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Abstract

Introduction. Sorafenib is an antineoplastic drug belonging to class lic according to the biopharmaceutical classification
system (BCS) due to the presence of both acidic and basic properties. In addition to low solubility, sorafenib is characterized
by high variability during clinical trials, in particular bioequivalence studies (BE). To selecting batches that can be
recommended for BE studies, the dissolution kinetics test is currently widely used, however, the results of this test are not
always sufficient and additional tests, for example, a physiologically relevant test, are advisable. To minimize the risks of
obtaining nonequivalent results during the BE study, a physiologically relevant test (PRT) was carried out with further data
processing and interpretation of the results of physiologically based pharmacokinetic modeling (PBPK).

Aim. The aim of the study is to conduct a physiologically relevant test (PRT) for the purpose of selecting a candidate batch
for subsequent BE study of sorafenib drugs using the physiologically based pharmacokinetic model (PBPK).

Materials and methods. The objects of the study are Nexavar®, film-coated tablets, 200 mg (Bayer AG, Germany) (one batch)
and Sorafenib, film-coated tablets, 200 mg (two batches) (Russia). The physiologically relevant test was performed on the
SC PRT-6 device (LLC "Scientific Compliance”, Russia). Quantitative analysis was performed by HPLC-UV on the Chromatec-Crystal
HPLC 2014 device (JSC "Chromatec", Russia). The plasma concentration profiles were simulated using PK-Sim® software
(Systems Biology Software Suite 11.2, Bayer Technology Services GmbH, Germany).

Results and discussion. As part of the study, a method for the quantitative determination of sorafenib was developed
and validated, a method for sample preparation was developed, and a method for conducting the PRT for sorafenib, as
a representative of the llc subclass of BCS, was developed. Based on the study results, release profiles were obtained that were
used to select a candidate series for the BE study. The series were selected based on the PBPK analysis on a virtual population
consisting of 36 healthy volunteers with activated enteropathic circulation, characteristic of sorafenib.

Conclusion. The PRT was carried out for the drug sorafenib. Quantitative determination was carried out by HPLC-UV according
to the developed and validated method. The test resulted in obtaining data that were subjected to PBPK analysis. It was shown
that the studied batches have high risks of non-equivalence during the bioequivalence study.
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Pesiome

BeepeHune. CopadeHn6 — NpoTNBOONYXONIEBOE NEeKapCTBEHHOE CPEACTBO, OTHOCALLeecs K Knaccy llc no 6uodapmaveBTryeckon
KnaccnduKkaumoHHon cucteme (BKC) 3a cueT HanuumMA M KUCNOTHBIX, N OCHOBHbIX CBOWCTB. KpoMe HU3KOW pacTBOPMMOCTH,
copabeHnb xapakTepusyeTcsa BblCOKOW BapuabenbHOCTbIO NPV MPOBEAeHUN KAUHUYECKUX WCCNefoBaHWii, B YacTHOCTU
uccnefoBaHuii 6noskemsaneHTHocT (B3). InA uenen Bbibopa cepuii, KOTOpble MOrYT ObITb PEKOMEHAOBaHbI NPU NPOBeAEeHUN
nccnepoBaHuii b3, B HacToALlee BPeMA LIMPOKO MPUMEHSETCA TECT KNHETUKM PAacTBOPEHNSA, OOHAKO Pe3ynbTaToB AaHHOro TecTa
He Bcerga [OCTaTOYHO U MpoBefeHVe OOMONHUTENbHbIX TeCTOB, Harnpumep GU3MONOrNYECKN perieBaHTHOrO TecTa, ABNAeTCA
LenecoobpasHbiM. 1A MUHUMU3aLMN PUCKOB MONyYEHUA HESKBMBANEHTHbIX PE3yNbTaToOB MPU NPOBEAeHUM nccnefosaHna b3
6b11 NpoBefeH dpusnonornyeckn peneaHTHbIN TecT (DPT) ¢ ganbHenwen 06paboTKoOM AaHHbIX U MHTEpPNpeTaLuen pesynbTaToB
dusronornyeckn o60cHoBaHHOrO papmakoKMHeTnYeckoro mogenmposaHus (POOM).

Llenb. Lenbio uccnepoBaHuna AsnsaeTcAa nposefeHve ¢usmonormyeckn penesaHTHoro tecta (OPT) ana uenen Bbibopa c
npumeHeHnem QOOOM (dun3monornueckn obocHoBaHHOe dapmaKkoKMHeTMyeckoe mopenuposaHue, physiologically based
pharmacokinetic model, PBPK) cepun-kanangata ans nocnegyouero nccnegoBaHusa b3 npenapartos copadeHunba.

Matepuanbl n metogbl. O6beKTaMu uccnefoBaHUs ABNAOTCA «HekcaBap®, TabNeTKu, MOKpbITble MAEHOYHON 060NI0UKOWA,
200 mr» (ogHa cepun) (Bayer AG, lfepmanua) n «CopadpeHund, TabneTkn, NoKpbiTbie NaeHouHown obonoukoin, 200 mr» (gBe cepum)
(Poccus). Oranonornyeckn peneBaHTHbIN TecT npoBoaunu Ha npubope CK OPT-6 (OO0 «CanHTudPmMk KomnnainHc», Poccun).
KonnuecTtBeHHbIN aHanu3 nposoannn metogom BIKX-YO Ha nprbope «XpomaTak-Kpuctann BIXKX 2014» (3A0 CKB «XpomaTaky,
Poccus). MopennpoBaHme npodunein «nnasma — KOHLEHTpauumaA» NPOBOAUSIOCH C MOMOLbI0 MporpaMMHoOro obecnevyeHus
PK-Sim® (Systems Biology Software Suite 11.2, Bayer Technology Services GmbH, lepmaHus).

Pesynbratbl m o6cypaeHme. B pamkax BbiNONHeHWA wccnefoBaHui Obina pa3paboTaHa U BanvMaupoBaHa MeToAMKa
KONMYeCcTBEHHOro onpeaeneHus copadeHnba, paspabotaHa meTogmKka npobonoAroToBkM U MeToAmKa nposeferHua OPT ana
copadeHmba Kak npepctasutena nogknacca llc BKC. Mo pesynbratam nccnepoBaHuA nonyyeHbl Npodunu BbiICBOGOXKAEHWA,
KoTopble OblIM MCNONb30BaHbl ANA Uenei Bblbopa cepun KaHAvAaTa AN npoBefeHwA mnccnepoBaHua B3. Bbibop cepun
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npoussoaunca Ha ocHoBaHun OOODM-aHanM3a Ha BUPTYanbHOW MOMYAAUMKM, COCTOAWEN U3 36 3[00POBbIX JOOPOBOJbLEB
C aKTUBMPOBAHHOV SHTEPONATUYECKOW UMPKYSALUEN, XapaKTepHON AnsA copadpeHunda.

3aknwoueHue. lNposegeH OPT gns npenapata copadpeHund. KonnuectBeHHoe onpefenieHre NpoBoAnnocb metogom BIXKX-YO
no paspaboTaHHOI 1 BanMAUPOBAHHOW MeToauKe. B pe3synbTaTe npoBefeHus TecTa GblM MONyYeHbl AaHHblE, MOABEPrHYTbIE
OOOM-aHanu3y. bbino nokasaHo, UTO NccnefoBaHHbIE CEPUN UMEIOT BbICOKME PUCKM MOSTyYEHUA pe3ynbTaToB C HeJOKa3aHHOW
SKBUBANIEHTHOCTbIO MPY NPOBEAEHNN KNUHNYECKOTO NCCNefoBaHNA.

KnioueBble cnoBa: copadpeHn6, HPLC, SC Powder, DOOM

KoH$nuKT nHTEepecoB. ABTOpbI AeKNapupyloT OTCYTCTBME ABHbIX W MOTEHUMANbHbIX KOHQINKTOB WHTEPECOB, CBA3AHHbIX C
ny6nuKaLmen HacTOALLEN CTaTbu.

Bknap aBTOpOB. 0. B. MegBeneB npuHMMan yyactme B pa3paboTke aHaNMTUYECKON METOAUKU KOJIMYECTBEHHOIO onpeaeneHuns
copadeHnba. . A. JloceHKkoBa oTBevasa 3a NpoBefleHVe aHANIMTNYECKOro 3Tana nccnegosanus. A. B. Cysoposa u E. A. ManaweHko
NpoBOAWN CTaTUCTUYECKY 06paboTKy AaHHbIX. A. M. MNonyaHoB oTBevan 3a pa3paboTKy U HayuyHoe 060CHOBaHUE SKCNepuMeHTa.
O. C. KpamapeHko n W. E. LLloxvH oTBeYanu 3a opraHU3aLUoOHHYI0 YacTb UCCefoBaHUsA. Bce BbllleyKaszaHHble aBTOpPbl y4acTBOBaNM
B 06CYXAEHMM NONYyYEHHbIX Pe3yNbTaToB B GOpPMe Hay4YHOWN ANCKYCCUN.

Ana untnposanma: Cysoposa A.B., Measepes 0. B., JloceHkosa 1. A., Kpamapenko O.C., ManaweHko E. A., Monyanos A. M.,
LWoxmH W.E. Moaxonbl K npoBefeHuto dusmonormyeckn peneBaHTHoro Tecta (OPT) npu n3yyeHnn nekapcTBEHHbIX MpenapaTos,
copepxawux BeuwectBo nopknacca llc BKC, Ha npumepe copadeHunba. Pazpabomka u peaucmpayus JekapcmeeHHbIX
cpedcma. 2024;13(3):176-185. https://doi.org/10.33380/2305-2066-2024-13-3-1900

INTRODUCTION GISS (gastro intestinal simulation system), TIM (TNO

. . i Gastro-Intestinal Model), computer simulation [4]. The-
Pharmaceutical research is an important stage of the

. - . . se methods allow modeling the behavior of drugs wi-
preparation of a medicinal product for bioequivalence 9 9

study with the aim of its state registration. After the thin GIT under different conditions; for example, the

finished drug form is obtained, the developers face function of physiological transit from one GIT section

an important challenge of choosing the batch of the to another is added; bile secretion and food intake

drug to be compared with the reference drug. There are taken into account, and much more [5-10]. The

are a variety of ways of reducing the risk of obtaining physiologically relevant test (PRT) is the next stage

non-equivalent results, one of which is conducting a of in vitro studies providing additional information

dissolution kinetics comparison test (DKCT) in dissolu- about the API being studied before conducting the
bioequivalence tests. PRT is particularly useful for high-
ly variable APl and for API related to BCS class Il and,

in some degree, into Class IV. During PRT, disintegra-

tion media simulating the conditions of various sections
of the gastrointestinal tract (GIT). Possession of the
results of such test, knowledge of the BCS Class of the

active pharmaceutica| ingredient (APD under Study, and tion and release of APl occur with further transit to

consideration of its biopharmaceutical properties allow
improving the accuracy of selection of the batch to
undergo the bioequivalence studies [1-3].

With a view to collecting additional information,
other methods besides DKCT are developed and intro-
duced into the field of pharmaceutical analysis, e.g.

subsequent sections of the GIT model.

An important feature of PRT is the application of
media that are more similar to the physiological fluids
than the media being considered "mandatory" for DKCT
according to applicable legislation (pH 1.2 hydrochlo-
ric acid solution, pH 4.5 and 6.8 buffer solutions) [11, 12].



It is recommended to use biorelevant media in PRT,
such as Fasted State Simulated Gastric Fluid (FaSSGF),
Fasted State Simulated Intestinal Fluid (FaSSIF), Fed Sta-
te Simulated Intestinal Fluid (FeSSIF) containing either
sodium taurocholate and lecithin or various combina-
tions with surfactants [13-16]. Performing PRT in biore-
levant media yields results which, being combined with
various kinds of mathematical modeling, such as phy-
siologically based pharmacokinetic (PBPK) modeling,
allow the characterization of pharmacokinetics of sub-
stances on the basis of their physicochemical properties
and physiology of humans or animals [17-19].

Physiologically relevant testing is most appropriate
for poorly soluble substances, one of which is Sorafenib
having log P =3.8 [20]. Sorafenib belongs to BCS Class
Il and due to its both acidic and basic properties falls
into Subclass "c" [21, 22]. Due to its polymorphism [23],
Sorafenib is characterized by high variability, which
makes this substance an interesting object for PRT being
conducted for the purpose of pharmaceutical research
and subsequent PBPK modeling study.

The structural formula of Sorafenib is shown in Fi-
gure 1.

MATERIALS AND METHODS

Objects of study

The objects of study were as follows: "Nexavar®
film-coated tablets, 200 mg" (Bayer AG, Germany) (one
batch), and "Sorafenib film-coated tablets, 200 mg"
(Russia) (two batches); all the drugs under investigation
were valid for the date of testing.

Reagents and solutions

The following reagents were used in the study:
purified water type |; concentrated hydrochloric acid
(class "extra pure", "Component-Reaktiv" LLC, Russia);

Preclinical and clinical study
Joknunuyeckue u KTUHUYecKue ucc1e008aHusA

concentrated orthophosphoric acid (class "Food and
pharma grade”, NeoFroxx GmbH, Germany); sodium
hydroxide (class "p.a.", "Component-Reaktiv" LLC, Russia);
sodium dihydrogen phosphate (class
LLC, Russia);
(class "extra pure", "Component-Reaktiv" LLC, Russia);

"extra pure",
"Component-Reaktiv" sodium chloride
SC Powder (produced by "Scientific Compliance" LLC,
Russia); acetonitrile (class "HPLC gradient grade", pro-
duced by Alpha Chemika, India).

Equipment and software

The physiologically relevant test was conducted
on an SC PRT-6 unit ("Scientific Compliance" LLC,
Russia). Chromatographic separation was carried out
on a high-efficient liquid chromatograph "Khromatek-
Kristall HPLC 2014" (SKB "Khromatek" JSC, Russia)
equipped with a column thermostat, degasser, automa-
tic sampler, and a UV detector. Raw data processing was
performed with the use of the "Khromatek-Analytic"
v. 214.00045.51 software.

Modeling of the plasma concentration-time profiles
was carried out with the "PK-Sim®" software (Systems
Biology Software Suite 11.2, Bayer Technology Services
GmbH, Germany).

Chromatography conditions

The chromatographic separation was carried out
using a GL Sciences InertSustain C18 chromatography
column, 4.6 x 100 mm, 5 um, in gradient separation
mode. Mobile phase A was presented by 0.2 % formic
acid solution, phase B - by acetonitrile. Flow rate:
0.8 I/min; column temperature: 40 °C. Detection was
performed at a wavelength of 262 nm; the injected
volume of sample was 5 pl. Analysis run time per samp-
le was 6.1 minutes.

NH NH
i Q T
NH (@]
HaC” Z o cl
(0]

Figure 1. Chemical structure of sorafenib
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RESULTS AND DISCUSSION
Elaboration of the PRT procedure

According to the FDA Dissolution Database, Sorafenib
as a BCS Class Il drug substance is dissolved in 0.1 M
solution of hydrochloric acid in the presence of sodium
lauryl sulfate. Based on the properties of Sorafenib and
information on its pharmacokinetics, it was considered
practical to perform its PRT according to a modified
procedure, where the stomach would be presented by
the second section of the test model into which the
drug would be placed.

The PRT was conducted using a type Il paddle stir-
rer equipped with a modified paddle with two round
holes, rotating at 25 rpm and periodically accelerating
up to 180 rpm. One tablet of the drug being studied
was placed into each vessel simulating the stomach
(the second section of the test apparatus). Then the
paddle was lowered into the dissolution vessels. The
initial volume of the dissolution medium in the first
and third vessels was 0 ml, and 300 ml of FaSSGF me-
dium mixed with purified water was in the second ves-
sel. All the vessels were pre-heated at 37 + 0.5 °C under

thermostatic control before launching the test.

PRT process arrangement

The first section of the apparatus simulated the
stomach conditions after the drug has been transferred
further into subsequent sections of the GIT. This sec-
tion was not filled initially, and was filled later in pro-
cess of the test by way of transit of the gastric juice
back from the second section according to the equation
of first order kinetics. By the 40th minute, the volume
of content of the first section reached 250 ml and was
kept constant till the end of the study.

In the beginning of the test the second section
represented the stomach, and later the duodenum, si-
mulating API transit along the GIT. The transit mecha-
nism was implemented as follows: first, APl in a mixtu-
re of 50 ml of FaSSGF and 250 ml of water (a glass of
water used to wash down a tablet) was placed into the
second vessel; pH value of this mixture was about 2.84

(these starting conditions simulated the stomach in
fasted state after taking the drug). Then this vessel was
drained into the first vessel according to the equation
of first order kinetics. The emptying time (down to resi-
dual volume of 50 ml) was 40 minutes. From the 40th
to 55th minute, FaSSIF (Fasted State Simulated Intestinal
Fluid) dissolution medium was being secreted into the
second section until the volume reached 75 ml, which
simulated the API transit from the stomach into the
duodenum. This value of the section volume remained
constant throughout the test.

The third section of the apparatus simulated the
intestine and served for collecting the secretion from
the second section. The volume of fluid in this section
increased from the 40th minute to the end of the test
due to the transfer of content of the second section. The
initial volume in this section was 0 ml.

Over the specified time intervals, 1.0 ml samples of
the medium were automatically withdrawn from the
appropriate sections. After the sampling, the necessary
sample preparation was performed, and the amount of
dissolved Sorafenib was determined by HPLC-UV me-
thod. The physiologically relevant testing of the drugs
under investigation and the reference drug were con-
ducted in parallel, on 6 units of each drug.

Elaboration of the procedure for sample preparation
within the scope of PRT

The modified (hybrid) scheme of conducting PRT
testing of poorly soluble drugs is characterized by the
presence of large numbers of suspended particles in
the samples. Another particular feature of such samp-
les is that the resulting solution becomes saturated,
and in the process of cooling in the automatic sampler
tray the solubility of the substance may decrease, which
would be accompanied by reduction in concentration.
In order to prevent the solution concentration from
changing and avoid obtaining unreliable data, the fol-
lowing sampling procedure was elaborated: after the
sample has been taken, the aliquot was settled until
suspension was dropped down completely; then 750 pl
of the supernatant fluid was carefully drawn out and
added with 750 pl of acetonitrile, thoroughly stirred,
and the solution thus obtained was filtered through sy-

ringe filters into the chromatography vials.
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—©— "Nexavar®, film-coated tablets, 200 mg", 1 chamber

"Nexavar®, film-coated tablets, 200 mg", 2 chamber

"Nexavar®, film-coated tablets, 200 mg", 3 chamber

Figure 2. Average dissolution profiles of sorafenib in the medicinal product «Nexavar®, film-coated tablets, 200 mg»,

in three chambers of the apparatus

Elaboration of the procedure for quantitative
determination of Sorafenib content
in samples obtained in the PRT

A physiologically relevant test is performed in re-
latively small volumes of dissolution media. Being a
poorly soluble substance, Sorafenib in PRT conditions
forms low-concentration solutions, which makes it ne-
cessary to develop and validate a procedure for quan-
tifying the active substance in ranges significantly dif-
fering from those to which other quantitative methods
apply, like, for instance, in case of dissolution kinetics
comparison tests (DKCT).

The procedure was validated by the following pa-
rameters: specificity, linearity (calibration curve), true-
ness and repeatability within one analytical cycle, inter-
mediate trueness and precision, standard solutions sta-
bility, samples stability during the PRT, and samples
24 hours stability in dissolution media.

Linearity was evaluated at 7 levels in the range from

1.00 to 20.00 pg/ml; evaluation of accuracy, precision,

and stability of various kinds was performed at 4 levels
in the same range.

The procedure validation tests showed satisfactory
results.

Results of the performed PRT

Based on the data obtained, averaged diagrams "drug
release percentage - time" were plotted (Figures 2-4).

The results of the test showed a partial release of
all drugs under physiologically relevant conditions, ho-
wever, the data obtained allows comparison for asses-
sing the similarity of different batches of the studied
drug to the reference one and may be used for further
accomplishment of predictive tasks, e.g. physiologically
based pharmacokinetic (PBPK) modeling.

Results of the performed PBPK modeling

The model describing Sorafenib was developed
with the use of the PK-Sim® software (Systems Biology
Software Suite 11.2, Bayer Technology Services GmbH,

Germany).
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Figure 3. Average dissolution profiles of sorafenib in the medicinal product «Sorafenib, film-coated tablets, 200 mg»,
batch No. 1 in three chambers of the apparatus
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Figure 4. Average dissolution profiles of sorafenib in the medicinal product «Sorafenib, film-coated tablets, 200 mg»,
batch No. 2 in three chambers of the apparatus
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Figure 5. Simulated concentration-time profile for all tested drugs. The solid line shows the geometric mean concen-
trations for each drug, and the colored area shows the standard deviations for the geometric mean concentrations

for each drug

The virtual population was chosen based on data
from a clinical study’. The virtual population consisted
of 36 healthy volunteers, white, aged 18 to 65, with
body mass index from 18.5 to 30 kg/m? minimum
weight for men - 50.0 kg, for women - 45.0 kg. For
the evaluation of profiles regardless of gender, the
number of female and male individuals was selected
equal. All the people in the population had the entero-
hepatic circulation active, which ensured a continuous
excretion of bile into the duodenum.

The model described the following design of the
study: a single dose administration of film-coated tab-
lets containing 200 mg of the active substance Sorafenib.

With the help of the model developed, the virtual
population pharmacokinetic profiles of the drugs being
studied were plotted, based on integrated data on the
drug release in the second and third sections obtained
in vitro for two batches of the preparation under test
and one batch of the reference preparation. The ra-
tios T1/R and T2/R for the key pharmacokinetic para-
meters are presented in Table 1; the generated profi-
les are shown in Figure 5.

' Bioequivalence Study of Sorafenib Tablet and Nexa-
var. Available at: https://classic.clinicaltrials.gov/ct2/show/
NCT02599337. Accessed: 01.08.2024.

Table 1. Predicted relationships
for key pharmacokinetic parameters

Parameter RATIO T1/R, % RATIO T2/R, %
AUC, 156.60 123.60
AUC, ,, 156.40 123.60

C.. 163.70 140.70

Relying on the obtained concentration-time profiles
and ratios of geometric mean values for pharmacoki-
AUC

that the risk of getting results with unproven bioequi-

C _, it was shown

netic parameters AUC o072 Crnax

0-inf’

valence is high for both batches of the drug being tested.

CONCLUSION

In the present study, a procedure for quantitative
determination of Sorafenib content in samples obtai-
ned from PRT testing of Sorafenib based drugs was
developed and validated. A procedure for PRT of a
drug with BCS Subclass lic active substance - Sorafe-
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nib was developed and approved. Based on the test
results, the profiles of dissolution of Sorafenib were
obtained which were used in the pharmaceutical re-
search aiming at selecting the batch for bioequivalen-
ce study.

Within the scope of this work, a physiologically ba-
sed pharmacokinetic modeling of the studied drugs
behavior in a virtual population was carried out, sho-
wing that the risk of getting results with unproven
bioequivalence is high, and that the tested batches of
the drugs cannot be recommended for use in bioequi-
valence testing.
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