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Abstract

Introduction. Coronavirus disease 2019 (COVID-19) is an infectious disease caused by the SARS-CoV-2 virus (severe acute respiratory syndrome-
related coronavirus 2). COVID-19 is now expected to stay with us for many years as a recurring disease. Molnupiravir and favipiravir are oral antiviral
drugs with anti-RNA polymerase activity. The Russian Health Ministry has approved molnupiravir and favipiravir for the treatment of COVID-19.
The study describes development and validation of high-performance liquid chromatography - tandem mass spectrometry (HPLC-MS/MS)
method for the simultaneous determination of 3-D-N4-Hydroxycytidine and favipiravir in human blood plasma. The method could be applied in
pharmacokinetic study of molnupiravir and favipiravir.

Aim. The aim of this study is to develop and validate a HPLC-MS/MS bioanalytical method for the determination of 3-D-N4-Hydroxycytidine and
favipiravir in human plasma.

Materials and methods. The determination of 3-D-N4-Hydroxycytidine and favipiravir in human plasma by HPLC-MS/MS. The samples were
processed by 0.1 % formic acid in acetonitrile. Internal standard: promethazine. Mobile phase: 0.01 mol/L Ammonium formate buffer solution
(Eluent A), 0.1 % formic acid and 0.08 % aqueous ammonia in water/acetonitrile 10:90 (Eluent B). Column: Shim-pack GWS C18, 150 x 4.6 mm,
5 pm. Analytical range: 50.00-10000.00 ng/mL for 3-D-N4-Hydroxycytidine, 250.00-20000.00 ng/mL for favipiravir in human plasma. lonization
source: electrospray ionization. Detection conditions: 260.00 m/z — 82.10 m/z, 260.00 m/z — 111.00 m/z, 260.00 m/z — 127.95 m/z (3-D-N4-
Hydroxycytidine); 156.15 m/z — 65.95 m/z, 156.15 m/z — 85.00 m/z, 156.15 m/z — 113.10 m/z (favipiravir); 285.05 m/z — 198.05 m/z (promethazine).
Results and discussion. This method was validated by selectivity, suitability of reference standard, matrix effect, calibration curve, accuracy,
precision, spike recovery, the lower limit of quantification, carry-over effect and stability.

Conclusion. The HPLC-MS/MS method for quantitative determination of 3-D-N4-Hydroxycytidine and favipiravir in human plasma was developed
and validated. The analytical range was 50.00-10000.00 ng/mL for 3-D-N4-Hydroxycytidine, 250.00-20000.00 ng/mL for favipiravir in human
plasma. This method was applied to investigate the pharmacokinetics of molnupiravir and favipiravir.
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Peslome

BBepeHune. Hosaa kopoHaBupycHaa nHédekuma [Coronavirus Disease 2019 (COVID-19)] — ocTpoe nHeKUunoHHoe 3aboneBaHune, Bbi3biBaemoe
Bupycom SARS-CoV-2 (Severe acute respiratory syndrome-related coronavirus 2), KoTopoe npogomKaeT NPeACcTaBATb CEPbE3HYI0 OMacHOCTb
ana 3goposba. MonHynupasup n dbaBunmpasnp — NPOTUBOBMPYCHble MpenapaTtbl ¢ aHTU-PHK-nonvmepasHon akTUBHOCTbIO, 0f06peHHble
MuvHucTepcTBOM 3apaBooxpaHeHus Poccuiickon Qefepaunn gns nedeHus COVID-19. Pa3paboTka M Banvupauusi METOAVKMA COBMECTHOTO
onpepenexHna metabonuta monHynupasupa 3-D-N4-rugpokcmuntungria n dasvnupasmpa B nnasme KPoBU YesioBeKa ABNAETCA HEOOXOANMON
npoueaypoii Ana NpoBeAeHUs aHAIMTUYECKOWN YacTu KIMHUYECKOTO NCCNIeA0BaHNA C Lenbio AanbHeNwero n3yyeHns GapmMakoKUHETUKN.

Llenb. Lenblo nccnefoBaHna AsnaeTca paspaboTka v Banupjauua MeTOAMKW COBMeCTHoro onpepenenua B-D-N4-rupgpokcuumtugmHa m
daBrnupaBrpa B nyiasme KpoOBU YesioBeKa METOLOM BblCOKOIDGDEKTUBHON KMAKOCTHOW XpomaTtorpaduy ¢ TaHAEMHbIM MacC-CeNIeKTUBHbIM
pgeTtekTnpoBaHuem (BIXX-MC/MC) gna ganbHenwero n3yyeHna GpapmakoKMHETUKN MOTHYNpaBsupa 1 dasunmpasmpa.

Matepumanbl u metogbl. OnpegeneHue 3-D-N4-rugpokcuuntugmHa u paBunrpasrpa B njaa3me KPOBU YenoBeKa NpoBoanIn Metogom BIXKX-
MC/MC. B kauecTBe npo6onofrotoBKkmn 6bin ncnonb3oBaH cnocob ocaxxkpeHnsa 6enkos 0,1 % pacTBOPOM MypPaBbUHON KUCIOTbl B aLeTOHUTpUIe.
BHyTpeHHWI1 cTaHaapT: npomeTasuH. MofaBmxHaA dasa: aMMOHUHO-GpopmuaTHbIv 6ydep 0,01 monb/n (SmoeHT A), 0,1 % MypaBbUHOW KUCTOTBI,
10 % BoAbl B aueToHUTpUne ¢ npubasneHnem 0,08 % ammunaka (dnioeHT B). KonoHka: Shim-pack GWS C18, 150 X 4,6 MM, 5 MKM. AHanUTUYeCKnin
Avana3oH metoguku: 50,00-10000,00 Hr/mn gns B-D-N4-rugpokcmuutugnHa, 250,00-20000,00 Hr/mn ans ¢aBunvpaBrpa B niasme KpOBWU.
NCTOUHMK noHM3aymn: anekTpocnpen. YcnoBua getektmpoBaHua: 260,00 m/z — 82,10 m/z, 260,00 m/z — 111,00 m/z, 260,00 m/z — 127,95 m/z
(B-D-N4-rugpokcnuyutugauny); 156,15 m/z — 65,95 m/z, 156,15 m/z — 85,00 m/z, 156,15 m/z — 113,10 m/z (paBunupasup); 285,05 m/z — 198,05 m/z
(NnpomeTasuH).

PesynbtaTbl u o6cyxaeHune. PazpaboTaHHas MeToguka 6bina BanuaWpoBaHa Mo crefyowyM napameTpam: CeleKTUBHOCTb, MPUTrOLHOCTb
CTaHfapTHoro ob6pasua, 3ddeKkT MaTpuubl, KanMbpPoOBOYHAA KPKBasA, TOYHOCTb, NMPELU3NOHHOCTb, CTEMEHb W3BJIEYUEHUA, HWXKHUIA npejen
KONMMYEeCTBEHHOro OnpeaeNeHns NepeHoc Npobbl, CTabUIbHOCTb.

3aknioueHue. Pa3paboTtaHa 1 BannampoBaHa MeTofMKa COBMecTHoro onpepenenus 3-D-N4-rugpokcnumntnantHa n Gasunmpasmpa B nnasme
KpoBu yenoseka metogom BIKX-MC/MC. MNMoaTBepXAEHHbIM aHaNMTUYeCKMIA AManasoH MeTofuku coctasun 50,00-10000,00 Hr/mn gna
3-D-N4-rugpokcnuymtnamnHa n 250,00-20000,00 Hr/mn ansa daBunupasmpa B naasme KpPosw. MNonyyeHHbI aHaNnUTUYeCKUin fnanasoH nossonseT
NPYMEHSATb Pa3paboTaHHY0 METOAMKY AJA MpoBeAeHNA papMaKOKUHETUYECKUX NCCNIeA0BaHNI KOMOUHPOBAHHBIX MPenapaToB MOHYNUPaBupa
n daBunmpasupa.

KnioueBble cnoBa: (-D-N4-rugpokcmuutngud, NHC, monHynupasup, ¢asunupasup, COVID-19, nnasma, BIKX-MC/MC, Banupauus,
bapmMaKoKMHeTKa

KoH$pnuKT nHTepecoB. ABTOpbI AeKNapupyoT OTCYTCTBME ABHBIX U NOTEHLMANbHBIX KOHIMKTOB MHTEPECOB, CBA3aHHbIX C NMybnukaumeid HacToALen
cTatbm.

Bknap aBTopos. T. H. Komapos, O. A. ApuakoBa, [. C. Llenrauesa, . K. KapHakoBa yuacTBoBanu B pa3paboTke v Banugauny 6roaHannTmueckom
meTtoguku. H.C. baraeBa npoBoamna crtatucTuyeckyt obpaboTky paHHbix. U.E. WoxuH, K.A. 3acnaBckaa u . A. Benbin oTBevanu 3a
OopraHM3aLmoHHYI0 YacTb UcciefoBaHUA. Bee BbileyKasaHHble aBTOPbI y4acTBOBANM B 0OCYKAEHUMN NONYYEHHbIX Pe3yNibTaToB B popmMe HayuHoMn
ANCKYCCUN.

Ana uutnposaHuAa: Komapos T.H., KapHakoBa I1.K. Apuakosa O.A., lWenrauesa [.C., baraesa H.C. lWoxun W.E., 3acnasckaa K.f.,
Benbin M. A. CoBMecTHOe onpefeneHne OCHOBHOro MeTabonuTta MmonHynupasupa (B-D-N4-rupgpokcuuntugmHa) v ¢daBunupasupa B
nnasme KpoBu yenoBeka metofom BIMX-MC/MC. Paspabomka u pesucmpayus nekapcmeeHHelx cpedcms. 2023;12(1):215-226. https://doi.
org/10.33380/2305-2066-2023-12-1-215-226

INTRODUCTION

Currently, according to version N2 17 of the temporary
guidelines of the Ministry of Health of the Russian
Federation on the prevention, diagnosis and treatment of
a new coronavirus infection for the etiotropic therapy of
COVID-19, it is recommended to prescribe antiviral drugs
such as molnupiravir and favipiravir'.

Molnupiravir (({2R,3S,4R,5R)-3,4-Dihydroxy-5-[4-
(hydroxyamino)-2-oxopyrimidine-1(2H)-ylloxo-lan-2-yl}
methyl)(2-methylpropanoate) is an antiviral drug with
anti-RNA polymerase activity. Molnupiravir is a prodrug

The novel coronavirus infection [Coronavirus Disease
2019 (COVID-19)] is an acute infectious disease caused by
the SARS-CoV-2 virus (Severe acute respiratory syndrome-
related coronavirus 2), which continues to pose a serious
health hazard. It is known that the emergence of new
variants of coronavirus SARS-CoV-2 leads to an increase
in the incidence of COVID-19 [2]. One of the most recent
subvariants of the omicron strain of the coronavirus is the
Kraken strain [2, 3]. Although the pathogenicity of the

Kraken has changed slightly compared to other omicron
variants [2], it is important to continue developing new
drugs to treat COVID-19 in order to be prepared for the
emergence of new variants of the SARS-CoV-2 virus with
various pathogenicity.

'Temporary guidelines "Prevention, diagnosis and treat-
ment of a new coronavirus infection (COVID-19). Version 17
(14.12.2022)" (approved by the Ministry of Health of Russia).
Available at: http://www.consultant.ru/document/cons_doc_
LAW_347896/ Accessed: 05.02.2023.
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HO OH
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Figure 1. Molnupiravir metabolism

that in the blood plasma under the action of esterase is
metabolized to an analogue of ribonucleoside [3-D-N
4-Hydroxycytidine]. Then B-D-N4-hydroxycytidine is
phosphorylated by kinase to form the active ribonuc-
leoside triphosphate, which, in turn, is embedded in the
RNA of the virus causing the accumulation of mutations
and suppression of viral replication [4-6]. The scheme
of metabolic transformations of molnupiravir is presen-
ted in figure 1. The drug has oral bioavailability, so it
can be prescribed to outpatients in the early stages of
the COVID-19 disease [5, 6]. In Russia, molnupiravir is
recommended for the treatment of mild or moderate
COVID-19 in adults, including cases of the increased risk
of progression of COVID-19 to severe course, and not re-
quiring additional oxygen therapy. For drug therapy of
COVID-19, molnupiravir should be initiated as soon as
possible after diagnosis'.

Favipiravir
boxamide, FAV) is a synthetic drug with a direct
antiviral action against viral RNA polymerase. The

(5-fluorine-2-oxo-1H-pyrazine-3-car-

mechanism of action of favipiravir is similar to that
of molnupiravir. Similar to molnupiravir, favipiravir
is a prodrug that, after phosphorylation, becomes
active and inhibits viral RNA polymerase [7, 8]. In
Russia, favipiravir preparations for oral and parenteral
administration? are registered.

It is known that molnupiravir and favipiravir can
be co-administered since both drugs have a high
bioavailability when taken orally [7]. It is also noted that

'Temporary guidelines "Prevention, diagnosis and treat-
ment of a new coronavirus infection (COVID-19). Version 17
(14.12.2022)" (approved by the Ministry of Health of Russia).
Available at: http://www.consultant.ru/document/cons_doc_
LAW_347896/ Accessed: 05.02.2023.

2GRLS - Ministry of Health of the Russian Federation.
Available at: https://grls.rosminzdrav.ru/ Accessed: 05.02.2023.

B-D-N4-Hydroxycytidine

HO OH
B-D-N4-Hydroxycytidine-5'-triphosphate

when co-administered with favipiravir, molnupiravir can
be used in a lower dose [7, 9].

A number of new studies have now been published
to determine molnupiravir metabolite B-D-N4-hydr-
oxycytidine, as well as favipiravir in human biological
fluids, in order to investigate pharmacokinetic parame-
ters. To determine B-D-N4-hydroxycytidine in biologi-
cal fluids, the methods of high performance liquid chro-
matography tandem mass spectrometry (HPLC-MS/MS)
are used, as well as ultra-performance liquid chroma-
tography - tandem mass spectrometry (UPLC-MS/MS).
To determine favipiravir, the methods of high perfor-
mance liquid chromatography with ultraviolet detection
(HPLCUV), high-performance liquid chromatography
with fluorescence detection (HPLC-FLD)] are used, as
well as HPLC-MS/MS and UHPLC-MS/MS.

Among the methods for determination of B-D-N4-
hydroxycytidine, the method of protein precipitation with
acetonitrile, as well as ultrafiltration, is used as a sample
preparation; among the methods for determination
of favipiravir — liquid-liquid extraction (LLE), as well as
precipitation of plasma proteins with various organic
solvents (table 1).

Up to date, no methods for the co-determination
of B-D-N4-hydroxycytidine and favipiravir in human
biological matrices have been published in the scientific
literature, so it was decided to develop and validate a
method for the co-determination of this combination
of substances independently. Earlier, we had already
developed a method for determination of favipiravir
in the blood plasma by HPLC-UV in order to study
the pharmacokinetics of favipiravir with parenteral
administration [15]. This study provides the development
and validation of a method for the co-determination of
B-D-N4-hydroxycytidine and favipiravir in human plasma
by HPLC-MS/MS for oral administration.
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Table 1. Bioanalytical methods of B-D-N4-Hydroxycytidine and favipiravir quantitative determination

Analytical method (ionization

(electrospray; +) Human plasma

source; ionization (+/-) Object Sample preparation Analytical range Reference
if applicable)
NHC
HPLC-MS/MS Protein precipitation

by acetonitrile

20.0-10000.0 ng/mL

HPLC-MS/MS

Human plasma, salvia
(electrospray; -) P !

Protein precipitation
by acetonitrile

2.50-5000.00 ng/mL

(electrospray; -) Human plasma

UPLC-MS/MS .
(electrospray; +) Human plasma Ultrafiltration 1.00-5000.00 ng/mL [12]
FAV

HPLC-UV Human plasma Liquid-liquid extraction 3.10-60.00 pg/mL [13]

HPLC-UV Human plasma Liquid-liquid extraction 0.10-100.00 pg /mL [14]
: Protein precipitation _

HPLC-UV Human plasma by methanol 0.25-200.00 pg /mL [15]
: Protein precipitation _

HPLC-FLD Human plasma by isopropanol 40.00-240.00 ng/mL [16]

HPLC-MS/MS Protein precipitation

by methanol

100.00-20000.00 ng/mL| [17]

UPLC-MS/MS

(electrospray; -) Human plasma

Protein precipitation
by acetonitrile

0.25-16.00 pg/mL [18]

MATERIALS AND METHODS
Equipment

For chromatographic separation and detection, a
high-performance liquid chromatograph Nexera XR with
a gradient pump, a column and sample thermostat, a
degasser, an autosampler, an automatic sample feeder to
an autosampler, a high-pressure flow switching valve and
a tandem mass spectrometric detector LCMS-8040 (triple
quadrupole) were used. Source data were processed with
LabSolutions software (Ver. 5.91, Shimadzu Corporation,
Japan).

Reagents and solutions

During the study, the following reagents were used:
acetonitrile (HPLC Super Gradient grade, Macron, Poland);
methanol (chemically pure grade, LLC "TH CHIMMED",
Russia); formic acid (98 % pure grade, PanReac, Germany
& AppliChem, Spain); aqueous solution of ammonia
30% (for analysis, ACS, PanReac, Germany & AppliChem,

Spain); ammonium formate "eluent additive for LC-MS,
LiChropur™, >99.0 %", Sigma-Aldrich, USA); demineralized
water (I grade of purity).

For the preparation of stock standard solutions (SSS)
and working standard solutions (WSS), reference stan-
dards (RS) of B-D-N-N4-hydroxycytidine (JSC "Bioche-
mist", Russia, assay of 93.00 %), favipiravir (JSC "Bio-
chemist", Russia, assay of 100.40 %), as well as prome-
thazine hydrochloride (USP reference standard, France,
assay of 99.90%) were used. B-D-N4-hydroxycyti-
dine and favipiravir, as well as the internal standard
(IS) of promethazine (PROM) were prepared by dissol-
ving the accurate weighs of the substances in metha-
nol. The concentration of B-D-N4-hydroxycytidine was
200,000.00 ng/ml, favipiravir - 400,000.00 ng/ml, pro-
methazine - 100,000.00 ng/ml.

Mixed working standard solutions of (3-D-N4-hyd-
roxycytidine and favipiravir were prepared by diluting
B-D-N4-hydroxycytidine and favipiravir with methanol



until plasma concentrations of calibration levels Ne 1 to 8
and quality control levels (QC) were obtained: lower limit
of quantification (LLOQ), low (L), middle (M1 and M2)] and
high levels (high) (table 2). Working standard solution of
promethazine internal standard was prepared by dilution
of promethazine stock standard solution with methanol
to obtain plasma concentrations of 256.10 ng/ml.

Samples of blank plasma, as well as stock standard
solutions and working standard solutions, were stored in
the freezer at a temperature of -42.5+75°C.

Sample preparation

In the Eppendorf centrifuge microtube, an aliquot of
a sample was transferred, a working standard solution
of promethazine IS was added, then plasma proteins
were precipitated with 0.1 % solution of formic acid in
acetonitrile. The sample was then stirred on a vortex
shaker for 10 seconds, centrifuged for 15 min with an
acceleration of 15,000 g, the supernatant was transferred
to chromatographic vials, and the vials were placed in the
chromatographic autosampler. Figure 2 shows a sample
preparation scheme.

Conditions of chromatographic separation
and detection

e Column: Shim-pack GWS C18, 150 X 4.6 mm, 5 um.

® Precolumn: Phenomenex SecurityGuardTM Cartrid-
ges C18,4 x 3.0 mm, 5 um.

® Thermostat temperature: 40 °C.

&

—
+10 plof IS

400 pl of sample
(calibration sample,
quality control sample,
blood plasma sample)

—

Transfer
supernatant

Figure 2. Sample preparation
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Table 2. B-D-N4-Hydroxycytidine and favipiravir concentrations
at calibration levels and quality control samples

working solution

Analyte concentration, ng/ml IS concentration,
ng/ml
Level
NHC FAV PROM
1 50,00 250,00 256,10
2 250,00 500,00 256,10
3 500,00 1000,00 256,10
4 1000,00 3000,00 256,10
5 3000,00 6000,00 256,10
6 6000,00 10000,00 256,10
7 8000,00 15000,00 256,10
8 10000,00 20000,00 256,10
LLOQ 50,00 250,00 256,10
L 150,00 750,00 256,10
M1 2000,00 4000,00 256,10
M2 5000,00 12000,00 256,10
H 7500,00 16000,00 256,10
—
+ 800 pl of ACN
Vortex
2 for 10 sec ;
—
Centrifugate

for 15 min at 1500 g
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® Mobile phase: Eluent A: ammonium-formate buffer
0.01 mol/L (by volume); Eluent B: 0.1 % formic acid,
10 % water in acetonitrile with the addition of 0.08 %
ammonia (by volume).

e Gradient by the mobile phase composition and flow
rate of the mobile phase are presented in table 3.

Table 3. Gradient elution

Time, min Eluent A, % EluentB, % | Flow rate, mL/min
0,00 94,00 6,00 1,70
0,90 94,00 6,00 1,70
0,95 0,00 100,00 1,70
1,00 0,00 100,00 1,00
1,40 0,00 100,00 1,00
1,50 94,00 6,00 1,00
3,10 94,00 6,00 1,00
3,20 94,00 6,00 1,70
4,50 94,00 6,00 1,70

e Sample injection volume: 20 pl.

® Run time by mass spectrometric detector: 0.00-
4.50 min.

* lonization source: electrospray.

® Parameters of the ionization source: spray gas 3 I/min,
drying gas 20 I/min, heating unit 400 °C, desolvation
line 200 °C.

e Capillary stress, ionization mode and detection
conditions are presented in table 4.

Table 4. lon-source parameters and detection conditions

lon mode, capillary Detection conditions,
voltage, kV m/z
260,00 — 82,10
NHC +5,0 260,00 —» 111,00
260,00 — 127,95
156,15 — 65,95
FAV -5,0 156,15 — 85,00
156,15 —> 113,10
PROM +4,5 285,05 — 198,05
RESULTS AND DISCUSSION
Method development

Molnupiravir in human plasma is metabolized to
3-D-N4-hydroxycytidine, which does not bind to plasma
proteins [4-6]. Due to that, the main metabolite 3-D-N4-
hydroxycytidine is quantified in human plasma.

As an internal standard for 3-D-N 4-hydroxycytidine
and favipiravir, promethazine ((RS)-N,N,a-trimethyl-10H-
phenothiazine-10-ethanamin was selected. Promethazine
has a structure and physicochemical properties similar to
analytical substances (table 5).

Table 5. Chemical and physical characteristics
of the analytes and IS

pKa log P Molecular weight
NHC? 12.55 -2,70 259,218
FAV2 9,39 0,49 157,104
PROM? 9,05 4,29 284,419

Note. 'N4-Hydroxycytidine. Drugbank. Available at: https:/
go.drugbank.com/drugs/DB15660. Accessed: 05.02.2023.

2 Favipiravir. Drugbank. Available at: https://go.drugbank.com/
drugs/DB12466. Accessed: 05.02.2023.

3 Promethazine. Drugbank. Available at: https://go.drugbank.com/
drugs/DB01069. Accessed: 05.02.2023.

For the analysis, the conditions of mass spectrometric
detection were used, allowing to obtain peaks of B-D-
N4-c, favipiravir and promethazine with the highest
intensity. For that, while developing the method,
fragments obtained at different impact energies were
analyzed.

For the chromatographic separation of the combina-
tion of substances, based on their physicochemical pro-
perties, the column Shimpack GWS C18, 150 x 4.6 mm,
5 um was selected.

As a sample preparation, variants of precipitation of
plasma proteins with acetonitrile, acidified acetonitrile
solution, methanol and trifluoroacetic acid were consi-
dered. As a result, 0.1 % solution of formic acid in ace-
tonitrile was selected as a precipitator, since only when
it was used, the most complete precipitation of plasma
proteins occurred, and the optimal form of chromato-
graphic peaks was provided.

Method validation

The developed bioanalytical method was validated
in accordance with the Rules for conducting bioequiva-
lence studies within the Eurasian Economic Union' based

'Rules for conducting drug bioequivalence studies within
the Eurasian Economic Union (approved by Decision N2 85 of the
Council of the Eurasian Economic Commission of 03.11.2016).
Available at: https://docs.cntd.ru/document/456026107/ Ccbinka
aKTMBHa Ha 05.02.2023.



on the rules of the EMA' and FDA?2. guidelines. The me-
thod was fully validated for the following parameters:
selectivity, reference standard suitability, calibration
curve, accuracy and precision, recovery, lower limit of
quantification (LLOQ), sample carry-over, stability (sta-
bility of stock reference solutions and working stan-
dard solutions; short-term stability of the analyte in the
matrix ("desktop" and "post-preparative"), long-term sta-
bility of the analyte in the matrix; stability with triple
freezing-thawing). The main validation characteristics
with acceptance criteria are presented in table 6.

Table 6. Validation characteristics

Validation characteristics Acceptance criteria

Blank samples: the analyte <20%

Selectivity LLOQ, the IS response <5 %

Suitability of reference
standard

Zero calibrators: the analyte <20 %
LLOQ, calibration level 8 no IS <5 % IS

R>0,99; -15% < E < 15 %, except

Calibration curve 2209% < E < 20 % at LLOQ

-15% <E<15%,except-20% <E<

Accuracy (inter-day, intra-day) 20 % at LLOQ

RSD <159%, except RSD<20% at

Precision (inter-day, intra-day) LLOQ

LLOQ RSD <20 %, -20% <E, % < 20 %

Spike recovery RSD <15 %

IS-normalized matrix factors of the

Matrix effect analytes: RSD < 15 %;

Stability -15%<E %<15%

Blank samples: the analyte <20%

Carry-over effect LLOQ, the IS response <5 %

Note. RSD, % - relative standard deviation, E, % - relative error.

Selectivity

Six different samples of blank plasma, hemolyzed
blank plasma and hyperlipidemic blank plasma were
used, in which the absence of the analytes was proved,
as well as samples with the addition of working standard
solutions up to concentrations of the LLOQ level (see
table 2). A chromatogram of a sample of human blank
plasma is shown in figure 3.

'European Medicines Agency. Available at: https://www.
ema.europa.eu/en/bioanalytical-method-validation/ Accessed:
05.02.2023.

2Food and Drug Administration. Available at: https://
www.fda.gov/regulatory-information/search-fda-guidance-
documents/bioanalytical-method-validation-guidance-
industry/ Accessed: 05.02.2023.
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Figure 3. Chromatogram of blank human plasma sample

Reference standard suitability

A zero sample prepared with the addition of the IS
solution (PROM 256.10 ng/ml), a sample prepared from
blank plasma with the addition of mixed WSS (NHC
10,000.00 ng/ml, FAV 20,000.00 ng/ml) and without the
addition of IS, a quality control sample at the LLOQ level
(NHC 50.00 ng/ml, FAV 250.00 ng/ml) was analyzed. A
chromatogram of the sample to evaluate RS suitability is
given in Figure 4.

Calibration curve

To evaluate this parameter, eight samples of blank
plasma were analyzed with the addition of working
standard solution of promethazine IS to a concentration
of 256.10 ng/ml and mixed WSS of B-D-N 4-hydroxycy-
tidine and favipiravir to concentrations of 3-D-N 4-hyd-
roxycytidine in the range of 50.00-10,000.00 ng/ml,
and favipiravir in the range of 250.00-20,000.00 ng/ml.
Based on the obtained values, calibration plots were
constructed in the coordinates of the ratio of the peak
area of the analyte to the peak area of the IS from the
ratio of the analyte concentration to the IS concentration
in the blood plasma.
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Figure 4. Chromatogram of sample without IS (NHC 10 000.00 ng/mL,
FAV 20 000.00 ng/mL)

Calibration graphs were linear. The calibration curve
equations and correlation coefficients (R) for calibration
graphs in validation cycles N2 1-4 are shown in table 7.
The obtained values of the correlation coefficients are
>0.99.

Accuracy and precision

Calibration samples of blood plasma correspon-
ding to the quality control levels of LLOQ, L, M1, M2
and H were analyzed (see table 2). The analysis was car-
ried out in 4 sequences of 5 sample injections for each

Table 7. Calibration equation and correlation coefficients

concentration level of B-D-N 4-hydroxycytidine and
favipiravir. The study was carried out for 1-4 sequen-
ces (intra- and inter-cycle). The relative standard de-
viation (RSD, %) and relative error (E, %) were calcu-
lated for the obtained values; at the inter-cycle level,
data obtained during 1-3 sequences (inter-cycle,
n=15), as well as for 1-4 sequences (inter-cycle,
n = 20) were used. The data on accuracy and precision
of the method for determination of B-D-N4-hydroxycy-
tidine and favipiravir between 1-4 sequences (n = 20)
are presented in table 8.

Table 8. Accuracy and precision of B-D-N4-Hydroxycytidine
and favipiravir determination (n = 20)

NHC ®DAB
BeegeHo (MKr/mn) FAV
Injected (ng/mL)
RSD, % E, % RSD, % E, %
LLOQ 10,95 -0,58 9,82 -0,01
L 517 0,76 8,44 -5,23
M1 2,66 0,32 513 -6,34
M2 4,83 -4,52 5,26 -6,46
H 4,19 -6,39 4,70 -5,32

Lower limit of quantification

As LLOQ of the method, the minimum concentration
of B-D-N4-hydroxycytidine and favipiravir in the blood
plasma in the analytical range was adopted, which may
be quantified with RSD and E values not exceeding
20%: 50.00 ng/ml for P-D-N4-hydroxycytidine and
250.00 ng/ml for favipiravir. A chromatogram of blood
plasma containing analytical substances at the LLOQ level
is presented in figure 5.

NHC FAV
Ne
Calibration equation R Calibration equation R
1 0,0357194 - x + 0,00290660 0,9987935 0,00746999 - x + 0,000430450 0,9992086
2 0,0438155 - x + 0,00249078 0,9996536 0,00819751 - x + 0,000837929 0,9985260
3 0,0390813 - x + 0,00274801 0,9980786 0,00721237 - x - 3,78162e - 007 0,9987659
4 0,0310063 - x + 0,00444778 0,9977221 0,00300419 - x + 0,000701577 0,9965709
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Figure 5. Chromatogram of plasma sample (NHC 50.00 ng/mL, FAV
250.00 ng/mL)
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Recovery

Three samples prepared from blank plasma, he-
molyzed blank plasma and hyperlipidemic blank plas-
ma without the recovery effect at L, M1, M2 and H
levels were analyzed (see table 2), as well as QC
samples prepared on various types of biological blank
matrix to evaluate the recovery. The mean value of
B-D-N4-hydroxycytidine recovery from various types
of blank biological matrices is 91.37% (RSD = 10.20 %),
favipiravir — 91.96 % (RSD = 12.75 %). The data are pre-
sented in table 9.

Matrix effect

To evaluate the effect of the biological matrix on the
quantification of B-D-N4-hydroxycytidine and favipira-
vir, samples with the addition of mixed working stan-
dard solutions without the effect of the biological
matrix, as well as samples prepared on blank plasma
not considering the effect of the recovery of the analy-
tes and IS from the biological matrix, were analyzed.
The matrix effect was evaluated at levels L and H of the
analytical concentration ranges of (-D-N4-hydroxycy-
tidine and favipiravir (see table 2). For promethazine IS,
the matrix effect was calculated at 256.10 ng/ml. The
data are presented in table 10.

Table 9. Calculation of -D-N4-Hydroxycytidine and favipiravir recovery at levels L, M1, M2, H

Recovery NHC, % Recovery FAV, %
Biological matrix
L M1 M2 H L M1 M2 H
79,51 100,45 95,72 88,93 71,89 92,79 97,00 83,87
Blank plasma 83,72 98,75 105,48 93,07 73,16 98,42 107,71 95,30
80,08 108,52 111,36 86,89 67,18 108,35 106,65 83,95
87,34 98,58 90,01 94,65 76,19 100,41 104,01 91,37
Hemolyzed blank plasma 77,66 101,50 91,09 92,27 75,67 105,71 98,33 92,51
86,66 91,25 96,63 97,40 85,67 91,36 104,00 97,25
75,06 95,62 95,43 80,90 70,24 101,50 104,37 79,89
Lipemic blank plasma 74,45 97,28 93,27 86,42 85,22 101,08 95,25 88,36
78,59 96,27 99,72 78,75 87,81 98,78 105,51 83,78
Average 91,37 91,96
RSD 10,20 12,75
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Table 10. Calculation of IS-normalized matrix factors
of B-D-N4-Hydroxycytidine and favipiravir

NHC FAV
Biological matrix Normalized Mf
L H L H
0,77 1,10 1,00 1,26
0,79 1,05 0,96 1,16
Blank plasma 0,80 1,05 1,09 1,16
0,76 1,04 0,97 1,12
0,80 1,06 0,97 1,22
0,84 1,04 1,03 1,21
0,70 0,95 1,02 1,15
Hemolyzed blank plasma 0,83 0,93 0,99 1,06
0,72 0,85 0,95 0,99
0,72 0,95 0,83 1,07
0,70 1,09 1,01 1,29
0,78 1,12 0,99 1,33
Lipemic blank plasma 0,73 1,07 0,93 1,13
0,79 0,99 0,90 1,12
0,79 1,07 0,91 1,14
Average 0,78 1,05 0,98 1,19
RSD, % 6,70 10,31 6,45 9,59

Table 11. Stability assessment

Stability

Five samples were analyzed to evaluate desktop and
post-preparative short-term stability, stability in triple
freezing-thawing, stability of stock and working standard
solutions (when stored for 24 days at temperature of
-50 to -35 °C), long-term stability of the analyte at L
and H levels (Table 2). Long-term stability was evaluated
twice: an intermediate evaluation was carried out when
stored for 24 days at temperature of -25 to -15 °C and
-85 to -65 °C, as well as an additional evaluation when
stored for 59 days at temperature of -25 to -15 °C and
-85 to -65 °C, since the minimum period for evaluation
of this type of stability should correspond to the period
of sample storage from the beginning of sampling in the
clinical site until the completion of the analysis of the last
sample of the analytical study stage. The results of the
stability evaluation are presented in table 11.

Sample carry-over

To evaluate the "sample carry-over" parameter in
validation cycles N2 1 to 3, the successive analysis of
calibration samples at level 8 (see table 2) and samples of
blank plasma was performed. The results of the sample
carry-over evaluation are given in table 12.

CONCLUSION

The method for the co-quantification of B-D-N4-
hydroxycytidine and favipiravir in human plasma by
HPLC-MS/MS was developed and validated. The con-

Average value of E, %
Type of stability Time and storage conditions NHC FAV
L H L H

Bench-top stability Analyzed freshly prepared; stored at 20 + 5 °C -10,97 -7,53 -2,54 1,63
Postpreparative stability 78 hours at 4 °C -3,55 -4,99 -8,58 -5,68
Freeze-thaw stability 2:’;00;'55 s ~425£7.5°Cand 6 hours 4,66 ~9,66 1,86 14,70

24 days at -20 £ 5 °C 7,02 -1,63 -8,82 -11,89

24 days at-75+10°C 9,81 0,44 -12,22 -11,94
Long-term stability

59 days at -20 £ 5 °C -12,68 -8,29 -11,87 -13,03

59 days at-75+10°C -10,61 =571 -10,42 -11,41
Stock solution stability 24 days at-42.5+7.5°C -2,23 -3,43 -9,62 -10,42
Work solution stability 24 days at -42.5+7.5°C 8,15 -1,37 -7,11 -10,01




Table 12. Assessment of carry-over effect
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Area Area ratio, %
Ne Sample
NHC FAV PROM NHC FAV PROM

LLOQ 17042 12405 1758043 - - -
1

Blank plasma 1886 0 0 11,07 0,00 0,00

LLOQ 16204 11618 1348471 - - -
2

Blank plasma 0 0 14723 0,00 0,00 1,09

LLOQ 15746 12016 1581170 - - -
3

Blank plasma 0 0 16587 0,00 0,00 1,05

firmed analytical range of the method was 50.00-
10,000.00 ng/mL for [-D-N4-hydroxycytidine and
250.00-20,000.00 ng/mL for favipiravir in the blood
plasma. This analytical range allows using the de-
veloped method for pharmacokinetic studies of
combined preparations of molnupiravir and favipi-
ravir.
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