUX JHEH, IoCie Yero TpaHCTeH
TepsieTcs W3-3a JACJCHUS KICTKH Wi (DaKTOpPOB
oKpyKatomeit cpessr [11].

Hecmotpss Ha mmpokoe NpPHMEHEHHE, BpPEMEH-
Has oskcrpeccus pAT B xinerkax CHO Ttakxke umeer
HepocTaTku. IlokazaHo, 4Tto MpouiIb TIUKO3UIUPO-
BaHUS pa3nuyaeTcsi y OENKOB, MOMy4YaeMbIX B KYJib-
Type xinerok CHO, n 6e1KoB, IoJgy4aeMbIX B KyJbTypax
kiertok uenoseka [12]. [lostomy Takue uenoBeue-
ckue kierounele nuHuH, Kak Per.C6 m HEK293, Tak-
e IIMPOKO HCIIONB3YIOTCS JUIS TIONYYCHHS MOHO-
KJIOHaJbHBIX aHTUTen. Kietounas nuuus HEK293
crioco0Ha 00ecTeunBaTh ONTHUMAJbHBIE IOCT-TPAHC-
JSIIAOHHBIE MOMU(HUKAIIMA AHTUTE] YeJIOBEKa, BKIIO-
yasi uX IIMKaHOBbIM npoduie [13, 14]. Cucremsl 3Kc-
MIPECCUU, OCHOBAHHBIE HA CYCIEH3MOHHBIX KJIETKax
4eloBeKa, C  HCIOJIb30BAaHUEM  OEeCCHIBOPOTOYHBIX
cpell, TOJJACPKUBAIOIIUX  BBICOKYH)  IUIOTHOCTb
CYCIICH3WH, TO3BOJISIIOT JOOHWTHCS BBIXOJA IIETEBBIX
AHTHUTE] B JICCATKH W COTHH MWUIMTPAMM C JIHUTpa
KyJbTypaJbHOM cpenbl  [6]. OmHako TpaHCOEKIUs
CYCTIICH3MOHHBIX KJICTOYHBIX KYJIBTYP SBISIETCS TPYIO-
EMKHM METONIOM, TpeOYIOIIMM HCIIONB30BaHMsI TOCTa-
TOYHO JOPOTHX PEAKTUBOB, a TAK)KE BBICOKOOUHIICH-
HBIX M1a3mMuz [15], 4To He onpaBAaHO Id MEJIKOCEPUid-
HOTO U BHYTPUIa00paTOPHOTO IPOU3BOJICTBA.

B cBs3u ¢ BhIlIECKa3aHHBIM, B HACTOSIIEE BpeMs
aKTyallbHBIMU  SIBJIAETCS  pa3paboTKa HOBBIX  HIIH
YCOBEPIICHCTBOBAHUE  CYIICCTBYIOIIUX TEXHOJIOTHUH
Uit HapaOoTku u ouncTku pAT. OmHOM M3 TakMX
TEXHOJOTHUH SIBISIETCSI MCIIONB30BAaHUE PEKOMOMHAHT-
HBIX BHPYCHBIX BEKTOPOB, MO3BOJITIOMNX 3()(HEKTHBHO
JIOCTaBIATh TEHETHUCCKYI0 WH(POPMAIMI0O BO MHOTHE
TUMIBl KJIETOK, B TOM 4YHCIE€ B CYCICH3HOHHBIC

KyJbTYphl KJIE€TOK uenoBeka [16]. Mcnosb3oBanue
PEKOMOWHAHTHBIX BHPYCHBIX BEKTOPOB MIJISI JOCTABKH
B KJICTKH-TIPOTYLEHTH TEHETHUECKOW WH(OPMAIIHH,
KOJIMPYIOIICH [IeJIeBbIC aHTUTEINA, TI03BOJISICT YICIIICBUTh
U YOPOCTHTH TEXHOJOTHIO OJarofaps HCKIIOYCHUIO
cramun Tpanchekuun. Hambonee pacmpocTpaHeHHBIM
U XOpOLIO H3YYEHHBIM BHUPYCHBIM BEKTOPOM ISt
JIOCTaBKA TEHETHYECKOW WHPOpPMALKMU B  KIETKH
YeloBeKa, SBISETCS PEKOMOMHAHTHBIH aJeHOBUPYC
yenoBeka mAToro ceporuna (pAnS). Hamu Obuia
paspaboTana Meromuka mosydeHus pAT  myTem
TPAaHCIYKINU JHHUM KJIETOK SMOPHOHANBHON ITOYKH
yenoBeka HEK293 pAnS, HecymmMu reHbl TSHKEION U
JIETKOM LIeNH LENEBbIX aHTUTed. Takol moaxonx BOEp-
BBIC HCIONB3YeTCS IS Pa3paOOTKH TEXHOJOTHU II0-
JyYEHUs] TPEHapaTUBHBIX KOJMYECTB PEKOMOMHAHT-
HBIX aHTHUTEeN. B KauecTBe LeNeBbIX aHTUTEN ObUIN
BbIOpaHbl aHTUTENAa K TEeMarnIloTHHUHY —BHpYyca
TpUIMINa IIMPOKOTO crekTpa neifcteuit — 27F3 [17] u
CRI114 [18].

MATEPHAJIBI U METO/IbI

Bupycsi

B pabore wucnomp3oBasM BHPYChl TIpumnma A
A/California/04/2009 (HIN1) (Homepa B GenBank KY238116—
KY238123), A/BlackDuck/NewlJersey/1580/1978 (H2N3)
(HomMepa B GenBank KX879562-KX879569),
A/Aichi/2/1968 (H3N2) (Homepa B GenBank KX879570—
KX879577), A/Duck/Pensylvania/10218/1984 (H5N2)
(nomepa B GenBank KX879578-KX879585),
A/Chicken/Moscow/NJ294598-12/20017 (H7N2)
(HOMEpa B GenBank MN400380-MN400388),
A/Swine/HongKong/9A-1/1998  (H9N2) (momepa B
GenBank KX879586-KX879593), a Takke BHUPYCHI
rpurma B — B/Phuket/3073/2013 u B/Washington/20/2019,
nmoiydyeHHble W3  [OCyJapCcTBEHHOH  KOJUIGKLIUU
BupycoB P® (mompazmenenue VHCTUTYT BHPYCOIOTHH

HM. AN NBanosckoro OI'bY «HULIBM
M. H.®. lamanem» Munznpasa Poccrn).
KyabTypsl kieTok

ANre3VoHHas W CYCIIEH3HOHHass  KJIETOYHbIE

KyJbTypbl SMOpHOHaIbHOW ToYkH 4enoBeka HEK293
ObutM TOy4eHbl W3 KOJJIeKIMM KIETOYHBIX KYJIbTYP
nabopaTopuu  KyJbTyp  TKaHeW  MoIpa3ieicHus
Wucturyra Bupyconorun um. [I. WM. HBanoBckoro
OI'bY «HUIOM um. H.®D. T'amanen» Munznpasa
Poccun. KyneTypa  KIIETOK  aJeHOKapIMHOMBI
kumevnnka Caco-2 Obuta moiydeHa w3 Poccuiickoit
KOJUIEKLIMU KJIETOYHBIX KyJIbTYp MHCTUTYyTa LUTOIOTUU
Poccuiickoil akaieMun HayK.
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AHTHTEJIA

B pabGore ObII HCIONB30BAaH AHTUBUJIOBOM
MMMYHOTIEpOKCH/Ia3HbId KOoHBIOraT Anti-Human IgG
(Fc specific)—Peroxidase antibody (A0170, Merck,
I'epmanmus).

oayuenne pAnS, 3kcnpeccHPYIOIINX FeHbI
TSKEJION M JIErKoii el AaHTHUTeIa YeJI0BeKa
27F3, a TakiKe reH TSKeJI0i menu
anTuTesa YeaoBeka CR9114

[TocnenoBaTenbHOCTH HYKJIEOTHIOB, KOAUPYIOLIHE
TSDKEJTBIC W JIETKWE IEMH IICNCBBIX aHTHTEN, OBLIN
XUMHUYECKH CHUHTe3upoBaHbl (Espocen, Poccus) u
KioHupoBanbl B 1uiazmMuay pAL-TA. Jlanee wneneBbie
TeHbI MEePEeKIIOHUPOBAIH B tiazmuay pShuttle-CMV u3
Hatopa AdEasy™ Adenoviral vector system (Agilent
Stratagene, CIIIA). PekoMOuWHaHTHBIE aJCHOBHPYCHI
Ad5-27F3-H, Ad5-CR9114-H u Ad5-27F3-L, Hecymue
T'eHBI TSOKEIION 1enu anturtena 27F3, red Tsokelnon nenu
antutena CR9114 u ren jerkoit nenu anturena 27F3,
COOTBETCTBEHHO, IOJIyYald COIVIACHO HMHCTPYKLHH K
Habopy. TuTpel pAnS ompenenssiM Ha aare3nOHHON
kynpType kierok HEK293 ¢ mnomompro peakiuu
OsiiikooOpasoBanus [ 19].

Haxonuienne npenapatuBHbIX KoJmdecTB pAT
r27F3 n rCR9114 B KyJIbTypaJbHON KUAKOCTH

Jlis  HAKOIUIEHHWSI TPEMapaTUBHBIX  KOJIUYECTB
antuten 127F3 u rCR9114 cycnieH3noHHYIO KIETOUHYIO
muanro HEK293 tpancaynuposamu pAnS Ad5-27F3-L
u Ad5-27F3-H wmm Ad5-27F3-L u Ad5-CR9114-H.
Jist 9TOro KJIETKH KYJNBTHBHPOBAIM B OHOpEaKTope
BOITHOBOTO THIIA B MEIIKAaX U1 KyJbTUBUPOBAHUS
wieTok Biostat® CultiBag RM 5L (Sartorius AG,
I'epmanus) B kyneTypaneHoi cpene CDM4HEK?293
HyClone™ (Cytiva, CIIA) c¢ poGasneHuem 2 T1/1
Oukapbonara Hatpus ([lan3Dxo, Pocens), 1 t/m Poloxamer 188
(Corning, CIIA) m 4 MM L-mnyramuna (/lan3xo,
Poccus) mpu temneparype 37 °C um 5% CO,.
IMocne moctwkeHnst KoumeHTpamun 2-10°  keTok/min
B KyIbTypy acentuduecku BHocwim 100  wmm
BUPYCHOW  CYCIIEH3UH, COICp)Kallell  aIeHOBHPYC
Ad5-27F3-L  (2:10% BOE/Mn) (Omsimkoobpasyrommx
enuaun B mi), u 200 MI cycneH3WH, coaepxarieit
aneroupyc Ad5-27F3-H (10 BOE/mu), wim 200 mi
cycrieH3uu, cojepkameil ageHoBupyc AdS-CR9114-H
(10 BOE/mu). KieTkn COBMECTHO € PEKOMOWHAHT-
HBIMH  QJICHOBUPYCAMH HMHKYyOHpOBaIHM B TECUCHHUE
3 cyrok mo goctmwkenuss 50-60% mUTONATHYECKOTO
neiictBus  (LITd). IlporeHT mOrHOmmMX  KIETOK
ONpENeNsUId  IIyTeM  BHU3yalbHOI'O  TIOACYETa B
kamepe [‘opsieBa amMKBOTBHI KICTOYHOH CYCICH3HHU,

OKpalleHHOM TpUNaHOBbIM cuHUM. IlonydeHHyro
KJICTOYHYIO CYCHCH3HMIO IEHTPU(PYTUPOBATH  TIPH
7700g B Teuenme 20 MHUH NMpPU KOMHATHOW TemIepa-
type (20 °C) u oTOMpanu HaIOCATOYHYIO >KHUIKOCTD,
KOTOpyI0 XpaHunu upu temmeparype —70 °C B
CTEpUJIbHBIX MPOOUpKaX.

IIpenapatuBHoe Boineaenue pAT r27F3
1 rCR9114 u3 KyJbTypaabHOI KHAKOCTH

Uetblpe  JMTpa  OCBETIEHHOM  KyJbTYPaIbHOH
JKUJIKOCTH  (DHJIBTPOBATIM  Yepe3  KalCyJbHBIH  (QHIBTP
Sartopore® 2 04502 wmxm (Sartorius AG, Tepmanus).
pH KynbTypambHOM  KMAKOCTH  AOBOmWIM A0 7.2
nobasnearem 1 M Tpuc-HCl, pH 8. KonmyktnHOCTH
noBoqmm o 17 mMC pactBopom S5 M xiopuna
HaTpus. Xpomarorpaguueckyro KoyloHKy XK26/20
(Cytiva, CHIA), ynakoBanuyro 20 ™ copbeHTa
MabSelect SuRe™ (Cytiva, CIIA), ypaBHOBemH-
Baim Oydepom, conepxamum 20 MM docdaTta HaTpus
n 150 MM xnopuna natpus, pH 7.2. Kynasrypansuyio
JKUJIKOCTh HAHOCHWIIM C TMHEHHOU cKopocThio 500 cm/u.
[locne HaHeceHWsT KOJIOHKY TpoMbiBain 10 oObemamu
KoJIOHKH OydepoMm, comepxammm 20 MM  docdara
Hatpust u 150 MM xmopuna marpus, pH 7.2. Anturena
JNIIOUPOBATH B HM30KPAaTHYCCKOM pexuMe Oydhepom,
conepakarum 150 MM xmtopuaa Hatpus, 0.1% Tween® 20,
200 MM rouuue-HCl, pH 3.5, u HeiitpanuzoBaiu
nobasnenueM B smoat 10% pactsopa 1 M Tpuc-HCI,
pH 8. JlomomHUTENbHYIO OYHCTKY W 3aMeHy Oydepa
Ha Oydep, comepxkammii 20 MM docdara HaTpus,
150 MM xmopuma wmarpus, 0.05% Tween® 20,
pH 7.2, mpoBomunu TpH TIOMOIIM Telb-QHIBTPAIH
Ha xpomatorpadpuueckoit komonke XK 26/100 (Cytiva,
CIIIA), ymakoBaHHOW copOeHToM Superdex™ 200
prep grade (Cytiva, CILIA).

His  ynaneHuss  OCTaTOYHOro  KOJIMYECTBa
BO3MOXHOW mpuMecu pAnS MNpoBOAWIM IPOTHUBO-
BUpyCHYI0 (unbTpanuio npenapatoB  pAT mpu
nomomn ¢uabTpoB Viresolve® Pro Micro (Millipore,
CILIA). ®unsTpayio OCyImECTBISUTH IPH MTOCTOSHHOM
nmapienun 0.9 Oap, mpu MOMONIM TIOJAYd  CKATOTO
Bo3ayxa. OtpaboTaHHbIe (GWIBTPHI TIEpea yTHIU3a-
el CTePUIIN30BAIIN ABTOKIABHPOBAHNEM.

Jor-ummyHogepmenTHblil anaan3 (1or-UDA)

Ha wnutpouemmonosuelii GuiabTp Mo paguycy
pacrosiaraqid TOYKW JUISL TIOCJIEAYIOIIEr0 HaHECeHUs
0o0pa3lioB ¥ BHU3YAJIBHOTO KOHTPOIS  aacopOuuw,
BKIIFOYAsl TOYKH ISl TIOJOXKHMTEIBHOTO M OTpHUIIA-
TENBHOTO KOHTpoJei. OOpasubl B oObeme 1.5 MK
HAaHOCWIM HA TOYKY W JaBajli WM BBICOXHYTH,
KOHTPOJIUPYSI Ha TIPOCBET. 3aTeéM HHUTPOIICILTIONO03-
HBIH (QUIBTp OTMBIBaMM 3 pasza Uil yAaJICHUS
HecBsizaBmnxcst OenkoB pactBopom 0.1% Tween® 20.
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Ot HecrenmM(UYECKOro CBSI3BIBAHUS (QUIBTP OJIOKHU-
poBamu 30 MuMH Ha mieiikepe pabounM (ochaTHbIM
oydbepom pH 72 ¢ 2% wHepTHEIM OelKOM
Blosker™ Casein B docdaTHOo-coneBoM Oydepe
(Thermo Fisher Scientific, CIIIA). ITo OKOHYaHWIO WH-
KyOanuu (QUIBTP OTMBIBAIU TPH pa3a IHCTIUINPOBAH-
HOW BOMOH, 3areM Tpu pasa nmo 10 MHH pacTBOpoM
0.1% Tween® 20 Ha weiikepe. ITociae OTMBIBKH GHIBTP
WHKyOupoBanu B paboueM paszBeneHuu 1/5000 anTu-
BHJIOBOTO MMMYHOIIEPOKCHIa3HOTO KOHBIOTaTa
Anti-Human IgG (Fc specific)—Peroxidase antibody
(Merck, Tepmanus) B Teuenne 30—40 mun npu 37 °C
Ha 1elikepe. Ilocie okoHUYaHHMS WHKYOallud CHOBa
NPOBOAMIM  OTMBIBKY. OKpallnBaHHE IIPOBOIIIN
TOTOBBIM pacTBOpom 3,3'-mnaMUHOOCH3HU IMHA
Pierce™ DAB Substrate Kit (Thermo Fisher Scientific,
CIIA). Peakuuio ocrtaHaBnuBasid yepe3 10 MuH,
nepeHecs: GUIbTP B AUCTUILTUPOBAHHYIO BOJY.

JuiekTpodope3 0eJ1KOB B MOJTUAKPUIAMUTHOM
reje c gonenuicyasgarom Harpusi (IIAAI'-JICH)

OpaxroHnpoBaHie OCITKOB IPOBOIMIN METOIOM
anektpodopesza B 10% ITAAI-JACH, B OydepHoit
cucremMe JIOMMIM, ¢ WCHOJB30BAaHHEM BEPTHUKAIIb-
Horo mpubopa st munu-reaeir Mini-Protean® 3 Cell
(Bio-Rad, CHIIA). C uenplo aHanu3a MOHOMEpPHOH M
MYJIBTUMEPHON (opM Oelka, rmepei BHECEHHEM B Trellb
o0pasiel OblIM 00paboTaHbl B ACHATYpUpPYHOIUX (+)
U HeJeHaTypupykomux (—) ycnoBusix. K obpasiy (+)
Obu1 100aBNICH PaBHBIM 00BEM ABYKPAaTHOTO JTUCCOIH-
upyromiero oydepa 2x Laemmli Sample Buffer (Merck,
I'epmanmsa), copepsKamero MEpKamTOATaHON, 3aTeM
poObI ObLTH TIporpeThl mpu 95 °C B TeyeHne 7 MHH.
K oOpa3ny (—) Obul 100aBieH paBHBIM O0BEM JIBY-
KpaTHOTO Oydepa, HEe comepKamero MepKalTodTaHOIL,
0e3 mocnexayromero nporpeBanus. OOpasibl BHOCHIN
B JIYHKH Telsl U NOPOBOAWIH dJEKTpodope3 Ipu
MOCTOSIHHOM cuiie Toka 20 MA/renb B 3IEKTPOAHOM
Oydepe cunenyromero cocraBa: 25 MM  Tpuc-HCI,
0.2 M rmununa, 0.1% gonmeumncynbdar HaTpus,
pH 8.3. [lo oxoHuanumm s3nekTpodope3a reiab CKaHH-
poBanu ¢ momoinkto npudopa Gel Doc™ EZ imager
(Bio-Rad, CIIIA). B kadecTBe MapKepoB ISl AJIEKTPO-
(opesa ObuTH Hcmonb30BaHbl PageRuler™ Unstained
Protein Ladder (Thermo Fisher Scientific, CILIA) n
PageRuler™ Plus Prestained Protein Ladder (7hermo
Fisher Scientific, CIIIA).

BeicokodppekTHBHAS KUJKOCTHAA
xpomarorpagus u reas-puasrpanus (BIKX-I'D)

st U3y4YeHHsI OYHIIIEHHBIX perapaToB
pAT 127F3 u 1CRO114 mnpumensim wmetonq BDOXX
C  HCIOJB30BAaHMEM  XPOMATOrpaMuecKodl  CHUCTEeMbI
Agilent 1260 Infinity II (Agilent Technologies, CIIA)

U xpomarorpadrrdeckyio kooHKy Phenomenex SEC-s3000
(pasMepuacTuir: S MM, pasmepnop: 290 A, reomerpus:
300 x 7.8 Mm) (Phenomenex, ClIIA). Xpomarorpaduro
MPOBOMIUIM B M30KPAaTUICCKOM DPEKHME, CO CKOPO-
crero moroka 0.3 miu/muH, 25 °C, ¢ HCIIONIL30BaHUEM
yIbTPaHOIETOBOrO NETEKTOpa Ha JJIUHE BOJHBI
280 HM. OOcyeT MOJIy4EeHHBIX PEe3yIbTaTOB IMPOBO-
OUIH TPH MOMOIIM MPOTrPaMMHOTO 0OeCIedeHUs
OpenLAB CDS Chemstation VL Edition (A4gilent
Technologies, CIIA).

N3yyenne pyHKkuMOHAIBLHONH aKTUBHOCTH PAT
¢ MOMOIIBI0 BECTePH-0JI0TTUHTA

Jis  TOCTaHOBKM — BECTCPH-ONIOTTHHTA  OBLT
ocymectBiieH anekrpodopes B [TAAT-JICH, a 3arem
npoBejiecH TpaHchep OEnKoB M3 Telss Ha MeMOpaHy
MOJTyCyXuM mepeHocoM Ha mpubope Trans Blot® SD
Semi-dry Transfer cell (Bio-Rad, CIIIA) npu mocTosiH-
HOU cuie Toka 250 MA Ha muomanb reas 5 X 8 cm.
[To oOKoHYaHWM  TiepeHOCa  HUTPOIEIUIIOIO3HYIO
meMmOpany Nitrocellulose membranes 0.2 (Bio-Rad,
CIIA) Tpwxapl OTMBIBAIM B JUCTHILTUPOBAHHOM
Bone B TeueHWe 10 MHH M OJIOKUPOBAIM CBOOOJHBIC
CaliTBl MeMOpaHbI Oy(epoM, comepKalmieM HHEPTHBII
oenok  Blosker™ Casein B ¢ochaTHO-cOTCBOM
oydpepe (Thermo Fisher Scientific, CILIA) B Teue-
nHue 30 muH npu 37 °C Ha mielikepe. 3atreM MeMOpaHy
WHKyOupoBaiu OydepHOM pacTBOpe, CoJepKalleM
antureno 127F3 wim antureno CRI9114 B pabouem
pasBenennu 1/50 ma meiikepe mpu 22 °C B TeueHHE
Houn (16 4). Ilo okoHUaHWM WHKyOalluM, MEM-
OpaHy MPOMBIBAJIM IUCTHUIMPOBAHHOW BOJOW, 3aTeM
Tprwkapl o 10 mMuH QochatHeiM Oypepom pH 7.2
¢ 0.1% Tween® 20 na mieiikepe. 3areM MPOBOANIN
WHKYOaluIo ¢ BTOPUYHBIMH aHTUTEeNamMH K Fc-gpar-
meHTy IgG  uenoBeka, KOHBIOTMPOBAHHBIMH  C
nmepokcuaa3o xpena B passenaeHuu 1/5000 B Teue-
Hue yaca npu 37 °C Ha melikepe. [locne nnkyOanuu
MeMOpaHy CHOBa OTMBIBAIId M MPOBOIUIN XEMIITIOMHU-
HUCIICHTHYIO JICTEKIIMIO CBS3aBIIErOCS  KOMIIJIEKCa
¢ ucrons3oBanueM peaktnBa ECL™ Prime Western
Blotting Detection Reagent (GEHealthcare, CIIA)
c TIOCIEIYIOIINM CKaHWPOBAHNUEM HMMYHO-
perumikn  Ha mpubope Amersham™ Imager 680
(GEHealthcare, CILIA).

Haxomnuienne 1 KOHIEHTPUPOBaHUE
BHPYCOB rpHNmna

Bupycer rpunma A u B ObIM  HakomieHsl B
QUTAHTOMCHOM ~ KMIKOCTM  9-THEBHBIX  KYPHUHBIX
amOpuoHoB 1pu 37 °C B Teuenue 48 4. Bupyc-coaeprkaimnas
AITAHTOMCHAS KHUJIKOCTh XpaHunack mpu —70 °C.

Bupycconepxalyro  alIaHTOUCHYH  KHIKOCTb
MOCJIe  OCBETJIEHHS  LEHTPU(YTHpOBaHWEM  IIpU
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3000 o6/muH, 15 mun, 4 °C nacmamBanmu Ha 4 M
20% caxapo3sl B OydepHOM pacTBOpe, CcoaepKa-
oM 0.15 M NaCl u 0.01 M Tpuc-HCI, pH 7.2 u
OCaKAAIH yIBTPAlCHTPU(PYTUPOBAaHHEM B pPOTOpE
SW-27 (Beckman Coulter, CIIIA) co CKOPOCTBIO
22000 o6/mMuH B Teuenne 90 mun npu 4 °C. [lomyden-
HBIH OCalOK PECyCICHIUPOBAIM B TOMOICHH3ATOpE
[Jaynca B Tom xe OydepHom pactBope B 1/64 ucxon-
HOro 00beMa ¥ [OBTOPHO OCBETISLIM  ICHTPHU-
¢yrupoBanuem Ha Mmanoil ckopoctu (3500 06/muH,
8 muH, 4 °C). OUHIICHHBIH U CKOHLIEHTPHPOBAHHBIN
BUPYCHBII TIpeTapaT THUTPOBAIN C ITOMOINBIO PEAKINU
remarrmotaHamy (PIA) [20], a Takoke onernBanu 50%
TKaHEBOE IIUTOIIAaTHUECKOE NEHCTBHE T].[I[sO/MJ'I Ha KyJIb-
Type KICTOK aJCHOKapIMHOMBI KumeuHuka Caco-2, u
xpanunu npu —80 °C.

Peakuus Bupyc-HeiiTpaau3anuu

Peaknuio  Bupyc-HeHTpaiu3auuu  NPOBOAUIH
Ha KyJbTYype KICTOK aJCHOKApIIMHOMBI KHIIEYHHKA
Caco-2. Knetku xyneTuBHpOBaX Ha cpeae Dulbecco’s
modified Eagles medium (DMEM) c¢ BbicOKUM
conepkanreM Tioko3el (HyClone, CIIA) c¢ noGas-
neanem 10% smOpuoHanbpHO#M ceiBOpoTKH (HyClone,
CILIA) 2 r/n 6ukapbunata natpus (/landko, Poccus),
neHunuuIMHa/cTpentomunmaa 25000 Ex  (IlanDko,
Poccus) u 4 MM L-tnyramuna (IlanDxo, Poccus)
npu temneparype 37 °C u 5% CO,. Peakuuio Bupyc-
HelTpanu3auuu MIpoBOLWIA B 96-TyHOUOM IUIAHIIETE
Opy  KOHIEHTpauuu Kietok (4-6)-10*  ki/nyHKy.
[IpenBaputenbHo B 96-TyHOYHOM TIIAHIIETE CMEIIN-
BaJM [EJIEBOM BHUpyC Tpuima B KkomudectBe 102
TLJI, /myHKy ¥ IBYKpaTHBIE Pa3BENEHUS CHIBOPOTOK,
cnenannbie B cpene ¢ 0.5% ruaponmszaTom akTaib0y-
MUHa ¢ coisiMu XeHkca ([lanOxo, Poccus). lonyuen-
HYI0 cMecb WHKyOupoBasin B TeueHue 40 MuH npu
37 °C u pobapnsuu k kierkam. Yepes 40 MUH TpoOBO-
JUIN CMEHY cpelbl Ha OeccbiBoporouHyto DMEM.
Uepes 4-5 cyTok cpeny ¢ IUIaHIIETa C KIETOYHOU
KyJIbTypoH OTOMpaqM M OIEHHBAIM B HEH TNpHCYT-
CTBME uacTULl Bupyca rpumnmna c nomoupto PI'A [20].
AHanu3 MPOBOAMWIM € YETHIPEXKPAaTHBIM IIOBTOPOM.
Pesynprarel peakuuu Bblpaxanu ¢ nomoubto  50%
uHrnbupyromed  kouuentpaunn (MK, ), mnpencras-
JSFOIEH  COOOM  KONMYECTBO AHTUTENA, WHTUOUpY-
roriee BUpyc B 50% ciyuaes.

PE3VJIBTATBI U UX OBCYXKIEHUE

[Monyyenue pAnS, IKCpPecCUPYIOUUX FeHbI
anTutes yesjoBeka 27F3 u CR9114

s pa3pa®OTKH HOBOH TEXHOJIOTHH TOJTYYCHHS
pAT B CyCHEH3MOHHBIX JYKapUOTHUECKUX KIIETKaX,
TPaHCIYIUPOBAHHBIX PEKOMOMHAHTHBIMU BHPYCHBIMU

BEKTOpaMH, JKcrpeccupyromumu rensl pAT, Hamu
ObuTa BBIOpaHa CHCTEMa «PEKOMOWHAHTHBIA BHUPYC-
HbI BEKTOp Ha OCHOBE aJEHOBUpyCa YeJIOBEKa
IATOrO CEepOTHUIIA JJIS TPAHCIYKLUUM CYCIIEH3MOHHOMN
KyJbTyphl KiteTok yenoBeka HEK293y. Takas cucrema
MO3BOJISIET TMPOJNYLHUPOBATh aHTHTENa C Haubolee
ONM3KMM K HAaTUBHOMY JUId 4eJOBeKa Hpoduiem
TJIMKO3WIMPOBAHUSA W HE TpeOdyeT JOPOrOCTOSLIMX
PEaKTHBOB M TPYIOEMKOIO MeToja TpaHChHeKInun
KJIETOYHOM cycrneH3uu MiasMugamu. Panee Hamu
ObutM  OMyOJMKOBaHBI paboThl, TAe ObIa MOKa3aHa
BO3MO)KHOCTh JKCIIPECCHHM TeHa PEKOMOMHAHTHOTO
MUHHU-aHTUTEIA C HCIIOJIB30BAHUEM a/IEHOBUPYCHOTO
BEKTOpa B DYKAPUOTHYECKUX KIIETKAX Kak in vitro [21],
TaK u in vivo [22].

Mpbl  npoBenu  JUTEPATypPHbI MOUCK  MOHO-
KIIOHAJIbHBIX aHTUTEI, KOTOPbIE MO OBl IMOCITY>KUTh
MOJIENIBbIO JUIsl OTpadaTbiBaeMOi TexHoJoruu. B kaue-
CTBE MOJENM Mbl pEIIWId BbIOpaTh aHTHUTENA,
cnenMuyHble K TEMAarrIIOTHHUHY BHpyca TpHIIA,
C M3BECTHOM TPETUYHOU CTPYKTYpPOH U IIMPOKUM
CHEKTpPOM  JEWCTBUSA,  IO3BOJIOIIMM  BBIABIATDH
BUPYCHI TPUMIA Pa3NuuHBIX cyOTHrmoB. Kak mpasmio,
HauOOJNIBIIICH IIUPOTON CIIEKTpa IEHCTBHsI 00IaIar0T
aHTHUTENA, B3aUMOJEHCTBYIOLIME C KOHCEPBAaTUBHOM,
CTBOJIOBOM YacTbhIO TeMarriioTHHUHA. U3 MHOXecTBa
M3BECTHBIX MOHOKJIOHQJIBHBIX aHTUTEN K CTBOJIOBOMY
JOMEHY  TeMarrjJloTHHHHA, YeTbIpe aHTHUTENa
(CR9114, 27F3, CR6261, F10) B3auMoaeicTBYIOT
C TEeMarrIIOTHHUHOM TOJBKO B KOMIUIEMEHTAPHBIX
ONPENCISIIOIIMX ~ 00JacTaX TsOKeNbIXx — mened  [23],
4TO JIeNaeT WX YAOOHOH MOJENbIO JUIS TpernaparvB-
HOTO TIOJMYYEHUS C TIOMOINBI0 PEKOMOMHAHTHBIX
aJICHOBHPYCOB, TaK KaK HE TPeOyeT CO3MaHHS OTIEINb-
HBIX KOHCTPYKIMH, KOAMPYIOIIMX JIErKHe UemnH, AJs
KaXIO0ro aHTUTena. B kadecTBe MOJAEIBHBIX HaMU
ObUIM BBIOpaHBI NPOTHUBOTPUIIO3HBIE aHTUTEna 27F3
u CRI114, nockonbKy OHH HUMEIOT MaKCUMAaJIbHO
IIMPOKHIA CHEKTp pacro3HaBaHua. B aureparype
II0Ka3aHa BO3MOXHOCTb aHTUTena 27F3 B3aumonen-
CTBOBaTh C TEeMArNIIOTUHUHAMU BHPYCOB TpHIINA
cyoruroB H1, H5, H6, H9, H11, H12, H13 u H16
noarpynmnel HI, u remarrmornanaos H3, H7 u H10
noarpymmsl H3 [17]. Jns anturena CR9114 mokazana
CIIOCOOHOCTb B3aMMOJEHCTBOBaTb C TIe€MarrItOTHHU-
Hamu BupycoB rpumma HI1, HS5, H9, HI12, HI3,
H16 moxarpynmel H1 u remarrimoTHHHHaAMH BHPYCOB
rpunma H3, H7, H10, H15 moarpynmer H3, a takxke
C pa3Nu4HbBIMU BUpycaMu rpumma B [18].

Antutena 27F3 u CR9114 B3aumopeicTByioT
CO CTBOJIOBBIM JIOMEHOM T€MAarTJIIOTHHHHA BHpYyca
rpunna M OTHOcATCS K Kiaccy anturen VHI-69.
B3aumMopelicTBue 3TOro Kjacca aHTUTENl CO CBOUM
SMUTOIOM MPOXOJUT IPU YYaCTUU TOJIBKO TSDKEJIOMN
nenu  [17]. CormacHo JWTEpaTypHBIM  JaHHBIM,
JUIS TIPEerapaTUuBHOIO HAKOIJIEHHS C BBICOKUM BBIXO-
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JIOM TSDKEJIOM TIeMd aHTUTella B JYKapUOTHYCCKHX
CHCTEMax OKCIPECCHH, HE0OX0oAnMa  AKCIPECCHs
JICTKOM IeNmH B SKBHBAJICHTHBIX KoimuecTBax [7].
[TosToMy Hamu OBUTH CKOHTPYHpPOBaHBI TpH pPAXS:
PANS, HecymMii TEH TsDKEIOW Ilenu aHTHUTelNa
27F3, pAnS, Hecyuuil TeH TSOHKEIION Ienu aHTHTelNa
CRO114, a Take pAAS, HeCcylUil T'eH JIETKOH Lenu
antutena 27F3, xoropblii  ObuUl  TpeaHa3HA4YEH
JUIS  TIOJY4YEeHHsT TPAH3UEHTHOW OKCIPECCHU  Kak
nojHopasMepHoro asnrutena 27F3, Tak u nosaHopas-
MepHoro anturena CR9114.

AMUWHOKHCIIOTHBIE TTOcTIeToBaTebHOCTH Fab-(par-
MEHTOB TSDKEJIOW W JIerKou nemneil amrurena 27F3 u
Tsokenor e CR9114 Obuti TONMyYeHbI U3 OSIKOBON
0a3pl MaHHBIX TPETHUYHBIX CTPYKTyp — Protein Data
Bank ID' (5SWKO u 4FQH). Ha ocHOBaHUU MOIy4€H-
HBIX AaMUHOKHCJIOTHBIX TIOCJIEe0BaTeIbHOCTEH OBLIN
MOCTPOEHBl HYKJICOTHJIHBIE MOCIENI0BATEILHOCTH C
KOJIOHAMH, ONTUMHU3UPOBAHHBIMHU [UIS  OKCIPECCUU
B KJETKax 4YelioBeKa. bbuin pa3zpaboTaHbl TEeHETHYe-
CKHE KOHCTPYKIIMH, B COCTaB KOTOPBIX BXOAMJ TI'eH
TSDKEJION WM JIETKOM IIENM I(eJIEBOr0 aHTHUTENla U
T IepHAsT MIOCIICI0BATEIEHOCTD CEKpeTHPYEMOit
nienouHor ¢ocgaraser (secreted alkaline phosphatase,
SEAP), HeoOxomumass i BBIXOIA aHTUTENA W3
KJICTKUA B KyJIBTYpalbHYI0 cperny. CXeMbl TONyYCHHBIX
KOHCTPYKIUH MpecTaBieHb! Ha puc. 1.

PexomOunanTHele  ageHoBupychl  AdS5-27F3-H,
Ad5-CR9114-H u Ad5-27F3-L momyuyanu B COOTBET-
CTBHM ¢ MHCTpyKuueil k Habopy AdEasy™ Adenoviral
vector system (Agilent Stratagen, CIIA). Ilpenapa-
THBHOE HAKOIJICHHEe PEKOMOWHAHTHBIX aJICHOBHPYCOB
MPOBOAMIIH B aiT€3MOHHON KYJIBTYpE 3yKapHOTHUECKUX
kinetok guamd  HEK293. B pesymsrate  ObLin
TIOJTyYEHBI KICTOUHBIC JIN3AThl, COAEpIKaIlne PeKOMOu-
HaHTHBIE aaeHoBUpychl AdS5-27F3-L, Ad5-CR9114-H
u Ad5-27F3-H, wumeromue tutper 2:10%, 1-10° u
1-108 BOE/Mn, COOTBETCTBEHHO.

IMondop ycaoBuii A5 moJIy4eHus
npenapaTuBHOro kojanvyecrsa pAT
B KyJabType kiaerok HEK293

Ha cienyromem stamne pa®oThl ObUTM TIOJOOpPaHBI
ONTUMAJIbHBIE YCJIOBUS [UId HAKOIUIEHUS B KYJIb-
TypalbHOM J>KMAKOCTH MaKcHMajbHOro ypoBHs pAT.
ITonGop ycnoBuii mnpoBoauau Ha npumepe pAT
r27F3 1npu TpaHCAYKUUH CYCHEH3HOHHOW JMHUU
kinerok HEK293 pekoMOMHAaHTHBIMU aJ€HOBUPYCAMHU
Ad5-27F3-L u Ad5-27F3-H. Knetounyro cycneH3uto
¢ koHueHrparumeil 1-10° kjueTok/mil TpaHCAYLHMPOBAIN
pasHBIMM  KOJMYECTBAMH  KJIETOYHBIX  JIM3ATOB,

I https://www.rcsb.org/docs/general-help/identifiers-in-

pdb. Jlara oGpamenus 20.01.2021. / Accessed January 20,
2021.

TAXenas uenb
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antbody 27F3

TAXenasa uenb
—{ > >V Cy1 Ch2 C >» antutena CR9114/
LP o > H >> H H3 heavy chain of

antibody CR9114

nerkas uenb
_m Vi m aHTuTena 27F3/
light chain of

antibody 27F3

Puc. 1. CxemaTnueckoe n300pakeHNe TEHETUIECKUX
KOHCTPYKINH, KOJUPYIOMINX TSDKEIYIO IIeTb aHTUTENa
27F3, Tsoxenyro nens antutena CR914 u nerkyro memns

antutena 27F3. LP — nunepHblil nenTH1 CEKpeTUPyEMOn
menounoi gocarasel SEAP; V — BapnalbenbHbIH TOMEH
TSDKEJIOH 1ISTIH; VL — BapuaOCIBHBIA JOMEH JICTKOMH LIeIH;
C,, — KOHCTaHTHBIN JIOMEH TSIKENOH 1IETH;
CL — KOHCTAHTHBIM JOMEH JICTKOH IIEIH.

Fig. 1. Schematic representation of the genetic constructs
encoding the heavy chain of the 27F3 antibody, the heavy
chain of the CR914 antibody, and the light chain of the
27F3 antibody. LP — secreted alkaline phosphatase SEAP
leader peptide; V,, — heavy chain variable domain;

V, — light chain variable domain; C,, — heavy chain
constant domain; C, — light chain constant domain.

coJieprKaIluX aJicHOBUpYCHbIe YacTuibl AdS-27F3-L u
Ad5-27F3-H Tak, 4To0OBI COOTHOIICHHE YacTHIl OBLIO
1:1. Bbeinu ncnone3oBanbl 1036l pAAS 2 BOE/knetky
kaxjoro ageHosupyca, 20 u 200 BOE/knetky. Onenky
KOJIMYEeCTBa IIEJIEBOTO aHTHUTEJIa B KYyJbTYypaJIbHOM
JKUIKOCTH TpoBoAWiM Tpu HactymieHun 30-40%,
50-60% wu 100% LIIJI. IlomyueHHble OOpa3IbI
KyJbTypajJbHOH  JKMIKOCTH aHAJIM3UPOBAIM B
noT-UDA ¢ momMomipio KOHBIOTUPOBAHHBIX C TIEPOKCH-
nas3oii antuten k Fe-¢pparmenty IgG genoreka. Kaxnas
TOYKa dKCIIepUMEHTa ObUIa MOBTOPEHA TPIKILL. Pe3yiib-
tathl J0T-UDA ObTM pa3zgeneHbl Ha TpU TPYIIbL:
«—» — OTCYTCTBHE OKpAIICHHOW TOYKM Ha MeMOpaHe
B MeCTe BHECEHHUs o0pasua, «+» — TPUCYTCTBUE
OKpAalIeHHOM TOYKHU, «++» — IPUCYTCTBHE SIPKOH,
XOpOIIIO 3aMEeTHOW OKpamieHHON Touku. [lomyueHHbIe
pe3ynbTaThl Moadopa YCIOBHUI MpeNCTaBICHbI B Ta0M. 1.

Kak BugHO M3 Tabn. 1, onTHMaNbHBIMH HapameT-
pamMu A HakorieHWs aHthtena r27F3  sBustorcs
no3a 200 BOE/kierky kaxmoro pAnS AdS5-27F3-L
n Ad5-27F3-H, u nacrymienune 50-60% II1/1, gto
COOTBETCTBYET 3 CyTKaM MHKYOAalHH.

JlanpHeiiee Hakoruienne antutena 127F3 mpo-
BOAMIM TPU TPAHCAYKIUH KJIETOYHOW CYyCIIEH3UU
200 BOE/knetky kaxxnoro pAnS AdS-27F3-L u Ad5-27F3-H
u anrurena rCRI114 npu TpaHCAyKLUU CYCHEH3UU
200 BOE/knerky AdS5S-27F3-L u Ad5-CR9114-H.
Coop KyJIbTYpaJIbHON JKUIKOCTH TIPOBOTUIIH
Ha TPETbU CYTKH WHKYOAMM TIPH HACTYIUICHHU
50-60% LITA.
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Ta6muua 1. Ilombop ycioBWII mNpemapaTHBHOTO HAKOIUICHHS aHTHTena r27F3 B KymbTypallbHOW MKHIKOCTH IOCTE
TpaHCAYKINHU KyIbTyphl kiieTok HEK293 Ad5-27F3-L n Ad5-27F3-H
Table 1. Selection of conditions for the preparative accumulation of the r27F3 antibody in the culture fluid after
transduction of the HEK293 Ad5-27F3-L and Ad5-27F3-H cell culture

Koan4ecTBo BHPYCHBIX YaCTHIL
Kaxnoro pAa, BOE/kierky Cpennee LI, % | Bpems nHKyOauuu, CyTKH Pesyabtatsl 1oT-UPA
Number of viral particles Mean CPE, % Incubation time, days Dot-ELISA results
of each rAd, PFU/cell

2 36.5 6 -

2 56.2 7 -

2 100 9 -

20 37.2 4 -

20 53.4 5 +

20 100 7 -
200 40.1 2 +
200 56.5 3 ++
200 100 5 -

[onyyenue npenapaTuBHbIX KoJiudecTB pAT
r27F3 u rCR9114, xpomarorpadguyeckasi 0O4MCTKA
U aHAJIU3 MOJIUINENTHIHOIO CIeKTPa
OUYMILIEHHBIX AHTUTEJI

Ha crmemyromem »otame paboThl  mpemaparsl
pAT 127F3 u rCR9114 Obimn HakoIJICHBI B Ipera-
PaTUBHBIX KOJIMYECTBAX U OUYUILEHBI U3 KYJIbTYPaJIbHON
JKHIIKOCTH XPOMATOTpayuIecKuM METOIOM Ha KOJIOHKE
¢ adpduraEIM copberntom MabSelect™  SuRe™
(Cytiva, CIIA). ®uHanbHyo ouucTky pAT u 3aMeny
Oydepa mpoBOIMIM MPU TMOMOIIU Telb-(QUIBTPALUU C
ucnosb3oBanueM copbenta Superdex® 200 pg (Cytiva,
CIIIA). Takoii momxo/ st ouucTKH pAT ncoap3oBancs
HamMu paHee [24] M 1NO3BOJSET IOJy4yaThb Ipernaparbl
PAT BBICOKOW CTENEHM OYHCTKH, IAOCTATOYHOM mJis
JTBHEHIIINX JTa00paTOPHBIX MCCIICIOBAHUN in Vitro n
in vivo. Kpome TOr0, /17151 HUBEJIMPOBAHUS [TOTEHIHAJIb-
HOTO PUCKA 3arpsi3HEHMs PErnapaToB PeKOMOMHAHTHbI-
MU aJIEHOBUPYCaMH, UCIIOJIb3YEMbIMH LI TPAHCAYKLIUU
KIIETOK, Tpenaparbl nocie (UHaNIbHOM OYMCTKU OBLIU
MpoUIBTPOBaHbl Yepe3 MPOTUBOBUPYCHbIE (DUIBTPHI
Viresolve® Pro (Millipore, CIIIA), uMeroliue pasmep mop
20 HM U no3BosstIone 3(h(HEKTUBHO M30aBIATHCS Kak
0T 000JIOUCUHBIX, TAK U OT 0€3000I0UCUHBIX BUPYCOB.

B pesynbrare u3z 4 1 KyJabTypaiabHOW >KHIKOCTH
obut0 momydeno 12 mr pAT 127F3 u 10 mr pAT
rCRO114. Tlpemapar oumnmennoro pAT r27F3 wumen
KOHIIeHTpanuto 1.12 Mr/mi, a mpemapar O4HIICHHOTO
pAT rCR9114 umen konueHTparuio 0.56 Mr/mi.

IIpn wm3ydeHnn O4YMIIEHHBIX mpenaparoB pAT
r27F3 u rCR9114 merogom BDXX Obutu momydeHs!
CJIEIYIOIIUE PE3YNIBTAThl, IPEACTABICHHBIE Ha pUC. 2 U 3.

B pesynbrate Obula MPOJEMOHCTPUPOBAHA BBICO-
Kasg CTeMeHb YHCTOTHI MOJYYEHHBIX MpEnapaToB
(6osree 90%). PazHumna mo BBICOTE W TUIOMIAJM TTHKOB
pAT 127F3 u rCR9114 cBs3ana ¢ ux pa3nunyHON
KOHIIeHTpanueil B mpemapare. Kpome Toro, ObIIO
MIPOJIEMOHCTPUPOBAHO  pa3jIMYHOE BpeMs YAEPKHU-
BaHUS OCHOBHBIX MHKOB B Impenaparax 127F3 u
rCRI114, uyto yKka3pIBaeT Ha pa3jIM4YHBIA THAPOJUHA-
MUYECKHH pajnyc y ABYX JNaHHBIX Mojekyia. Ilo Bcei
Bugumoctd, pAT tCRO9114 oOnamaer 3HAYUTENBHO
Oosee 00BEMHOII MPOCTPAHCTBEHHOW CTPYKTYpoH u
MIOSIBIISICTCSI HA XpOMAaTorpaMMe Ooliee paHHUM MUKOM
110 cpaBHEHUIO ¢ r27F3.

AHany3 MOJIMNENTUIHOIO CHEKTpa IpernapaTUBHO
OUMIICHHBIX AHTHUTEN MPOBOIIIN METOIOM OeNKO-
Boro anektpodopesa B ITAAI-JICH. Jlns oneHku
CIIOCOOHOCTH  aHTHTEN  (DOPMHPOBATH  KOMILICKC
Tsokeno u  serko  uenum (H+L) wucnonszoBanu
«ITIOC—MUHYC» Moau(puKanuio o0paboTku obpasia,
T.e. JeHaTypupymwolme (+) U HeaeHaTypupylomme (—)
ycnoBusl. Takas Momudukanusi mo3BOIsIeT HASHTH(U-
[IUPOBATh MOJIEKYISIPHYIO MacCy Kak TSDKEIOH W Jier-
KOM IIeTrel 10 OTAENbHOCTH, TaK M CEKPETHPYEMOTo
(yHKIMoHanmpHOTO Komruiekca IgG (H+L).

Pesynbrater  anektpodopesa B I[TAAT-JICH
npeacrasieHsl Ha puc. 4. B nenarypupyromux ycio-
BUSAX HaOmromanuch nBa (parmeHta Becom ~55 k/la
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Bpemsi, MUH /T|me, min

Pesyabrars! aist nuka (Ilpouent miomanu 1%) / Results for peak (Area percentage 1%)

Bpewms ynep:xanus, MuH Onucanue curHanga Iupuna, MuH IInomans Beicora Inomans, %
Retention time, min Signal description Width, min Area Height Area, %
24.136 2.985 88.1 1.8 1.73
28.820 DADI1A, Sig =280.4, Ref =360.1 2.046 322.1 5.9 6.33
29.996 3.138 4674.8 88.8 91.93

Puc. 2. Xpomarorpamma BOXX ouniennoro antutena r27F3, a Takoke IPOLIEHTHOE COAEPKAHUE LIETIEBOIO U IIPUMECHBIX [THKOB.
Fig. 2. HPLC chromatogram of the purified r27F3 antibody, as well as the percentage of the target and impurity peaks.
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Retention time, min

25.392

upuna, MUH ILnomans Beicora TTnomans, %
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1.713 366.2 9.9 100.0

Puc. 3. Xpomarorpamma BOXX ouniniennoro anturena rCR9114, a Taxke NpoLEHTHOE CofiepKaHne LEIEBOr0 U MPUMECHBIX ITHKOB.
Fig. 3. HPLC chromatogram of the purified rCR9114 antibody, as well as the percentage of the target and impurity peaks.

n 25 k/la, 4TO COOTBETCTBYET MOJIEKYJSIPHON Macce
H wu L-ueneil anturena. B HexeHaTypupyromux
ycnoBusix  HaOmogancst OAWH  (parMeHT Maccoi
160 x/la, 4TO COOTBETCTBYET IIOJIHOMY KOMILIEKCY
IgG. Taxxe moxazaHo, YTO TOJY4YEHHBIC MPETapaThl
PAT WMEIOT BBICOKYIO CTEIEHB JIEKTPOpOpeTHUe-
CKOM YHCTOTBI.

H3yyeHune aKTUBHOCTH U CTIENM(PUIHOCTH
pAT r27F3 u rCR9114

Fab-cermnduaaOCTs pPEeKOMOMHAHTHBIX MPOTHBO-
TPUMIO3HBIX AHTUTEN AaHATH3UPOBAIM C IIOMOIIBIO
BECTEpH-OJOTTHHTa. B KkadecTBe AHTHIEHOB HCIIOIb-
30BaJlM MaHeIb OYHIIEHHBIX BHPYCOB TIpHUmma A
u B. OOpasupl a1 mpoBeeHUs BeCTepH-OJIOTTHHTA
00pabaTbIBay B HEJICHATYPUPYIOIIUX yCIOBHSX.

Kflal r27F3 CRIM4  fal
kDa m + . + - M kDa
150 — ik
120 F = . 130
100 s 100
85

o . 70
© ... B s
40

30 L 35
25 .. o 50 25

Puc. 4. Dnexrpodoperpamma ouniiieHHbIX antrTen 127F3 u rCRI114:
M — MapKepb! MOJISKYJIIPHOTO BECa; «+» — ICHATypHPYIOLIHE
YCIIOBYIS; «— — He[ICHATYPHUPYIOLUE YCIIOBHSL.

Fig. 4. Electropherogram of purified r27F3 and rCR9114
antibodies. M are markers of molecular weight; “+” are denaturing

conditions; “—” are non-denaturing conditions.
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Ha puc. 5 mpexacraBieHbl pe3yibTaThl BECTEPH-
osortunaTra ¢ pAT r27F3, Ha puc. 6 — ¢ pAT rCR9114.

ITo maHHBIM HMMMYHOOIOTTHHTa (pHC. S5) aHTH-
teno 127F3 obnmamaer IMMPOKOW TeTepoCyOTHITHYE-
CKOW CIENU(PUIHOCTBIO, B3aUMOACUCTBYET C TeM-
arrIlOTHHUHAMM BUpPYycoB rpummna A cyOtunos HI,
H3, HS5, H7, H9 u He B3auMOIEHCTBYET C TeM-
armIIOTUHUHOM BUpyca rpunmna A cyoruna H2 u Bupy-
camu rpunmna B. llomyuenHas cneun¢puuHOCTh IS
antutena r27F3 MONMHOCTBIO COOTBETCTBYET JIUTEpa-
TYpHBIM JaHHBIM [17].

CorylacHO ~ JJaHHBIM ~ MUMMYHOONOTTHHTAa  (puc.  6)
aatureo rCR9114  Taxke oOmagaer  IMIMPOKOH
CHEeIU(UIHOCTIO, B3aMMOJCHCTBYeT C T'eMarriio-
THHUHAMH BHUpycoB rpumma A cyorunos HI1, HS5
u HY9, ornHocsmuxcs k nmoarpynme 1 [18]
(3a ucKIOYeHHWeM BHpyca Tpunma cyotuna H2) u
BUpycamu rpumna B kax nuHuum Bukropus, Tak u
nuHuM SImarara, HO HpU 3TOM HE B3aUMOJEHCTBYET
¢ Bupycamu rpunmna cyorunoB H3 wu H7, ortHocs-
nmxest k nomrpyme 2 [25]. ComiacHO JMTeparypHbIM

Puc. 5. BecrepH-010T ananmm3 Fab-cnennduanoctn
o4HIcHHOTO anTuTea r27F3.
M — Mapkep MOJIEKYJISIPHOTO Beca;
udpamMu 0603HaYEHBI BUPYCHI I'PUIIIA;
1 — A/California/04/09 (HIN1);
2 — A/BlackDuck/NewlJersey/1580/78 (H2N3);
3 — A/Aichi/2/68 (H3N2);

4 — A/Duck/Pensylvania/10218/84 (HSN2);
5 — A/Chicken/NJ/294598-12/2004 (H7N2);
6 — B/Phuket/3073/13;

7 — A/Swine/Hong Kong/9A-1/98 (HIN2);
8 — B/Washington/20/2019.

Fig. 5. Western blot analysis of the Fab specificity of the
purified r27F3 antibody. M is marker of molecular weight;
the numbers indicate influenza viruses:

1 — A/California/04/09 (HIN1);

2 — A/BlackDuck/Newlersey/1580/78 (H2N3);

3 — A/Aichi/2/68 (H3N2);

4 — A/Duck/Pensylvania/10218/84 (H5N2);

5 — A/Chicken/NJ/294598-12/2004 (H7N2);

6 — B/Phuket/3073/13;

7 — A/Swine/Hong Kong/9A-1/98 (HIN2);

8 — B/Washington/20/2019.
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Puc. 6. Bectepu-010T ananmm3 Fab-cnennpuaroctn
ounineHnoro anrtutena rCR9114:
M — Mapkep MOJIEKYJISIPHOTO Beca,
udpamMn 0603Ha4YEHBI BUPYCHI TPHIIIA:
1 — A/California/04/09 (HIN1);
2 — A/BlackDuck/NewlJersey/1580/78 (H2N3);
3 —A/Aichi/2/68 (H3N2);
4 — A/Duck/Pensylvania/10218/84 (HSN2);
5 — A/Chicken/Moscow/NJ294598-12/2004 (H7N2);
6 — A/Swine/Hong Kong/9A-1/98 (HON2);

7 — B/Phuket/3073/13; 8 — B/Washington/20/2019.
Fig. 6. Western blot analysis of the Fab specificity of the
purified rCR9114 antibody: M is marker of molecular
weight; the numbers indicate influenza viruses:

1 — A/California/04/09 (HIN1);

2 — A/BlackDuck/NewlJersey/1580/78 (H2N3);

3 — A/Aichi/2/68 (H3N2);

4 — A/Duck/Pensylvania/10218/84 (HSN2);

5 — A/Chicken/Moscow/NJ294598-12/2004 (H7N2);
6 — A/Swine/Hong Kong/9A-1/98 (HON2);

7 — B/Phuket/3073/13; 8 — B/Washington/20/2019.

nmanaeiM, antureao CR9114 obnagaer crocoOHOCTHIO

CBA3BIBATbCS ~ C  TEMAarrjlOTHHUHAMH ~ BHPYCOB
rpunmna A, OTHOCSIIUMCS K MOArpymnmne 2, NpuueM
KOHCTaHTBI JUCCOLMALNN K, KOMIUIEKCOB

anturen-anrureno (1.1-2.2) cpapuumel ¢ K 1pu
B3aUMOJCHCTBUM C TIEMarrjlOTHHUHAMH  BHPYCOB
rpuna B smmnaum SImarara (1.3.-1.8) u menbme K|
BupycoB rpunma B juanm Bukropus (1.5-4.8) [18].
Bo3MOoXHBIM 0OBSICHEHHEM OTCYTCTBHSI B3aHMMOICHCTBUS
nomydeHHoro Hamu antutena rCR9114 c Bupycamm
TPHIIA, OTHOCSAIIUMUCS K TOATPYyNIe 2, SBISETCS TO,
YTO JaHHOE AaHTUTENO HWMEJIO JIETKYIO IeNb aHTHTela
27F3. Jlerkas muenb anturena 27F3 mnpuHAIIEKHAT
K THUITy Kalma MOATPYIIbLl 3, B TO BpeMs Kak JIerkas
nens antutena CR9114 orHocuTcs k THmy nsmMOna
noarpynmel 1. HecmoTpss Ha TO, 4YTO CBSI3bIBaHHUE
¢ antureHom mna CR9114 mnpoucxomuT TOJIBKO 3a
CUET TSKETIOW IIeTH, JIeTKas IIeMb MOXKET y4acTBOBAaTh
B IEPEePaCIPECIICHHN SHEPTrHH B MPEIENax TKEIbIX
IeTneid, YTO BHOCHUT CBOM BKJIaJ B KOH(MOPMAIIHIO
OTACNIBHBIX YYaCTKOB TSDKEIIOM LEenu WU B3auMOJACH-
CTBUE C AaHTHT€HOM. BO03MOXXHO, MMEHHO HaIHU4He
JETKOW Tenu Jpyroro aHTHTela He TO3BOJUIO
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Tab6auua 2. Pe3ynbTaThl peakinuu Bupyc-HeidTpanuzanuu antuten r27F3 u rCR9114 ¢ Bupycamu rpunmna A u B.

H.JI. — Bupyc-HelTpanu3anus He 1eTeKTUPYeTCs

Table 2. Results of the virus neutralization assay of r27F3 and rCR9114 antibodies with influenza A and B viruses.

N.D. — neutralization is not detected

UK, (MKxr/mu)
Bupyc rpunmna IK,, (ng/mL)
Influenza virus
r27F3 rCR9114
A/California/04/09 (HIN1) 2.8 5.6
S H.A. H.A.
A/Aichi/2/68 (H3N2) ND. ND.
A/Duck/Pensylvania/10218/84 (H5SN2) 1.4 1.4
A/Chicken/Moscow/NJ294598-12/2004 112 H.J.
(H7N2) ’ N.D.
A/Swine/Hong Kong/9A-1/98 (HON2) 2.8 2.8
H.I. H.I.
B/Phuket/3073/13 ND. ND.
. H.O. H.J.
B/Washington/20/2019 ND. ND.

antuteny rCR9114 pocrarouHo »s¢ddexktuBHO CBS-
3aThCSl C BUpPyCaMH TpHUINa A, OTHOCSIIUMHUCS K

noarpynme 2.

Crnemudpuunocts anturen 127F3 u rCRI114
ObUTa TaKKe OIICHEHAa C TOMOIIbI PEaKIUH BUPYC-
HedTpanu3zanuu. [lomydeHHble  pe3yibTaThl  Mpel-
CTaBJICHEI B TaOII. 2.

CornacHO JMTEpaTypHBIM JIaHHBIM, AHTHUTENO

27F3 B peakiuu MHKPOHEHTpaIU3alMU CIIOCOOHO
HeliTpaninzoBaTh BUpychl rpunma HINI1, HSNI,
u HONI, otHocsmuecs k moarpymmne 1, ¥ BHPYCHI
rpunma H3N2, H7N9 u H10NS, oTHOCsIMECS K MOA-
rpynne 2 [17]. CormacHo Tabm. 2, antureno r27F3
HEUTpayu3yeT BUpPYChl Ipunmna A U3 NOArpynmst 1
HINI1, H5N2 u HO9N2 wu Bupyc rpunna A us3
moarpynmel 2 H7N2. He ypamocs perekTupoBaTh
HelTpaym3anuio Bupyca rpumma A/Aichi/2/68 (H3N2)
U3 TOATPYNIBL 2, XOTS aHTUTENO OBUIO CIIOCOOHO
B3aMMOJEICTBOBaTh C HHUM IO JaHHBIM HMMMYHO-
OnoTTHHTA.

Cnocobnocts antutena tCR9114  cBs3biBaTh
AHTUTEHBI TIOCPEJICTBOM pEaKIMHU BUPYC-HEUTpaau3a-
MU TIOJHOCTBIO COOTBETCTBYET JIMTEPATYPHBIM JlaH-
HbIM [18]. Antuteno rCR9114 nelitpanuszyer BUpYCHI
rpunma A, OTHOCSIMEcs K moarpymme 1, HelTpa-
JTU3alAI0 BUPYCOB TpHUINa A #3 TOATPYNIBHl 2 U
BHPYCOB rpulina B neTexTupoBats He yAanoch.

Takum o00pa3oMm OBLIO IMOKAa3aHO, YTO AHTHUTEIO
r27F3, mnoilyueHHOEe ¢ IOMOUIbIO aJEHOBUPYCHBIX

BEKTOPOB, JEMOHCTPUPYET CIIOCOOHOCTH CBSI3BIBATHCS
¢ Bupycamu rpumma A cyorunmos HINI1, H3N2,
H5N2, HON2, HO HE HIEMOHCTPHPYET CIOCOOHOCTh
CBSI3BIBATBCSL C BHpycoM rpumma A cyoruma H2N3
W BHpycamMu Tpunma B, xak u ObIIO omnmcaHO B
muteparype [18].

Antnreno rCR9114 Tarke mokasamo cmoco0-
HOCTb B3aUMOJIEHCTBOBaTb C BHpyCaMHU TIpulna A,
otHOcsmumucs Kk moarpymme 1 (HINI1, HSN2, HON2,
Ho He H2N3), Ho He x moarpymnmne 2 (H3N2, H7N2),
a KpoMe TOro, ObLJI0 CLIOCOOHO CBS3bIBATHCS C BUPYCAMHU
rpunmna B kak nuann Bukropus, Tak u tuHun SImarara.
Bo3smoxkHo, 3amMeHa COOCTBEHHOM JIETKOH  IIEIH
antutena rCRI9114 na nerkyro uens anrurena r27F3
MOBITUSUIO HA (DYHKIIMOHAIBHYH) aKTUBHOCTh aHTHTEIa
U TOCHYyXHJIAa TPUUYUHON TOTEpH  CHOCOOHOCTH
CBA3BIBATHCS C BUPYCAMH I'pHIIa A, OTHOCALIMMUCA K
rnoArpyrtie 2.

3AK/IIOYEHUE

Hammu  Obutn  momydyeHbl  PeKOMOMHAHTHBIC
a/ICHOBUPYCHI YENIOBEKA IISITOTO CEPOTUIA, HECYyIIUe
TCHBI TSKEITBIX Hene MPOTUBOTPUTITIO3HBIX
aaturen 27F3 mw CR9114, a Ttakke pEeKOMOMHAHT-
HBI aJ€HOBHUPYC 4YEJIOBEKAa, HECYIIWHA TIE€H JIETKOU
menu antutena 27F3. Beutn orpaboTaHbl  yCIOBHUS
3apaXeHUsl CyCreH3MOoHHOM JwHMM Kietok  HEK293
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TIONTyYeHHBIMU PEKOMOMHAHTHBIMU aJICHOBUPYCAaMH U
[I0Ka3aHO, YTO ONTHUMAJIbHBIMU YCIOBHUAMHU AJIS IONY-
YEHMsI MaKCUMaJbHOI'O BBIXOJAa AaHTUTENA SIBJIAIOTCS
1032 KKIOTO pPAIS, HECyIIHUX TEHBl TSDKEIOW W
nerkoit menu pAT, 200 BOE/knetky, u coBMecTHas
MHKyOalusi BUPYCOB M KIETOK B TEYEHHE 3 CYTOK
no Hactryruienus 50-60% LTI/ (tabn. 1). INomyden-
Hble B pe3yJbTaTe TPAHCAYKUUHU KIETOYHOW CyCIIeH-
3un  aneHoupycamu pAT ObuM  OYMINEHBI W3
KyJbTypaJIbHOM JKHUJKOCTH C TOMOIIBI0 XpOMaTo-
rpaduveckoro meroxna, Bbixox pAT cocraBum 12 mr
n3 4 1 KynpTypanbHOU xkuakoctu s 127F3 u 10 mr
must rCR9114. pAT mOAHOCTBIO COOTBETCTBOBAIH
HAaTUBHBIM TI0 MOJEKyIsspHOH wmacce (puc. 4)
u ObUIM CHOCOOHBI pearupoBaTb CO BTOPUYHBIMHU
agtutenamu K Fe-gparmenty  IgG genmoseka.
OyHKUMOHATbHASL ~AKTUBHOCTh  NOJYy4YeHHBIX pAT
Oblla OlLlEHEHa C TOMOIIbI  BECTEpH-OJOTTHHIa
W peaKiuy BUPYC-HEHUTpaIM3alMUd C UCIOJb30BAHUEM
BUpycoB rpunmna A n B paszmuysbsix cyoTuno. OyHK-
MUOHAJIbHAS aKTUBHOCTL aHtuTena 127F3 cooTser-
CTBOBAIA (PYHKIIMOHATGHOW AaKTUBHOCTH HATHUBHOTO
aatutena 27F3, Torma xak antmreno rCR9114
MOTEPSUIO  CIIOCOOHOCTH ~ B3aMMOJICHCTBOBATH  C
BHUpYyCaMH TpHIIa A, OTHOCSIIUMHCS K HoOArpymnie 2
(H3N2 u H7N2), 94T0 BO3MOXHO CBSI3aHO C 3aMEHOM
nerkoi mermm aHtutena CR9114 wa nerkyro 1erb
anTutena 27F3.

TakuMm o00pa3oMm, C TOMOIIBIO ONUCHIBAEMOM
HAMH TEXHOJIOTUW OBbUIM TOJYYEeHBI B MpernapaTuB-
HBIX KOJHMYECTBAX W OYMIICHBI JBAa IPOTHBOIPUII-
MO3HBIX AHTUTENA MIMPOKOTO CIEKTpa JCHCTBUS.
JlaHHYI0 TEXHOJIOTMIO MOXHO HCIOJIb30BaTh ISl
MIOJIyYeHUsI OYMIIEHHBIX MPENapaToB YeIOBEUYECKUX
pAT B ciywasx, Korga NNIMKO3WIMPOBAHUE aHTHUTEJNA
SIBJIICTCS IPUHLIUITHAIBHBIM MOMEHTOM.
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Onpenesienue Bo3MokHbIX MUKPOPHK-MapkepoB 3i10ynorpediienns
npenaparamu kodajasTa Mmeroaom IIP B peasbHoM BpeMeHu
C MCIOJIH30BAHMEM MAHEICd CUTHAJIBLHOIO Iy TH TMIIOKCUU

I1.B. IlocTHHKOB, ®.B. Paayc?, 10.A. EpumoBa?, H.B. [IpornHa'?

'HayuoHanbHas aHmudonuHezoeas siabopamopus (MHcmumym) Mockosckozo 2ocyoapcmeeHH020
yHusepcumema um. M.B. Nomornocosa (HAAN MT'Y), Mockea, 105005 Poccus

2MHPSA — Poccutickuii mexHono2uueckuil yHusepcumem (HHcmumym moHKUX XUMUMECKUX MEeXHOI02UTL
um. M.B. Nomonocosa), Mockea, 119571 Poccus

SHayuHo-uccnedosamensckuii. uHcmumym obwieti namosoeuu u namogusuonozuu, Mockea,
125315 Poccus

*“Aemop ons nepenucku, e-mail: drpavelpostnikov@gmail.com

AHHOMaAyust

Ienu. Kobanem umumupyem COCMOsSIHUE 2UNOKCUU, npensmcmeyst oOezpadayul anvga-
cybveduHuybl. 2UNOKCUA-UHOYUUPYEeMOo20 axmopa, umo npugooum K YeesuueHuro
KUC/IOPOOHOTL eMKOCMU KpOo8U U MOXKem UCNOJAb308AMbCSL CNOpMCMEeHAMU 8 Kauecmee
donuHza 015l NONYUEHUSL KOHKYPEeHMHbLX npeumywecms. Ha cezo0HswHU momenm Oast onpe-
OdeseHust obujezo kKobanema 6 Op2aHuU3Me UCNONL3YIOMm npsimble memoldbl MACC-CNeKmpo-
mempuu c UHOYKMUBHO C8SA3AHHOTL naazmot, IUOKOCMHOTL xpomamoepacpuu-
MAaHOeMHOU MACC-CNEKMpoMempul, 0OHAKO BcemMupHbiM aHMUOONUH208bLM GREHMCMEOM He Yycma-
HOB/EHA MAKCUMANIBHO O00NYycmumasi nopo208asi KOHUEHMpAuusi 3moz0 snemeHma & 6uo-
skudrxocmsix. Omecymemeue uemrkux kKpumepuege UOeHMUPUKAYUU OCJO0XKHSIem uHmepnpe-
mayuro NOAYueHHsblX pesyaobmamos. B cessu ¢ smum, 8 daHHOlU cmambe enepsvle npeosaza-
emest N00xX00 NO KOCBEHHOMY OonpeodesieHutd 803MOXKHbIX 310ynompebrerHuil Kobanromom Ons
yeneti O0ONUH2-KOHMPOS, OCHOBAHHLLU HA U3MeHeHUuu YyposHell skxcnpeccuu MmukpoPHK,
300eticmeo8aHHbIX 8 PeYaSUUU CUZHATbHO20 nymu 2unokcuu. Llenb uccnedosaHust 3aK10UAIACs
8 noucke 803MOIKHbIX MukpoPHK-mapKepos, sxcnpeccust KOmopulx He 3as8ucum Om 2UNnoKCUU,
8bI36AHHOU PUBUUECKUMU HAZPY3KAMU, HO 3AMEMHO UIMEHSIeMCs Npu npueme npenapamos
Kobanema.
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Memooesl. Bouidenernue mukpoPHK u3 06pasuyos nadasmbl KpoeU NpogoousiiL. Npu NoMouiu
Habopa PAXgene Blood miRNA Kit. KonuuecmeeHHYI NOJAUMEPA3HYH UENHYH Pearyuro 8
peancHom epemeHu npoeodunu Ha amnaugpukamope CFX96 Bio-Rad (CIIA) ¢ nomowbro
Habopos miScript® SYBR® Green PCR Kit u naHesnell 05 ucciedo8aHust npoguneil sKcnpeccuu
3pensix mukpoPHK cuzHansHozo nymu eunokcuu Hypoxia Signaling Pathway miScript® miRNA
PCR Array.

Pesynemametl. Ha OCHOBGHUU CMAMUCMUUECKO20 AHANU3A OAHHbLX OblL10 YCMAHOE/EHO,
umo srcnpeccust hsa-miR-15b-5p @ naazme Kpogu ucnslmyembsblx He 3agucum om guauueckoil
Hazpy3Ku, HO 8o3pacmaem npu npueme npenapamos Kobaroma.

Bbteo0dbl. PasHuya 8 YpoHSX IKCNPEeCcCcuUl NPu 2UNOKCUU, 8bl38AHHOU aHAIPOOHOT PusuUecKotl
Hazpys3Kol, u umumayuell 2UNOKCUU 3a cuem npumeHeHust kobanrema denaem hsa-miR-15b-5p
NOMEHYUANIbHBIM NPEMEHOEHMOM HA POJib MapKepa 3a0ynompebneHust OGHHbIM 3PUMPON0I3-
CMUMYAUPYHOULUM A2EHMOM.

Knroueesvlte cnoea: kobanom, qPCR-RT, muxpoPHK, OonuHe-KOHMpPOsb, CMUMYJSMOPbL
spumponossa

Jna yumuposanusn: TloctaukoB I1.B., Pamyc ®.B., Edumoa FO.A., Tlponmna W.B. OmnpeneneHue BO3MOKHBIX

MukpoPHK-MapkepoB 3moynorpe0ienusi npenaparamu kobansra meromom I[P B peasbHOM BpeMEHH € HCHOJIBb30BaHHEM
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Abstract

Objectives. Cobalt mimics the state of hypoxia to prevent degradation of the alpha subunit of
hypoxia-inducible factor, resulting in an increase in blood oxygen capacity and endurance. Athletes
can use this property to gain competitive advantage. Nowadays, direct methods of inductively
coupled plasma mass spectrometry and liquid chromatography-tandem mass spectrometry are
used to determine total cobalt levels in the body. However, the World Anti-Doping Agency is yet
to establish a maximum allowable threshold concentration of this element in biofluids. The lack of
clear identification criteria complicates the interpretation of the obtained results for the purposes
of doping control. In this regard, the present work proposes a new approach for the indirect
determination of possible cobalt abuse based on changes in the expression levels of miRNAs
involved in the regulation of hypoxia signaling pathways. Here, the aim is to identify possible
microRNA markers whose expression does not depend on exercise-induced hypoxia, but changes
markedly when taking cobalt preparations.
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Methods. MicroRNA isolation was performed from blood plasma samples using the PAXgene
Blood miRNA Kit. Quantitative real-time polymerase chain reaction (PCR) was performed on
CFX96 Bio-Rad (USA) analyzer using miScript® SYBR® Green PCR Kits and panels for studying
the expression profiles of mature microRNAs of the hypoxia signaling pathway miScript® miRNA
PCR Array.

Results. Based on the statistical analysis of the data, it was found that the expression of
hsa-miR-15b-5p in the blood plasma of the subjects does not depend on physical activity, but
increases when taking cobalt preparations.

Conclusions. The difference in expression levels during anaerobic exercise-induced hypoxia
and cobalt-induced hypoxia makes hsa-miR-15b-5p a potential candidate to be a marker of
erythropoiesis-stimulating agent abuse.

Keywords: cobalt, qPCR-RT, microRNA, doping control, erythropoiesis stimulants

For citation: Postnikov P.V., Radus F.V., Efimova Yu.A., Pronina [.V. Determination of possible microRNA-markers
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BBEJIEHHUE

Coenunennst kobansra(ll) mo 80-x rr. XX Beka
9acTO WCIIONB30BAIKCh IS JICUCHUS Pa3THYHBIX
hopm anemuii [1-3]. MexaHu3m ux JCHCTBUS CBSI3aH C
aKTUBallMel TPAHCKPUIIIUOHHOTO (aKTopa, HHIYLH-
pyemoro rumokcueil (aHmi. hypoxia-inducible factor
(HIF)), mnpuBomsmiero K YBEIUYEHHIO HKCIPECCUU
TeHa DPUTPONOITHHA, KIFOYEBOTO PETYJSITOpa BhIpa-
OOTKM KpacHBIX KPOBSIHBIX KIETOK — 3PUTPOIMTOB
Y YBEIWYCHHUIO KHCIIOPOJAHONW EMKOCTH KpoBH [4—6].
Opnako mpu OoJee JETATPHOM H3YYCHHH BO3HHKAIO-
MAX BCICACTBHE IMpueMa OONBIIUX 103 KOoOaIbTa
CephE3HBIX MOOOYHBIX AIPPEKTOB — OCTPHIX OTpPaB-
JeHUH, HapyLIeHUH CepJAeYyHOro puTMa, MCUXUYe-
CKHUX PACCTPOMCTB, a TaKkKe CTUMYJISIHUU KaHLEpO-
rene3a [7-10], uX HCIIOJNIb30BaHUE YISl KIMHHUYECKUX
Hesield MpeKpaTwioch, UM Ha CMEHY MNPHIUIM Mpera-
partbl peKoMOWHAHTHBIX 3modTHHOB [11]. Hecmotps
Ha 9TO, NPOQeCcCCHOHANBHBIE CIOPTCMEHBI HCIIOJb-
3YIOT pa3jnyHble OHMOJ00aBKH, COAepKallue KOOaJbT,
W Jlaxe CycreHsuo xjopuna kooOamera(ll)  most
MOBBIIICHUST TOJEPAHTHOCTH K (PU3MYecKod Harpys-
K& ¥ adpoOHOW BEIHOCIUBOCTH, YTO MOXET [aBaTh

KOHKYpPEHTHBIC TIpenMmyImiecTBa. KoOamsT —BKIIOUEH
B 3amnpemieHnblii crnucok' BceMUpHOro aHTHIOMHH-
roBoro arearctBa (BAJIA) m oTHOCHTCS K «aKTHWBa-
TOpaM TUIIOKCHS-HHIYIHPYEMOTO (PaKTopa» B COOTBET-
cTBHU co ctatbeit S2 «llenTumHple TOPMOHBI, (PAKTOPEI
pocta, nogoOHbIe CyOCTaHIIMU U MUMETHKHIY.

[To cocTosiHMIO Ha CETONHANIHUNA AEHb JIHIIL He-
MHOTHE aHTHJIONUHTOBBIE JTA0OPATOPHH HCIIOJIB3YIOT
MPSIMBbIE METOJTbI OTIPEICTICHHS KOOAIbTa: MacC-CIIEKTPO-
METPUIO ¢ WHIYKTUBHO cBsizaHHOW Tuiasmoit (MCIT-MC)
[12—-15], >KHIOKOCTHYIO Xpomartorpadui0 C TaHICM-
HOW Macc-criektpomeTpueit [16, 17] wim ux KomOu-
HaIMio, a OONBITMHCTBO W BOBCE HE BKIIIOUMIIN JTH
MOAXONBl B CBOM METONOJOTHYECKUN apceHal, YTo
MPUBOAUT K BO3HUKHOBEHHIO MPOOJEMBbl BbISBICHUS
(hakTa 37M0ymOTpeONCHUsI COJSIMH 3TOTO JJIEMEHTa B

KauecTBE€ JONMHIroBoro arenra. Ilomumo 3roro,
BAJIA 1o cux 1HOp HE YCTAaHOBWIO MAaKCUMAJIbHO
JOIyCTMMYIO ~ IIOPOTOBYIO  KOHILIEHTPALUIO  3TOr0

! WADA Prohibited List 2022. URL: https://www.wada-
ama.org/sites/default/files/resources/files/2022list_final
en.pdf. Jlara o6pamenus 10.11.2022. / Accessed November
10, 2022.
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3NIeMEHTa B OMOKUAKOCTSIX M KAaKUE-THO0 KPUTCPHH HIICH-
TU(UKALUH, 9TO OCIOXKHIET MHTETPETAINIO TONyUYeH-
HBIX pe3ynbratoB. B psae pador [15, 18, 19] ucnosns3o-
BaH MOJXO0], OCHOBAaHHBII HA CPAaBHEHUH COOTHOIICHUS
ypoBHsS BUTaMHHAa B12 — rcTOuHMKA KOOANBTa, IPUCYT-
CTBYIOLIETO0 B OpraHU3Me B €CTECTBEHHOM COCTOSIHUH,
M3MEPEHHOT0 HMMYHOXHUMMYECKH, M KOHLEHTpPaLUuU
obmero kobanbra, m3mepenHoit merogom MCII-MC.
HecmoTpst Ha TO, UTO JaHHBIM MOAXOJ] JEHCTBUTEIBHO
MIEPCIICKTUBEH W MOXET KOCBEHHO BBISIBUTH HaJIMUUE
coneil kobaibTa B OpraHu3Me, OH JIOBOJIBHO TpPYIO-
eMOK Uil INUPOKHX CKPUHHHTOBBIX HCCICIOBAaHUH.
Kpome TOrO, HECKONBKO HAYYHBIX CTaTe TOCBSIIIE-
Hbl H3YYCHHUIO OJPHUTPONOdITHUECKUX 3(DdekToB mpu
TpueMe HU3KHX JI03 HeopraHuieckoro kodaisra [4, 20].

ITporpaMma  TreMaTOJOTHYECKOTO  MOAYJIS — OHOJIO-
rugeckoro  macropra  criopremena  (BIICY  mosBomsier
KOCBEHHO OMNPENEIUTh BO3MOXKHBIC MAHUITYJISIIAU

C KpOBBIO U (DakT mpuemMa HEKOTOPBIX 3PHUTPOIOI3-
ctuMynupytonmx areHroB (DCA) 3a cueT peskoro
YBCJIMYCHUS KOHUCHTPAIUU FeMOFJ'IO6I/IHa, maacHuA
MPOIICHTHOTO COACP)KAHMS PETHKYJIOIWTOB M aHa-
TM3a  psAma  Opyrux  mapamerpoB. OmHAaKo ycTaHO-
BUTb, SIBIITIOTCS JIN M3MEHEHHS B KPOBU DPE3yJIBTaTOM
BBICOTHBIX ~TPEHHPOBOK CIOPTCMECHOB WM  CIICI-
CTBHEM IIpHE€Ma 3alpelICHHBIX IIperapaToB, HE
MPEICTABISETCS BOSMOXKHBIM.

B cBsi3M ¢ BBIICIEPEUHUCIICHHBIM, CYIIECTBYET
HEOOXOAUMOCTh Pa3pabOTKH HOBOTO aHATUTHYECKOTO
MOJX0Aa  KOCBEHHOTO  ONpeAeNieHHs  3JI0YIOT-
pebnenuss coisiMu KoOajbTa, OCHOBAaHHOTO Ha H3Me-
HeHMH mpoduiel  skcmpeccnn  MHUKpoPHK  kax
CIIC/ICTBHSL TIpHEMa IPEerapaToB, COACPKAIIIX KOOAJBT.
Takwe w3MeHeHUsT NpodUIeH MaJNbIX HEKOIUPYIO-
mux PHK KkpoBH MOTyT BBICTYHaTh B KadecTBE
Oolee paHHUX BBICOKOYYBCTBUTEIBHBIX MapKEPOB
OTBETa Ha (PU3HONOTHYCCKUA WM TATOJIOTHICCKUN
cTUMYJI, yeM ouoxumuueckue [21-24].

MATEPHUAJIBI U METObI
Oobpazybt 014 uccne008anus

Hns  wmccmemoBanus Opamm  0o0pasibl  IUTA3MBI
KpoBu 100poBoibieB (7 = 10), Bemxymmx aKTUBHBIN
o0pa3 >u3Hu, B Bo3pacte 22-35 ner (KOHTPOJIb-
Has Tpymna), IUIa3Mbl KPOBH CIOPTCMEHOB, BBICTY-
MAlONMX B JUCHUIUIMHE «CHOPTHUBHAs  XOJb0a»
(rpynma 1), mma3Mbel KpOBH TeX K€ JOOpPOBOJBIICB
nocie  npuema  OuwomobaBku  «KobGamer  DS®»

2 WADA Athlete biological passport operating
guidelines. URL: https://www.wada-ama.org/sites/default/
files/resources/files/guidelines_abp v8 final.pdf. Jlara oGpa-
menns 15.11.2022. / Accessed November 15, 2022.

(Dr: Skalny, Poccus) (rpymma 2) B Teuenue 20 cyTox
B KoJHMuecTBe B 4 pa3za NpPEBBIIIAIONICH PEKOMEHIY-
emyr no3upoBKy (1 tabmerka — 200 MKr acmaparu-
Hara KoOajbTa) rmociie mpuema muimy. [ momydeHus
IUIa3MBl 00pa3lbl BEHO3HOW KPOBH, B3SITOW HATOIIAK,
ueHtpudyruposanu 10 mun npu temmneparype 20 °C
co ckopocthio 1500 o6/muH Ha uentpudyre Rotixa
50 RS (Hettich Zentrifugen, I'epmanus). Becr 00bem
a3Mbl oTOMpanu W 3amopaxkuBanu npu —20 °C no
HCCIIEOBAHUMN.

Jo6poBombubl ObIM MPOUH(DOPMHPOBAHEI O Iie-
JSIX HKCTIEPUMEHTA, OT HUX OBUIO TONyYeHO HMHCHMEH-
HOE corlacue Ha WCIIOJIh30BaHWE WX OHOIOTHYECKO-
ro MarepHajga B HAay4HBIX LEISIX, FCCICIOBAHHEC HE
MIPOTHBOPEYHUT XEIBCHHKCKON [eKiapanun’ u 0100-
PEHO JIOKAJTbHBIM KOMHTETOM II0 3THKE MOCKOBCKOTO
Hay4YHO-TIPAKTUYECKOTO LEHTpa MEAULUHCKON pea-
OWITUTAlMK, BOCCTAHOBUTEIBHON W CIIOPTHBHON Melu-
nuHbl JlemaprameHTa 3apaBoOXpaHeHuss I MOCKBBL
OO6pa3upl MiIa3Mbl KPOBH CIIOPTCMEHOB OTOMpaH
comtacHO nyHkTy 5.3.12.2 Mexnynapognoro Cran-
nmapra g Jlaboparopuii* u myHkTy 6.3 Bcemuproro
AQHTHUAOIIMHTOBOTO KOZEKCAa W3 apXHBa Ja0OpaTophH.
OO0pasiibl KpoBU JIOOPOBOJIBIICB OTOMpAM IO IpaBHIIAM
cbopa ob6paszmo mo mporpamme bIIC B BakyymHBIE
npobupku  BD  Vacutainer® PlusDJITA (K2EDTA)
(Becton Dickinson, CIIA) nns remMarojorayeckux
UCCIIEIOBaHUH.

Buvioenenue muxpoPHK u3 oopazuoe
naazmul Kposu

MukpoPHK Beimensiim w3 2 M Tuia3msl  1IpU
momonm  Habopa PAXgene Blood miRNA Kit
(PreAnalytiX, lllBelinapusi) Mo TPOTOKONY IPOU3BO-
OUTENS C HEKOTOphIMH Momudukamusmu. Brece-
HUE B CTaHIAPTHYI0 METOAMKY H3MEHEHHH ObuIo
HEOOXOAMMO B CBS3M C T€M, 4YTO KpOBb cOOMpain
HE B CHeLUaTU3UpoBaHHbe Tmpobupku PAXgene
(QIAGEN, Tepmanusi), a B mpobupku BD Vacutainer®
Plus (Becton Dickinson, CIIA). HWcnons3oBaiuch
cieayromye MogupuKanuu: 2 MJ IJIa3Mbl  CMEIIH-
BaJM C 2 MJI JICHATypUpyolIero OyQgepHoro pactBopa
(2.7 M Twonmanara ryaHuauHa, 1.3 M THOIMaHaTa
ammonmsi, 100 MM amerara watpus, 5 MM DJITA,
pH 4.0), uakybupoBamu mpu Temmeparype 20-25 °C
20 muH, nentpudyruposanu 10 mun npu 14000g, oca-

* Declaration of Helsinki of the World Medical
Association.  URL:  https://www.wma.net/policies-post/
wma-declaration-of-helsinki-ethical-principles-for-medical-
research-involving-human-subjects/. Jlara  oOpameHus
15.11.2022. / Accessed November 15, 2022.

4 International Standard for Laboratories URL: https://
www.wada-ama.org/sites/default/files/resources/files/
isl 2021.pdf. Jlara oOpamenus 15.11.2022. / Accessed
November 15, 2022.
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JIOK TIPOMBIBAJIMA JIBAXKIIBI, HCIIONB3Ys 2 MIJI JICHOHH-
30BaHHON BOABI. [locie BTOpPOW TPOMBIBKH OCAJIOK
pactBopsuti B 350 Mkn OydepHoro pactBopa BMI1
U3 YKa3aHHOTO BBIIE Ha0Opa, Janee BBIICICHUE
MukpoPHK Benu mo mpoTokoidy NpOM3BOIUTEINS,
cmbiBa MUkpoPHK ¢ komoHok aByms oObemamu
110 40 MKJI J€MOHU30BAHHONI BOJIBI.

N3mepenne xonnenrpauuun MukpoPHK mposo-
JWIM ¢ wucnonb3oBaHueMm ¢uyopumerpa Fluo 100
(Hangzhou Allsheng Instruments, Kwutail) coriacHo

UHCTpyKIMU. Beinenennytro muxkpoPHK — xpanumm
npu temmneparype —20 °C s ganbHEHIIETro
UCIIOJIb30BAHUSL.

IIposeoenue oopamnoit mpanckpunyuu
U KOJTU4eCmeeHHOll NOUMEPAZHOU UENHOU
peaxyuu (I11]P)

Peakmuio 00OpaTHOM TPAHCKPUIIIUK TMPOBOIUIN
npu nomoru Habopa miScript® II RT Kit (QIAGEN,
I'epmanus) ¢ ucnonb3oBaHWeM OydepHOro pacTBopa
SxmiScript HiSpec Buffer mo mportokony npousBomu-
tenst Ha mpubope C1000 Touch Thermal Cycler
(Bio-Rad, CHIA), nmns peakuuu Opamu 200 Hr
MukpoPHK, koHeuHBIId 00BbEM pEaKIMOHHOW CMECH
20 wmxin. Ilonywennyro x/IHK xpanwim npu —20 °C.
Ilepen mnocrtanoBkoit konuuectBeHHOM [IIP xJIHK
pazBogunu jto6asienneM 200 MKII JIEMOHH30BAaHHOU
Boabl. Komnuectsennyro IIIP ¢ perexuueil B peaib-
HOM BpeMeHu mnpoBogwnu Ha JIHK-ammumdukarope
CFX96 (Bio-Rad, CHIA) c¢ mnomompo HaOOpOB
miScript® SYBR® Green PCR Kit (QIAGEN,
lepmaHusi) W TaHesel Ui MCCIEOBaHUS TpoQuiieit
skcripeccun 3penbix MUKpoPHK  curnampHOro myrtm
runmokcun  Hypoxia Signaling Pathway miScript®
miRNA PCR Array (QIAGEN, Tepmanms). Ilpo-
rpamma [P: naunmarnus 95 °C, 15 mun, 40 nuxios
(94 °C — 15 ¢, 55 °C —-30 ¢, 70 °C — 30 ¢). Konrponu
npoxoxaeHus oOpatHoil Tpanckpunmmu u 1P,
a Taxke peepeHCHbBIE TeHbI BKIIIOYCHBI B COCTAB TTAHEIH.

Cmamucmuueckas 06padomka pe3yibmamos

CraTucTHiecKkyto 00pabOTKy pe3ysIbTaTOB IPOBO-
IV TPpA TIOMOIIM IIPOTPAMMHOTO  OOECHCUCHHUs
CFX Maestro Software (Bio-Rad, CIIA) u onmaiin
nporpammHoro obtecneuenus GeneGlobe (QIAGEN,
T'epmanus). JlanHble TNPOBEACHHBIX OSKCHEPUMEHTOB
o0beUHSITM B OAHO HccienoBaHue. B pabote ompe-
JeJIM  HOPMajM30BaHHYIO 3kcrpeccuio MUkpoPHK
(ACt), HOpMaNHM3aIMIO MPOBOAWIM Ha pedepeHCHBIS
PHK, copepxammuecs B UCHOJb30BAHHON TaHENIN
Hypoxia Signaling Pathway miScript® miRNA PCR
Array (QIAGEN, Tepmanus). Ilo xosdduinueHTam
Bapuaruu (CV) u 3HAYCHHSIM CpPEAHEr0 TeoMeTpHhue-
ckoro (M-Value) B KadyecTBe pedepeHCHBIX ObLTH

BeIOpansl SNORD68 (CV  0.3690, M 0.8174),
SNORD95 (CV 0.0282, M 0.5652), SNORD96a
(CV 0.3951, M 0.8783) co cpemHUMH BEIUYMHAMH
crabunenoctn CV 02641 w M 0.7537, T.k. mid
reTepOreHHbIX O00pa3LOB PEKOMEHIYETCSl  UCIIOJIb-
3oBarb pedepercupie PHK ¢ CV < 0.5 u M < 1.0.
IIpu pacdyere OTHOCHUTEIBHOW  HOPMAaJINU30BaHHOU
skcnpeccun  MukpoPHK  (AACt)  ucmons3oBauch
ycpeqHeHHble  3HaueHHss ACt  ONBITHOM — TpYIIBI
MPOTHB KOHTPOJBHOW TPYIIbL. 3HAYMMBIMU TIPU3HA-
Bayuch BenmmauHbl AACt <2721 22 <AACt (p < 0.01).

PE3YJIBTATBI U UX OBCYXJIEHUE

OCA wdame mnpUMEHSIOTCS B BHJAX CIOPTAa,
OPUEHTHUPOBAHHBIX Ha TNPOJOJDKUTENbHBIE —(u3nue-
CKHE HArpy3kd W JJIMHHbIE JAUCTAHIUM (JIeTKas atie-
THKA, BEJIONIOCCE, CIOPTUBHAS X0/b0a, OUaTIoH U 1p.),
JUIS yIydlIeHWs: CHAOXKEHHUs OpraHOB M TKaHEH opra-
HU3Ma KHUCIIOPOJIOM, M YBEJIMYCHHS BBIHOCIHBOCTH.
OpHako, cienyeT yuuTblBaTh, YTO y aIjIeTOB pa3BUBa-
eTCsS BBI3BAHHOC (DH3MUCCKOM HArpy3KOW COCTOSHHE
THIIOKCUH, KOTOpOE camMo To cebe CcrnocoOcTByeT
akruBanuu HIF wm 3amycky mpomecca spuTporionsa.
[HoaroMy oOHapy)XeHHE pa3HHUIBI B MapKepax CHI-
HaJbHOTO IYTH TUIIOKCHU TPH aHadpoOHOH ¢usmue-
CKOM Harpy3ke W Tpd OPUMEHEHHH 3aIllpelieHHOTO
BAJIA xo0anbTa i COBPEMEHHOTO JIOMUHT-KOHTPOJIS
BEChbMa aKTyaJbHO.

B Oonpmieli wacTu WMCCIEIOBaHHBIX 00Pa3IoB
akcripeccusi MUKpoPHK wm3mensmace He3HaunTenbHO
WIA JIOCTOBEPHOCTh TIOJYYEHHBIX JaHHBIX ObLIa
ke p = 0.01. Ha puc. 1 mpencraBieHo cpaBHEHHE
YPOBHEH  SKCHpecCHM — LMPKYIMPYIOUMX B ILIa3Me
MukpoPHK' curHanbHOro myTu TMIIOKCHHM B 3KCIEPHU-
MEHTaJbHBIX Tpymmax 1 (cmoprcmensl) u 2 (moOpo-
BOJIBLBI, TIPUHUMAIOLIME OHOJOTMYECKH AaKTUBHYIO
no6asky (BAJT) «Kobansr DS®»).

Ilo ocm abcmuec otnoxken morapudpm (Log 2)
OTHOLIEHUs ypoBHs dkcipeccun MukpoPHK B
rpynmne 2 K ypoBHIO 3kcipeccun Toi xke MukpoPHK B
rpynne 1. CrouomHas BepTHUKajgbHAs JIMHHUS COOTBET-
CTBYET OTCYTCTBUIO HM3MEHEHHUS YPOBHS 3KCIIPECCHH,
IIyHKTUPHbIE BEPTUKAJIbHBIE JIMHUM COOTBETCTBYIOT
CHIDKEHUIO MJIM YBEJIIMYEHUIO YPOBHS IKCIPECCUH B
rpymnre 2 no cpaBHEHUIO ¢ rpynmnoii 1 B 4 paza.

[lo ocu opauHAT OTIOXKEH OTPHUIATENbHBIN
norapudm (—Log 10) 3nauenus p (p-value), orpaxaro-
MK 3HAYUMOCTh TIOJTYYEHHBIX pe3yibpraroB. Crutom-
Hasi TOpU3OHTalbHas JUHUS cooTBeTrcTByeT p = 0.01.
Takum o00pa3oM, W3MEHEHHs YPOBHsS OKCIIPECCHUH,
OTpaXCHHBIC Ha JaHHOM TrpaduKe HaJ CIUIONIHOM
TOPU3OHTAIIBHON JINHUEH, SBISIFOTCS CTaTHCTUYECKH
3HAUUMBIMH, a OTPaKCHHBIC IOA HEHl — He o0najaroT
CTaTUCTHYECKON 3HAYMMOCTBIO.
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Puc. 1. CpaBHeHUe ypOBHEHN SKCIPECCUH HUPKYIUPYIOLIUX
B ru1azme MukpoPHK curnansHOro myTu runokcuu B
SKCIEPUMEHTANBHBIX TpyNnax 1 (cnopTcMeHsl)

u 2 (mo6posounbiiel, npuaumaroiine BAJl «Kobanst DS®»).
Fig. 1. Comparison of expression levels of microRNAs
of the hypoxia signaling pathway circulating
in plasma in experimental groups 1 (athletes)
and 2 (volunteers taking dietary supplements Cobalt DS®).

Ha ocHoBanmm aHammM3a JaHHBIX TI0 YPOBHAM
nupkyaupyromux B 1wasMe MukpoPHK B Tpex
WCCIICIOBAHHBIX Tpynmax ObIM OTOOpaHBI IEBATH
MukpoPHK, skcrpeccuss KOTOphIX CTaOWIIBHO oOTpe-
JIeNsIeTCsT BO BCeX O0pas3lax M U3MEHSETCS B YCIOBHUIX
THIIOKCHH, KaK BBI3BAHHON a’pOOHBIMH HArpy3KamH,
Tak W BbI3BaHHOW mnpuemoM bBAJl, conepxkarueit
koOanbT (Tabn.). K HuUM oTHOcsaTcs miR-135a-5p,
miR-15b-5p, miR-199b-5p, miR-200b-3p, miR-203a-3p,
miR-204-5p, miR-26a-5p, miR-449a, miR-504-5p
(puc. 2).

Ha puc. 2 BugHo, 4to cemb (miR-135a-5p,
miR-199b-5p, miR-200b-3p, miR-203a-3p, miR-204-5p,
miR-449a, miR-504-5p) w3 J;eBATH BBIOPAHHBIX
MukpoPHK 'y cnoprcMmeHoB askcrpeccupyrlorcss Ha
Ooylee BBICOKOM YpOBHE, 4YeM Yy IOOpOBOJBIEB, HE
saHuMatonuxcsi crioproM. IMocne mpruema «Kobamsr DS®»
YpPOBEHb HUX OKCIPECCHM TaKXe MOBBIIIEH, HO
3HAQUUTENBHO HIDKE, 4YEM Y CIIOPTCMEHOB.

C Hamell TOYKM 3pEHHUS, MCIOJIb30BAHUE JaH-
Hbix cemMu MuUkpoPHK B kadecTBe mapkepoB mpume-
Heanss DCA OynmeT NpakTUYEeCKH 3aTpyAHEHO. OTO
BOSMO)KHO TOJIBKO IIPU OTCICKUBAaHUM YPOBHEM MX
IKCTIPECCHM  BO  BPEMCHH TIOMOOHO  IpOTpaMMme
remaronormdeckoro monyist BIIC. Yposernb miR-26a-5p
MEXK]ly IpynIaMy MEHAETCS He3HAYUTEIbHO.
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Puc. 2. JIluneitnas quarpamma, oTpakaroras
N3MEHEHHE 3KCIPECCHH BEIOPAHHBIX HUPKYJIUPYIOLIINX
MukpoPHK B paznuunbix rpynnax. Micxonas u3 naHHBIX,

MIPEACTaBICHHBIX HA PUCYHKE BUIHO, YTO B rpyrie 2
HaOmoaercst yBenndenue skcrpeccun Bcex MUkpoPHK,
kpome miR-15b-5p, ubst sKcTIIpeccHs ocTacTcsi HEU3MEHHOIA,
Ho rpu mpueme BAJT «Ko6aner DS®» oHa yBenu4yuBaeTcs.
Fig. 2. Line diagram showing changes in the expression
of selected circulating miRNAs in different groups.
Based on the data presented in the figure, it can be seen
that in group 2, there is an increase in the expression
of all miRNAs, except for miR-15b-5p, whose expression
remains unchanged, but when taking dietary
supplements Cobalt DS®, it increases.

CrnenmanucraM B 0OJNacTH CIIOPTHBHOW MeEIH-
[UHBI, HEMOCPEJICTBEHHO paboTalomuM CO  CIIOpPT-
CMEHaMHM, TakXKe BO3MOXHO OyAyT HWHTEPECHbI
hsa-miR-135a-5p u hsa-miR-203a-3p. YpoBeHn nan-
Heix MUKpoPHK B mnmasme kpoBu cHopTcMEHOB B
11.2 (hsa-miR-135a-5p) u 17.1 (hsa-miR-203a-3p)
pa3 BbIIIE y CIOPTCMEHOB, YeM Yy JOOpPOBOJIBIICB
(tabm.). CpaBHeHue ypoBHeH naHHBIX MUKpoPHK
y CHOPTCMEHOB C Das3IHYHBIM YPOBHEM IIOATOTOBKU
W/WIN Y CHOPTCMEHOB PAa3HBIX BHIOB CIIOPTa IT03BO-
TUI0 OBl TIPEANOJIOKUTH BO3MOXKHOCTh WX HCIOJb-
30BaHUS KaKk MapKepoB (PU3MUECKOW NOATOTOBKU B
LEJIOM WM MapKepoB YCTOMYMBOCTU K aHadPOOHBIM
Harpy3kam, B 4acTHOCTH. C HayyHOW TOYKH 3pEHUS,
HWHTEPECHO OIPEICNIUTh, SIBIISETCS JTU BBICOKUH YPOBEHb
nanuelx  MUKpoPHK  renerndeckn 0O0yCIIOBICHHBIM.
Uccnenosanus Guo ¢ coaBropamu [25] mokaszaniu, 4To
has-miR-135a-5p cHmKaeT 4YHCIO amoONTOTHYCCKHX
KJIETOK MHOKapJa W BOCIAJEHHE Iocie HH(papKTa
MHOKapJa 3a CYeT WHTUOMPOBAHHS HKCIPECCHU
oenkoB Bocmanenus: TNF-a, IL-1p u IL-6. Taxxe
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Tadauma. OTHOIIEHNE YpOBHEH dKcnpeccuu mupKyupyomux MUKpoPHK B rpymme 2 (no0poBosnbiipl, npuHuMatommme bAJ]
«Kobaner DS®») k TakoBoMy B rpy1re 1 (CIOPTCMEHBI), YCpeJHEHHBIC JAHHbIE 110 TPYyIaM
Table. The ratio of expression levels of circulating miRNAs in group 2 (volunteers taking dietary supplements Cobalt DS®)

to that in group 1 (athletes), group averages

Homep = 02 03 04 05 06 07 08 09 10 1 12
sSTYe KNI
hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa-
let- let- let- let- let- let- let- let- miR- miR- miR- miR-
A Ta-5p 7b-5p Tc-5p 7d-5p Te-5p 7-5p 7g-5p 7i-5p 101-3p  103a-3p 107 10b-5p
3.38 2.02 2.59 3.86 3.24 3.69 3.09 1.50 -2.48 -1.06 -5.16 -3.47
A B B
hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa-
miR- miR- miR- miR- miR- miR- miR- miR- miR- miR- miR- miR-
B 122-5p 125a-5p 125b-5p 130a-3p 130b-3p 135a-5p 138-5p 141-3p  146a-5p 146b-5p 148a-3p 148b-3p
-3.16 1.97 -1.81 1.74 1.84 -11.16 -2.18 -2.18 -1.17 1.01 -1.11 -1.63
B B B B B B B
hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa-
miR- miR- miR- miR- miR- miR- miR- miR- miR- miR- miR- miR-
C 150-5p  155-5p  15a-5p  15b-5p 16-5p 17-5p  18la-5p 181b-5p 18lc-5p 184 186-5p 188-5p
1.28 1.14 -2.80 6.89 1.41 1.94 -1.80 3.50 -3.18 -2.82 -1.76 -2.48
B B B
hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa-
miR- miR- miR- miR- miR- miR- miR- miR- miR- miR- miR- miR-
D 191-5p  192-5p  195-5p 199a-5p 199b-5p 19a-3p 200a-3p 200b-3p 203a-3p  204-5p 205-5p 20a-5p
3.86 1.62 1.68 1.18 -6.19 -2.40 -3.84 -6.87 -17.09 -6.07 -3.73 2.29
A B B B B
hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa-
miR- miR- miR- miR- miR- miR- miR- miR- miR- miR- miR- miR-
E 20b-5p  210-3p 215-5p  21-5p  221-3p  22-3p  224-5p  23a-3p  23b-3p 24-3p 26a-5p 26b-5p
-1.76 -1.50 -2.69 1.52 -1.04 -3.03 -2.15 3.12 1.34 -1.04 5.23 3.25
B B A B B A A
hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa-
miR- miR- miR- miR- miR- miR- miR- miR- miR- miR- miR- miR-
F 27a-3p  29b-3p  30b-5p  30e-5p  31-5p 320a 324-5p  331-3p  335-5p 34a-5p 378a-3p 429
-1.40 1.73 -3.45 -1.60 -3.82 1.62 1.02 -1.09 -2.70 -1.96 -1.69 -12.29
B B B B
hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa- hsa-
miR- miR- miR- miR- miR-7- miR- miR- miR- miR- miR- miR- miR-
G 449a 451a 491-5p  504-5p S5p 877-3p  92a-3p 935 93-5p 9-5p 98-5p 99a-5p
-5.90 1.79 -2.35 -8.79 2.26 -3.69 1.92 -2.91 3.20 -2.20 -1.02 -3.94
A B B

Ilpumeuanue: A — sxcnpeccust nanHoi MukpoPHK kpaitHe BapuaGenbHa cpelyl MHAMBUIYYMOB HE 3aBUCHMO OT TOTO,
K Kakod rpymme oHn oTHocsTcs. Ckopee Bcero aaHHylo MHKpoPHK Henb3st Oyaer MCHONB30BaTh B Ka4eCTBE OHMONIOIMYECKOTO
Mapkepa NPHMCHEHHs 3alpelleHHbIX BelecTB; B — akcnpeccus nanHOit MEKpoPHK OTHOCHTENBHO HH3Ka KaKk B KOHTPOJBHBIX,
TaKk U B 9KCIIEPUMEHTAJbHBIX oOpa3uax. B Hekoropbix oOpasuax nanHas MukpoPHK He oOHapy:kena Bosce. Takum oOpazom,
BO3MOYKHOCTb MCIOJIb30BaHMs JaHHOH MUKpOPHK B kayecTBe Mapkepa npuMeHeHUss DCA Takike MaJIOBEpOsITHA.

Note: A — the expression of this microRNA is highly variable among individuals, regardless of which group they belong to.
Most likely, this microRNA cannot be used as a biological marker for the use of prohibited substances; B — the expression of this
miRNA is relatively low in both control and experimental samples. In some samples, this miRNA was not detected at all. Thus, the

possibility of using this microRNA as a marker for the use of ESA is also unlikely.

hsa-miR-135a-5p HanpsAMyro B3aUMOAEHCTBYET C UHTH-
OuTOpPOM TUTIOKCHEN HHAYyIUpyeMoro ¢dakropa | anbda
(HIF1AN), cHmKasi ero 9KCIpeccuo 1, TaKUM 00pa3om,
KOCBEHHO TMOBBIIIAS JKCIPECCHI) TEHOB, OTBET-
CTBEHHBIX 3a TIpolecchl ocrteoreneza [26]. Ilyrem
CKPUHHMHTA OHJIaiH-0a3 JaHHBIX B padote [27] mpen-
CKa3aJll W 3aTeM [OKa3alH OJKCICPUMEHTAIBHO, UTO
has-miR-135a-5p TOTEHIMAIBPHO MOXKET YYacTBOBATh
B perymsuud TRPC1 0GenkoB (KaJblMEBBIX KaHAJOB

TpaH3uTtopHoro peuentoproro mnorenuuana (TRPC)).
TRPC1 sBnsercs nuddepeHIHATbHBIM PETyIITOPOM
COOBITHH, ONOCPENOBAaHHBIX THUMOKcHEH. brokxuposa-
Hue TRPCI ymMmeHblI1aeT MHAYLUPOBAHHYIO THIIOKCUEH
ayTo(arnio, YTO CHOCOOCTBYeT BBDKHBAHMIO KIIETOK
B ychoBusax runokcuu. Hsa-miR-203a-3p mo ngaH-
HBIM [28] mpensTCTBYeT pPa3BUTHIO HIEMUYECKOTO
HMHCYJIBTa 3a CYeT IOJAABJIEHUs aronTo3a, OKUCIUTEIb-
HOTO CTpecca U BOCIAICHUSI.
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HaunbGonee wHTEepecHOM wu3 84 wuCCIeI0BaHHBIX
mukpoPHK Ham mnpencraBnsercs hsa-miR-15b-5p,
T.K. e DKCIPEcCus y CIopTcMeHoB (rpymma 1) octa-
eTCcs HEeM3MEHHOH, KaKk M Yy JHOOPOBOJBIEB KOHTPOJIb-
HOM rpynmel, a mocie npuema «Kobamsr DS®»
ee HJKcmpeccus 3aMeTHO Bbime (rpynma 2). Panee
hsa-miR-15b-5p yxe uccnemgoBanack B CBA3H C IOUCKOM
MapKepoB YCTOMYMBOCTU K «TOpPHOI OO0JIE3HN», BBI3bI-
BalOIel OTEK JIETKUX M OTEK MO3ra B YCIOBHAX
THIIOKCUU Ha BbIcoTax Oojee 2500 M Ham ypoBHEM
Mopsi [29]. HcnbiTyemble ¢ Oojiee BBICOKMM Hadallb-
HbIM ypoBHeM hsa-miR-15b-5p nerde mnepenocumm
YCIIOBUSI TUMNOKCHM, WPU3HAKOB pa3BUTHS «TOPHOU
00JIe3HM» Y HUX HE HAOOIAI0Ch.

OOHapy’KeHHAsT HAMH SIBHAs pPa3HUIA B YPOBHSX
IKCIIPECCUN TPU THUIIOKCHH, BBI3BAHHOW aHa’pOOHOM
¢u3nUyeckoil Harpy3Kkoil, M HMMHTAUEeH TUIOKCHH
3a CcuUeT MNPUMEHEHHUs IMpernapara KoOaibTa JenaeT
hsa-miR-15b-5p MOTEHIMATBHBIM TNPETCHACHTOM Ha
poib Mapkepa 3noynorpednenus DCA.

SAKJIIOYEHUE

B xonme mnpoBeeHHBIX NHIIOTHBIX HCCIIEAOBAaHHMA
10 CPAaBHEHHWIO YPOBHEW IUpPKymHpyrommux MuKpoPHK
IUIa3MBl  KPOBU JOOPOBOJBLEB, MPOGECCHOHATBHBIX
CIIOPTCMEHOB, 3aJICCTBOBAHHBIX B BHJAaX CIIOPTa,
OpUEHTHPOBAaHHBIX Ha BBIHOCIUBOCTb, U TEX JXKe
JIOOPOBOIIBIIEB MOCIIE TpreMa 010 100aBKH, coleprKalien
ko0anbT, ObT 0TOOpansl MukpoPHK-kanaunare:, skc-
Mpeccusi KOTOPBIX CTa0MIILHO ONpEAeNsuiach BO BCEX
oOpasnax W W3MEHSIACh B YCIIOBHSAX THIIOKCHH, Kak
BBI3BAHHON a’pOOHBIMH HAarpy3kaMH, TaK W BBI3BaH-
Hoii mpuemMoM BAJI. OcoOblii WHTEpec, B KauecTBe
BO3MOKHOTO IMOTEHLMAJIBHOIO MapKepa KOCBEHHOIO
onpenenenns  aktuBaropoB  HIF,  mpeacrasnser
hsa-miR-15b-5p, skcnpeccuss KOTOpoOi 3aMeTHO Bo3pac-
taer mocne 20-aHeBHOro mpumeHeHnst «Kobamsr DS®y,
HO OCTaeTcs HEM3MEHHON IPH JUINTEIBHOH (pr3ndecKoit
Harpy3ke. JIms yTOYHEHHS TMONyYeHHBIX JIaHHBIX
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