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2.  Wykaz stosowanych skrotow

DoE
QbD
AQbD
EMA
FDA

cGMP

ICH

QTTP
CQAs
CMAs
CPPs
DS
ANOVA

FTA
FMEA
ZTE
CCD
API
HPLC

UHPLC

JAK
ROCK
RP

MS
uv
ATP
CMAs
CMPs
MODR

Rs

As

ACN
MeOH
logP
logD
pKa
CHlIlogD
clogD
USP

(ang. Design of Experiments) planowanie eksperymentow

(ang. Quality by Design) jako$¢ przez projekt

(ang. Analytical Quality by Design (AQbD)) analityczana jako$¢ przez projekt
(ang. European Medicines Agency) Europejska Agencja Lekow

(ang. Food and Drug Administration) Amerykanska Agencja ds. Zywnosci
i Lekow

(ang. Current Good Manufacturing Practices) Biezaca Dobra Praktyka
Wytwarzania

(ang. International Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use) Miedzynarodowa Rada ds. Harmonizacji
Wymagan Technicznych dla Srodkéw Farmaceutycznych Stosowanych
u Ludzi

(ang. Quality Target Product Profile) profil jakosci docelowego produktu

(ang. Critical Quality Attributes) krytyczne atrybuty jakosci

(ang. Critical Material Attributes) krytyczne atrybuty materiatow

(ang. Critical Process Parameters) krytyczne parametry procesu

(ang. Design Space) przestrzen projektowa

analiza wariancji

wspotczynnik determinacji

(ang. Fault Tree Analysis) analiza drzewa btedow

(ang. Failure Mode and Effects Analysis) analiza przyczyn i skutkow wad
zatozenia techniczno — ekonomiczne

(ang. Central Composite Design) plan centralny kompozycyjny

(ang. Active Pharmaceutical Ingredient) substancja czynna

(ang. High Performance Liquid Chromatography) wysokosprawna
chromatografia cieczowa

(ang. Ultra High Performance Liquid Chromatography) ultrawysokosprawna
chromatografia cieczowa

kinaza Janusa

kinaza zwigzana z Rho

(ang. Reverse Phase) fazy odwrdcone

(ang. Mass Spectrometry) spektrometria mas

promieniowanie ultrafioletowe

(ang. Analytical Target Profile) analityczny profil docelowy

(ang. Critical Method Attributes) krytyczne atrybuty metody

(ang. Critical Method Parameters) krytyczne parametry metody

(ang. Method Operable Design Region) operacyjna przestrzen projektowa
metody

wspotczynnik rozdzielania

wspotczynnik symetrii piku

acetonitryl

metanol

wspotczynnik podzialu n-oktanol/woda

wspotczynnik dystrybucji

ujemny logarytm dziesi¢tny statej dysocjacji kwasowej

chromatograficznie wyznaczony wspotczynnik hydrofobowosci

obliczony teoretycznie wspotczynnik dystrybucji

(ang. United States Pharmacopoeia) Farmakopea Amerykanska
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C18

RNA
RNA-LNP
COVID-19

PAT
PEG
PDI

FFD

DSD
RSM
SVEM
PI3K

SLE

SM
TEACI
DMA
DMP
DMF
LAH

THF

RT

PFA
DIBAL-H
pan-FGFR

oktadecylowa faza stacjonarna

kwas rybonukleinowy

nanoczastki lipidowe w kwasem rybonukleinowym

coronavirus disease 2019, choroba zakazna uktadu oddechowego wywotana
zakazeniem wirusem SARS-CoV-2

(ang. Process Analytical Technology) technologia analizy procesowej
(ang. poly(ethylene glycol)) glikol polietylenowy

(ang. Polidyspersity Index) wspotczynnik polidyspersyjnosci

(ang. Full Factorial Design) pelny plan czynnikowy,

(ang. Fractional Factorial Desig) frakcyjny plan czynnikowy

(ang. Definitive Screening Design) ostateczny plan przesiewowy

(ang. Response Surface Methodology) metodologia powierzchni odpowiedzi
(ang. Self Validated Ensemble Model) samouczace si¢ modele grupujace
3-kinaza fosfoinozytydu

toczen rumieniowaty uktadowy

(ang. Starting Material) material wyjSciowy

chlorek tetractyloamoniowy

dimetyloamina

ftalan dimetylu

dimetyloformamid

wodorek litowo-glinowy (LiAlIH4)

tetrahydrofuran

temperatura pokojowa

polifluoroalkil

wodorek diizobutyloglinu

(ang. pan-Fibroblast Growth Factor Receptor) receptor czynnika wzrostu
pan-fibroblastow
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3. Streszczenie w jezyku polskim

Celem pracy bylo wykazanie uzyteczno$ci zastosowania podejscia QbD oraz
zaawansowanych narze¢dzi statystycznych planowania eksperymentéw (DoE) w roéznych
obszarach rozwoju innowacyjnych substancji czynnych 1 produktow leczniczych:
opracowaniu metod analitycznych umozliwiajacych monitorowanie jako$ci proceséw
1 produktéw na roznych etapach wytwarzania substancji i1 produktéw leczniczych,
opracowaniu i optymalizacji skladu i1 postaci produktow leczniczych oraz opracowaniu
1 optymalizacji metody syntezy API na roznych etapach rozwoju technologii.

Stosujac podejscia AQbD oraz DoE, obejmujace badania przesiewowe, optymalizacje
1 walidacje, opracowano metod¢ UHPLC ilosciowego oznaczania petnego profilu dziewigciu
zanieczyszczen innowacyjnej substancji farmaceutycznej CPL409116 (inhibitor JAK/ROCK).
Krytyczne parametry metody (CMP) zostaty przetestowane w szerokim zakresie: rodzaj fazy
stacjonarnej (8 roznych kolumn), pH wodnej fazy ruchomej (2,6, 3,2, 4,0, 6,8) oraz
poczatkowa (20 — 25%) 1 koncowa (85 — 90%) zawartos$¢ organicznej fazy ruchomej (ACN).
Krytycznymi atrybutami metody (CMA) byly rozdzielczo$¢ pomiedzy pikami (= 2,0)
1 wspotczynnik symetrii pikow analitow (0,8 — 1,8). Na etapie badan przesiewowych oceniono
wpltyw réznych pozioméw CMP na CMA w oparciu o petny plan czynnikowy 22. Odpornosé
metody potwierdzono z zastosowaniem ulamkowego planu czynnikowego 2“7V,
Wygenerowano operacyjny zakres metody (MODR). Symulacj¢ Monte-Carlo zastosowano
do obliczenia prawdopodobienstwa, ze parametry CMA spelniaja wymagania specyfikacji.
Koncowe, optymalne parametry metody byly nastepujace: kolumna Zorbax Eclipse Plus C18,
wodna faza ruchoma 10mM ImM wodny roztwér HCOOH o pH 2,6, 20% + 1% ACN na
poczatku 1 85% + 1% ACN na koncu gradientu, temperatura kolumny 30°C + 2°C. Metode
zwalidowano zgodnie z wytyczng ICH Q2(R1). Opracowana metody speinita wymagania
liniowosci, precyzji 1 odpornosci. LOQ wyniosto 0,05%, a LOD 0,02% dla wszystkich
zanieczyszczen.

Skuteczne wykorzystanie koncepcji QbD i/lub DoE do optymalizacji sktadu 1 postaci
produktow leczniczych przedstawiono na przyktadzie rozwoju nanoczastek lipidowych
do dostarczania roznych rodzajow RNA. W pracy przegladowej zebrano badania
opublikowane w ciggu ostatnich dziesigciu lat, prezentujace najnowsze trendy i wymagania
regulacyjne, a takze narzedzia projektowania statystycznego. W wigkszosci prac
optymalizacyjnych zastosowano podejscie DoE. Omowiono rézne plany i metody oraz
innowacyjne podejscia  w ramach DoE. Oprécz tradycyjnie stosowanych testow
1 modelowania statystycznego (ANOVA, analiza regresji) wykorzystano takze metody
sztucznej inteligencji 1 uczenia maszynowego. Pelne QbD opisano w kilku artykutach, a kilka
odnosito si¢ do wybranych aspektow QbD.

Kolejnym obszarem, gdzie wykazano korzysci z zastosowania podejscia DoE
jest synteza API. Uzycie DoE pozwolilo poznaé i skutecznie zoptymalizowa¢ prowadzenie
dwoch etapow procesu wytwarzania innowacyjnej substancji czynnej CPL302415 (inhibitora
PI3Kd) w reaktorach przeptywowych: etapu utleniania katalizowanego Pd oraz etapu redukcji
grupy estrowej. Zastosowanie roznych narzedzi podejscia DoE pozwolito znalez¢ istotne
czynniki wptywajace na efektywno$¢ procesu oraz okresli¢ zakres operacyjny pozwalajacy
na uzyskanie maksymalnej wydajnosci produktow. Zoptymalizowane warunki utleniania
katalitycznego pozwolily na uzyskanie wydajnos$ci produktu 84%. W przypadku etapu
redukcji metodag katalityczng ponad 98%, a redukcji z uzyciem LAH 83%.

Zastosowanie podejscia DoE pozwolito takze na skuteczng optymalizacj¢ parametrow syntezy
innowacyjnej substancji aktywnej CPL304110 (inhibitora pan-FGFR) w reaktorze
przeplywowym. Wykonanie kilkunastu eksperymentow w oparciu o plan centralny
kompozycyjny (CCD) 2* z dwoma powtdrzeniami w punkcie centralnym oraz metodologie



Streszczenie w jezyku polskim 10

powierzchni odpowiedzi, pozwolito na skrocenie czasu prowadzenia reakcji do 2 minut
w temperaturze 20°C 1 ekwiwalencie szczawianu dietylu i1 etanolanu sodu 1,23,
przy zadowalajacej wydajnosci 84%.

Stowa kluczowe: Analityczna Jako$¢ przez Projekt (AQbD); Planowanie eksperymentow
(DOE); Operacyjna Przestrzen Projektowa Metody (MODR); profil zanieczyszczen; rozwoj
metody analitycznej; CPL409116; inhibitor JAK/ROCK; nanoczastki lipidowe (LNP);
dostarczanie RNA; CPL302415; inhibitor PI3K3, CPL304110; inhibitor pan-FGFR, reaktor
przeplywowy
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4. Streszczenie w jezyku angielskim (Abstract)

Application of statistical methods of Design of Experiments (DoE) in the
Quality by Design (QbD) approach for the development of
innovative active substances and drug products technologies

The aim of the work was to demonstrate the usefulness of using advanced statistical tools
for the design of experiments (DoE) and the QbD approach in various areas of the
development of innovative active substances and drug products: developing analytical
methods for monitoring the quality of processes and products at various stages of
manufacturing substances and drug products, developing and optimizing the composition and
formulation of drug products, development and optimization of API synthesis methods at
various stages of technology development.

Using AQbD and DoE approaches, including screening, optimization and validation, a
UHPLC method was developed to quantify the full profile of nine impurities of the innovative
pharmaceutical substance CPL409116 (JAK/ROCK inhibitor). Critical method parameters
(CMP) were tested in a wide range: type of stationary phase (8 different columns), pH of the
aqueous mobile phase (2.6, 3.2, 4.0, 6.8) and start (20 — 25%) and alloy (85 — 90%) per cent
organic mobile phase (ACN). The critical method attributes (CMA) were peak-to-peak
resolution (2.0) and analyte peak symmetry factor (0.8 — 1.8). At the screening stage, the
impact of different CMP levels on CMA was assessed based on a full fractional design 22.
The robustness of the method was confirmed using a 2~ fractional factorial design. The
method operational range (MODR) was generated. Monte-Carlo simulation was used to
calculate the probability of meeting the CMA specifications. The final method parameters
were as follows: Zorbax Eclipse Plus C18 column, aqueous mobile phase 10 mM £+ 1mM
aqueous HCOOH solution with pH 2.6, 20% + 1% ACN at the beginning and 85% + 1%
ACN at the end gradient and column temperature 30°C + 2°C. The method was validated
according to ICH Q2(R1) guidelines. The developed method met the requirements of
linearity, precision and robustness. The LOQ was 0.05% and LOD 0.02% for all impurities.

The effective use of the QbD and/or DoE concept to optimize the composition and
formulation of drug products is demonstrated in the example of the development of lipid
nanoparticles for the various types of RNA delivery. The review summarised research
published over the last ten years, presenting the latest trends and regulatory requirements, as
well as mathematical and statistical design methods. Most of the optimization work used the
DoE approach. Various methods of designing and innovative approaches to DoE were
discussed. In addition to the traditional tests and statistical modelling (ANOVA, regression
analysis), artificial intelligence and machine learning methods were also used. The full QbD
approach was described in a few articles, and a few refer to some aspects of QbD.

The API synthesis is another area where using the DoE approach benefits have been
demonstrated. The use of DoE made it possible to learn and effectively optimize two stages of
the production process of the innovative active substance CPL302415 (PI3K6 inhibitor) in
flow reactors: the Pd-catalyzed oxidation stage and the ester group reduction stage. The use of
various tools of the DoE approach allowed us to find important factors influencing the
efficiency of the process and to determine the operational scope allowing for maximum
product efficiency. Optimized catalytic oxidation conditions allowed for a product yield of
84%. In the case of the catalytic reduction stage, over 98%, and for reduction using LAH,
83%.

The use of the DoE approach also allowed for the effective optimization of the synthesis
parameters of the innovative active substance CPL304110 (pan-FGFR inhibitor) in a flow
reactor. Performing seventeen experiments based on the central composition design (CCD) 2*
with two repetitions at the central point and the response surface methodology allowed the
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reduction of the reaction time to 2 minutes at 20°C and the equivalent of diethyl oxalate and
sodium ethoxide 1.23, with a satisfactory product yield of 84%.

Keywords: Analytical Quality by Design (AQbD); design of experiment (DOE); method
operable design region (MODR); pharmaceutical impurity profiling; CPL409116;
JAK/ROCK inhibitor; lipid nanoparticle (LNP); RNA delivery; CPL302415; PI3K$ inhibitor,
CPL304110; pan-FGFR inhibitor, flow chemistry
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5.  Wstep teoretyczny

5.1. Wprowadzenie

Poszukiwanie, projektowanie oraz produkcja innowacyjnych substancji i produktow
leczniczych, zgodnie z obowigzujacymi wytycznymi prawa farmaceutycznego
(EMA — European Medicines Agency, FDA - Food and Drug Administration), jest bardzo
wyrafinowanym, zaawansowanym technologicznie przedsigwzigciem. Opracowanie nowych,
bezpiecznych i skutecznych lekow jest dlugim, trudnym i kosztownym procesem.

W ostatnich latach nastapily wazne zmiany wspomagajace dziatania w tym obszarze.
Opracowano nowoczesne systemy zarzadzania jakosciag 1 zarzadzania ryzykiem,
uwzgledniajace procesy produkcyjne, kontrolne 1 dystrybucyjne [1-3]. Narzedzia
te umozliwiajg producentom lekow wykrywanie, analizowanie, korygowanie i zapobieganie
problemom, przy jednoczesnym ciaglym doskonaleniu procesu wytwarzania [4—6].
Modernizacja majaca na celu poprawe standardéw produkcji farmaceutycznej ma poczatek
regulacyjny we wprowadzonej w 2002 r. przez Amerykanska Agencje ds. Zywnosci i Lekow
(US FDA) koncepcji ,,Pharmaceutical Current Good Manufacturing Practices (cGMPs) for
the 21st century” (Biezace Zasady Dobrej Praktyki Wytwarzania w Farmacji dla 21 wieku)
opisujacej nowy kierunek rozwoju zasad dobrej praktyki wytwarzania stosowanych
do zarzadzania produkcja lekoéw i jakoscig produktu [7,8]. Zwrdocono uwage na fakt, ze jakos¢
nie moze by¢ oceniana jedynie przez badanie produktu, powinna by¢ ,,wbudowana
w produkt” lub zagwarantowana przez projekt. W tym celu zaleca si¢ przeprowadzenie
systematycznych prospektywnych badan, w oparciu o naukowo uzasadniong metodyke,
zorientowanych na ocen¢ ryzyka i uwzgledniajacych holistyczng natur¢ przedmiotu.
Rozwigzania te nazwano ,,Jako$¢ przez Projekt” (Quality by Design, QbD).

Po inicjatywie FDA 1 wprowadzeniu koncepcji c¢GMP, Migdzynarodowa Rada
ds. Harmonizacji Wymagan Technicznych dla Srodkéw Farmaceutycznych Stosowanych
u Ludzi (International Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use, ICH) ustanowila szereg nowych wytycznych regulacyjnych
(Q8(R2), Q9(R1), QI10, QI1) [9-12], gdzie zaleca si¢ wdrozenie koncepcji QbD
do przemystu farmaceutycznego [9].

Wytyczna ICH Q8(R2) okresla QbD jako systematyczne podejscie do rozwoju lekow oparte
na wczesniej zdefiniowanych celach, zrozumieniu produktu i proceséw, rzetelnej wiedzy

naukowej, kontroli procesu oraz zarzadzaniu ryzykiem jakosSci.
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Pozostate wytyczne ICH Q9 - QI1 wspomagaja realizacje QbD odnoszac si¢
do nowoczesnych systeméw zapewnienia jakosci w zakresie informacji o produkcji,
systemach zarzadzania jako$cia i zarzadzaniu ryzykiem.

Statystyczne planowanie doswiadczen (Design of Experiments, DoE) stanowi kluczowa
role w koncepcji QbD. Planowanie do$wiadczen to specyficzne metody empirycznego
1 polempirycznego modelowania badanych procesow 1 statystycznej analizy danych
pomiarowych, ktore umozliwiajag uzyskanie znacznej ilo$ci wiarygodnych informacji przy
zachowaniu ograniczen narzucanych na liczbe realizowanych pomiarow. Zastosowanie DoE
umozliwia zatem uzyskanie maksimum informacji przy minimalnym czasie i oszczednym
budzecie. Celem DoE jest zdefiniowanie tzw. przestrzeni projektowej (Design Space, DS),
czyli takich zakresow zmiennych, ktoére gwarantuja najwyzsza jako$¢ optymalizowanych
parametréw procesu, metody badania, produktu itp.

Stosowanie podejscia QbD oraz DoE zmniejsza koszty optymalizacji procesu
wytwarzania i finalnie leku, poniewaz jako$¢ jest budowana podczas catego procesu
produkcji, a nie jest weryfikowana gtownie poprzez testowanie produktow gotowych, a takze
przynosi korzysci dla bezpieczenstwa pacjentdéw — zapewniajac, ze otrzymajg oni leki wyzszej
jakosci w krétszym czasie.

Pierwotnie metodologia QbD  koncentrowata si¢ na rozwoju technologii
farmaceutycznej, ale ostatnio zostata takze wdrozona do rozwoju i optymalizacji metod

analitycznych 1 nazwana Analytical Quality by Design (AQbD).

5.2. Koncepcja Quality by Design (QbD)

Zastosowanie podejscia QbD w rozwoju produkcji farmaceutycznej obejmuje

nastgpujace etapy (Rysunek 1):

. zdefiniowanie gtownego profilu jakosci docelowego produktu — wtasciwosci produktu
o kluczowym znaczeniu dla pacjentéw (Quality Target Product Profile, QTTP),

. okreslenie krytycznych atrybutow jakosci — cech produktu o krytycznym znaczeniu
dla jakosci (Critical Quality Attributes, CQAs),

. okreslenie krytycznych atrybutéw materiatow — cech skladnikéw produktu (Critical
Material Attributes, CMAs),

. okreslenie krytycznych parametrow procesu (Critical Process Parameters, CPPs),

. wykonanie DoE (Design of Experiments) — optymalizacja procesu technologicznego,

zakresOw operacyjnych parametrow krytycznych,
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. zdefiniowanie przestrzeni projektowej (Design Space, DS) procesu, z ktorej powstaje
produkt koncowy o pozagdanym QTPP,

o identyfikacja parametrow wptywajacych na wydajnos$¢ procesu i przyczyn zmiennosci,

. opracowanie strategii kontroli i analizy ryzyka,

. ciggte monitorowanie i doskonalenie procesu produkcyjnego [2—4,8,9,13].

e 4 2 B X 00

. Okreslenie - SO Przestrzen BN
7d ‘ Strategia-
;IdEfE:z:"m"hj;‘; cams, > Projektowa ) ntraili > Monitorowanie -

~//CMAs, CPPs . Design Space, D5 f

Rysunek 1. Schemat podejscia Quality by Design (QbD) w rozwoju produkcji farmaceutycznej
(opracowanie wiasne).

5.2.1. Profil jakoSci docelowego produktu (Quality Target Product Profile, QTTP)

Wedtug ICH Q8(R2) [9] profil jakosci docelowego produktu (QTTP) to ,,prospektywne
podsumowanie cech jakosciowych produktu leczniczego, ktore w idealnym przypadku
zostang osiggniete w celu zapewnienia pozadanej jakosci, bioragc pod uwage bezpieczenstwo
1 skuteczno$¢ produktu leczniczego™.

QTPP obejmuje wsparcie bezpieczenstwa klinicznego i efektywnosci produktu leczniczego
oraz stanowi podstaw¢ do projektowania i optymalizacji procesu. QTPP to zbidr atrybutow
produktu, ktore decyduja o jego jakosci, skutecznosci i bezpieczenstwie dla pacjenta. Wedtug
FDA QTPP koncentruje si¢ na etapach rozwoju chemicznego, rozwoju produkcji i kontroli
[7,9].

QTPP definiuje charakterystyke leku i odnosi si¢ do parametrow, takich jak zastosowanie
kliniczne, droga 1 sposob podawania, dawka terapeutyczna, posta¢ farmaceutyczna,
opakowanie, czynniki wplywajace na parametry farmakokinetyczne 1 kryteria jakos$ci
produktu koncowego, takie jak stabilno$¢ podczas przechowywania, sterylno$¢ i uwalnianie.
QTPP jest wskaznikiem optymalizacji parametrow procesu, zapewnia, ze krytyczne atrybuty

jakosci (Critical Quality Attributes, CQAs) mieszczg si¢ w pozadanym zakresie [1-4,8,13].
5.2.2. Krytyczne atrybuty jakosci (Critical Quality Attributes, CQAs)

CQAs to cechy fizyczne, chemiczne, biologiczne lub mikrobiologiczne, ktére nalezy
kontrolowa¢, aby zapewni¢ odpowiednig jako$¢ produktu [9]. CQAs to parametry

wptywajace na QTPP 1 majace kluczowe znaczenie dla jakosci produktu. Sg one na ogot
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zwigzane z doborem odpowiednich ilosci substancji pomocniczych i substancji aktywnych

[1-4,8,13].
5.2.3. Krytyczne parametry procesu (Critical Process Parameters, CPPs)

CPPs to krytyczne parametry produkcyjne, ktore wptywaja na CQA, a tym samym
na jakos$¢ produktu koncowego. CPPs powinny by¢ monitorowane i kontrolowane w procesie
produkcyjnym. Reprezentowane sa przez zmierzong lub obliczong charakterystyke systemu
lub procesu i zazwyczaj s3 to wiasciwosci materiatow lub procesow wplywajacych

na produkcje, takie jak, np. temperatura i ilos¢ sktadnikow.
5.2.4. Krytyczne atrybuty materialow (Critical Material Attributes, CMAs)

CMAss to krytyczne wlasciwosci materialow, ktore musza osiaggnaé¢ odpowiednie limity,
aby zagwarantowaé jako$¢ substancji pomocniczych, produktow leczniczych i1 innych
materiatlow uzywanych w procesie.

Wazne jest, aby podczas wdrazania podejscia QbD identyfikowac roéznice migdzy CQAs
(dane wyjsciowe) a CMAs (dane wejsciowe). Na przyktad CQAs produktu posredniego
danego etapu mogg sta¢ si¢ CMAs potproduktu na nastgpnym etapie produkcji.

Zgodnie z wytyczng ICH Q9(R1) ,,Zarzadzanie ryzykiem w jakosci” [10], identyfikacja
mozliwych przyczyn zmiennos$ci procesOw oraz skuteczna analiza ryzyka ma kluczowe
znaczenie podczas optymalizacji procesOw. Analiz¢ ryzyka mozna wykona¢ w etapach
poczatkowych lub koncowych optymalizacji procesu, powtarzajac ja lub przedefiniowujac
w razie potrzeby. Tym samym jakos$¢ produktu finalnego weryfikowana jest na podstawie
dotychczasowych doswiadczenh w zakresie wyznaczania CQAs, CPPs 1 oceny ryzyka

[8,10,14].
5.2.5. Analiza ryzyka

Ocena ryzyka shuzy do okreslenia prawdopodobienstwa wystapienia szkody 1 strat,
ktore szkoda moze spowodowaé, w szczegdlnosci jej konsekwencji dla bezpieczenstwa
pacjenta. W ramach analizy ryzyka nalezy podja¢ decyzje, ktore ryzyka mozna zaakceptowac,
a ktore nalezy minimalizowaé. Wedlug ICH Q9(R1) zarzadzanie ryzykiem wiaze si¢
z procedurami, ktore nalezy wdrozy¢ w celu jego ograniczenia [10]. W wytycznej tej
przedstawiono przyklady powszechnie stosowanych narzedzi zarzadzania ryzykiem.
Do oceny ryzyka na podstawie danych eksperymentalnych wykorzystuje si¢ analize wariancji
(ANOVA) lub analize regresji wielokrotnej. Rownanie matematyczne zalezno$ci miedzy

zmiennymi mozna wyprowadzi¢ za pomocg analizy regresji wielokrotnej. Za pomoca
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ANOVA ocenia si¢ istotnos¢ statystyczng wpltywu kazdego czynnika i efektow interakcji
[14]. Identyfikacja QTPP, CQAs i CPPs wymaga do$wiadczenia i wiedzy odnos$nie procesu,
poniewaz stosowane s3 roézne narzedzia oceny ryzyka, m.in. ranking i filtrowanie ryzyka,
diagram Ishikawy, analiza drzewa bledow (Fault Tree Analysis, FTA), analiza przyczyn
1 skutkéw wad (Failure Mode and Effects Analysis, FMEA) [4,10].

Typowy diagram przyczynowo - skutkowy okreslajacy prawdopodobne przyczyny
zmienno$ci procesu 1 ich wplyw na CQAs produktu leczniczego przedstawiono
na Rysunku 2. Podstawowe obszary zmiennos$ci to: cztowiek, metody, materiaty, sprzet,

srodowisko, pomiary.

;\w

SKUTEI
Rysunek 2. Schemat diagramu przyczynowo - skutkowego okreslajacy prawdopodobne przyczyny zmiennosci
procesu i ich wplyw na CQAs produktu leczniczego (opracowanie wlasne na podstawie [15]).

5.2.6. Planowanie dosSwiadczen (Design of Experiments, DoE)

Planowanie doswiadczen (Design of Experiments, DoE) w S$wietle definicji
z ICH Q8(R2) [9] jest najbardziej efektywnym kompromisem w trdjkacie decyzyjnym
kazdego procesu (Rysunek 3) — pozwala na wuzyskanie maksimum informacji

przy minimalnym naktadzie czasu i oszczednym budzecie.

| ZAKRES |

DoE — wiemy bardzo duzo
\ przy minimalnym naktadzie
\ czasu i oszczednym budzecie

———

| BUDZET | _ TERMIN |
Rysunek 3. Schemat trojkata decyzyjnego procesu (opracowanie wilasne).

Narzedzie DoE jest najbardziej innowacyjnym elementem QbD, wymagajacym
specjalistycznej wiedzy matematyczno - statystycznej oraz odpowiednich narzedzi

obliczeniowych. Jednoczesnie realizacja DoE dostarcza najbardziej rzetelnych, opartych
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na obliczeniach, danych i wiedzy o zaleznosciach migdzy parametrami wplywajacymi
na jako$¢ produktu i efektywnos¢ procesu.
Podejscie DoE moze by¢ zastosowane do wielu roznych celow (Rysunek 4):
. Selekcja czynnikow,
- rozpoznanie istotnych wielkos$ci wejsciowych,
- ograniczenie zakresu, czasu i kosztow badan,
. Stabilizacja procesu,
- ograniczenie zmiennos$ci wielko$ci wyjsciowych procesu, poprawa powtarzalnosci,
- ograniczenie liczby wad,
- zmniejszenie liczby interwencji korygujacych,
o Optymalizacja procesu,
- identyfikacja czynnikow istotnych,
- optymalizacja warto$ci wejsciowych dajacych maksymalng wydajno$¢ procesu
1 jako$¢ produktu,
. Modelowanie procesu (,,gdybanie”),
- opracowanie matematycznego modelu procesu,

- prognozowanie wartosci wyjsciowych bez koniecznos$ci eksperymentu.

(TN
I
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T - _ o .
P & Optymalizacja
P okredlenie optymalnej
//‘/ ] 7,,fk’6myé(cji czynnikéw
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£ ~~Badania przesiewowe
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‘/, eliminacja nieistotnych czynnikow
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Rysunek 4. Obszary zastosowania DoE (opracowanie wiasne).

5.2.7. Strategia kontroli

Strategia kontroli jest bardzo waznym krokiem w celu zabezpieczenia wydajnosci
procesu 1 jako$ci produktu. Proces kontroli nalezy dokladnie zaplanowaé w oparciu
o informacje o produkcie i procesie [11].

W podejsciu QbD strategia kontroli jest realizowana podczas rozwoju produktu

1 pozwala na glebsze zrozumienie procesu i1 produktu. Opcje strategii kontroli za pomoca QbD
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sg bardziej efektywne w obszarach wymagajacych wigcej czasu i specjalistycznej wiedzy,
dostarczajac  wigcej  informacji  niz  w  przypadku standardowego  podejscia.
W tym nowatorskim podej$ciu do jakosci farmaceutycznej, jakos¢ produktu koncowego
buduje si¢ poprzez identyfikacj¢ i kontrole optymalnego zakresu zmiennych produkcyjnych.
Gotowe produkty sg ostatecznie testowane w celu potwierdzenia jakosci [16].

Opracowanie skutecznej strategii kontroli rozpoczyna si¢ od zdefiniowania QTPP.
Pierwsze badania skupiaja si¢ na charakterystyce substancji czynnej oraz krytycznych
wlasciwosciach fizycznych, chemicznych, biologicznych i1 mikrobiologicznych produktu
leczniczego.

Na tym etapie definiowany jest takze rozwdj procesu. Na przyktad, jesli sktadnik
aktywny ma niska rozpuszczalno§¢ w wodzie, postac tabletki o natychmiastowym uwalnianiu
musi zapewnia¢ wystarczajgce rozpuszczenie leku. Badania toksycznosci przeprowadzone
na wczesnych etapach zapewniaja wyjsciowg ocen¢ profilu zanieczyszczen substancji
czynnej. Szczegdlowa analiza mechanizmu i warunkow powstawania oraz metod usuwania
zanieczyszczen, pozwala na opracowanie szczegétowych elementéw 1 etapow strategii
kontroli jako$ci, a takze zdefiniowanie kryteriow i1 metod akceptacji uwzglednionych
w specyfikacjach. Opracowujac strategi¢ kontroli nalezy uwzgledni¢ takze zasady
zarzadzania ryzykiem okreslone w ICH Q9(R1) [10,16].

Podczas produkcji strategia ciaglej kontroli umozliwia zrozumienie i stabilizacje
procesu. Dodatkowo stosowanie podejscia QbD umozliwia biezacg aktualizacje, modyfikacje

1 ciggte udoskonalanie strategii kontroli.
5.2.8. Analytical Quality by Design (AQbD)

Szczegblng odmiang QbD jest AQbD — zastosowanie QbD do opracowania metod
analitycznych. Na przestrzeni ostatnich lat pojawilo si¢ wiele publikacji podkreslajacych
podejscie chemometryczne projektowania eksperymentow (DoE, design of experiments), jako
nowego narzedzia w dziedzinie analizy farmaceutycznej, szczegélnie przy optymalizacji
1 walidacji metod chromatograficznych i technik pokrewnych [17-28].

Schemat postgpowania przy opracowaniu AQbD (Rysunek 5) jest analogiczny
do ogodlnego podejscia QbD. Poszczegdlne kroki sg takie same, odmienne sg jedynie nazwy

1 definicje poszczegbdlnych parametrow.
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Rysunek 5. Schemat podejscia AQbD (opracowanie wlasne na podstawie [26]).

Szczegdlowe zastosowanie podejscia AQbD przedstawitam w Publikacji 1.

5.3. Koncepcja Design of Experiments (DOE)

Planowanie doswiadczen (Design of Experiments, DoE) wg ICH Q8(R2) [9] to:
specyficzne metody empirycznego i potempirycznego modelowania badanych procesow
1 statystycznej analizy danych pomiarowych, ktére umozliwiaja uzyskanie znacznej ilo$ci
wiarygodnych informacji przy zachowaniu ograniczen narzucanych na liczbe realizowanych
pomiardéw, a tym samym na koszt badan i termin ich wykonania. Realizacja DoE opiera si¢
na szczegotowej analizie zagadnienia, zaprojektowaniu do$wiadczen odpowiednio do celu
badan, wykonaniu eksperymentdw oraz analizie statystycznej i interpretacji wynikow.

Schemat postepowania podczas realizacji podejscia DoE przedstawiono na Rysunku 6.
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Rysunek 6. Schemat realizacji podej$cia DoE (opracowanie wiasne).

Poczatkowym 1 bardzo waznym etapem opracowania podejscia DoE jest doktadna

analiza zagadnienia i odpowiednie zaplanowanie eksperymentow.
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Pierwszym kryterium doboru odpowiedniego planu eksperymentow jest ilo$¢
analizowanych zmiennych wejsciowych oraz cel DoE, ktorym moze by¢ screening i wybor
istotnych zmiennych lub optymalizacja i opracowanie przestrzeni projektowej (Design Space,
DS). Schemat doboru planu eksperymentow w zaleznosci od celu zastosowania

DoE przedstawiono na Rysunku 7.
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Rysunek 7. Schemat doboru odpowiedniego planu eksperymentow w zaleznosci od celu zastosowania DoE
(opracowanie wlasne na podstawie [29]).

Drugim kryterium doboru planéw eksperymentow jest typ zmiennych wejSciowych.
W zaleznosci od rodzaju zmiennych wejsciowych stosujemy rézne plany i1 analizy

statystyczne (Rysunek 8).
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Rysunek 8. Typy zmiennych wejsciowych i1 wyjsciowych 1 odpowiadajace im rodzaje planow
eksperymentalnych oraz analiz statystycznych ([29]).
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Liczba eksperymentow jakie nalezy wykona¢ ro$nie wykladniczo wraz z liczbg
analizowanych zmiennych. Na Rysunku 9 przedstawiono jak zmienia si¢ liczba koniecznych
do wykonania eksperymentow planow dwuwartoSciowych kompletnych i frakcyjnych

(badane zmienne sg na dwdch poziomach).

g a8 [ 1M n B9 by 04 o 08 [y 58
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Liczba eksperymentéw

Rysunek 9. Liczba koniecznych do wykonania eksperymentéw planow dwuwarto$ciowych pelnych (biate)
i frakcyjnych (zielone, zolte, czerwone) [30].

Uwzgledniajac powyzsza prawidlowos¢, w zaleznosci od celu oraz naktadow czasowych
1 finansowych stosuje si¢ szereg roznych wieloczynnikowych planéw eksperymentow.

Istnieje wiele réznych rodzajow planéw eksperymentow, mozna je rozrdznic¢
na podstawie wyprowadzonego modelu (liniowy lub kwadratowy, z interakcjami lub bez),
ilosci poziomow czynnikdéw oraz celu badania (screening, optymalizacja).

Wsrod najbardziej efektywnych do optymalizacji 1 uzyskania doktadnych modeli
matematycznych, pozwalajacych na analize efektow gldwnych 1 interakcyjnych dwu 1 wigcej
wymiarowych przestrzeni eksperymentalnych stosuje si¢ kompletne (pelne) plany
czynnikowe (full factorial designs), plany centralne kompozycyjne (central composite
design), plany Box-Behnken’a, plany optymalne i plany dla mieszanin, ktéorych schematy
przedstawiono na Rysunku 10 (A - E). Natomiast wsrdd najczesciej stosowanych planow
do badan przesiewowych wyrdznia si¢: utamkowe (frakcyjne) plany czynnikowe (fractional
factorial design), plany Taguchi oraz plany Plackett-Burman’a przedstawione schematycznie

na Rysunku 10 (F-H):
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Rysunek 10. Schematy planow eksperymentow dla trzech zmiennych wejsciowych [31].

Plany czynnikowe, bedace podstawag DoE, obejmuja eksperymenty dla kazdej
kombinacji pozioméw analizowanych czynnikéw. Pelne projekty czynnikowe maja kazda
mozliwg kombinacje czynnikéw na wyznaczonych poziomach. Wykonywany jest kazdy
eksperyment.

Natomiast utamkowe plany czynnikowe stanowig specyficzny podzbior petnego planu.
Wykonywana jest czg$¢ eksperymentéw pozwalajaca na obliczenie okre§lonych
wspotczynnikéw modelu.

Plany czynnikowe dwupoziomowe sg stosowane zwykle do badan przesiewowych
1 pozwalaja na okreslenie efektéw gtownych i interakcyjnych (ale nie wyzszych rzedow),
a frakcjonowanie prowadzi do projektow, ktore daja tylko glowne efekty [32].

Projekty dwupoziomowe mogg prowadzi¢ jedynie do liniowych modeli odpowiedzi,
a zatem nie mogg dostarcza¢ informacji o maksimach ani Zadnych zalezno$ciach
nieliniowych. Z kolei wadg pelnych planéw czynnikowych na poziomach wigkszych niz dwa
jest duza liczba eksperymentéw. Projekty, ktore pozwalaja na analize¢ wigkszej liczby
poziomow bez przeprowadzania eksperymentdow na kazdej kombinacji pozioméw czynnikow,
obejmuja przestrzen czynnikowa z wigksza liczba punktow w poblizu centrum. Jednym
z takich projektow jest plan centralny kompozycyjny (Central Composite Design, CCD)
bedacy ztozeniem dwupoziomowego planu czynnikowego z punktami gwiezdnymi i punktem
w centrum. Punkty gwiezdne mogg leze¢ w réwnej odlegtosci od centrum lub mogag leze¢
na $cianach przestrzeni planu.

Projekt Boxa-Behnken’a zbudowany jest z trzech lub wigcej poziomow bez punktow
gwiezdnych 1 ekstreméw. Moze by¢ stosowany do problemdéw majacych trzy lub wigcej
czynnikow, o ktérych wiadomo, ze warto$ci optymalne leza w $rodku zakreséw czynnikow
[32].

Wraz z rozwojem technik obliczeniowych wymagania stawiane planom eksperymentow

polegajace na utatwianiu obliczen zwigzanych z wyznaczaniem wspotczynnikéw modelu
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staly si¢ mniej istotne. Wazniejsze stato si¢ opracowanie takich metod planowania
eksperymentdw, ktére umozliwiaty niezalezne szacowanie wspotczynnikow modelu. Nastapit
rozw6j planéw optymalnych, w ktoérych optymalizowano warto$ci wariancji okreslonych
parametréw w analizie modelu metodg regresji. Najpopularniejsze plany optymalne to plany:
D-, E-, A-, G- oraz V-optymalne. Plan D-optymalny minimalizuje warto$¢ uogdlnionej
wariancji parametrow modelu. Plan E-optymalny minimalizuje warto§¢ najwigkszej wariancji
parametrow modelu. Plan A-optymalny minimalizuje $rednig wariancj¢ parametrow modelu.
Plany G-(V-)-optymalne polegaja natomiast na minimalizacji najwigkszej (§redniej) wartosci
wariancji prognozowanej wartosci funkcji modelu w punktach stanowigcych plan
eksperymentu. Majac liste¢ dopuszczalnych punktow oraz zadang liczbe uktadow, program
dokona takiego wyboru punktéw, aby zoptymalizowaé¢ odpowiednie kryterium. Takie
poszukiwanie najlepszego planu nie jest metoda doktadng, lecz raczej procedurg
algorytmiczna, ktéra uzywa pewnych strategii przeszukiwania w celu znalezienia najlepszego
planu w sensie odpowiedniego kryterium optymalizacji [33].

Specjalny rodzaj planu dla mieszanin (mixture design) stosuje si¢ przy analizie
mieszaniny skladnikow, ktore musza si¢ sumowa¢ do wartosci statej. Powszechnie
stosowanym sposobem przedstawienia udzialéw mieszanin najczesciej ztozonych z nie wigcej
niz trzech sktadnikow sg wykresy we wspotrzednych trojkatnych (potrojnych; ang. triangular,
ternary). Mieszanina trzech sktadnikow moze by¢ jednoznacznie okre$lona poprzez podanie
punktu w uktadzie wspotrzednych trojkatnych zdefiniowanych przez trzy zmienne [33].
Przestrzen planu jest wigc plaszczyzng trojkatng.

W przypadku konieczno$ci uwzglednienia duzej liczby zmiennych w celu identyfikacji
tych, ktore wplywaja na wielko$¢ wyjsciowa, mozna zastosowa¢ plan doswiadczenia
Plackett-Burman’a, ktéry pozwala na zbadanie jak najwigkszej liczby glownych efektow
przy najmniejszej mozliwej liczbie eksperymentow. Jest to budowanie planu doswiadczenia
o rozdzielczosci III z tak malg liczba uktadow, jak to tylko mozliwe. Stosuje si¢ go
od minimum 11 czynnikoéw i daje 12 przebiegéw eksperymentalnych bez konieczno$ci punktu
centralnego [32,33].

W ostatnich latach odnotowano wzrastajaca popularno$¢ metod planowania Taguchi.
Przyklady znaczacej poprawy jakosci w wyniku zastosowania tych metod, naleza
do powszechnie znanych wéréd amerykanskich wytwércéw [33]. Genichi Taguchi, japonski
inzynier, zaproponowal kilka podejs¢ do planowania eksperymentow, zwanych metodami
Taguchi. Metody te wykorzystuja dwu-, trzy-poziomowe i1 mieszane frakcyjne plany

czynnikowe. Taguchi nazywa projekt eksperymentalny ,,kontrolg jakosci off-line”, poniewaz
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jest to metoda zapewniajgca dobrg wydajnos¢ na etapie projektowania produktow
lub procesow. Jednak niektdre projekty eksperymentalne moga by¢ wykorzystywane w trybie
on-line w trakcie trwania procesu [34,35]. Chociaz wzory ,,Taguchi” sg podobne do uktadow
utamkowych, to podejscie Taguchi wprowadza kilka nowych sposobow konceptualizacji
eksperymentu, ktéore sg bardzo cenne, szczegOlnie w rozwoju produktu 1 inzynierii
przemystowej. Taguchi zalecal stosowanie projektow uktadéw wewnetrznych i zewngtrznych
w celu uwzglednienia czynnikoéw zaklocajacych (zewnetrzne), nad ktorymi mamy kontrolg
tylko w laboratorium 1 czynnikow badanych (wewnegtrzne), ktére kontrolujemy podczas
prowadzenia eksperymentow. Celem jest uczynienie produktu lub procesu, nad ktorym mamy
niewielkg kontrole lub nie mamy jej wcale, bardziej stabilnym. Obrazowo plan Taguchi
mozemy postrzega¢ jako konwencjonalny projekt uwzgledniajacy czynniki uktadu
wewnetrznego z dodatkiem ,,matego” uktadu czynnikowego zewnetrznego w kazdym rogu
»pudetka uktadu wewnetrznego” (Rysunek 10 (G)).

Bardzo waznym aspektem stosowania podejscia DoE jest zachowanie warunkow
powtarzalno$ci 1 losowosci (randomizacji). Eksperymenty powinny by¢ wykonywane
w krotkim czasie na tym samym urzadzeniu przez tego samego operatora, czyli w warunkach
powtarzalnos$ci pomiarow. W celu oszacowania wariancji powtarzalno$ci mozna powtorzy¢
caly plan, ale zazwyczaj wykonuje si¢ co najmniej trzy powtdrzenia w centrum. Z kolei,
aby unikng¢ wystgpienia btedu systematycznego wazne jest, aby kolejno$¢ wykonania
eksperymentoéw byta losowa [32,33].

Rezultatem DoE jest zdefiniowanie przestrzeni projektowej (Design Space, DS.) —
takiego zakresu parametrow krytycznych procesu i materialow (CPPs, CMAs), ktory

zapewnia spelnienie zatozonych wiasnosci produktu (CQAs).
5.3.1. Przestrzen projektowa (Design Space, DS)

Zdefiniowanie przestrzeni projektowej (Design Space, DS) jest kluczowym etapem
zastosowania podejscia QbD w przemys$le farmaceutycznym. Ogolny schemat przestrzeni

projektowej procesu przedstawiono na Rysunku 11.
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Rysunek 11. Przestrzen projektowa procesu (opracowanie wlasne na podstawie [36]).

DS opisuje wielowymiarowe zalezno$ci pomiedzy CQAs i CPPs oraz uwzglednia ich relacje.
Zaleznosci te mozna znalez¢ stosujgc ocene ryzyka, projektowanie eksperymentow (DoE)
1 modelowanie. Przestrzen projektowa jest specyficzna dla operacji jednostkowej
lub pojedynczego procesu produkcyjnego i definiuje parametry procesu i ich zakresy,
o ktorych wiadomo, ze wptywaja na jako$¢ produktu. DS mozna réwniez uzna¢ za tacznik
pomiedzy CQAs i CPPs [37]. Jest to sposob na pokazanie rozwoju zrozumienia procesu,
a korzysci ptynace ze stworzenia przestrzeni projektowej sg znaczace chociazby w kwestii
przedstawienia organom regulacyjnym.

Najwazniejszym punktem w opracowywaniu przestrzeni projektowej jest wykazanie
lub ustalenie, ze niesklasyfikowane parametry wylaczone z DoE nie sg krytycznymi
parametrami procesu 1 nie wchodza ze sobg w interakcje. Do identyfikacji interakcji migdzy
parametrami procesu mozna wykorzysta¢ badanie przesiewowe DoE (screening zmiennych).
W przypadku braku interakcji, przedzialy pojedynczych zmiennych mozna bezposrednio
dodac¢ do przestrzeni projektowej jako parametry niekrytyczne.

Takie zdefiniowanie procesu pozwala na bardziej efektywna kontrole i monitorowanie,

a tym samym zapewnia jego przewidywalny przebieg [38,39].
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6. Zalozenia i cel pracy

Celem pracy bylo wykazanie skutecznos$ci 1 uzytecznosci zastosowania podejscia QbD
oraz zaawansowanych narzgdzi statystycznych planowania eksperymentéw (DoE) w roznych
obszarach rozwoju innowacyjnych substancji czynnych i produktéw leczniczych tj:

o opracowania metod analitycznych umozliwiajacych monitorowanie jakosci procesow
1 produktow na roéznych etapach wytwarzania substancji i produktow leczniczych
(Publikacja P1),

. krytyczna analiza literatury dotyczaca opracowania i optymalizacji sktadu 1 postaci
produktow leczniczych (Publikacja P2),

. opracowania 1 optymalizacji metody syntezy API na réznych etapach rozwoju

technologii (Publikacje P3, P4, PS).
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7. Omowienie publikacji w kontekscie tematyki pracy doktorskiej

7.1. Publikacja P1

Implementation of QbD Approach to the Development of Chromatographic Methods for the
Determination of Complete Impurity Profile of Substance on the Preclinical and Clinical Step
of Drug Discovery Studies;

Gurba-Bryskiewicz L., Dawid U., Smuga D. A., Maruszak W., Delis M., Szymczak K.,
Stypik B., Moroz A., Blocka A., Mroczkiewicz M., Dubiel K., Wieczorek M;

Int. J. Mol. Sci., 2022, 23, 10720 https://doi.org/10.3390/10.3390/ijms231810720.

Pierwszym z obszaréw zastosowania podejscia QbD oraz DoE podjetych w ramach
niniejszej rozprawy byto opracowanie analitycznej metody chromatograficznej (RP-UHPLC
z detekcja UV) stuzacej do okreslenia pelnego profilu zanieczyszczen procesowych
i degradacyjnych, innowacyjnej substancji farmaceutycznej CPL409116, ktoérej strukture

chemiczng przedstawiono na Rysunku P1.1.
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Rysunek P1.1. Wzo6r strukturalny CPL409116 (Figure 2 z P1).

Y

Badana API jest dualnym efektywnym inhibitorem kinaz JAK (kinaza Janusa) i ROCK
(kinaza zwigzana z Rho) [40-42]. Produkt leczniczy zawierajacy CPL409116 jako substancj¢
czynng znajduje si¢ obecnie w III fazie badan klinicznych Celon Pharma S.A..

Celem niniejszej pracy bylto zaprojektowanie nowej szybkiej, prostej i niezawodne]
metody analitycznej kontroli czystoSci wytwarzane] substancji, speiniajacej formalne
wymagania jako$ciowe iloSciowego okreslenia petnego profilu dziewigciu zanieczyszczen
pochodzacych z procesu wytwarzania oraz degradacji innowacyjnej substancji
farmaceutycznej CPL409116. Moje badania skupity si¢ na wdrozeniu kompletnego podejscia
AQbD, obejmujgcego etap screeningu, optymalizacje 1 walidacje.

W pierwszym kroku zdefiniowalam analityczny profilu docelowy (Analytical Target

Profile, ATP) [21-23], ktory koncentruje si¢ przede wszystkim na:
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. zapewnieniu selektywnosci 1 specyficznosci metody — catkowitym rozdzieleniu API,
dziewigciu zanieczyszczen pokrewnych,

o zapewnieniu odporno$ci metody,

. osiggnieciu wymaganej czutosci metody (limit oznaczalnosci (LOQ) rowny lub nizszy
od 0,05%),

. zagwarantowaniu liniowos$ci, precyzji 1 doktadnosci w odniesieniu do wszystkich
oznaczanych zanieczyszczen,

o potwierdzeniu, ze opracowywana metoda moze by¢ stosowana do rutynowej kontroli
jakosci, parametry walidacyjne metody spetniajg wymagania wytycznej ICH Q2 (R1).
W kolejnym etapie podejscia AQbD przeprowadzitam analiz¢ ryzyka oraz okreslitam

krytyczne atrybuty metody (Critical Method Attributes, CMAs) i krytyczne parametry metody

(Critical Method Parameters, CMPs), jako:

. wspotczynnik rozdzielczosci (Rs) miedzy sasiadujagcymi pikami powinien by¢ > 2,0,

. wspotczynnik symetrii pikow (As) wszystkich analitow powinien miesci¢ si¢ w zakresie
0,8—-1,8.

W celu identyfikacji CMPs metody chromatograficznej, ktore moglyby potencjalnie mieé

wpltyw na wybrane CMAs uwzglednitam diagram osci rybiej [21,24,28], przedstawiony

schematycznie na Rysunku P1.2.
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Rysunek P1.2. Diagram Ishikawa dla krytycznych parametrow metody chromatograficznej (CMP) (Figure 3
z P1).

Wielowymiarowej optymalizacji podlegaly nastepujace parametry metody (zaciemnione
na Rysunku P1.2): rodzaj fazy stacjonarnej (osiem kolumn réznigcych sie skladem
chemicznym 1 parametrami fazy stacjonarnej), pH skladnika wodnego fazy ruchome;j,

poczatkowy 1 koncowy sktad procentowy skladnika organicznego fazy ruchomej
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oraz temperatura kolumny. W tym badaniu wybralam elucj¢ z gradientem liniowym,

ktéry zapewnia zminimalizowanie poszerzenia piku w poréwnaniu do elucji izokratycznej

1 zapewnia doktadniejsze i bardziej powtarzalne wyniki. Jako parametr modyfikacji gradientu

stosowalam warto$¢ poczatkowej 1 koncowej procentowej ilosci fazy organicznej,

przy zachowaniu statego czasu gradientu.

Warto$ci pozostatych parametrow metody ustalitam na podstawie wstgpnych
eksperymentow:

. objetos¢ nastrzyku: 1 pl,

o czas gradientu: 7 min (czas elucji dla wszystkich zwiazkdéw wynosit ponizej 4 min),

o szybko$¢ przeptywu fazy ruchomej: 0,5 ml/min,

o rozpuszczalnik organiczny: ACN (MeOH wykluczylam ze wzgledu na wysoka retencje
pikow 1 brak rozdzielenia pikow dla czes$ci badanych zwigzkow),

o dhugo$¢ fali detekcji UV: 297 nm jako maksimum absorbancji JAKO1 (CPL409116)
1 o$miu jego zanieczyszczen oraz 230 nm do kontroli zanieczyszczenia JAK SM-05.
Przestrzen eksperymentalng DOE badan przesiewowych zbudowatam na dwoéch

zmiennych jako$ciowych: rodzaj kolumny chromatograficznej (8 wartosci, C1 — C8)

1 pH roztworu wodnej fazy ruchomej (4 wartosci, pH 2,6; 3,2; 4,0; 6;8) oraz dwodch

zmiennych ilo§ciowych ciagtych: poczatkowa ilo$¢ sktadnika organicznego fazy ruchomej —

acetonitrylu (wartosci w zakresie od 20% do 25%) i1 koncowa ilo$¢ acetonitrylu (wartosci

w zakresie od 85% do 90%).

Statystyczny projekt eksperymentalny DoE przeprowadzitam w oparciu o pelny plan
frakcyjny 2% (dwa czynniki: sklad gradientu poczatkowego i koncowego, kazdy na dwoch
poziomach) z pelnym powtorzeniem dla kazdej badanej kolumny i kazdego pH wodnej fazy
ruchomej. Jako zmienne wyjsciowe (krytyczne atrybuty metody) wybratam wspotczynniki
rozdzielczo$ci pomigdzy sasiednimi pikami (Rs) oraz wspodtczynniki symetrii pikow
wszystkich analitow (As). Szybkos$¢ przeptywu fazy ruchomej, czas gradientu 1 temperatura
kolumny byly zmiennymi stalymi kontrolowanymi. Na etapie screeningu przeprowadzitam
ogotem 128 eksperymentoéw wg planu DoE.

Uzyskane wyniki chromatograficzne poddatam odpowiedniej analizie statystycznej
za pomocg oprogramowania STATISTICA [33,43,44], ktore dostarczyly informacji na temat
zalezno$ci pomigdzy badanymi krytycznymi parametrami metody (CMPs) oraz ich wptywu

na krytyczne atrybuty metody (CMAs).
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Zwerytikowatam istnienie liniowych efektow gléwnych, efektow krzywoliniowych
1 efektow interakcyjnych poszczegélnych zmiennych.
Do wygenerowania 9 modeli wspotczynnikéw rozdzielczo$ci migdzy wszystkimi parami
pikow (Rs) oraz 10 modeli wspdtczynnikow symetrii dla wszystkich pikéw (As)
zastosowalam wielokrotng regresje liniowa. Z obliczonych wstepnie modeli usungtam efekty
nieistotne 1 uwiktane. Oceny istotnosci kazdego badanego parametru metody dokonatam
na podstawie warto$ci p uzyskanej w analizie ANOVA (poziom istotnosci p < 0,05).
Dla wszystkich modeli uzyskatam dobre dopasowanie do danych eksperymentalnych,
(R? powyzej 0,99, brak dopasowania (lack of fit ) nie istotny statystycznie (p > 0,05)).
Oceny wynikow analizy statystycznej dokonalam na podstawie wartosci wspotczynnika
uzyteczno$ci (utility factor) stosowanego w programie STATISTICA [33,43,44].
Skumulowane wykresy uzytecznosci dla zmiennych wyjsciowych Rs 1 Ag
oraz wielowymiarowe funkcje odpowiedzi (Rysunku P1.3 i Rysunku P1.4) wykorzystatam

do okreslenia przestrzeni projektowej, operacyjnej przestrzeni metody (MODR).
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Rysunek P1.3. Wyniki eksperymentu przesiewowego pokazujace wpltyw interakcji kolumn, % rozpuszczalnika
organicznego na poczatku i na koncu gradientu oraz pH z CMAs jako wykres funkcji uzyteczno$ci
dla wspoélczynnika rozdzielczosci (Rs). C1 — ZORBAX Eclipse Plus C18 (2,1 50 mm, 1,8 pm, Agilent
Technologies), C2 — Kinetex EVO C18 (2,1 50 mm, 1,7 pm, Phenomenex), C3 — ACQUITY UPLC BEH C18
(2,1 50 mm, 1,7 pm Waters), C4 — InfinityLab Poroshell 120 Phenyl Hexyl (2,1 50 mm, 1,9 pm, Agilent
Technologies), C5 — Kinetex Bifenyl (2,1 50 mm, 1,7 um, Phenomenex), C6 — Kinetex PFP (2,1 50 mm,
1,7 um, Phenomenex), C7 — ACQUITY UPLC CSH C18 (2,1 50 mm, 1,7 um, Waters) i C8§ — ACQUITY UPLC
CSH Fluoro-Phenyl (2,1 100 mm, 1,7 um, Waters) (Figure 4 z P1).
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Rysunek P1.4. Wyniki eksperymentu przesiewowego pokazujace wptyw interakcji kolumn, % rozpuszczalnika
organicznego na poczatku i na koncu gradientu oraz pH z CMAs jako wykres funkcji uzyteczno$ci
dla wspoteczynnika symetrii (As). C1 — ZORBAX Eclipse Plus C18 (2,1 50 mm, 1,8 um, Agilent Technologies),
C2 — Kinetex EVO C18 (2,1 50 mm, 1,7 pm, Phenomenex), C3 — ACQUITY UPLC BEH C18 (2,1 50 mm,
1,7 pm Waters), C4 — InfinityLab Poroshell 120 Phenyl Hexyl (2,1 50 mm, 1,9 um, Agilent Technologies),
CS5 — Kinetex Bifenyl (2,1 50 mm, 1,7 um, Phenomenex), C6 — Kinetex PFP (2,1 50 mm, 1,7 um, Phenomenex),
C7 — ACQUITY UPLC CSH C18 (2,1 50 mm, 1,7 pm, Waters) i C8 — ACQUITY UPLC CSH Fluoro-Phenyl
(2,1 100 mm, 1,7 pm, Waters) (Figure 5 z P1).
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Rysunek P1.5. Przykltadowe chromatogramy uzyskane przy wybranych parametrach metody z badan

przesiewowych (Figure 6 z P1).
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Obliczone optymalne warunki rozdziatu chromatograficznego substancji badanej

CPL409116 i jej dziewigciu zanieczyszczen zamie$citam w Tabeli P1.3.

Tabela P1.3. Podsumowanie wynikow badan przesiewowych (Table 4 z P1).
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W oparciu o wyniki badan przesiewowych, do dalszego etapu optymalizacji metody
wybratam nast¢pujace uktady: (1) kolumna C1 — ZORBAX Eclipse Plus C18, pH 2.6,
20% ACN na poczatku gradientu, 85% ACN na koncu gradientu, (2) kolumna C2 — Kinetex
EVO C18, pH 4.0, 21% ACN na poczatku gradientu, 86% ACN na koncu gradientu,
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(3) kolumna C8 — ACQUITY UPLC CSH Fluoro-Phenyl, pH 2.6, 20% ACN na poczatku
gradientu, 85% ACN na koncu gradientu.

W kolejnym etapie opracowywania metody wykonatam analizy dla probki rzeczywistej
substancji JAKO1 oraz probki substancji badanej wzbogaconej domieszkami zanieczyszczen
w ilosci 0,15%, na podstawie ktorych do dalszej weryfikacji metody wybratam kolumne
Zorbax Eclipse Plus C18. Dla wybranej kolumny przeprowadzitam test odpornosci metody
z zastosowaniem podejscia DoE, ktore pozwolito na jednoczesng zmiang wielu zmiennych
w roéznych kombinacjach. Badania statystycznej analizy odpornosci metody przeprowadzono
w oparciu o utamkowy projekt czynnikowy (2*1) z wartoéciami punktéw centralnych
1 z pelnym powtdrzeniem, pozwalajacy na wykonywanie 18 eksperymentow zamiast 81
w przypadku zastosowania petnego planu czynnikowego (3*). Eksperymenty w ramach planu
DoE prowadzitam w losowej kolejnosci dla roztworu SST 1 roztworu testowego
zawierajacego substancje JAKOI w stezeniu 0,5 mg/ml i zanieczyszczenia JAKO1 w stezeniu
0,75 pg/ml odpowiadajacym poziomowi 0,15%.

Projekt planu eksperymentu DoE i odpowiadajace mu surowe dane s3 zamieszczone

w Tabeli P1.4.

Tabela P1.4. Plan eksperymentu DoE i odpowiadajace mu wyniki surowe dla badania odpornosci metody.
(Table 5 z P1).

Oprécz zmiennych analizowanych na etapie badan przesiewowych, dodatkowo zbadatam
temperature kolumny i stezenie kwasu mrowkowego. Zakres warto$ci zmiennych zostat
ustalony na podstawie przestrzeni projektowej z etapu screeningu: % ACN na poczatku
gradientu 20% + 1%, % ACN na koncu gradientu 85% =+ 1%). Stezenie kwasu mrowkowego
badano w zakresie 10 mM = 1 mM, a temperatur¢ kolumny w zakresie 30°C + 2°C.

Graficzna analiza efektow jest przedstawiona na Rysunku P1.6 jako przyktad wykresu Pareto
(dla Rs pomiedzy JAKO1 i JAKO7 oraz As dla JAKO1), ktéry pozwala na identyfikacje
istotnych sktadnikow modelu oraz wielkosci i1 kierunku wptywu badanych zmiennych

na krytyczne atrybuty metody, CMAs.
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Rysunek P1.6. Wykresy Pareto dla Ry migdzy pikami JAKO1 i JAKO7 oraz A, dla piku JAKO1 uzyskane
w badaniach odpornosci metody (Figure 8 z P1).

Na podstawie powyzszych wykresow Pareto mozna stwierdzi¢, ze parametrami metody
wplywajacymi istotnie statystycznie na wspotczynnik rozdzialu migdzy pikami JAKO1
i JAKO7 byly: efekt interakcji poczatkowego skladu gradientu i stezenia HCOOH
w wodnej fazie ruchomej, efekt interakcji poczatkowego sktadu gradientu i temperatury
kolumny, efekt gtowny poczatkowego sktadu gradientu oraz efekt gtéwny stezenia HCOOH
w wodnej fazie ruchomej. Parametry istotnie statystycznie wplywajace na wspodtczynnik
symetrii piku JAKO1 to: temperatura kolumny, koncowy sklad gradientu, poczatkowy sktad
gradientu, efekt interakcji poczatkowego i koncowego skladu gradientu, efekt interakcji
poczatkowego skladu gradientu i stezenia HCOOH w wodnej fazie ruchomej oraz efekt
interakcji poczatkowego sktadu gradientu i1 temperatury kolumny.

Analiza uzyskanych wynikow postuzyla do oszacowania ostatecznej przestrzeni
projektowej opracowywanej metody (MODR).

Wyniki analizy statystycznej wskazujg, ze, ze zatlozone wymagania dla CMAs
sg spelnione w calym badanym zakresie CMPs — wspotczynniki uzyteczno$ci znacznie

powyzej 0,0, w poblizu warto$ci maksymalnej rownej 1,0.
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Do zdefiniowania ostatecznej przestrzeni projektowej opracowywanej metody (MODR)

obliczyltam mapy prawdopodobienstwa za pomocg symulacji Monte-Carlo [21,22],
propagujac blad predykcyjny za pomoca rownania modelu na CMA 1 obliczajac
prawdopodobienstwo osiggnigcia zamierzonych celow. Prog ryzyka niepowodzenia ustalitam
na 10%.
Ostateczna operacyjna przestrzen projektowa metody (MODR) odpowiada nastepujacym
warto$ciom analizowanych parametrow metody: 20% + 1% ACN na poczatku gradientu,
85% + 1% ACN na koncu gradientu, stezenie kwasu mroéwkowego 10 mM + 1 mM
1 temperatura kolumny 30°C = 2°C.

W oparciu o badania odporno$ci opracowatam strategi¢ kontroli metody identyfikujac
kryteria przydatno$ci systemu.

Ostatnim etapem badan byta walidacja opracowanej metody zgodnie z wytycznymi
ICH Q2(R1) [45]. Dane walidacyjne sg przedstawione w Tabeli P1.5 Wyniki walidacji
potwierdzity odpowiednio$¢ metody do zamierzonego celu. Zgodnie z zalozeniami
opracowana metoda oznaczania zawarto$ci zanieczyszczen CPL409116 (JAKO1) jest
specyficzna (Rs > 2,0), liniowa (R = 0,99), precyzyjna (RSD < 10,0%). Warto$¢ stezenia

LOQ miesci si¢ w progu raportowania wynoszacym 0,05% dla wszystkich zanieczyszczen.

Tabela P1.5. Podsumowanie wynikéw walidacji metody (Table 6 z P1).
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Opracowang metod¢ ostatecznie zostala zastosowana do analizy rzeczywistej probki
substancji CPL409116 pochodzacej =z wielkoskalowego procesu syntetycznego.
Na Rysunku P1.7 przedstawiono chromatogramy roztworu substancji badanej JAKOI

1 roztworu substancji badanej JAKO1 z dodatkiem zanieczyszczen na poziomie 0,15%.
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Rysunek P1.7. Chromatogramy roztworu substancji badanej JAKO1 (A) i roztworu substancji badanej JAKO1
z dodatkiem zanieczyszczen na poziomie 0.15% przy 230 nm (B) i 297 nm (C), na kolumnie ZORBAX Eclipse
Plus C18 (2.1 x 50 mm, 1.8 um, Agilent Technologies, Waldbronn, Germany) (Figure 9 z P1).

Powyzsza praca wykazala skuteczne zastosowanie AQbD oraz DoE do opracowania szybkie;j,
prostej] 1 niezawodnej chromatograficznej metody analitycznej oznaczania zawarto$ci
zanieczyszczen innowacyjnej substancji aktywnej; CPL409116 (JAKOI), spelniajacej
wymagania regulacyjne 1 z powodzeniem stosowanej do rutynowych oznaczen.

Zastosowanie podejscia DOE i utamkowego planu czynnikowego z punktem $rodkowym

pozwolito na wykazanie odpornosci metody za pomocg ograniczonej liczby eksperymentow.
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7.2. Publikacja P2

Quality by Design (QbD) and Design of Experiments (DoE) as a Strategy for Tuning Lipid
Nanoparticle Formulations for RNA Delivery;

Gurba-Bryskiewicz L., Maruszak W., Smuga D. A., Dubiel K., Wieczorek M.;

Biomedicines, 2023, 11, 2752, https://doi.org/10.3390/biomedicines1 1102752.

Drugim obszarem zastosowania podej$cia QbD oraz DoE zbadanym w oparciu o
przeglad literatury w ramach niniejszej rozprawy jest optymalizacja sktadu produktow
farmaceutycznych zawierajgcych nanoczastki lipidowe RNA (RNA-LNP).

W ciaggu ostatnich lat w wielu artykutach naukowych opisano rozwdj badan nad
nanoczasteczkami lipidowymi z RNA do réznych celow klinicznych, np. w profilaktyce
chorob zakaznych, leczeniu chorob rzadkich, genetycznej terapii zastgpczej, terapii
nowotworowej [46]. Ponadto, pandemia koronawirusa 2019 (COVID-19) oraz pojawienie
si¢ bezpiecznych 1 skutecznych szczepionek RNA sprawily, ze technologia RNA znalazla
si¢ w czotowce innowacji medycznych.

W publikacji przegladowej wchodzacej w sktad cyklu pracy doktorskiej przedstawitam
analiz¢ zastosowania podejscia QbD i DoE w rozwoju nanoczastek LNP-RNA na przyktadach
prac opublikowanych w ciggu ostatnich 10 lat [47-62]. W pierwsze] czgsci pracy opisalam
koncepcje QbD, oceny ryzyka, projektowania eksperymentow (DoE) i technologii analizy
procesowej (PAT). Nastepnie przedstawitam przyktady badan wykorzystujacych podejscie
QbD i/lub DoE w celu optymalizacji preparatow zawierajgcych RNA-LNP. Wyniki
zamie$Scitam w Tabeli 1 w niniejszej publikacji. Przeprowadzitam szczegdélowa analize
optymalizowanych zmiennych 1 ich zakresu w podejsciu DOE oraz przedstawitam
w Tabeli 1S w suplemencie niniejszej publikacji szczegétowe wyniki uzyskane w ramach
opisywanych prac.

Implementacja QbD w rozwoju nanoczastek lipidowych z RNA jest $cisle powigzana

z ich strukturg (Rysunek P2.1) oraz gtdwnym celem terapeutycznym.
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Rysunek P2.1. Schemat pogladowy struktury uktadu RNA-LNP (opracowanie wlasne na podstawie [47])
(Figure A z P2).

Glowne elementy sktadowe podejscia QbD, zdefiniowane podobnie w rdéznych
opublikowanych badaniach, obejmuja nastepujace parametry [48]:

o QTPP: bezpieczenstwo i skutecznos¢,

. CQAs: wielkos¢ czastek z-average, wspotczynnik polidyspersyjnosci PDI, potencjat
zeta, efektywno$¢ enkapsulacji, wydajnos¢ ‘tadowania, stabilnos¢, warunki
przechowywania, sktad lipidowy,

o CMAs: stosunek N/P, rodzaj lipidow, nietoksycznos$¢, biodegradowalnos¢,

. Krytyczne parametry procesu (CPPs): temperatura, mikroprzeplywy, filtracja.

Z uwagi na ztozong budowe¢ RNA-LNP, wiele parametrow sktadu wplywa
na bezpieczenstwo i efektywno$¢ i wymaga optymalizacji. W tym celu zostato wdrozonych
wiele r6znych rodzajow planow eksperymentalnych. W pieciu pracach zastosowano pelne
plany czynnikowe (full factorial design, FFD) [49,50,56,63,64]. Frakcyjne plany czynnikowe
(fractional factorial design, FFD) z punktem centralnym wykorzystali w swoich badaniach
Cun D. i in. [65] oraz Young R.E. [58], a z kolei Kauffman K.J. i in. [63] oraz Hashiba A.
1 in. [66] zastosowali frakcyjny projekt czynnikowy Taguchi. Plan Box- Behnken’a
przeprowadzono w pracach Ly H.H. [60] oraz Terada T. i in. [67]. Optymalizacj¢ w oparciu
o plan I-optymalny przeprowadzili Thanki K. i inni [49,50] oraz Lokras A. [46], a z kolei plan
D-optymalny zastosowal Bastogne T. i inni [60]. Definitive screening design (DSD)
przeprowadzono w trzech pracach [58,60,63]. Plan centralny kompozycyjny (Central
Composite Design, CCD) wykorzystat Zheng Q. [51].
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W ramach wykorzystania podejscia DoE zastosowano szeroka game¢ analiz
matematycznych i statystycznych oraz metod modelowania. Korelacje badano w pracach
[68,69]. Metode analizy regresji najmniejszych kwadratow zastosowano w publikacjach
[52,56,58,63,64,66]. Analize¢ wariancji ANOVA przeprowadzono w badaniach
[46,50,51,53,60,66]. Metodologie powierzchni odpowiedzi (Response Surface Methodology,
RSM) zastosowano do analizy wynikow DoE w pracach [48,54,62]. Tradycyjne testy
1 modelowanie statystyczne oparte na ANOVA 1 analizie regresji zostaly zastapione przez
metody sztucznej inteligencji 1 uczenia maszynowego, np. sieci neuronowe [56], a do oceny
predykcji modelu wykorzystano metod¢ estymacji Bayesowskiej, kontrole predykcyjng
1 korelacj¢ krzyzowa. Z metodologicznego punktu widzenia najwigksza innowacyjno$cia
w farmacji jest rozw6j samouczacych si¢ modeli grupujacych (Self Validated Ensemble
Model, SVEM), szczegolnie w powigzaniu z projektowaniem mieszanin [55].

Praca stanowi przeglad stosowania podejscia QbD do opracowywania nanouktadow
lipidowych zawierajacych rozne typy RNA, w odniesieniu do obowigzujacych wymogoéw
regulacyjnych oraz przy uzyciu nowoczesnych matematycznych i statystycznych metod
projektowania. Zebrane konkluzje sg uzytecznym narzedziem dla badaczy i wytworcow

W obszarze farmaceutycznym.
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7.3. Publikacja P3

The design of experiments (DoE) in optimization of an aerobic flow Pd-catalyzed oxidation of
alcohol towards an important aldehyde precursor in the synthesis of phosphatidylinositide
3-kinase inhibitor (CPL302415);

Michatek S., Gurba-Bryskiewicz L., Maruszak W., Zagozda M., Maj A. M., Ochal Z.,
Dubiel K., Wieczorek M.;

RSC Adv., 2022, 12, 33605-33611, https://doi.org/10.1039/d2ra07003k.

Kolejnym obszarem skutecznego wykorzystania metod DoE w ramach niniejszej pracy
doktorskiej byta optymalizacja warunkow reakcji syntezy API (CPL302415) w reaktorze
przeptywowym.

CPL302415 to zwiazek opracowany przez firm¢ Celon Pharma S.A. Nalezy do pierwszej
klasy inhibitorow PI3K (3-kinazy fosfoinozytydu) zawierajacej cztery heterodimeryczne
biatka (PI3Ka, PI3KP, PI3Ky, PI3Kd) i uwazanej za efektywng w leczeniu wielu chorob,
takich jak SLE (toczen rumieniowaty ukladowy), stwardnienie rozsiane, astma, choroby
zapalne, autoimmunologiczne i uktadu oddechowego [70-75].

Zwiazek  CPL302415 jest inhibitorem kinazy PI3K6 oparty na  rdzeniu
pirazolo[1,5-a]pirymidynowym (Rysunek P3.1) obecniec bedacy w fazie badan

przedklinicznych Celon Pharma S.A. w terapii tocznia rumieniowatego w podaniu doustnym.

|
CPL302415 [ j
0

Rysunek P3.1. Wzor strukturalny CPL302415 (Fig. 1 z P3).

Synteza CPL302415 w skali laboratoryjnej zostala opisana w publikacji Stypik,
Michatek et al. [74]. W procesie tym zwigzek otrzymywany jest z komercyjnie dostepnego
substratu (SM) w 4-etapowej syntezie.

Etap utleniania alkoholu pierwszorzedowego, {5-[2-(difluorometylo)-2,3-dihydro-1H-1,
3-benzodiazol-1-ilo]-7-(morfolin-4-ylo)pirazolo[1,5-a]pirymidyn-2-ylo} metanolu (1) do 5-[2-
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(difluorometylo)- 1H-benzimidazol-1-ilo]-7-(morfolin-4-ylo)pirazolo[ 1,5-a]pirymidyno-
2-karbaldehydu (3) jest krytycznym etapem w syntezie CPL302415.
Selektywne utlenianie prekursoréw farmaceutycznych, ktore czesto sa zlozonymi
czasteczkami organicznymi zawierajagcymi wiele grup funkcyjnych, jest na ogél bardzo
wymagajace [75]. Celem badan bylo opracowanie parametrow prowadzenia katalitycznego
selektywnego utleniania grupy alkoholowej do aldehydu z duza wydajnoscia,
a takze utworzenie jednego podwdjnego wigzania w pierscieniu benzimidazolowym, co jest
bardzo wazne dla stabilnosci CPL302415. Dodatkowo etap utleniania powinien by¢
zrownowazony pod wzgledem ekonomicznym 1 $rodowiskowym oraz tlatwy
do zaimplementowania w produkcji na duzg skalg farmaceutycznej substancji aktywnej (API)
(CPL302415). Etap ten sprawial najwigcej trudno$ci takze ze wzgledu na niska
rozpuszczalnos¢ substratu w wiekszosci rozpuszczalnikow organicznych.
W ramach badan zwigzanych z etapem utleniania alkoholu do aldehydu, bedacego
bezposrednim substratem do otrzymania CPL302415, opracowano reakcje w reaktorze
przeplywowym z wykorzystaniem gazowego tlenu, preferowanego na duza skale ze wzgledu
na niski koszt 1 niewielki wptyw na $rodowisko oraz octanu palladu Pd(OAc),, jako taniego
1 przyjaznego dla srodowiska katalizatora. [76-83].

Badania przeptywowe przeprowadzono przy uzyciu polaczonych dwoch systemow
Vapourtec easy-Medchem sktadajacych si¢ z pomp perystaltycznych razem z czterema

reaktorami rurowymi PFA (10 mL, $rednica wewnetrzna = 1 mm).

Do okres$lenia krytycznych parametrow procesu 1 ich interakcji oraz ustalenia
optymalnych warunkéw reakcji dla uzyskania wysokiej wydajnosci i niskich pozioméw
zanieczyszczen zastosowatam podejscie DoE.

W pierwszym etapie przeprowadzitam screening parametroéw na podstawie utamkowego
planu szescioczynnikowego dwupoziomowego (2(°*) (Tabela P3.1) zawierajacego dziesieé

eksperymentdéw i1 dwa powtdrzenia w punkcie centralnym dla zbadania odtwarzalnosci.
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Tabela P3.1. Parametry wej$ciowe i wyniki uzyskane na podstawie planu 23 (Table 1 z P3).

Pl | P icdineg
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Optymalizacji wielowymiarowej poddatam parametry wejSciowe w nast¢pujacych zakresach:
temperatura 80-120°C, przeptyw reagentow oraz tlenu 0,1-1 ml/min, ilo§¢ katalizatora
5-40 %mol, ilos¢ ekwiwalentéw pirydyny wzgledem katalizatora od 1,3 do 4, ci$nienie
uktadu 2-5 bar.

Aby ufatwi¢ odpowiednie wymieszanie strumieni 1 zapewni¢ wlasciwy stosunek
substrat/katalizator, przeptywy katalizatora i roztworu substratu byly identyczne. Aby uzyskac
rozpuszczalnos¢ wszystkich sktadnikow reakcji, substrat 1 rozpuszczono w mieszaninie
toluenu 1 kaprolaktonu w niskim st¢zeniu (0,0125 M). Utlenianie prekursora CPL302415
tlenem czasteczkowym w przeplywie moze prowadzi¢ do wielu produktéw: alkoholu
z odzyskanym podwdjnym wigzaniem w pierscieniu benzimidazolowym (2), pozadanego
aldehydu z odzyskanym podwdjnym wigzaniem (3) i nadmiernie utlenionego produktu
kwasowego (4). W badaniach w ramach niniejszej pracy zaobserwowano gtownie produkty
213, a produkt kwasowy powstat w bardzo ograniczonej ilosci w okreslonych warunkach.

Na podstawie wynikow badan przesiewowych DoE (Tabela P3.1) wygenerowatam
model matematyczny z gldéwnymi efektami liniowymi dla wydajnos$ci produktu 3 z dobrym
dopasowaniem do danych eksperymentalnych, R? = 0,86. Analiza ANOVA pokazata, Ze ilo§¢
katalizatora, temperatura, szybkos¢ przeplywu reagentow i cis$nienie O2 majg statystycznie
istotny (p < 0,05) wplyw na wydajnos¢ powstawania produktu 3. Najwazniejszy pozytywny
wptyw (p = 0,0032) na wydajno$¢ aldehydu miata ilo§¢ katalizatora. Korzystny wplyw
na wydajnos¢ syntezy 3 miala rowniez temperatura (p = 0,0072) i predkos¢ przeptywu

odczynnikow (p = 0,0094). Predko$¢ przeplywu O> miala natomiast negatywny wplyw



Omowienie publikacji w kontekscie tematyki pracy doktorskiej 46

(p = 0,0116). Cisnienie O miato niewielki pozytywny wpltyw (p = 0,0347), natomiast wplyw
ekwiwalentu pirydyny wzgledem katalizatora byl bliski granicy poziomu istotnosci

(p = 0,052) (Rysunek P3.2).
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Rysunek P3.2. Podsumowanie wynikéw analizy statystycznej dla planu 23 (Figure S1 z P3).

W  kolejnym etapie stosowania DoE zaplanowalam badania optymalizacyjne
z zastosowaniem planu centralnego kompozycyjnego (CCD) i metodologii powierzchni
odpowiedzi (RSM). Optymalizacji poddatam trzy parametry, ktore na podstawie badania
przesiewowego DoE mialy najwickszy wplyw na wydajnos¢ reakcji: ilo$¢ katalizatora,

temperatura 1 szybko$¢ przepltywu odczynnikow (Tabela P3.2).
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Tabela P3.2. (odpowiada Table 2) Parametry wejsciowe i wyniki na podstawie planu centralnego
kompozycyjnego (CCD) i modelu powierzchni odpowiedzi (RSM).
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Warto$ci pozostaltych parametrow dobratam tak, aby zmaksymalizowa¢ wydajnos$¢ produktu
aldehydu w oparciu o wyniki etapu analizy przesiewowej. Ci$nienie tlenu ustawiono na 5 bar
(im wyzsze, tym wyzsza wydajnos¢), przeptyw tlenu na 0,1 ml/min (im nizsza, tym wigksza
wydajnos¢), a ekwiwalent pirydyny wzgledem katalizatora na 1,3 (brak istotnego wptywu
na wydajnosc¢).

Uzyskatam bardzo dobre dopasowanie modelu CCD do danych eksperymentalnych,
R? = 0,92. Glowne statystycznie istotne efekty badanych parametréw na wydajnosé
powstawania aldehydu miaty charakter liniowy, podobnie jak te uzyskane z frakcyjnego planu
czynnikowego. Stwierdzitam jednak dodatkowy wpltyw interakcji ilosci Kkatalizatora
z szybkoscia przeptywu odczynnikow, jako istotny statystycznie efekt dodatni (p = 0,0157).
Efekty kwadratowe nie wykazaty istotnosci statystycznej (Rysunek P3.3). Tlos$¢ katalizatora
miata najbardziej pozytywny wptyw (p = 0,0024) na wydajnos¢ produktu w oparciu o model
CCD (RSM). Temperatura (p = 0,0080) 1 przeptyw reagentow (p = 0,0414) wykazaty rowniez
istotny pozytywny efekt.
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Rysunek P3.3. Podsumowaniec wynikow analizy statystycznej dla planu centralnego kompozycyjnego (CCD)
i modelu powierzchni odpowiedzi (RSM) (Figure S2 z P3).

Jak wynika z modelu CCD, maksymalne przewidywane wydajnosci syntezy aldehydu
w badanym zakresie nie przekraczaly 80% przy maksymalnej ilosci katalizatora (40%),

temperatury (120°C) 1 przeplywu reagentow (1,0 ml/min) (Rysunek P3.4).

L2t aBLR

=
L

Rysunek P3.4. Powierzchnia odpowiedzi wydajnosci powstawania aldehydu uzyskana na podstawie planu
centralnego kompozycyjnego 23, temperatura = 120°C, Po, = 5 bar, Vo, = 0,1 ml/min (Figure 2 z P3).
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Bazujagc na danych literaturowych [84] oraz doswiadczeniach z reakcjami
katalitycznymi watpliwo$ci wzbudzil brak zalezno$ci efektywnosci reakcji od ekwiwalentu
pirydyny wzgledem katalizatora. W celu potwierdzenia tego efektu zostaly przeprowadzone
dodatkowe eksperymenty DoE zgodnie z planem D-optymalnym z trzema zmiennymi
parametrami: katalizator, ekwiwalent pirydyny wzgledem katalizatora 1 przepltyw

odczynnikow (Tabela P3.3).

Tabela P3.3. Parametry wejsciowe i wyniki na podstawie planu D-optymalnego (Table 3 z P3).
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Ci$nienie tlenu ustawiono na 5 bar, przeptyw tlenu na 0,1 ml/min, a temperatur¢ na 120°C.
Otrzymany model potwierdzil, ze ekwiwalent pirydyny wzgledem katalizatora ma niewielki

wpltyw na wydajno$¢ reakcji (Rysunek P3.5).
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Rysunek P3.5. Powierzchnia odpowiedzi wydajnosci powstawania aldehydu uzyskana na podstawie planu
D-optymalnego, temperatura = 120°C (Figure S3 z P3).

Ponadto, uzyskane wyniki potwierdzity, ze w badanym zakresie maksymalna przewidywana
wydajno$¢ wynosi 85% przy maksymalnej wartosci ilosci katalizatora 40%, przeplywie
odczynnikow 1,0 ml/min 1 ekwiwalencie pirydyny wzgledem katalizatora wynoszacym 4

(84% dla rownowaznika pirydyny wzglgdem katalizatora 1,3).
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Zastosowanie roznych narzedzi podejscia DoE umozliwito znalezienie istotnych
czynnikdw wptywajacych na efektywnos$¢ procesu oraz okreslenie zakresu operacyjnego
dajacego maksymalne wydzielanie produktu.

Katalityczne utlenianie alkoholu 1 tlenem w przepltywie gazu i1 cieczy w obecnosci
Pd(OAc)2/pirydyny charakteryzuje si¢ wyzsza wydajnos$cia, lepsza oszczgdnos$cig, mniejszym
wplywem na S$rodowisko i mniejszym zuzyciem energii. Ponadto strumien reagentow
z procesu utleniania moze zostaé wykorzystany do kolejnego etapu syntezy, eliminujac
koniecznos$¢ izolacji potproduktow oraz ich oczyszczania. Uzyskane za pomocg DoE wyniki
pozwolity udoskonali¢ proces syntezy CPL302415 w poréwnaniu do dwdch juz istniejagcych

metod stechiometrycznych.
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7.4. Publikacja P4

Development and optimization of a continuous flow ester reduction with LiAlH4 in the
synthesis of a key intermediate for a PI3K¢ inhibitor (CPL302415);

Michatek S., Maj M. A.; Gurba-Bryskiewicz L., Maruszak W., Zagozda M., Ochal Z.,
Dubiel K., Wieczorek M.;

React. Chem. Eng., 2023, Advanced Article, https://doi.org/10.1039/D2RE00561A.

W Publikacji 4 wchodzacej w sktad cyklu niniejszej pracy doktorskiej zastosowatam
metody DoE do optymalizacji kolejnego etapu reakcji syntezy CPL302415, redukcji
w  reaktorze przeptywowym. Celem badan bylo opracowanie katalitycznej
lub stechiometrycznej reakcji redukcji grupy estrowej w 5-[2-(difluorometylo)-1H-
benzimidazol-1-ilo]-7-(morfolin-4-ylo)pirazolopirymidyno-2-karboksylanie (1) do
odpowiedniego alkoholu pierwszorzedowego, {5-[2-(difluorometylo)-1H-1,3-benzodiazol-1-
ilo]-7-(morfolin-4-ylo)pirazolo[1,5-a]pirymidyn- 2-1}metanolu (2), w procesie ciagltego
przeptywu tak, aby mozliwe bylo polaczenie procesu w sekwencje teleskopowa z etapem
utleniania alkoholu (2) do aldehydu (3), opisanym w Publikacji P3.

Uwodornienie grupy estrowej substratu (1) moze prowadzi¢ do powstania wielu produktow:
substratu  z uwodornionym pierscieniem benzimidazolowym (1b) (Rysunek P4.1),
pozadanego alkoholu z podwojnym wigzaniem w pier§cieniu benzimidazolowym (2)
oraz alkoholu ze zredukowanym wigzaniem podwojnym w pierscieniu benzimidazolowym

(2b).
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Rysunek P4.1. Schemat reakcji redukc;ji estru 1 katalizowanej Ru (Table 1 z P4).

W celu optymalizacji warunkow reakcji 1 uzyskania maksymalnej wydajnosci produktu
(2) przy minimalizacji ilosci produktu ubocznego (2b) wykorzystatam podejscie
projektowania eksperymentow (DoE).
Zastosowatam plan centralny kompozycyjny (CCD) 2* z dwoma powtdrzeniami w punkcie
centralnym oraz metodologi¢ powierzchni odpowiedzi (RSM). Reakcja byta prowadzona

na katalizatorze Ru-PNN. W optymalizacji wielowymiarowej wzigtam pod uwage
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nastepujace czynniki: ilo$¢ katalizatora (w zakresie 2,5 — 5%), temperatura (w zakresie
50 — 80 °C), ci$nienie wodoru H> (w zakresie 50 — 75 bar) oraz czas reakcji (w zakresie

6 — 24 godziny) (Tabela P4.1).

Tabela P4.1. Wyniki reakcji redukcji estru 1 katalizowanej Ru-PNN uzyskane na podstawie dla planu
centralnego kompozycyjnego CCD 2* (Table S2 z P4).
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Dopasowanie otrzymanego modelu CCD wyniosto R? = 0,73. Na podstawie wynikow
analizy ANOVA wykazatam, ze wydajnos¢ reakcji redukcji zalezy istotnie statystycznie

od nastgpujacych czynnikoéw: efektu interakcji ilosci katalizatora z temperaturg (efekt ujemny,

p = 0,0124 ), ci$nienia H> (dodatni efekt liniowy, p = 0,0180 i dodatni efekt kwadratowy

p
kwadratowy, p = 0,0240) (Rysunek P4.2).

0,0141), temperatury (dodatni efekt liniowy, p = 0,0224), czasu reakcji (ujemny efekt
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Rysunek P4.2. Podsumowanie wynikow analizy statystycznej dla planu centralnego kompozycyjnego (CCD) 2*
(Figure S1 z P4).

Jak wynika z modelu CCD, przewidywang wydajno$¢ produktu (2) powyzej 98%
mozna uzyska¢ przy ilo$ci katalizatora 2,5%, w temperaturze 80°C, przy cisnieniu Hz 75 bar
1 przy czasie prowadzenia reakcji (w zakres od 6,5 do 18,5 godziny, maksimum wydajnosci
uzyskano do 12,8 godziny) (Rysunek P4.3 a i b). Generalnie, dla ilo$ci katalizatora 2,5%
1 przy cisnieniu Hz 75 baréw (Rysunek P4.3 a) w calym zakresie temperatur
zaobserwowalam maksymalng wydajnos$¢ reakcji syntezy alkoholu (2) przy czasie reakcji
w zakresie od 6 do 20 godzin. Przy krotszym czasie reakcji substrat (1) nie zostal zuzyty
catkowicie, ale z drugiej strony przy czasie powyzej 20 godzin, wygenerowano wigcej
produktu ubocznego (2b). W temperaturze ponizej 60°C wydajnos¢ alkoholu (2)
nie przekraczala 60%. Dla ilo$ci katalizatora 2,5% 1 temperatury 80°C obserwowano dos¢
waski optymalny zakres ci$nienia H,. Maksymalng wydajno$¢ produktu (2) osiggnigto przy
ci$nieniu okoto 73-75 bardéw, a przy cisnieniu H» ponizej 70 barow wydajnosci

nie przekraczaly 60%.
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Rysunek P4.3. Powierzchnia odpowiedzi wydajnosci powstawania alkoholu 2 uzyskana na podstawie planu
centralnego kompozycyjnego 2¢, (a) ilo$¢ katalizatora = 2,5%, ci$nienie H, = 75 bar, (b) ilo$¢ katalizatora
= 2,5%, temperatura = 80°C (Figure 3a i 3b z P4).

Podejscie DoE w ramach Publikacji P4 zastosowatam rowniez do optymalizacji
alternatywnej, w stosunku do katalitycznej, reakcji redukcji estru (1) do alkoholu (2)
w reaktorze przeptywowym z zastosowaniem LiAlHs. Eksperymenty zostaly wykonane
wedtug planu centralnego kompozycyjnego (CCD) 2°. Optymalizacji poddatam trzy czynniki:
temperature (w zakresie 0 — 40°C), czas reakcji (w zakresie 0,5 — 10 min) oraz ilos¢
ekwiwalentow LiAlH4 (w zakresie 1,0 — 1,6). Szczegdtowy plan eksperymentéw oraz

uzyskane wyniki sg przedstawione w Tabeli P4.2.

Tabela P4.2. Parametry wejSciowe i wyniki uzyskane na podstawie planu centralnego kompozycyjnego (CCD)
23 dla reakcji redukcji estru 1 w obecnos$ci LAH (Table 2 z P4).
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Dopasowanie otrzymanego modelu CCD wyniosto R? = 0,82. Na podstawie wynikow analizy
ANOVA wykazatam, ze wydajno$¢ reakcji redukcji zalezy istotnie statystycznie jedynie
od ilosci ekwiwalentow LiAlH4 (negatywny efekt liniowy, p = 0,0426) (Rysunek P4.4).
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Rysunek P4.4. Podsumowanie wynikow analizy statystycznej planu centralnego kompozycyjnego (CCD) 23
dla reakcji redukeji estru 1 w obecnosci LAH (Figure S3 z P4).

Kolejnymi czynnikami wptywajgcymi na wydajnos$¢ reakcji byly efekty interakcyjne
ekwiwalentu LiALH4 z temperaturg 1 czasem prowadzenia reakcji. Efekty te byly negatywne,
ale nie wykazaly istotnosci statystycznej. Wedlug modelu temperatura nie miata istotnego
wpltywu na konwersj¢ substratu i1 ilo$¢ utworzonego (2b), ale miata istotny statystycznie
pozytywny wplyw liniowy na ilo$¢ produktéw ubocznych (im wyzsza temperatura,
tym wigce] zanieczyszczen). Zaleznosci wydajnosci reakcji od zmieniajacych si¢ wartosci

optymalizowanych parametrow przedstawiono na Rysunku P4.5.
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Rysunek P4.5. Wybrane wykresy powierzchni odpowiedzi wydajnosci powstawania alkoholu 2 uzyskane

na podstawie planu centralnego kompozycyjnego (CCD) 23 dla reakcji redukcji estru 1 w obecnosci LAH
(Figure S4 z P4).

Na podstawie uzyskanego modelu obliczytam, Ze maksymalna przewidywana
wydajno$¢ reakcji syntezy alkoholu (2) w badanym zakresie wynosita 77,3% przy minimalnej
wartosci temperatury (0°C), minimalnej wartosci ekwiwalentu LiAIH4 (1,0) 1 maksymalnym

czasie (10 min) (Rysunek P4.6).

Rysunek P4.6. Powierzchnia odpowiedzi wydajnosci powstawania alkoholu 2 uzyskane na podstawie planu

centralnego kompozycyjnego (CCD) 2° dla reakacji redukcji estru 1 w obecnosci LAH, ekwiwalent
LiALH4 = 1,0 (Figure 5 z P4).

Z uwagi na fakt, ze chlodzenie nie jest preferowane w procesie przeptywowym
1 utrzymanie optymalnej na podstawie modelu temperatury 0°C bytoby klopotliwe,
obliczylam, przy jakich wartosciach ekwiwalentu LiAlHs4 1 czasu reakcji mozna byloby

uzyska¢ maksymalng wydajno$¢ syntezy produktu (2) w bardziej uzytkowej temperaturze
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20°C. Przy minimalnej wartosci rownowaznika LiAlHs (1,0) 1 maksymalnym czasie
(10 minut) i temperaturze 20°C, teoretyczna aproksymowana na podstawie modelu wydajnos¢
reakcji syntezy (2) wyniosta 67%. W celu weryfikacji wynikéw teoretycznych
przeprowadzono reakcje przez 10 minut, z uzyciem 1,0 ekwiwalentu LiAlH4 1 w temperaturze
0°C oraz 20°C. W temperaturze 0°C uzyskano petng konwersj¢ substratu (1) 1 wydajnos¢
reakcji zblizong do obliczonej, wynoszaca 70,3% (2) 1 20,6% (2b). Dla reakcji prowadzonej
w temperaturze 20°C uzyskana rzeczywista sumaryczna wydajno$¢ dla obu zredukowanych
produktéw (2 1 2b) byta zgodna z teoretyczng, a wydajnosci poszczegdlnych alkoholi
nieznacznie odbiegaly od wartosci teoretycznych 1 wynosity odpowiednio 53,8% (2)
oraz 32,4% (2b). Pomimo niezadowalajacych wstepnych wynikow selektywnos$ci reakcji
redukcji prowadzonej w temperaturze 20°C, ale z uwagi na fakt, ze warunki te bylyby
niezwykle korzystne z punktu widzenia prowadzenia procesu w wickszej skali
(nie  wymagalyby zastosowania zadnych dodatkowych elementow chtodzacych
ani grzewczych) przeprowadzono synteze w skali 1 g. Uzyskano 83% wydajnosci pozadanego
produktu (2) z zadowalajaca selektywnoscia.

Zastosowanie podejscia DoE pozwolito pozna¢ 1 skutecznie zoptymalizowaé
prowadzenie procesu redukcji otrzymywania alkoholu (2) w reaktorze przeptywowym,

stanowigcego drugi etap wytwarzania innowacyjnej substancji czynnej CPL302415.
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7.5. Publikacja PS

Fast Claisen condensation reaction optimization in a continuous flow reactor;

Michatek S.; Powata A.; Gurba-Bryskiewicz L.; Piorkowska N.; Olejkowska P.; Yamani A.;
Ochal Z.; Dubiel K.; Wieczorek M.;

Monatsh Chem, 2023, 154, 1307—1314, https://doi.org/10.1007/s00706-023-03121-z.

Publikacja 5 wchodzaca skiad cyklu niniejszej pracy doktorskiej przedstawia
zastosowanie podejscia DoE do optymalizacji jednego z etapow syntezy zwigzku
CPL304110, inhibitora pan-FGFR [85] (Rysunek P5.1) z wykorzystaniem reaktorow
przeplywowych.

CPHLsalin

ibacctone, 3.3 5 NalkH, BT, 3 h: in) etlsmal, 1.2 eq BN, 1.2 g dhethyl

oxalate RT, 2ikh

Rysunek P5.1. Schemat reakcji kondensacji Claisena w syntezie zwigzku CPL304110 (Scheme 1 z P5).

Wstepnie opracowany etap syntezy w reaktorze okresowym z uzyciem etanolu jako
rozpuszczalnika oraz etanolanu sodu jako zasady trwal 20 h w temperaturze pokojowe;j,
a wydajno$¢ otrzymywania produktu po oczyszczeniu wynosita 73%. Badania w ramach
niniejszej publikacji mialy na celu skrécenie czasu prowadzenia reakcji oraz podwyzszenie
wydajnosci.

Optymalizacj¢ parametréw reakcji w reaktorze przeptywowym przeprowadzitam
w oparciu o plan centralny kompozycyjny (CCD) 2* z dwoma powtdrzeniami w punkcie
centralnym oraz metodologi¢ powierzchni odpowiedzi (RSM). Optymalizacji poddatam
nastepujace parametry: temperatura w zakresie 20 — 40°C, czas 2 — 8 min., ilo$¢
ekwiwalentow zasady oraz szczawianu dietylu 1,0 — 1,4. W celu minimalizacji ilosci
wykonywanych eksperymentow, ilo$¢ ekwiwalentow szczawianu etylu i etanolanu sodu

potraktowalam wstepnie jako jeden parametr.
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Plan eksperymentoéw i uzyskane wyniki przedstawione sag w Tabeli P5.1.

Tabela P5.1. Parametry wejsciowe i wyniki uzyskane na podstawie planu centralnego kompozycyjnego (CCD)
2% (Table 1 z P5).
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Uzyskatam model o bardzo wysokim wspdtczynniku dopasowania, R?> = 0,96.
Na podstawie analizy statystycznej wynikéw stwierdzitam, ze wigkszo$¢ badanych efektow
ma istotny statystycznie wptyw na wydajno$¢ produktu (Rysunek P5.2 a). Do dalszej analizy
wybratam trzy najsilniejsze efekty: ekwiwalent szczawianu dietylu i1 etanolanu sodu
(negatywny efekt kwadratowy), ekwiwalent szczawianu dietylu i etanolanu sodu (pozytywny

efekt liniowy) oraz temperatura (negatywny efekt liniowy) (Rysunek P5.2 b).

.

Rysunek P5.2. Wykres Pareto dla a wszystkich istotnych statystycznie efektow, b dla trzech najsilniejszych
istotnych statystycznie efektow (Fig.1 z P5).

Optymalne parametry reakcji obliczone na podstawie modelu wyniosty odpowiednio:
temperatura = 20°C, ekwiwalent szczawianu dietylu i etanolanu sodu = 1,23, czas reakcji

w catym badanym zakresie od 2 do 8 min.
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Z uwagi na fakt, ze ekwiwalent szczawianu dietylu i etanolanu sodu okazat

si¢ czynnikiem najsilniej 1 istotnie statystycznie wplywajacym na wydajnosc,
przeprowadzitam dodatkowa optymalizacj¢ DoE dla ekwiwalentdow szczawianu dietylu
1 etanolanu sodu jako osobnych zmiennych. Zastosowatam pelny dwuczynnikowy plan

eksperymntow 22 z trzema powtdrzeniami w punkcie centralnym (Tabela P5.2).

Tabela P5.2. Parametry wej$ciowe i wyniki uzyskane dla planu kompletnego 2% (Table 2 z P5).
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Temperatura i czas reakcji wyniosty odpowiednio 30°C i 5 minut. Ze wzgledu na maty zbior
danych uzyskany model nie posiada idealnego dopasowania (R? = 0,63), ale dostarcza
wystarczajacej informacji o ogoélnej liniowe] zaleznosci pomig¢dzy badanymi zmiennymi.
Zarowno osobno ekwiwalent szczawianu dietylu 1 etanolanu sodu (efekty pozytywne) jak
rowniez ich interakcja (efekt negatywny) majg istotny statystycznie wplyw na wydajnosé

produktu (Rysunku P5.3).
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Rysunek P5.3. Wykres Pareto dla istotnych statystycznie efektow (plan DoE 22) (Fig.3 z P5).

Optymalne, maksymalne wydajnos$ci produktu wyznaczone na podstawie modelu
uzyskano w przypadku gdy jeden lub oba ekwiwalenty byly powyzej 1,2. Dla wartosci

ekwiwalentow powyzej 1,3, wydajno$¢ nieznacznie maleje (Rysunek P5.4).
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Surface responss of Product Yield/ 5%

)

Rysunek P5.4. Powierzchnia odpowiedzi wydajnos$ci syntezy produktu (plan DOE 22) (Fig 4 z P5).

Zastosowanie DoE pozwolito skutecznie zoptymalizowa¢ parametry syntezy
w reaktorze przeplywowym w kilku eksperymentach. Czas reakcji skrocono do 2 min przy
zadowalajacej wydajnosci 84%, wysokiej wydajnosci przestrzenno-czasowej (3720 kg/h m®)
1 lacznym przerobie produktu wynoszacym 74,4 g/h. Przeprowadzone badania stanowig takze

podstawe do przeniesienia dalszych etapow syntezy CPL304110 do przeptywu ciaglego

1 potaczenia ich w proces teleskopowy.
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8. Podsumowanie i wnioski

Zaprezentowane publikacje bedace podstawa niniejszej pracy doktorskiej potwierdzaja
osiggnigcie zatozen pracy. Przedstawione przyklady zastosowania podejscia QbD, AQbD
oraz narzedzi statystycznych planowania eksperymentow (DoE) w roéznych obszarach
rozwoju innowacyjnych substancji czynnych i produktéw leczniczych stanowig dowod
na efektywnos$¢ i1 uzytecznos$¢ tych podej$¢. Pozwalaja na lepsze zrozumienie produktu
1 procesu, a tym samym opracowanie bardziej wydajnych procesow.

Skuteczno$¢ zastosowania podejscia AQbD oraz DoE wykazatam przy opracowaniu
metody UHPLC ilo$ciowego oznaczania pelnego profilu dziewigciu zanieczyszczen
innowacyjnej  substancji  farmaceutycznej  CPL409116  (inhibitor = JAK/ROCK).
Przeprowadzitam badania przesiewowe, w oparciu o petny plan czynnikowy 22. Do zbadania
odpornoéci metody zastosowalam utamkowy planu czynnikowy 2“1, Symulacje Monte-
Carlo zastosowalam do obliczenia prawdopodobienstwa, ze parametry CMA spehia
wymagania specyfikacji. Wygenerowatam operacyjny zakres metody (MODR): kolumna
Zorbax Eclipse Plus C18, wodna faza ruchoma 10 mM + ImM wodny roztwér HCOOH
o pH 2,6, 20% + 1% ACN na poczatku i 85% + 1% ACN na koncu gradient i temperatura
kolumny 30°C =+ 2°C. Metode¢ zwalidowatam zgodnie z wytyczng ICH Q2(R1). Opracowana
metody spetnita wymagania liniowos$ci, precyzji 1 odpornosci. LOQ wyniosto 0,05%,
a LOD 0,02% dla wszystkich zanieczyszczen.

Skuteczne wykorzystanie koncepcji QbD i/lub DoE do optymalizacji sktadu i postaci
produktéw leczniczych przedstawitam w pracy przegladowej na przyktadzie rozwoju
nanoczastek lipidowych do dostarczania réznych rodzajéw RNA. Dokonatam analizy
i porownania metod DoE oraz aspektow QbD stosowanych w prezentowanych pracach
optymalizacyjnych [47-62].

Kolejnym obszarem branzy farmaceutycznej, gdzie wykazalam efektywno$¢ 1 korzysé
stosowania podejscia DoE jest synteza innowacyjnych API. Za pomoca DoE skutecznie
zoptymalizowatam prowadzenie dwoch etapow procesu wytwarzania innowacyjnej substancji
czynnej CPL302415 (inhibitora PI3Kd) w reaktorach przeplywowych: etapu utleniania
katalizowanego Pd oraz etapu redukcji grupy estrowej. W pierwszym etapie optymalizacji
reakcji utleniania zostaty przeprowadzone badania przesiewowe na podstawie ulamkowego
planu sze$cioczynnikowego dwupoziomowego (2(6%)) z dwoma powtdrzenia w punkcie
centralnym. Parametry, ktore na podstawie badania przesiewowego, miaty najwigkszy wptyw
na wydajnos¢ reakcji poddano szczegdtowe] optymalizacji stosujac plan centralny

kompozycyjny (CCD) 1 metodologie powierzchni odpowiedzi (RSM). Dodatkowe
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eksperymenty, zgodnie z planem D-optymalnym z trzema zmiennymi parametrami, zostaly
przeprowadzone, w celu potwierdzenia braku wpltywu ekwiwalentu pirydyny wzgledem
katalizatora.

Optymalizacja reakcji redukcji na katalizatorze Ru-PNN zostata przeprowadzona w oparciu
o plan centralny kompozycyjny (CCD) 2* z dwoma powtdrzeniami w punkcie centralnym
oraz metodologi¢ powierzchni odpowiedzi (RSM). Podejscie DoE zastosowatam réwniez
do optymalizacji reakcji alternatywnej w stosunku do katalitycznej, redukcji estru do alkoholu
w reaktorze przeptywowym z zastosowaniem LiAlHs. Eksperymenty zostaly wykonane
zgodnie z planem centralnym kompozycyjnym (CCD) 23 dla trzech czynnikéw.

Odpowiednie zastosowanie réznych narzedzi podejscia DoE do okre§lnych celow pozwolito
okresli¢ krytyczne parametry wptywajace na efektywno$¢ optymalizowanych etapow reakcji
syntezy CPL302415 oraz okresli¢ zakresy operacyjne pozwalajace na uzyskanie maksymalnej
wydajnosci produktow.

Skuteczne zastosowanie podejscia DoE wykazatam takze podczas optymalizacji parametrow
syntezy innowacyjnej substancji aktywnej CPL304110 (inhibitora pan-FGFR) w reaktorze
przeptywowym. W oparciu o plan centralny kompozycyjny (CCD) 2* z dwoma
powtorzeniami w punkcie centralnym oraz metodologi¢ powierzchni odpowiedzi (RSM).
Przeprowadzitam takze optymalizacj¢ DoE dla ekwiwalentow szczawianu dietylu i etanolanu
sodu jako osobnych zmiennych. Zastosowatam petny dwuczynnikowy plan eksperymntow 22
z trzema powtdrzeniami w punkcie centralnym. Zastosowane podejscie DoE pozwolito
na uzyskanie maksymalnej wydajnos$ci produktu 84% przy skroceniu czasu prowadzenia
reakcji do 2 min, w temperaturze 20°C i ekwiwalencie szczawianu dietylu i etanolanu sodu
1,23.

Na podstawie przeprowadzonych badan potwierdzitam, ze zastosowanie narzedzi DoE,
najbardziej] innowacyjnego elementu QbD, wymagajacego specjalistycznej wiedzy
matematyczno-statystycznej oraz odpowiednich narzedzi obliczeniowych, dostarczyto
pewnych, opartych na obliczeniach, danych i wiedzy o zalezno$ciach migdzy parametrami
wpltywajagcymi na jako$¢ produktu i1 efektywno$¢ procesu. Szeroki wachlarz narzedzi
statystycznych w obszarze DoE pozwolit na elastyczny dobor odpowiednich planéw
eksperymentalnych do okreslonych celow 1 mozliwosci czasowo — finansowych.

Wdrozenie naukowych podejs¢ QbD i DoE do branzy farmaceutycznej doskonale
wpisuje si¢ w aktualny szybki rozwdj narzedzi matematyczno — informatycznych

(m.in. uczenie maszynowe, sztuczna inteligencja) i otwiera mozliwosci dalszego doskonalenia
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1 rozwoju zaawansowanych statystycznych metod opracowywania, optymalizacji

1 monitorowania procesOw w obszarze wytwarzania farmaceutycznego.



Bibliografia 65

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Bibliografia

Deidda, R.; Orlandini, S.; Hubert, P.; Hubert, C. Risk-based approach for method
development in pharmaceutical quality control context: A critical review. J. Pharm.
Biomed. Anal. 2018, 161, 110-121.

Rathore, A.S.;Winkle, H. Quality by design for biopharmaceuticals. Nat. Biotechnol.
2009, 27, 26-34.

Rathore, A.S. Roadmap for implementation of quality by design (QbD) for
biotechnology products. Trends Biotechnol. 2009, 27, 546-553.

Yu, L.X.; Amidon, G.; Khan, M.A.; Hoag, S.W.; Polli, J.; Raju, G.K.; Woodcock, J.
Understanding pharmaceutical quality by design. AAPS J. 2014, 16, 771-783.

Yu, L. Pharmaceutical quality by design: Product and process development,
understanding, and control. Pharm. Res. 2007, 25, 781-791.

Csoka, I.; Pallagi, E.; Paal, T.L. Extension of quality-by-design concept to the early
development phase of pharmaceutical R&D processes. Drug Discov. Today 2018, 23,
1340-1343.

Food and Drug Administration. Pharmaceutical cGMPs for the 21st Century—A Risk-
Based Approach; Final Report; Food and Drug Administration: Silver Spring, MD,
USA, 2004.

Zhang, L.; Mao, S. Application of quality by design in the current drug development.
Asian J. Pharm. Sci. 2017, 12, 1-8.

ICH QS8(2R), Pharmaceutical Development; International Conference on
Harmonization: London, UK, 2009.

ICH Q9(R1), Quality Risk Management; INTERNATIONAL COUNCIL FOR
HARMONISATION OF TECHNICALREQUIREMENTS FOR
PHARMACEUTICALS FOR HUMAN USE: London, UK, January 2023.

ICH Q10, Pharmaceutical Quality System; International Conference on Harmonization:
London, UK, 2008.

ICH Q11, Development and Manufacture of Drug Substances (Chemical Entities and
Biotechnological/Biological Entities); International Conference on Harmonization:
London, UK, 2011.

Beg, S.; Rahman, M.; Kohli, K. Quality-by-design approach as a systematic tool for the
development of nanopharmaceutical products. Drug Discov. Today 2019, 24, 717-725.
Cuhna, S.; Costa, C.P.; Moreira, J.N.; Lobo, J.M.S.; Silva, A.C. Using the quality by
design (QbD) approach to optimize formulations of lipid nanoparticles and
nanoemulsions: A review. Nanomed. Nanotechnol. Biol. Med. 2020, 27, 102206.
https://ourhealthfirst.in/turn-your-problems-into-your-opportunities-and-break-the-
barriers/ (accessed on 06 April 2024).

Aksu, B.; Mesut, B. Quality by design (QbD) for pharmaceutical area. J. Fac. Pharm.
Istanbul. 2015, 45, 233-251.

B. Dejaegher, Y. Vander Heyden, Experimental designs and their recent advances in
set—up, data interpretation, and analytical applications, J.Pharm. Biomed. Anal. 56
(2011) 141-158.

B. Dejaegher, Y. Vander Heyden, The use of experimental design in separation science,
Acta Chromatogr. 21 (2009) 161-201.

P.F. Sahu, N.R. Ramisetti, T. Cecchi, S. Sain, C.S. Patro, J. Panda, An overview of
experimental designs in HPLC method development and validation, J. Pharm. Biomed.
Anal. 147 (2018) 590-611.




Bibliografia 66

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

Dispas, A.; Avohou, H.T.; Lebrun, P.; Hubert, P.; Hubert, C. Quality by design
approach for the analysis of impurities in pharmaceutical drug products and drug
substances. TrAC Trends Anal. Chem. 2018, 101, 24-33.

Pasquini, B.; Orlandini, S.; Furlanetto, S.; Gotti, R.; Del Bubba, M.; Boscaro, F.;
Bertaccini, B.; Dousa, M.; Pieraccini, G. Qualit by Design as risk-based strategy in
pharmaceutical analysis: Development of a liquid chromatography-tandem mass
spectrometry method for determination of nintedanib and its impurities. J. Chromatogr.
A 2020, 1611, 460615.

Pawar, A.; Pandita, N. Statistically Designed, Targeted Profile UPLC Method
Development for Assay and Purity of Haloperidol in Haloperidol Drug Substance and
Haloperidol 1 mg Tablets. Chromatographia 2020, 83, 725-737.

Hibbert, D.B. Experimental design in chromatography: A tutorial review. J.
Chromatogr. B 2012, 910, 2—13.

Kochling, J.; Wu, W.; Hua, Y.; Guan, Q.; Castaneda-Merced, J. A platform analytical
quality by design (AQbD) approach for multiple UHPLC-UV and UHPLC-MS
methods development for protein analysis. J. Pharm. Biomed. Anal. 2016, 125, 130-
139.

Gaudin, K.; Ferey, L. Quality by Design: A Tool for Separation Method Development
in Pharmaceutical Laboratories. LCGC 2016, 29, 16-25.

Tome, T.; Zigart, N.; C” asar, Z.; Obreza, A. Development and Optimization of Liquid
Chromatography Analytical Methods by Using AQbD Principles: Overview and Recent
Advances. Org. Process Res. Dev. 2019, 23, 1784—-1802.

Jackson, P.; Borman, P.J.; Campa, C.; Chatfield, M.J.; Godfrey, M.; Hamilton, P.R.;
Hoyer, W.; Norelli, F.; Orr, R.; Schofield, T. Using the analytical target profile to drive
the analytical method lifecycle. Anal. Chem. 2019, 91, 2577-2585.

Sahu, P.K.; Ramisetti, N.R.; Cecchi, T.; Swain, S.; Patro, C.S.; Panda, J. An overview
of experimental designs in HPLC method development and validation. J. Pharm.
Biomed. Anal. 2018, 147, 590-611.

DOE - komputerowe wspomaganie planowania 1 analizy statystycznej badan
innowacyjnych, StatSoft Polska, Materialy szkoleniowe, 2016.
https://design-expert-32-bit.software.informer.com/10.0/ (accessed on 06 April 2024).
[author missing]. Pharmaceutical Quality by Design. [edition unavailable]. Elsevier
Science, 2019. Web. 15 Oct. 2022. Available at:
https://www.perlego.com/book/1810304/pharmaceutical-quality-by-design-principles-
and-applications-pdf (accessed on 09 December 2023).

This paper is published as Hibbert, D. B.: Experimental design in chromatography:
A tutorial review. J. Chromatogr. B 2012, 910, 2- 13. DOI
10.1016/j.jchromb.2012.01.020.

StatSoft’s Electronic Statistics Textbook. 2006. Available online:
http://www.statsoft.pl/textbook/stathome.html (accessed on 27 January 2021).
NIST/SEMATECH e-Handbook of Statistical Methods,
http://www.itl.nist.gov/div898/handbook/, date. (Links to specific pages can also be
referenced this way, if suitable.) https://doi.org/10.18434/M32189.

Taguchi, G., Chowdhury, S. and Wu, Y. (2004). Appendix A: Orthogonal Arrays and
Linear Graphs: Tools for Quality Engineering. In Taguchi's Quality Engineering
Handbook (eds G. Taguchi, S. Chowdhury and Y. Wu).
https://doi.org/10.1002/9780470258354.app1.

Abreu-Villela, R., Kuentz, M. & Caraballo, I. Benefits of Fractal Approaches in Solid
Dosage Form Development. Pharm Res 36, 156 (2019). https://doi.org/10.1007/s11095-
019-2685-5.




Bibliografia 67

37.

Short, S.M.; Cogdill, R.P.; Drennen, J.K., III; Anderson, C.A. Performance-Based
Quality Specifications: The Relationship Between Process Critical Control Parameters,
Critical Quality Attributes and Clinical Performance. Eur. J. Pharm. Sci. 2010, 100,
1566—-1575.

38. B. Durakovic; Design of Experiments Application, Concepts, Examples: State of the Art.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Period. Eng. Nat. Sci., 2017, 3, 421.

S. A. Weissman and N. G. Anderson; Design of Experiments (DoE) and Process
Optimization. A Review of Recent Publications. Org. Process Res. Dev., 2015, 19,
1605.

Mroczkiewicz, M.; Stypik, B.; Bujak, A.; Szymczak, K.; Gunerka, P.; Dubiel, K ;
Wieczorek, M.; Pieczykolan, J. Pyrazole[1,5-a]Pyrimidine Derivatives as Kinase Jak
Inhibitors. W.O. Patent WO2018206739A1, 15 November 2018.

Mroczkiewicz, M.; Stypik, B.; Bujak, A.; Szymczak, K.; Gunerka, P.; Dubiel, K ;
Wieczorek, M.; Pieczykolan, J. Pyrazole[1,5-a]Pyrimidine Derivatives as Kinase Jak
Inhibitors. E.P. Patent EP3621966 B1, 18 March 2020.

Dulak-Lis, M.; Bujak, A.; Gala, K.; Banach, M.; K edzierska, U.; Miszkiel, J.; Hucz-
Kalitowska, J.; Mroczkiewicz, M.; Stypik, B.; Szymczak, K.; et al. A novel JAK/ROCK
inhibitor, CPL409116, demonstrates potent efficacy in the mouse model of systemic
lupus erythematosus. J. Pharmacol. Sci. 2021, 145, 340-348.

TIBCO Software Inc. Data Science Textbook. 2020. Available online:
https://docs.tibco.com/data-science/textbook (accessed on 27 January 2021).

Stanisz, A. Przystepny kurs Statystyki z Zastosowaniem STATISTICA PL na
Przyktadach z Medycyny—Tom I-III; StatSoft: Krakow, Poland, 2006.

ICH Harmonised Tripartite Guideline. Validation of Analytical Procedures: Text and
Methodology Q2(R1). In Proceedings of the International Conference on Harmonisation
of Technical Requirements for Registration of Pharmaceuticals for Human Use,
Geneva, Switzerland, 9 November 2005.

Lokras, A.; Thakur, A.; Wadhwa, A.; Thanki, K.; Franzyk, H.; Foged, C. Optimizing
the Intracellular Delivery of Therapeutic Anti-inflammatory TNF-a siRNA to Activated
Macrophages Using Lipidoid-Polymer Hybrid Nanoparticles. Front. Bioeng.
Biotechnol. 2021, 8, 601155.

Simon, D.; Kis, Z.; Kontoravdi, C.; Shah, N. Quality by Design for enabling RNA
platform production processes. Trends Biotechnol. 2022, 40, 1213-1228.

Ditzel, H.J.; Tuttolomondo, M.; Kauppinen, S. Design and Delivery of SiRNA
Therapeutics; Humana Press: Hertfordshire, UK, 2021; Chapter 9, p. 139.

Thanki, K.; Zeng, X.; Justesen, S.; Tejlmann, S.; Falkenberg, E.; Van Driessche, E.;
Nielsen, H.M.; Franzyk, H.; Foged, C. Engineering of small interfering RNA-loaded
lipidoid-poly(DL-Lactic-Co-Glycolic Acid) hybrid nanoparticles for highly efficient
and safe gene silencing: A quality by design-based approach. Eur. J. Pharm. Biopharm.
2017, 120, 22-33.

Thanki, K.; Papai, S.; Lokras, A.; Rose, F.; Falkenberg, E.; Franzyk, H.; Foged, C.
Application of a Quality-By-Design Approach to Optimise Lipid-Polymer Hybrid
Nanoparticles Loaded with a Splice-Correction Antisense Oligonucleotide: Maximising
Loading and Intracellular Delivery. Pharm. Res. 2019, 36, 37.

Zheng, Q.; Qin, F.; Luo, R.; Jin, C.; Huang, H.; Xi, H.; Xiao, W.; Guo, M.; Yang, S.;
He, S.; et al. mRNA-Loaded Lipid-Like Nanoparticles for Liver Base Editing Via the
Optimization of Central Composite Design. Adv. Funct. Mater. 2021, 31, 2011068.

van de Berg, D.; Kis, Z.; Behmer, C.F.; Samnuan, K.; Blakney, A.K.; Kontoravdi, C.;
Shattock, R.; Shah, N. Quality by design modelling to support rapid RNA vaccine
production against emerging infectious diseases. NPJ Vaccines 2021, 6, 65.




Bibliografia 68

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Fan, Y.; Yen, C.W.; Lin, H.C.; Hou, W.; Estevez, A.; Sarode, A.; Goyon, A.; Bian, J.;
Lin, J.; Koenig, S.G.; et al. Automated high-throughput preparation and characterization
of oligonucleotide-loaded lipid nanoparticles. Int. J. Pharm. 2021, 599, 120392.

Bevers, S.; Kooijmans, S.A.A.; Van de Velde, E.; Evers, M.J.W.; Seghers, S.; Gitz-
Francois, J.J.J.M.; van Kronenburg, N.C.H.; Fens, M.H.A.M.; Mastrobattista, E.;
Hassler, L.; et al. mRNA-LNP vaccines tuned for systemic immunization induce strong
antitumor immunity by engaging splenic immune cells. Mol. Ther. 2022, 30, 3078—
3094.

Karl, A.T.; Essex, A.S.;Wisnowski, J.; Rushing, H. AWorkflow for Lipid Nanoparticle
(LNP) Formulation Optimization Using Designed Mixture-Process Experiments and
Self-Validated Ensemble Models (SVEM). arXiv 2022.

Schmidt, A.; Helgers, H.; Vetter, F.L.; Zobel-Roos, S.; Hengelbrock, A.; Strube, J.
Process Automation and Control Strategy by Quality-by-Design in Total Continuous
mRNA Manufacturing Platforms. Processes 2022, 10, 1783.

Toma, I.; Porfire, A.S.; Tefas, L.R.; Berindan-Neagoe, I.; Tomut, I. A Quality by
Design Approach in Pharmaceutical Development of Non-Viral Vectors with a Focus
on miRNA. Pharmaceutics 2022, 14, 1482.

Young, R.E.; Nelson, K.M.; Hofbauer, S.I.; Vijayakumar, T.; Alameh, M.G;
Weissman, D.; Papachristou, C.; Gleghorn, J.P.; Riley, R.S. Lipid Nanoparticle
Composition Drives Delivery of mRNA to the Placenta. bioRxiv. 2022.

Nag, K.; Sarker, E.H.; Kumar, S.; Khan, H.; Chakraborty, S.; Islam, J.; Baray, J.C.;
Khan, M.R.; Mahmud, A.; Barman, U.; et al. DoE-derived continuous and robust
process for manufacturing of pharmaceutical-grade wide-range LNPs for RNA-
vaccine/drug delivery. Sci. Rep. 2022, 12, 9394.

Ly, H.H.; Daniel, S.; Soriano, S.K.V.; Kis, Z.; Blakney, A.K. Optimization of Lipid
Nanoparticles for saRNA Expression and Cellular Activation Using a Design-of-
Experiment Approach. Mol. Pharm. 2022, 19, 1892-1905.

Mendonga, M.C.P.; Kont, A.; Kowalski, P.S.; O’Driscoll, C.M. Design of lipid-based
nanoparticles for delivery of therapeutic nucleic acids. Drug Discov. Today 2023, 28,
103505.

Bastogne, T.; Hassler, L.; Bruniaux, J.; Thomassin, M.; Gidrol, X.; Sulpice, E.;
Navarro, F.P. A Bayesian implementation of Quality-by-Design for the development of
Cationic Nano-Lipid for siRNA Transfection. IEEE Trans. NanoBiosci. 2023, 22, 455—
466.

Kauffman, K.J.; Dorkin, J.R.; Yang, J.H.; Heartlein, M.W.; DeRosa, F.; Mir, F.F.;
Fenton, O.S.; Anderson, D.G. Optimization of Lipid Nanoparticle Formulations for
mRNA Delivery in vivo with Fractional Factorial and Definitive Screening Designs.
Nano Lett.2015, 15, 7300-7306.

Blakney, A.K.; McKay, P.F.; Yus, B.L.; Hunter, J.E.; Dex, E.A.; Shattock, R.J. The Skin
You Are In: Design-of-Experiments Optimization of Lipid Nanoparticle Self-
Amplifying RNA Formulations in Human Skin Explants. ACS Nano 2019, 13, 5920—
5930.

Cun, D.; Jensen, D.K.; Maltesen, M.J.; Bunker, M.; Whiteside, P.; Scurr, D.; Foged, C.;
Nielsen, H.M. High loading efficiency and sustained release of siRNA encapsulated in
PLGA nanoparticles: Quality by design optimization and characterization. Eur. J.
Pharm. Biopharm. 2011, 77, 26-35.

Hashiba, A.; Toyooka, M.; Sato, Y.; Masatoshi, M.; Tokeshi, M.; Harashima, H. The
use of design of experiments with multiple responses to determine optimal formulations
for in vivo hepatic mRNA delivery. J. Control. Release 2020, 327, 467—476.



Bibliografia 69

67.

68.

69.

70.

71.
72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Terada, T.; Kulkarni, J.A.; Huynh, A.; Chen, S.; van der Meel, R.; Tam, Y.Y.C.; Cullis,
P.R. Characterization of Lipid Nanoparticles Containing Ionizable Cationic Lipids
Using Design-of-Experiments Approach. Langmuir 2021, 37, 1120-1128.

Chen, D.; Love, K.T.; Chen, Y.; Eltoukhy, A.A.; Kastrup, C.; Sahay, G.; Jeon, A.;
Dong, Y.; Whitehead, K.A.; Anderson, D.G. Rapid Discovery of Potent siRNA-
Containing Lipid Nanoparticles Enabled by Controlled Microfluidic Formulation. J.
Am. Chem. Soc. 2012, 134, 6948—6951.

Li, B.; Luo, X.; Deng, B.; Wang, J.; McComb, D.W.; Shi, Y.; Gaensler, K.M.L.; Tan,
X.; Dunn Amy, L.; Kerlin, B.A.; et al. An Orthogonal Array Optimization of Lipid-like
Nanoparticles for mRNA Delivery in Vivo. Nano Lett. 2015, 15, 8099-8107.

T. Saurat, F. Buron, N. Rodrigues, M. L. de Tauzia, L. Colliandre, S. Bourg, P. Bonnet,
G. Guillaumet, M. Akssira, A. Corlu, C. Guillouzo, P. Berthier, P. Rio, M. L. Jourdan,
H. Benedetti and S. Routier; Design, synthesis, and biological activity of
pyridopyrimidine scaffolds as novel PI3K/mTOR dual inhibitors. J. Med. Chem., 2014,
57(3), 613.

J. A. Engelman, J. Luo and L. C. Cantley; The evolution of phosphatidylinositol 3-
kinases as regulators of growth and metabolism. Nat. Rev. Genet., 2006, 7(8), 606.

P. J. Parker; The ubiquitous phosphoinositides. Biochem. Soc. Trans., 2004, 32(6), 893.
J. G. Foster, M. D. Blunt, E. Carter and E. S. G. Ward; Inhibition of PI3K signaling
spurs new therapeutic opportunities in inflammatory/autoimmune diseases and
hematological malignancies. Pharmacol. Rev., 2012, 64(4), 1027.

M. Stypik, S. Michalek, N. Ortowska, M. Zagozda, M. Dziachan, M. Banach, P.
Turowski, P. Gunerka, D. Zdzalik-Bielecka, A. Stanczak, U. Kedzierska, K. Mulewski,
D. Smuga, W. Maruszak, L. Gurba-Bryskiewicz, A. Leniak, W. Pietru’s, Z. Ochal, M.
Mach, B. Zygmunt, J. Pieczykolan, K. Dubiel and M. Wieczorek; Design, Synthesis,
and Development of Pyrazolo[1,5- a]pyrimidine Derivatives as a Novel Series of
Selective PI3K ¢ Inhibitors: Part II-Benzimidazole Derivatives. Pharmaceuticals, 2022,
15, 927.

M. N. Kopylovich, A. P. C. Ribeiro, E. C. B. A. Alegria, N. M. R. Martins, L. M. D. R.
S. Martins and A. J. L. Pombeiro; Catalytic Oxidation of Alcohols: Recent Advances.
Adv. Organomet. Chem., 2015, 67, 91.

A. Gavrilidis, A. Constantinou, K. Hellgardt, K. K. (M. ). Hii, G. J. Hutchings, G. L.
Brett, S. Kuhn and S. P. Marsden; Aerobic oxidations in flow: opportunities for the fine
chemicals and pharmaceuticals industries. React. Chem. Eng., 2016, 1, 595.

S. G. Newman and K. F. Jensen; The role of flow in green chemistry and engineering.
Green Chem., 2013, 15, 1456.

H. P. L. Gemoets, Y. Su, M. Shang, V. Hessel, R. Luque and T. Noel; Liquid phase
oxidation chemistry in continuous-flow microreactors. Chem. Soc. Rev., 2016, 45, 83.
A. 1. Alfano, M. Brindisi and H. Lange; Flow synthesis approaches to privileged
scaffolds — recent routes reviewed for green and sustainable aspects. Green Chem.,
2021, 23, 223.

C. A. Hone and C. O. Kappe; The Use of Molecular Oxygen for Liquid Phase Aerobic
Oxidations in Continuous Flow. Chem. Methods, 2021, 1, 454.

T. Nishimura, T. Onoue, K. Ohe and S. Uemura; Palladium(II)-Catalyzed Oxidation of
Alcohols to Aldehydes and Ketones by Molecular Oxygen. J. Org. Chem., 1999, 64,
6750.

J. Muzart; Palladium-catalysed oxidation of primary and secondary alcohols.
Tetrahedron, 2003, 59(31), 5789.



Bibliografia 70

83.

84.

85.

X. Ye, M. D. Johnson, T. Diao, M. H. Yates and S. S. Stahl; Development of safe and
scalable continuous-flow methods for palladium-catalyzed aerobic oxidation reactions.
Green Chem., 2010, 12, 1180.

B. A. Steinhoff, I. A. Guzei and S. S. Stahl; Mechanistic characterization of aerobic
alcohol oxidation catalyzed by Pd(OAc)(2)/pyridine including identification of the
catalyst resting state and the origin of nonlinear [catalyst] dependence. J. Am. Chem.
Soc., 2004, 126, 11268.

Dieci MV, Arnedos M, Andre F, Soria; Fibroblast Growth Factor Receptor Inhibitors as
a Cancer Treatment: From a Biologic Rationale to Medical Perspectives. J.C.Cancer.
Discov., 2013, 3:264.



Kopie opublikowanych prac 71

10. Kopie opublikowanych prac

10.1. Publikacja P1

Gurba-Bryskiewicz L., Dawid U., Smuga D. A., Maruszak W., Delis M., Szymczak
K., Stypik B., Moroz A., Blocka A., Mroczkiewicz M., Dubiel K.,Wieczorek M.;
Implementation of QbD Approach to the Development of Chromatographic Methods
for the Determination of Complete Impurity Profile of Substance on the Preclinical and
Clinical Step of Drug Discovery Studies;
Int. J. Mol. Sci., 2022, 23, 10720 https://doi.org/10.3390/10.3390/ijms231810720
IF: 5,6; MNiSW: 140




Kopie opublikowanych prac

72

Imtemational Jowmal of
Molecular Sciences

MDPI)

~

Article

Implementation of QbD App

roach to the Development of

Chromatographic Methods for the Determination of Complete
Impurity Profile of Substance on the Preclinical and Clinical
Step of Drug Discovery Studies

Lidia Gurba-Bryékiewicz **, Urszula Dawid, Damian A. Smuga, Wioleta Maruszak *, Monika Delis,
Krzysztof Szymczak, Bartosz Stypik, Aleksandra Moroz, Aleksandra Blocka, Michal Mroczkiewicz,
Krzysztof Dubiel and Maciej Wieczorek

check for
updates

Chitation: Gurha-Brpdkiewics, |
Dl L1 Sminga, oA Mk, W
Dhefis, M Seymiceak. K. Stvpik B
Whoroer, A ok, A Mbsocriaessace, ML
wl al. Ieglemerniation of QD
Agnprossch B the Devielopment ol
Chevmatugraphic Methiods for the
Dsterrmapsition of Complete Impurily
Prfihe of Sambianidn dan Bhe Proclanical
and Clinical Seep of Dinog Doy
Shadles. Il [, Mal, S04 200, 21,
10730 hitps ol ong £ LIRS
1013 s H BT 20

Adsdem i Edilors Casiey Do
Fvikad Fallay aned Anddreny Kutney

Rivvivad: & Augusk 2002
Aucvered & Sepiember 132
Publekad: 14 September 2052

Publishes™s MNobe: MUY shays neusnal
with regarsd 1o junisdictons] daims in
pabdished maps and imabdutional afs-

b

Copyrighte © 3022 by the auihoms
Licensee MEDP], Busel, Ssvitmerlanml.
This aniice bs an open soorss: aribcke
disinbesterd  under the joms
veratiers of e Creatne Commins
Adiritation (OO 1Y) liooese (Retps: /S
creativecommons.org /lkoenses by

L ELE

Celon Pharma 54 ul. Marymemeka 15, 05-152 Eacars Mowy, Peland
* Correspondence authors Bdia gurbsicclonpharmaucom (LGB winlketa manssrabslivelonpharmacom (WAL

Abstract: The purpose of this work was to demonstrate the wse of the AQHD with the DOE approach
tos ther rwerthodical stuvp-by-step |:|1.'l.'v|.'|-:|npa'nu|11 of a UHPFLE mwthod for the quantitative determination
of the impurity profile of mew CPL4AF 16 substance (JAK S ROCK inhibitor) on the preclinical and
clinical step of dnig discovery stedies, The critical methed parameters (CMPs) hove been tesbed
exbensively: the kind of stationary phase (B different columns), pHl of the aquomes mobile phase
(2.6, 32,40, 6.8} andd start [20=-E5"%) and stisp (R e | percentag of organie rmdabil p]'mx-u {ALCN).
The eritical method attribubes (CMAs) are the resolution bebween the peaks (= 2.0) and peak symmetry
of analytes (=08 and <18} In the screening step, the effects of different levels of CMPs on the
CMAs were evaluated based on a full fractional design 2. The robustness tests were established
Frowm thae Ir.n::wrli,:dgu.- sk oo ther screening step and Frn'rlurrm.'d !'.I],- npp!icatiim fracticomal factorial
design 211 Method operable design region (MODR] was generated. The probability of meeting
thie specifications for the T As was caleulated by Monte-Carlo skmaulations, In relation to lHiesatune
such a complete A approach including soreening, optimization, and validation steps for the
development of a noew miethisd for the quamtitative determimation of the full pmﬁll.- of nine impasritics
of an innovative pharmaceutical substance with the structure-based pre-development pointed out
the novelly of our work, The fnal working conditions were as fidlows: column Zorbax Eclipse
Plus C18, aqueous mobile phase 10mMEImM aqueous solution of HOOOH, pH 2.6, 2006 £ 1%
of ACKN at the start and 85% £ 19 of ACK at the end of the gradient, and column temperature
30°C £ 2 °C The metlusd was validatsd in complianee with ICH guideline QXET). The optimized
pethad is specified, linear, precise, and robust. LOC) is on the reporiing, threshold level of 005% and
LOHD a0, 02% For all imparities.

Keywaords: Analytical Quality by Design (AQBD); design of experiment (DOER method operable
design reglon (MODR); pharmaceutical impurity profiling: analyviical method development; CHI
logly; CPLA] 16 JAK S ROCK inhibitor

1. Introduction

The pharmaceutical industry is closely regulated by the quality control system. The
quality of pharmacentical products and substances (APD should be assured and dos-
umented at every stage of the manufacturing and product lifecycle. According to the
International Council for Harmonization ICH Q9 guideline [ 1], it is not enough to ensure
quality, it is also necessary to identify and control the potential quality problems arising
during the process of development and manufacture, In order to fulfil this requirement, a
svstematic approach to the pharmaceutical process and product development is necessary.

Imd. [ Mol Sa. 2022, 25, 10720, hitps: "/ dod.ong ¢ 1055540, fmaE 1 0TH)

hittps:f Fwovewmnd ploomn Sjourmal / ms



Kopie opublikowanych prac

73

fur, [ Mol, Ser, 20EE, 23, 10700

2of I3

This -..-..-..-H-...-L o e as caliter b dagions .r:"n-.l “ amel 3o il .....-4 ] hl... |r"“1-.'| ﬁu. cwmaacllo
approadh is know "I.""'"“.T oy design L8 gusde

line [2], Originally, the (el methodology fc-u:um:l on the development of pharmaceutical
manufacturing but recently it has been implemented into the development and optimiza-
tion of amalytical methods and is called Analytical Chuality by Dhesigm (ALY [3-5].

Appropriate analytical methods are necessary to ensure the effectiveness and safety
of a pharmaceutical product and to meet regulatory requirements, as well as QO needs,
The inefficient analyiical methods can lead to inaccurate results and misleading informa-
tion, significantly affecting the drug development process. The application of the AQbLD
approach ensures that analytical procedures are well understood, robwast, and consistently
deliver the intended performances throughout their lifecycle.

The application of QbLY into analytical methods development has been well adopted by
the pharmaceutical and biopharmaceutical analysts [3-10] and has progressively increased
over the last vears to achieve a higher quality of analytical methods and thus a higher
quality of the pharmaceutical product. Most of the applications are focused on the use of
experimental design (DOE) and statistical screening of spaces of the method s operating
parameters o acoount for method robusiness, especially for separation techniques [11-20],
Also, there have been published papers describing a general, systematic life-cycle approach
o the development of analytical procedures, [6,8,21=25], However, much maore effort is
still required to improve the AQBD procedures and target the concept towards all kinds of
meethods from clinical to commercial and manage their lifecycle management as well as
updated regulations. Thesefore, it is expected that the update of ICHOQ2{R1) [25] and the
development of a new ICHQI4 [26], guidelines for the development of current analytical
procedures will be released soon and is an excellent opportunity to define how analytical
marthods should be developed, described, and validated in regulatory submissions,

The AQBD methodology is quite similar to the Qb process as described in ICH O 2],
The starting point is tor define the intended prurpose of the method and “‘IL'-.‘.IJ"I:II.}'HL‘:II. barget
profile (ATP), while in Qb it is the step to define the quality target product profile (QTPP),
Each analytical method should have its intended purpose, taking into account the area
of its application, for example, to support research, manufacturing process, formulation
development, release, and stability testing for clinical or commercial drugs, quantitative,
qualitative, or limit tests. The method ATP is determined by combining the intended
purpose and the ICH Q2ZIR1) quality requirements [25], such as specificity, precision,
accuracy, linearity, range, quantitation limit, and detection limit. Furthermare, the potential
critical method attributes (ChAs) could be determined as an analytical equivalent of the
critical quality attributes (COAs) in the ObD approach. CMAs should fulfil the specification
requiremnents as well as the quality limits of the measured parameters, The next step
of ALY workilow |5 risk-assessed bo ldentify and prioritize factors (eritical method
paramaters, CMP), that can affect the method attributes [11,19,24], The Ishikawa diagram
is a wseful tool to dentfy critical method parameters. CMPs are further Investigated
for robustness using the statistical DOE and multivariate analysis, DOE is a structured,
cost-effective, and cost-efficient method to organize, limit the number of experiments, and
determine the simultaneous effects and interactions of n‘lulliFIL CMPs on the CMAS, Thae

pdicetaens of TWVE o #he Aafinition of fhe smaloeii-a] TEC S84V foacthoad marahla dacidos
w_p:'\.-u'r'\. LR Bt EDONIC RATERNELRFLEE WRL AR 'Hrwu_'r fical LEs—NMLUNIR hEEFELE AL Sy R SALEIpELE

region), which is the operating range of CMPs that guarantee quality results. [9.20,21].
Figure 1 shows the scheme of the ACHE methodology,

The airn of the study was to apply the AQbD approach to the methodical step-by-step
dl;'\'l_zll;rprm;rll aof ;Lcl1r-|_1m11:-|_1gra=:|hi.1._' miethiod for dl:!r_'rm:in'tn.g the full "n-rn'l"l]r' of :impuril'il_*:;a_.
process, and degradations, an innovative pharmaceutical substance of the CPLAF 16
(Figure 2), dual JAK (Janus kinase) and ROCK (Rho-associated kinase) inhibitor [25-30],

Control of the purity of the CPFL4091 16 substance was crucial at the stage of devel-
opment of the process of large-scale synthesis and the production of the substance for
preclinical and clinical trials,

To meet the quality requirements of e formal ICH regulatory gubdelines [2.25], but bearing
in mind the cost and time effectiveness of the preclinical stage of drug development main goal
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Figure 2. Chemical structurse of CPLA0S 116,

Based on our best knowledge, the literature presented works related to the partial
introduction of Qb to the correction, verification, and improvement of pharmacopeial
methods or methodologies of known pharmaceutical substances [11,12,19.31,32], Our
studies were focused on the implementation of the complete AQbD approach including
screening, optimization, and validation steps, for the development of a new method for
the quantitative determination of the full profile of nine impurities from the process and
degradation of an innovative pharmaceutical substance. In our case, structure-based
analysis was a very important step due to the greater differences in the structures of
thie testisd -l:t:u.‘r'lpu:lur'l.d:d than in the case of the Frmq‘l.h,-d 1.1|:rl:imir..‘||!inrm of thes methods
for the separation of related compounds, For these reasons, the structure-based pre-
development studies based on the calculated physicochemical properties such as logl’ logD,
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dey were alsn rerformed
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Chur work concerns a wider range of simultanecusly optimized parameters of the
chromatographic method compared to those described in the literature, The development
presented in [31-33] was carried out on one column, while our study tested eight different
stationary phases. We also used a much wider screening of pH values of the aqueous
mobile phase {(from 2.6 to 6.8),

Moreover, apart from the commaonly considered resolution between neighbors peaks
as a critical method attribute (CAMA), we also took into account the peaks symmetry faclor,
which is important in terms of quality criteria.

2, Hesults and Diiscussion
L1, Amalytical Targel Profile (ATP)

Controlling the impurity profile of a pharmaceutical active substance and pharma-
ceutical formulation is a key element for drug development and quality assurance since
the provided data can directly influence the safety of drug therapy, reducing the impurity-
relabed adverse effects of drug products,

There are two main steps of the control of impurities during the manufacture of drugs,
the control of raw materials before drug manufacturing and the control of finished products
before Baich melease. This teo-stage confrol process reguines selective, speciiic, and sensitive
analytical techniques. In this context, the most current technicques coupled to AQbD for the
quantitation of impurities in active pharmaceuticals ingredients (APIs) are high-performance
lievuaad "!’IMH'«GM\MP‘I‘\H fHPLC |""|. and sslieakiel-aresqire Nawdd ohisom llﬂ"‘?h}“ (LUHPLC I'"'l i

dguis LRSI SN0 RNTANIEN-PICSEUTID AlgQuila SR

nwr:a-r‘ b !!1!'_“"'!.'" |..|.|.r|'| ||"|.|"i1.r LEp I\Llﬂ.l’l\.l-lrl1I|'|..|I!'|l;.'Ir-h.ll.f-l'\.nr!l II-I 11,13 |_1 |-|| I Bhi= work,

o T raw

thiz UI-IF'LC mthod with LIV detection was optimized.

The first step in the AQBD approach is to define ATP [11-13]. The ATP conceptu-
alizes the objective of the analvtical method, but also the quality requirements for the
reportable result, which include both performance characteristics assoclabed with one or
maore CMAs and criteria for validation parameters for demonstrating that the method is
fit for purpose [11,20]. When dealing with quantitative determination of impurities, the
ATP is mainly focused on method selectivity to ensure a complete separation between AP,
related and unknown impurities, and at a pinch also—excipients. The second objective is
alzo o achieve the required sensitivity of the method (limit of quantitation (LODY) equal or
lower tham the 0.05%) [11,13]. The method under development was intended to be used in
romuting: quality contral, hence the criteria for ATT related fo the validation paramaters were
generally taken from the ICH Q2 (R1} guidelines [9.25]

Therefore, in the present study, AT is set as: (a) a robust, selective, and specific
methed, (b) good linearity, precision, and accuracy of impurities determination, and (c)
statistically challenged validation |1 1,12].

22 Risk Assesaprent, Critteal Method Attributes CAs, Critfeal Miethod Paramrelera MM

OB A are an element of method 'p-r_'rl"-urmi.'lrum.- that must be measured bo access whethar
a method can produce fit for purpose data, The ChAs are directly connected with the ATT

and are [RECTETi L T variables that can n-n.-'.n;l- information on the mm!lru o the chroma atouram,
In the present ﬂ.tl.nd.].- the ChlAs are: {a) resolution between the P-u.-.u]u: should be 210,
and (b) peak symmetry of analytes should be =208 and < 1.8 Many parameters could
influence the chromatographic performances (of CMAs), which involve aspects related to
the chromatographic system, the column, and the mobile phase. In order to indicate the
risk factors of the chromatographic method, a fishbone diagram was performed as shown
in Figure 3 [11,14,34].

From this diagram, it was possible to identify the CMPs that could potentially affect the
selected ChAs and, therefore, required an in-depih Investigation using DOE methodologles.

The following parameters were considered for the multivariate optimization: stationary
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Figure 3. lshikawa diagram for critical method paramebers (CMP),

The settings of the other factors were selected based on preliminary experiments. In
particular, following common practice, the injection volume was set to a low value (1 pl),
gradient time was set to 7 min (to obtain optimum analysis time, elution ime for all of the
compounds is lower than 4 min), and the flow rate of mobile phase was set to 0,5 mL min~ ',

I this study linear gradient elution has been chosen. This is simple and typdcally
the default elution method ("first choice™ method) during chromatography methods de-
velopment, The linear gradient minimizes peak broadening against isocratic elution and
produces more accurate and repeatable results, This second Factor is particularly relevant
when a transfer method to another instrument is an -;:]:rti.ﬂn, thius limear elution allows
I[Jf i:l:'lll'. L'II‘.'\'!.“JPI.'I.'I.L'“I I:JI: @ FAONe Wnve F!H.I.I :I'.|1I:'IIII.H.'IUH.I‘E.}' Lnl'llll'_'l'l.']": EI-I'I.IH.'JH: !il'.ﬂ.'l."l'.l"l- I1EI"¢"1.
occurred by changing the initial and final amount of organic phase, at a range from 20% to

WE. e A e TR g T
o Gl AT O e B TS JE:I.H:\.I.I'I- |:|.:p

ACN was chosen as a type of organic solvent in the mobile phase. MeOH as an organic
solvent has been disregarded on a base of preliminary studies, due o high retention and
rey elution of some of the teshod L'!:II.TI]:I'[:II.IJ'II'JH.

Moreover, the wavelength of LV detection was determined and set to 297 nm as a
maximum of absorbance |AKD1 (CPLAN 16) and eight of its impurities and 230 nm to
comtrol the JAK SM-05 impurity,

2.3, Struclire-Basad Pre-Develogrent Stidy

One of the first steps during the development of a chromatographic method is to a
knowledge of the chemical structure of analyzed compounds o assess opportunities and
identify initial risks during optimization of the analyvtical method, and also to determine
correctly CMPs, like pH of the mobile phase. The basic molecular descriptors, which
strongly affect the retention factors, are hydrophobicity (ipophilicity) of molecules or
ions, expressed by the partition coefficient logP, and distribution coefficient (logD) for
ionizable compounds [35-37] In addition, most of the new diug molecules that are
currently undergoing preclinical research or clinical trials contain ionized groups. Acid-
base chemistry strongly influences not only retention and chromatography resolution but
also affects band broadening [35,39], which further complicates the development of an
effective separation method.

For the initial characterlzation and determination of the differences between the
CPLAD96 JAKOL) compound and its impurities, calculations of the physicochemical
properties (logh, logh, and pEa) have been performed using the ACD Labs Percepta
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program (Table 1) [40]. On this basis, it was found that most of the molecules have basic
dissociation constants pKa in the range 1.98-2.70 except for JAK-0T7 (090 and 3.98) and
JAKADS (0,79 and 2.70), and JAK ImpB characterized by basic pKa 270 and 3.56, but in
particular, JAK-09, having a different basic nature (pKa = 2,68 and 992}, In the pH range of
55-8.0, all compounds exist in a single, unprotonated form, which definitely facilitates the
development of the chromatographic method.

Table 1. Calculated physico-chemical properfies and determined the chromatographic hydmophobicity
indes CHI log Dy of CPLAM 16 and fis impurithes,

Compound

CHILogD CHilegD CHILogD
1y logl  clogD26  clogD 45 clogD74  clogD 105 pKa(Acid)  pKa(Base © oD €O CUTCE
LM1-05 .46 186 L= L e Ik &h 25 112 = L (b4
L1z
JAK-S 137 203 1: 116 116 1252 258 arl 1.22 234
492
JAK ImpC ~ -422  -4.20 AT 422 42 1341 ‘1“;" 125 141 123
79 -0s3
JAKImpA 054 1 53 043 191 b 200 149 1.49 | 9
i 58
s —L11
JAK ImpB 1407 2 102 L7 LA -7 27 240 121 245
1505 154
1.11
EELARLS s ina 143 |44 144 1252 200 351 3K 3405
(AKO)
270
—07%
JAKAT 345 %96 ez a3 83 - ) 380 155 257
298
112
JAK-8 255 23 255 258 254 1252 7Y 483 i 141
270
1.1
JAK ImpE 3 271 3 3 3 = 1.0 456 442 2417
240
-1.20
JAK ImpD 245 2.3 165 265 265 = 199 512 146 183
a0

A much more complicated situation was concerned with the descriptors determining
the lipophilicity of compounds (logl and clogD). Generally, loglP® factors show a promising
distinction of retentions in chromatographic conditions, But the data obtained for the com-
pound JAK ImpC (logP/logD = —4.22) suggested very poor retention that was inconsistent
with the observed retention times of the compound in chromatographic conditions.

Due to this observation and to better characterise elution conditions for method devel-
opment, it was decided to determine the chromatographic hydrophobicity index CHI logD
of CPL409116 and its impurities by the methodology described by Valko et al. [41]. Chro-
matographic hydrophobicity index CHI logD has been originally used for high-throughput
physicochemical property profiling for ratbonal drueg design [42], where determined values
strongly correlate to lipophilicity (logP and for bogl) of molecules [37.41]

On a basis of determining lipophilicity described by CHI logD at pH 2.6, 7.4 and 10.5
on ACE Ultracore SuperC18 column more valuable data were oblained in a contest of
chromatigraphy interactions molecules with stationary phase extended with their acid-
base properties (Table 1). Particularly, strong pH dependence on retention factors has
been observed for JAK ImpC and also for JAKO?, JAKDS, and JAKD, Greater differences
and a wider range of CHI logD values, calculated on a base of peaks retention times of
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compounds, in the lower pH range than in the pH 7.4=10.5 range have been observed. The
use of mobile phases with a lower pH would allow obtaining higher chromatographic
resolutions and higher selectivity of the analytical methosd.

Morcover, CPLA09T TS is practically inscluble in agqueonss solutions (eg., in phosphate
buffer with a pH of 7.4 below 0.1 ug ml~ '), hence the choice of more acidic separation
conditions where the compound may protonate is expected to reduce carryover, problems
with clogging of the column and its longer lifetime.

In summary, variows dissociation constants of the tested compounds made it neoessary
b check the elution conditions in more detail in the pH range 2.6-6.8, taking into account
peak shape, Using more acidic conditions in the mobile phase should lead to the preparation
of more robust and effective analytical methods. As a final CMP, six different buffers at
pH 2.6, 3.2, 3.5, 4.0, 4.2, and 6.5 as an aqueous mobile phase has been chosen,

Impurities generally have molecular structures that are close to or related to the AT,
they also tend to show similar chromatographic behavior. In the case of impurities of
CPL49116 JAK ImpC and JAK ImpA have very close hvdrophobic index CHI logD at pH
2.6 that same like main compound have similar retention to JAKD? or JAK ImpD and JAK
ImnpE at pH 7.4 (Table 1)

It is possible to modulate the effectivity of separation and chromatographic resolu-
tion by changing the pH of the mobile phase or temperature. But a much maore effective
way is modulation of selectivity of stationary phase that is strongly impostant il analysed
compounds have a very close molecular structure with comparable hydreophobicity, In
this manner, the most effective idea is to explore the selectivity space and chemistry of
stationary phases. Based on the work of Snyder and Dolan [43], [44] five terms describ-
ing selectivity arez (a) the hydrophobic interaction between the solute and the column;
(b) the resistance of the bonded phase to penetration by bulky molecules; () hvdrogen
bond (H-B) interactions between basic solutes and acidic sites {silanols) in the column;
(d) H-B interactions between acidic solutes and a vicinal-silanol pair on the column surface;
and (e} cation exchange between ionized bases and ionized silanol groups in the column.
Cin this base the Hydrophobic-Subtraction Model (HSM) has been prepared for quantitative
comparison of differences in chromatographic columns and the resulting data are publicly
avatlabbe for free through different websites, e, www.hpleonline.org [45] (accessed on
29 Janwary 2021 or USP chromatographic column database [46].

For the present work, eight columns that differ in chemistry and parameters of station-
ary phase have been chosen (Table 2).

Takle 2. List of the tested column and their properties; Fs—factor describes column similarity;
H —paramiter i% a measire of the pluw h}"dl‘tl‘:‘-]"ﬂﬂ'.l.ii:il'l‘r'j Sy rore ot resistance of the
statismary phase to penetration by a selute malecules; A—measure of the hydrogen-bond acidity of
thir phase; B—a measiee of the hydrogen-bond basicity of the phase: C—a maeasore of the inberaction
of the phase with jonized solube molocales,
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Columns have been chosen on a base similarity factor Fs and also taking into account
differences in acid-base interaction of stationary phase (ClpH 2.8) and C{pH 7.0} CPLAFA 16
contains a few different heterocyclic rings, aliphatic amine functionality, amide, ether and
nitrile substituents chemistry of stationary phases has been diversified between different
chemical modifications, octadecy], phenyl-hexyl, biphenyl, and pentaflusrophenyl.
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Therefore, during screening, the authors advise the fixing of qualitative factors such
as the type of stationary and mobile phases based on scientific knowlsdge of the maolecubis
and any relevant impurities. These parameters are very unlikely to change during routine
use. Subsequently, quantitative factors such as pH, and the composition of the mobile phase
or lemperatune, can be examined when optimizing a method for robustress, [F necessary,
pri-tests on qualitative factors can be conducted. Usually, the chosen columes will be those
optimizing peak shapes, time of analysis, and selectivity. Knowledge of the interactions
between the stationary phase, the mobile phase, and the molecule of interest showld of
course be included in such studies.

At the stage of preclinical and clinical development, a very important fsctor is the
assessment of the potential genotoxicity and mutagenicity of new compounds in accor-
dance with the requirements of the ICH M7 (R1) guidelines [47]. In the case of risk or
analysis of mutagenic compounds, it is necessary bo use very sensitive analytical methods,
which in moest cases means the wse more sophisticated methodology or mass spectrometry
detection [45.49)

Compound CPLA0A116 and their related substances, processing by-products and
impurities, have been evaluated by two complementary (QISAR prediction methodologies
to assess the potential mutagenicity of impurities, One methodology should be expert rule-
based {DEREK Mexus, module in Star Drop software) [50-52] and the second methodology
should be statisticallv-based (Toxicity Estimation Software Tool (TEST)) [53.54].

No strsctural alters and no mutagenicity risks were found for the CPLAST 16 and ks
refated substances (Table 3) and it did not require changes to the previous assumptions
regarding the level of impurity quantification.

Table 3. E'il.lr.|l|‘|."||}' of evabwation of mtagensciby (S AR results for LA 16 and melabed sobstanoe.

Compownd Mame

CPLA%116
(JAK-01)

JAK-07
JAK-08
JAK-09

JAK SM-5

JAK ImpA

JAK ImpB

JAK ImpC

TAK ImpD

JAK ImpE

DEREK Mexus Resulls TEST Resulis

IISAR Rule-Based (DISAR Statistic-Based WEHL T ey
Mutagenicity i INACTIVE ’f,:":;ﬁ;“ﬁ;‘ ':}ﬂr:ff'ﬂ':f Class 5
Mutagenicity is INACTIVE mﬁ:ﬁ:ziﬁ:ﬁ;lﬁ Clazs 5
Mutagenicity is INACTIVE ":,““';E:_;":‘ﬂ':ff":?g Class 5
Mutagenicity is INACTIVE ’f:;;f;':f ':Tﬂr:f::"“?;t Class 5
Mutagenicity ks INACTIVE ﬁmﬂqﬂ'ﬂ::’:ﬁ"ﬂ;’; Class 5
Mutagenicity is INACTIVE H::‘;fﬂ":':‘ﬂﬁfz‘?:?:f Class 5
Mutagenicity is INACTIVE h::;ﬁ::;':ﬁﬁf?;; Class 5
Mutagenicity i INACTIVE ﬁtﬂfﬁ?ﬁ:’;ﬂg Class 5
Mutageniity is INACTIVE m‘*xﬁ“ﬁ::ﬁﬂ:ﬂ]:’f Class 5
Mutagenicity is INACTIVE BRI EERRcih e EA LR Class 5

Predeched value p =16

28 Sereening Study

The Screening Phase Method development was initiated with the screening activity
using an Agilent scouting system equipped with an 8-position column manager and solvent
selection valve. For screening experiments, eight column chemistries with a wide range
of selectivity difference, wide pH range, different bonding, and with different similarity
factors (Fs) [1243] were vsed, A birge difference in Fs factor indicates that the two columns
are very different. During this study, columns’ Fs values were compared with Agilent
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FORBAX Eclipse PMlus C18. Columns selected, operating pH range of the columns, bonding
details, and Fs values were mentioned in Table 2,

The buffer pH selection was carried out in the range of pH 2.6-6.8, Formic acid solution
{10 mM} was used to prepare a buffer solution of pH 2.6, and ammonium formate (10 mM)
buffer with different concentrations of additives was used to prepane buffer solutions of pH
L2, 4.0, and 6.8 The initial screening experments wene carried out using different columns,
different pH buffer solutions, and different components of a start (from 209 to 25%) and
end gradient {from 85% to 90%) organic modifier compositions as variables.

The statistical experimental design was performed based on full fractional design 2
(bwo factors; start and end gradient composition, teo=lmvel) with full repetition for cach
tested column and difference pH of buffer solutions [13,14]. Flow rate, gradient time, and
column temperature were kept constant. A total of 128 experiments were performed by
statistical design at the screeming step.

After running the screening experiments, processing was done to integrate all the
peaks properly and then the generated chromatographic responses were transferred to
the STATISTICA software [ 55-57] to generate knowledge space for linear additive effects,
curvilinear effects, and complex effects of different variables,

Multiple linear regression was applied for the caloulation of the coefficients of the nine
medels for resolution between all pairs of peaks (Bo) and 10 models of the symmetry factors
for all peaks (As) then the models were nefined to improve their quality by removing some
of the nom=significant and entangled effects, The evaluation of statistical analysis tools
like AMOVA for each response was used to determine the significance of each method
parameter selected for the study wsing the p-valee (significance level p < 00050 For all
models, good fits wene obtained; coefficients of determination B were above 0.9, and lack
of fits is not statistically significant {p = 0L05),

The results are evaluated based on the desirability factor wsed in the STATISTICA soft-
wane [35=57]. The desirability factor approach is a very useful method for the optimization
of multiple response processes, The relationship between the approximated (predicted)
baseline responses and the utility of the response is called the desirability function. The
idea behind this approach is the “quality” of a product or process that has multiple qual-
ity characteristics, with one of them outside of some “desirability” limits, is completely
unacceptable. The method finds operating conditions that provide the “most desirability™
respons values, 00 represents a completely undesirable valwe amd 1.0 represents a com-
pletely desirable or ideal response value, Tn this study, for resolutions between all pairs
of peaks, desirability equals 0.0 when all resolution factors are less than 2.0, for symmetry
factors desirability equals 1.0 when all symmetry factors are more than (U8, and desirability
wgueals 0.0 when all symmaetry factors are mone than 1.8,

Cumulative desirability plots of results and multiple response curves are used to iden-
tifw the optimum pH of the aqueous mobile phase, range of start and end % of acetonitrile,
and a suitable colummn for further optimization.

The trellis graph (Figunes 4 and 5) shows the results (desirability plot) of screening
experiments using different columns, different pH, different start, and final % of acetonitrile,
separately for the resolutions and svmmetry factors, The red tint in the graphs shows the
“knowwledge space”, the area where all the critical method attributes (CMAS), e, the
resolution between peaks, and symmetry factors are within the expected range (R = 2.0,
and 08 < A, < 1.8), and green tint shows the area where no requirements of CMAs are
not met. Figure 6 presented an example of chromatograms corresponding to the selected
conditions of separation from screening tests,

Based on the evaluation of the screening experiments results calculated by the STATIS-
TICA Solfware (version 13.3) TIBCOO Inc. (Palo Alke, CA, USA), the values of the critical
parameters of the methods (CMPs] allow for obtaining the optimal conditions, meeting the
acceptance criteria {CMAs) for the separation of the test substance CPLA09116, and its nine
impurities are shown in Table 4.
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Figun? 4, Soreening -.-'-.rn,*:ilm-nl resilis shoaving the inferaction effect of columns, % of organic
aouvient af the start and end gradient, and pH with ChbAs as o desicability plot of resolutions ().
C1—20RBAN Eclipse Mus CE8 (11 = 50 mum, 1.8 um, Agilent Technologies), C2—Kinetex EVOD
CIR (L1 = 50 mm, 1.7 pm, Fhenomenex), Cl==ACQUITY UPFLC BEH CI18 (2] = 50 mm, 1.7 pm
Waters), Cd—lIntiniby Lak Poroshell 120 Phenvl Hesyl (2.1 < 50 mm, LY pm, Agilent Iﬁ'll:l-.'-lll-_ﬂ-.hl,
I e B TR B I'I-.pl'u-.nl.'.ll 1 = 50 mma, 1.7 am, Phenomenses |, Ch=—=Kinetex PFF (2.0 = 50 mm, 1.7 o,
Phmamerse ), 7 —ACDUTTY UFLE CSH OIS (2] = 50 mem, L7 e, Wabers), and C8—ACQLUITTY
LUPLC CSH Flissro-Phenyl (2.1 = 100 mi, 1.7 jem, Waters)
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Figure 5. Screening experiment results showeing te interaction effect of columns, % of onganic solyent
at the start and emd gradient, and pH with C3As as a desirability plot of symmetry fackors [As)
Cl—FAOERAX II-.'I=.|1'-.;' Plus CI8 (21 = 50 mm, L5 pm, Agident Technodogies), C2—Kinetex EVCD
CI18 (&1 = 50 mm, L7 pm, Phenomenes ), C3—ACQUITY UPLC BEH C18 (2.0 = 5 mm, 1.7 jm
Winters ), Cd—Infinity Lab Foroshell L3 Phenyd Hexyl (2.1 % 50 mmn, 19 wm, Agilent Technodogices)
C5—Kinetes Bipheny] (21 = 50 mm, L7 wm, Phenomenes), Co—Kinetes PFP (20 = 50 men, 17 wm,
Phenomasnes ), CF==ACQLUTITY UPFLC CSHCILS (21 = 50 mm, 1.7 pm, Wakers), and CR=ACQLITY
LIPLC OC5H Fluowo-hene] (221 = T e, 1.7 wm, YWakers k.
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Figure . An example of chromatograms from screening experiments on the eight tested columins!
CI—ZORBAX Eclipse Mus C18 (2.1 = 50 mem, L8 pm, Agilent Technologies), C2—Kinetex EVO
Cia g1 = 50 mm, 17wy Phenomenex), C3—ACOUITY UMLC BEH CI8 (2.1 = 50 mm, 1.7 pm
Waters), C4—InfinityLab Poreshell 120 Pheny] Hexyl (2.1 = 50 mm, 1.9 pm, Agilent Technologies),
C5—Kametex Biphenyl (2.1 = Shmm, 1.7 um, Phenomenex), Co—Rinetex FF® (21 = 50 mm, L7 am,
Phenomenex), CF—ACQUITY UPLE CSH C1E (2.1 « 50mm, 1.7 um, Wabers), and C—ACOUITY
LPLC CSH Flassro-Phens] 2.0 = 100 man, 1.7 am, Walers),
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Table 4, Summary of the sereening experiments resulis,

Chptimal Conditinas of CMPs
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["I. .M:'*I] |"E ACN]
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Sysnaed iy e of PAKDE [(=1.35)
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Kinebex FEP Rescdubiom of [AKETAKDT (<05
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" Ruscbation of JAK ket /TAK ImpA, (<1.5)
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Sty Gactor of JAKIR
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Far further study follow chromatographic condition was selected ZORBAX Eclipse
Plus C138, pH 2.6, 207 of ACN at start gradient, 85% of ACN at end gradient; Kinetes EVO
C18, pH 4.0, 21% of ACN at start gradient, 86% of ACN at end gradient; ACQUITY UPLC
C5H Fluoro-Phenyl, pH 2.6, 200 of ACN at start gradient, 85% of ACN at end gradient.
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2.5, Optimizefion aed Bolrsiness Tesding

In the following step of method development, the conditions chosen during the
screening experiments were tested. The real sample of JAKO] substance and a sample of
the test substance spiked with impurities at the (L15% level, apart from the 55T solution,
wene running, and robustiess tests were performed. Although the acceptance crteria of
CMAs were met for all three conditions selected for the screening study, a chromatogram of
the real substance with overload concentrations of JAKD1 with impurities spiked at 0.15%
level s insufficient. On column Kinetex Evo C18, impurity JAKD? elutes on the slope of
the maim peak of JAKD {(Figune 7). On the ACOUITY UPLC CS5H Fluoro-Pheny] column
we observe a similar situation, impurity JAKOE elutes on the slope of the peak of JAKDL.
Because of this, there may be problems with coelution and peak integration when applying
the method fo routine besting,
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Figure 7. Chromatogram of |AKD substance selution spiked with imparities at 0,15% level on thae
Kingetes EVEYCIE {21 = 50 mumi, 1.7 o, F'i.'u.-mm-nl.-x:l onlimei.

Therefore, the best choice of chromatographic conditions for the determination of
JAKDL impurities seems to be on the Zorbax Eclipse Plus C18 column, pH 2.6, with 20%
of ACM at the start and B5% of ACN at the ending gradient, The higher resalution
(R = 8.5) between the main peak of JAKO1 and the nearest impurity is observed under
this condition on the 55T selution, compared ko Kinetex Evo C18 and ACQLUITY UPLC
CSH Fluoro-henyl columnz. On the Kinetex Evo C18 column, the resolution between
|AKD] and the next peak JAKOT equals 2.2, and on the ACQUITY UPLC CSH Fluero-Phenyl
codumn reselution between JAKD and JAKDS equals 5.1.
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In the next step, separations conditions on a Zorbax Eclipse Plus C18 column with
10 mb formic acid pH 2.6 as an aqueous mobile phase were applied to the robustness test,

Typically, the robustness of a developed method is tested by changing one method
parameter at a time, keeping the other variables constant. During our studies, many
variables were changed simultaneously in various combinations using the DOE approach,
based on the fractional factorial design with central point values, and with full repetition
for statistical analysis of robustness.

Apart from variables tested af the screening step, the column emperature, and concen-
tratiom of formic acid wene additionally tested. The range of variable values was established
from the knowledge space of the screening step, % of ACN at the start of the gradient
(207 = 1%), % of ACN at the end of the gradient (5% + 1%). The concentration of
formic acid was tested in the range of 10mM £ 1 mM, and the column temperature was
30°C & 2 °C, The other parameters of separation are kept at a constant value that was
detailed described in Section 3.2,

The application of fractional factorial design (2 1) with a center point and repetition
instead of full factorial design with center points (34) and repetition allows obtaining the
same knowledge about the robustness of the method when performing 18 experiments
instead of B1. The runs of the experimental plans were carried out in a randomized order
with S5T solution and a test solution containing 0.5 mg mL~" of JAKN and 0.75 pg mL~"
of JAKOT impurities corresponding to 0L15% level, to assure sufficient selectivity,

The design of the experiment plan and corresponding raw data were presented in
Table 5,

Multiple linear regression was applied for the caleulation of the cosfficients of the nine
models for resolution between all pairs of peaks and ten models of the symmetry factors
for all peaks, then the models were refined to improve their quality by removing some of
thve mom-signi fcant and entangled effects. The evaluation of statistical analysis toals like
ANOVA for each response wis used to determine the significance of esch method paramater
selected for the study using the p-value (significance level pr < 0.05). The graphical analysis
of the effects presents in Figure 8 as an example of the Pareto chart (for R between JAKID
and JAKDT and A, for JAEDT), which allows the refained coeflicients and the significant
terms of the models to be identified the impact of the tested variables on the CMAs.
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Figure 8 The Parcto chart for Ra between JAKDL and JAKOT and As for JAKOL for robustness bests.
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After '.'EriFyinp, the reliability of the regression models, the results were converted to
the desirability plots for a specified value of CMAs (B = 20 for all pairs of peaks, and the
symmetry Factor of all peaks 08 < A, < 1.8) for values of the CMPs from the robustiess
testing range. The analysis of these plots was used to estimate the final design space of the
proposed method.

Based om fhe results of the statistical analysis, we can concludie that the assumed e
quirements for O0As ane miet in the whobe robustness tested range of the CMPe—desirability
factors are well above 000, near the maximim value equals 1.0,

2.6. Method Operable Design Region (MODR) and Control Stntfegy

Based on the results of the design of the experiment from robustness tests, the STATIS-
TICA software was also employed for verifying the MODR, ie., it was checked whether
the CMI"s selected in the screening phase, in a small range centened on the optimized valoe,
had a significant effect om ChAs,

For this purpose, probability maps were calculated by Monte-Carloe simulations,
propagating the predictive error by using the modiel eguation to the CMA= and compating
the probability of reaching the desired objectives [11,12]. The threshold for the risk of
Fablire was aet bo 1% This means that in the calculated zone the valwes of the CAMAS are
satisfied with a probability of 900 For all variables (CMAz) risk of filuse was well below
10% at the robustness tested range of CMIPs,

Based on the statistical result evaluations of the screening, optimization, robusiness,
and risk tests, the MODR corresponds to the following intervals, 3% 4+ 1% of ACN at the
start of the gradient, B5% 4 1% of ACN at the end of the gradient, the concentration of
formic acid H0mM £ 1 mM, and the column temperature 30 °C £ 27,

The control strategy of the method was designed by taking into account the resulls
of pobustress testimg and identifyving svstem suitability criteria [21]. The intervals for the
accepted CMAs values were included between the lowest and the highest values for the
ChWAs measured when performing a robustness study. The obtained interval resolutions
For the S5T solution wene shown in Table 5. Addiionally, based on the sereening study, we
could define the requirements. for the resoluation between JAKD and the nearest impurity
peak for 55T solution as more than 6.4. Less value of it causes that impurity peak may
coelute with the main peak of JAKDL at an overloaded concentration in the test solution.

2.7, Validwtron

Validation of the method was carned outin compliance with ICH guideline QR [25].
The validation data are reported in Table 6, showing adequate performances for the in-
tended purpose. The determined content of all CPLA0S 16 (JAKDL) im purities showed
evidenoe of good precision (RSDs werne bess than T, LOO concentration valug 15 on the
reporting threshalbd level of 005% for all impurities.

Table 6. Summary of the validation resules,
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The developed method was finally applicd for the analysis of & real sample of
CIPL409116 substance from a large-scale symthetic process. Overlay chromatograms JAKO1
test solution and JAKDI test solution spiked with impurities at 0.15% level shown in
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Figure . Owverlay chromatograms [AKD] test solution (A), and JAKG test solution spiked with
impurities at (015% level at 230 nm (B) and at 297 nm (Ch on the ZORBAX Eclipse Plus C18
(2.1 = 50 mm, L8 pm, Agilent Technobigies, Waldbronn, Germany') column,
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3. Material and Methods
3.1, Chemienls and Renienfs

Reference standard |AKD] (CPLA09116) and its impurities {(JAKDT, JAKOS, JAKDS, JAK
ImpA; JAK ImpB, JAK ImpC, JAK ImpD, JAK ImpE, and [AK 5M-05) were manufactured
in-howse by Celon Pharma 5.4, (Lomianki, Poland).

Mix reference substances to the distribution coefficient chromatographically deter-
minations (CHI logD) including paracetamol, acetanilide, acetophenone, propiophenone,
butyrophenong, and valerophenone (purity >99.0%) were purchased from Sigma-Aldrich
Chemie GmbH (Steinhem, Germany ).

Acetonitrile {ACN) (hypergrade for LC-MS5), and methanol (MeOH, hypergrade for
LC-MS) were purchased from Merck KGaA (Darmstadt, Geemany), and dimethyl sulfoxide
(DOMSCY, for HPLC) from POCH (Gliwice, Poland). Formic acid (98=-100%, ¢luent additive
for LC-MS) and ammonia (25% solution, eluent additive for LC-MS) were obtained from
CHEM-LAB NY (Zedelgem, Belgium). Ultea-pure water for HPLC was obtained from the
watker purification system Milli-C 1Q 7000 from Merck KGaA (Darmstadt, Germany),

3.2, Solutimrs and Semprle Preparatiaons

A number of buffers {10mM HOOONH,) with different pH levels were prepared
for these experiments, Buffers (pH 3.2, 3.8, 4.0, 4.2, and 6.8) were prepared by mixing
the formic acid solution with different levels of ammonia (25% solution} o adjust the
pH. The individual phases of formic acid were prepared by adding a suitable amount of
concentrated acid to water. Stock solations were prepared for all compounds and stored at
4 °C. A standard stock solution of JAKDT (3 mg mL~") was prepared using a mixture of
DS MeCH (20:80 0/ v). Stock solutions (4 mg mL~") for each impurity (JAKDT, JAKDS,
JAKDD, JAK ImpA, JAK ImpB, JAK ImpC, and JAE SM-05) were prepancd in a mixhing
of DMS0: MeOH (20:80 ¢/ 1), Stock solutions (4 mg mL ™) for JAK ImpDand JAK ImpE
were prepared in PMS0. Working standard solutions were daily prepared using MeOH. A
mix of all compounsds at the concentration level of 0L1-1 pM (a8 55T selution) was used
tor sereen the chromatographic conditions. In the next stage of the research, a mixtune of
JAKD (0.5 mg mL " '; 100%) with nine of its impurities {each at the level of 0.753 ugmL"";
0.15%) was used. For the tested impurities, linearity in the range of 005% to 0L18% was also
demonstrated by prepanng mixtures of compounds at the appropriate concentration level
and a solution of impurities at 0.02% was prepared for detection limit (LOD) determination.

For the CHI logDy determination, separate solutions of all the tested sample were
prepared ata concentration of T mM in DMSC. Reference mix solutions have a concentration
of 1 mM in DMS0,

33 Destrenmreittimbions and Chromelographic Conditings

Eight different chromatographic columns were evaluated: Z0RBAX Eclipse Flus
CI18 (21 = 50 mm, 1.8 um, Agilent Technologies), Kinetex EVO CIE (2.1 = 50 mm,
L7 wm, Phenomenes), AQQUITY UPLC BEH C18 (2.1 = 500mm, 1.7 wm Waters), InfinityLab
Poroshell 120 Phnyl Hexyl (2.1 = 50mm, 1.9 pm, Agilent Technologies), Kinetex Biphenyl
(2.1 = 50 mm, 1.7 um, Phenomenex), Kinetex PFI* (2.1 = 50 mm, 1.7 um, Phenomenex),
ACQUITY UPLC CSH C18 (2.1 = 50 mm, 1.7 wm, Waters), and ACQUITY UPLC CSH
Fliro-Fhenyl (2.1 = 100 mm, 1.7 pm, Waters). When performing the chromatographic
optimization, eloent A consisted of formic acid (10 mM, pH 2.6) and ammonium formate
(10 mM) buffer with different concentrations of additives was used to prepare buffer solu-
tions of 3.2, 4.0, and 6.8, and eluent B consisted of the organic solvent (ACN). The elution
wias performed with linear gradient mode. The starting and ending percentage of eluent
B was optimized at a screening phase at a range from 20% to 25% and from 85% to 90%.
The ending percentage of eluent B was isocratically maintained for 2 min. The whole
gradient time was 7 min and included 4 min of elution step, 1 min of washing and 2 min of
stabilization step. The other working conditions wene as follows: sample injection volume,



Kopie opublikowanych prac 91

faal, [ Ml Sev, S0ZE, I3, VG720

2ol 33

1 pL: Aow rate, 0250 mL min~ '; oven temperatare, 30 °C (28-32 *C); detection UV 297 am
{230 nm for |AK SM-05), and the autosampler temperature, 15 °C.

The chromatographic analyses were run by an Inifinity 1T 1290 UHI'LC Method Devel-
opment Svstem (Agilent Technologies, Waldbronn, Germany} equipped with quaternary
high-pressure pump, 12-position =olvent selection valve, multizsampler with thermostat,
multicolumn thermostat including S-position quick-change column selection valve and
diode array detector. UHPLC svstem was controlled by Openlab Client /Server System
{version 2.3 (Agilent Technologies, Waldbrons, Germany].

The CHI logD for JAKOL and its impurities was determined on an UltraCore 2.5
SuperC18 (2.1 x 50 mm, 2.5 pm, ACE) column with eluent A consisting of formic acid
(10 mM, pH 26}, and ammaoniuen acetabe (300 mb) buffers with different concentrations
of adddditives wene used to prepane buffer solutions of 7.4, and 1005, and eluent B congisted
ACN |55]

3.4, Calenilabions ard Softedne

Calculations of physico-chemical properties were made with the ACD Labs Percepia
soffware (202011 release) {Advanced Chemistry Development, Inc., Toronte, ON, Canada)
including Phy=Chem and Drug Profiler modules [40],

For evaluation of potential mutagenicity two complementary ((Q)SAR prediction
methodologies were used DEREK Mexus module (Lhasa Lid., Leeds, UK) im the Star
Drop soffware {version 6.6) (Optibrium Lid., Cambridge, UK) [50-52] was used for rulbe-
based calculations, For statistically-based (Q)SAR methodology the Toxicity Estimation
Software Tool TES.T (version 4.2.1) (US Environmental Protection Agency, Cincinnati, OH,
LISA) [55,54] software was used.

The STATISTICA {(version 13.3) TIBCO Software Inc. (Pabo Alto, CA, USA) was naed
for DOE and investigations—generate plans of the experiment, screening, optimization,
robustness, and risk study of analytical method conditions, and statistical analysis of
obtained results [35-57]

4, Conclusions

The present work has demonstrated the application of AQBD for the selection and
development of a chromatographic analytical method for the determination of purity
CPLA 16 (JARKOT) for controlling the large-scale synthetic process of the substance, per-
forming stability tests, and manufacturing of the final drog form for clinical trials

The ultimate goal of the chromatographic method development is to obtain an accept-
able resolution of all components within a reasonable analvsis time. To meet the quality
requirements of the formal ICH regulatory guidelines [2.25], but bearing in mind the cost
and time effectiveness of the preclinical stage of drug development, the main goal was to
design a quick, simple, and robust analvtical method.

At the beginning of the method development process, physico-chemical properties
of CPLA01 16 and its related substances hiave been performed. In practice, not all values
obtained from calculations give adequate information to use for chromatography method
development. However, for this purpose, a very useful strategy is the determination of the
hydrophobicity index CHI logD that gives alsao the possibility (o narrow the scope of tested
pH of the stationary phases at the screening, stage,

In the present work, final method selection has been performed by screening analysis
with gight chromatographic columns differing in chemical medifications of the stationary
phase (C18, phenyl-hexyl, biphenyl), three linear gradients with vanous increasing of the
organic phase, and aqueous phases differing in pH in acidic range (pH 2.6-6.8).

As a result, we selected three different conditions that meet acceptance criteria (ATF),
bat as a most universal condition, Agibent Zorbax Eclipse Plus C18 coluwmn with 10 mbd
formic acid pH 2.6 a5 an aqueous maobile phase, was applied for the robusiness test,

Using a DOE approach and application of fractional factorial design with a center
point and repetition, instead of full factorial design with center points and repetition, allows
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for obtaining the same knowledge about the robustness byt is imited fo 18 experiments
based on simultaneous changes of many variables.

Im this way, the need to perform a large number of analytical runs was effectively
limited, confirming the scope of applicability of the selected analvtical method with the
AQPD method. Based on the results of the statistical analysis, we can conclude that the
assumed requirements for COAS are met in the whole robustiess tested range of the
ChlPs—desirability factors are well above 000, near the maxinum value equals 1.0,
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Abstract: The successful development of eaviral delivery systems for nucleic acids has been reported
exlensively over the past years, Incweasingly emploved to improve the dellvery efficiency and
therapeutic efficacy of RNA are lipid nanoparticles (LNPs). Many of the various critical formulation
paramebers can affect the qualiby attribubes ancd effectivenoss of thise rano-formulations. Therefore,
the systematic drug development appaoach (OBD) and multhvariate design and statistical analysis
(DMIE) can b very hL-{'pfuI and recommiended for ﬂwqqﬂin'ljntlitmnllhuqnmpnsillem.uﬂ Flmdu;lin:rn
of BMA-LNPs, This review addresses the concepts amd applications of ObD and for DOE for the
development of Hpid nanopartiches for the delivery of differemt types of RN A, reporling examplis
i:-uhl:ixhr.'fl in the ten recent Vs Fn-.n.-nl:ing i latest trencds and n-gu]:nm'_l.r rn]uin.-mmm as waell
as the modermn mathematical and statistical design methods. As the topic exploresd in this revies
i5 a novel approach, the full Qb0 has been described Inoonly a few papers, and a few refer only
bin soumie aspects of (Falk In contrast, the DOE appﬂmch has bevrn used i most of the n-|'.-rimi.a':|.1'i|.1n
works, Ditherent approaches and imnovations in DOE have been observed. Traditional statistical esis
ard modeling (ANCOYA, regression analbysks) are slowly being replaced by artificial ingefligence and

machine learning methiods,

Eeywords: quality by design (OB design of experiment (COE); lipld naneparticle (LNPL BN A
delivery

1. Introduction

In recent vears, important developments in the pharmaceutical industry have oc-
curred, Modern systems have been developed to ensure product quality in manufacturing
information, quality management systems, and risk management [1-3]. These tools allow
drug manufacturers to detect, analyze, correct, and prevent problems while continuously
improving the dreg manufacturing process [4-6]. Supporting this madernization in the
rubes used o manage dreg manufacturing and product quality, in 2002, the FDA introduced
the regulatory environment of the Current Good Manufacturing Practices (cGMP) [7.5].

After the publication of the International Conference om Harmonization of Tech-
nical Requirements for Registration of Pharmaceuticals for Human Use considerations
(HCH) puidelines OB {R2), Oy, O10, ard Q11 [9=12], regulatory agencies (Food and Drug
Administration—FDA and European Medicines Agency—EMA) approved the Quality
by Design (b approach. The ICH 8 guideline recommended the integration of the
“quality by design (ObD) concept into the pharmaceutical industry [9].

The development of safe and efficient new drugs is a long, difficult, and expensive
process. Using the new ObD} approach, which ensures that the quality is provided by
manufacturing instead of by-product testing, decreases the costs of product optimization.
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Db studies may provide some income to the drug manufacturers and benefits for patient
safety—ensuring that they will obstain higher-quality drugs in a shorter tGme

As detined by 1CH O8 [9], ObD is a systematic drug development approach based on
predefined goals, an understanding of the product and processes, and sound science and
quality risk management.

In recent decades, research related to nanosysterns has started a technological rev-
olution in medicines, especially in RNA delivery. Some researchers apply ObD in the
development of drug RNA-LNF systems [13-29),

This review summarized the ObD concepts and applications to the development of
pharmaceutical products containing RNA-LNP<, The second section describes the concepts
of QbD), pharmaceutical Qb implementation, risk assessment, design of experiment (DoE),
and process amalytical techmology (PAT). Afterward, the use of the OQbly and DOE approach
in the development of lipid nanoparticles is shown through examples of works published
in the last 10 years,

2. Quality by Design Concept

Generally, the steps for implementing Qb in the development of pharmaceutical
products are similar and include {(Figure 1) the wse of risk assessment to identify risk
parameters, defining the main quality target product profile (OTTP), identifving parameters
that influence the process performance, carrying out a DOE and definition of dependency of
critical quality attributes (CQAs) to critical material attributes (CMAs) and critical process
parameters (CPFPs), defining a process design space that originates a final product with the
desired OQTPF, developing a risk control strategy to identify the causes of varability, and
continuous monitoring and improving the manufacturing process [2-4,8,9,30],

o 16 7= @ X 00
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2.1. Quality Target Product Profile (QTTP)

A queality target product profile (QTPT) consists of quantitative support for clinical
safety and efficiency, and it makes a foundation to design and optimize a formulation or
manufacturing process. The OTPP ks a set of the attributes and characteristics of a product
that determine itz quality. According to the FDA, the OTPP is more focused on the chemical,
manufacturing, and control stages of development [7.9].

The QTPF defines the quantitative characteristic of the drug and refers Lo specifications
such as the dosage form, application way, packing, appearance, and diagnosis. Examples
of OTPP are clinical wse, administration route, therapeutic dosage, pharmaceutical dosage
form, drug delivery system, packing container, factors affecting pharmacokinetic parame-
ters, and quality criteria of the final product, such as stability during storage, sterility, and
drug rebease. The QTPP only includes the product properties related to the patient. QTIT
served as a guide for the optimization of formulation and process parameters to ensune
that COAs were within the desired range [ 1-4,8,30].

2.2, Critical Quality Attrilafes (COA)

LAz are physical, chemical, biological, or microbiological attributes /characteristics
that should be controlled to ensure product quality [9]. COAs are parameters that affect
OTPF and are critical to product quality. These are generally related o the selection of
correct amounts of excipients and drugs [1-.8,30].
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2.3 Critical Process Paramelers ({CPP)

CPPs are production parameters that affect COAs and should be controlled. For ex-
ample, parameters that interfere with the quality of the final product should be monitored
during the production process. A parameter represents a measured or caleulated charac-
teristic of a system or process. These are parameters of the manufacturing system and are
usually properties of materials or processes that affect production, such as temperature
and composition

2.4 Crifical Materiol Artributes {CMAs)

CMAs are properties of materials that must reach adeguate limits to guarantee the
quality of excipients, drugs, and other materials vsed during the process.

It is important o understand the difference between COAs (output data) and ChAs
(input data) during development. For example, COQAs of an intermediate may become
ChMAs of an intermediate in the next production step. Moreover, based on the QbD ap-
proach, CMAs and CPPs may differ in the defined design space without significantly
interfering with CQAs. Additionally, fdlowing the B2H guideline “Cuality Risk Manage-
ment” (ICH ), the identification of possible causes of process variability and effective
risk analysis is of key importance during process optimization. This procedure can be
performed in the initial or final steps, repeating or redefining it as needed. Thus, the quality
of the final product is vierified by the previous experience in the determination of COAs,
CI's, and risk assessment [5,10,31].

2.5, Risk Assescmeri

Risk assessment is used to identify what can go wrong, the likelibood of it going
wrong. and the consequences. According to ICH OF, risk control is related to procedunes
that should be adopted to reduce risks [E0]. This guidance provides examples of commonly
usid risk management tools. At this stage, it is necessary to decide which risks can be
accepted and which should be minimized, Analysis of variance (ANOWVA) or multiple
regression analysis is used for risk assessment based on experimental data. A mathematical
equation for the relationship betwesn variables can be derived using multiple regression
analysis. While using ANOVA, the statistical significance of the influence of each factor
and interaction effects is assessed [31], In the final stage, the results should be monitored
using a risk assessment, taking into account previous knowledge and experience. Iden-
tifying QTPF, COA, and CPP requires prior experience and knowledge as various risk
assessment boods are used, including nisk Alterng, Ishikawa diagram, and failure mode and
effects analysis [4,10]

2.6, Design Space (D5)

Thie design space (D5) has an important place in the pharmaceutical industry, The
design space defines the multivariate functional relationships between CQA and CPF and
includes their relationships. These relationships can be found by applying risk assessment,
design of experiments (DOE), and modeling.

The design space 12 specific to a unit operation or a single manufacturing process
and defines operating process parameters (such as moisture ratio) that are known to affect
product quality. DS can also be considered as a link between CQA and CPP [32). Itis a
way o show the development of understanding of a provess, and the benefits of creating a
design space ane obvious, However, one of the challenges for using DS effectively is the cost
of creating it. The most important point in developing the design space is to demonstrate or
determine that the unclassified parameters excluded from the DOE are non-critical process
parameters and, therefore, do not inferact. Therefore, DOE screening can be used (o identify
inferactions between process parameters, In the absence of interaction, singlevarable
intervals can be directly added to the design space as nonecritical parameters,
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2.7, Conlrol Strnlegy

A control strategy is a very important step to secure the process performance and prod-
uct quality. It should be carefully planned based on product and process imformation [11].
I the ObD approach, a control strategy is performed during product development and
allows a deeper understanding of the product and process, Control strategry options with
Jb[} are easier for areas requiring more time and specialty knowledge by delivering more
information than the standard approach. In this novelty approach to pharmaceutical qual-
ity, the finished product quality is built by identifying and controlling an optimal range of
formulation and manufecturing variables. Finished products are finally tested to confirm
the product quality [33].

The development of an effective control strategy should be risk-based to ensure that
product quality requirements are met. The development of the control strategy starts with
the QTPE. The first studies are focused on the characterization of the active ingredient and
important physical, chemical, biological, and microbiological properties of the formulation.
The development of the process is also defined in this phase. For example, if the active
ingredient has low solubility in water, the immediate-release tablet form must ensure
sufficient dissolution of the drug, Texicity studies performed during the early stages pro-
vide a baseling assessment of the impurity profile of the active ingredient. Understanding
impurity generation and removal, at which stages elements of the control strategy will
take place, and the development of acceptance criteria and methods to be included in the
specifications will provide an important point of view. Although a control strategy should
be developed using these steps, it can also be developed using the quality risk management
principles defined in ICH OF [10,33].

During production, the contineous contral strategy enables understanding and stabi-
lization of the process. It is very important to modify the pharmaceutical quality system for
supporting to the use of 2 QbDyapproach in the control strategy: In the commercial manufac-
turing process, it should be made possible o update, modify, or continuously improve the
controd strategy. When product information, documents, and operating procedures must
bi changed, the pharmaceutical quality system should provide the appropriate technical
and administrative audits required to obtain the necessary reviews and approvals [33],

3, DbD and DOE in the Development of the RMA-LNF System

ObL} implementation in the development of pharmaceutical products containing
EMA-LMNPs is closely connected o the structure {Figure 2} and the main therapeutic goal of
the nanosystem.
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Figure L Scheme of the hypothetical structure of an ENA-LNP system (adapted from [13]).
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The definition of the main steps of the ObD approach is similar to different published
research (see Table 1) and includes generally the following parameters [14]:
¢ OTPP; safety and efficacy,

»  CQAs: z-average, PDI, zeta potential, encapsulation efficiency, loading efficiency,
stability, shelf life, storage conditions, and lipids contents.

CMAs: NP ratio, lipids type, non-toxicity, biodegradability.,

Critical process parameters (CI'Ps): temperature, microfluidics, filtration,

In the DOE, a wide range of different statistical approaches and modeling methods
werne wsed.

The folloswing table shows examples of recent studies using the CbD and Sor DOE
approsch to optimize formulations containing RN A-LNPs (Table 1} Particular informa-
tion about optimized variables and their tested range applied in the DOE approach was
described in Section OE Approach—Design Models, Variables, and Range. More detailed
results of these papers are shown in Supplementary Materials (Table 511

DOE Appreoncli—Design Models, Varlobles, and Ravge

In the first paper listed in Table 1, Cun . et al. [34] applied 2% ! fractional factorial
design (FFD)—five input variables with a center point {each on the three levels): inner water
phase and the oil phase volume ratio (0.1; 0.3; 0.5}, polv{DL-lactide-glveolide acid) (PLGA)
conoentration (2000, 40.0; 6000 mg//mL), sonication time for the pramary emulsification
(30.0; 60.0; S0 5), siRNA load (35.9; 62.8; BR.7 ug), acetylated bovine serum albumin
(Ac-BSA) content in the inner water phase (0.0; 200; 400 mg). Optimized variables were
encapsilation efficiency [%EE) of the siRNA, obtained in the range of 2.00 "% to 51.168%, and
particle size in the range of 218.3 nm (standard deviation, 50 (e = 3) = 0.7 nm) to 2579 nm
(S = 2.7 nm). Optimal values of significant input parameters are volume ratio 0,46, PLGA
concentration 4007 mg/mL, siRNA load 39 ug, acetylated bovine serum albumin (Ac-B5A)
content in the inmer water phase 400 g for low siRNA load (770 ng/mg nanoparticles,
50 = 33 ng/ mg nanopartiches), volume ratio 0,40, PLGA concentration 42.4 mg/ml, siRNA
load %0 pg. acetylated bovine serum albumin {Ac-B5SA) content in the inner water phase
40 g for high siEMNA load (2192 ng/mg nanoparticles, 5S¢ = 115 ng,/mg nanoparticles).
The optimal values of "WEE were equal to 64.35% (50 = 2.78%) for low siRMNA load amd
T0,63% (5D = 5.75%) for high siENA load. The optimal average particle size was equal
to about 260 nm both for low and high siRNA load. The zeta potentials, additionally
measured, were all negative in the range of —45.5 mV to —37.5 mWV.

Chen [ et al. [35] optimized siENA-LNP in terms of the structune of used cationic
lipids, The matrix of 70 different compounds of cationic lipids was tested=—5 different
hydrocarbon chain lengths (C8-C14) and 14 different amine headgroups. Optimized
output parameters were: hydrodynamic diameter of particles {obtained in the range of
30 to 130 nm), total sIRNA concentration, the percentage of partiche-entrapped siRNA and
luciferase silencing in vitro, and factor V1 silencing in vivo (C57BL /6 mice), The lipids
compaosition of LNPs was 2.0 mg,/mL of cationic lipid, 0.28 mg/mL of DSPC, 0,52 mg,/mL
of chaolesterol, and 0.13 mg/ml of mPEG2000-DMG. The concentration of polynuclectide
was 4 mg/mL in 10 mM citrate buffer, pH 30, The dose of LNIs for in vivo factor
Vil delivery was 1.0 mg/ kg (siRNA /body weight), and volume injection was less than
200 L into the animal. Two main dependencies were identified from the LNPs test: siRNA
delivery efficiencies in vitro and in vivo for different amine headgroups are a function of
the hydrocarbon chain length, the potency of in vitro did not change significantly with
hydrocarbon chain length, the in vivo potency of LNPs decreased with increasing hy-
drophobicity of the cationic lipids. In addition, based on this optimized approach, seven
novel materials with in vive gene silencing potencies of =900 at a dose of 1.0 mg/kg in
mice were discovered,
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In turn, Li et al. | 36] carried out optimization of lipid-like nanoparticles (LLNs) com-
posed with different derivatives of N1N3 N5-tris{2-amincethyljbenzene-1,3,5-1ri carbox-
amide {TT} for mEMNA delivery. In the first step, the correlation analysis was performed
o choose the most optimal type of TT (seven different compounds were tested). The
cutput variables were: particle size (obtained in the range of 99 am (30 = 2 nm) o
178 nm (30 = 1 nm), polydizpersity index (PRI < (02), 2eta potential {all nanoparticles were
positively charged), entrapment efficiency of mRNA (15-82%), delivery efficiency, and
cytotoxicity of TT2-TT8 LLMN&FLuc mRNA in Hep3B cefls. At a dose of 1.2 pg/mL of
luciferase mRNA, LLNs with TT3 as components characterized statistically significantly
higher expression of the firefly luciferase compared to other TT LLNs. A significant posi-
tive correlation was observed between transfection efficiency and Entrnpment Elﬁn:'jem:'].-'
!."-Il_:l HIE:I_I:IEI:E.I_I'I. corretation was nobiced between fransiection I:'IIII:JEI_IL}I' AT J.mru:.u:' !q.'hu:"
surface charge, and cell viability. In the next steps, the content of other ingredients of
TT3LLMs was optimized. Two separate orthogonal experimental designs, Llfu[d." 1. wer
performed for different ranges of ested parameters. Four input variables on four levels
were considered. The first desipn concerned the TT3 mole ratio (30; 40; 50; 60}, dioleoyl
phosphatid vlethanolamine (DOPE) mobe ratio (1.25; 2.5; 5.0; 1000}, cholesterol mole ratio
(18.5; 28.5; 38.5; 48.5), DMG-PECHNN) mole ratio (0.75; 1.5; 5.0; 60), and for the second,
the TT3 mole ratio (10; 20; 30; 400, DOPE mole ratio (10.0; 2000; 30.0; 4000), cholesterol
(Chol) mole ratio (25; 30; 35; 40), DMG-PEG2000 mole ratio (000; 0.03; 0.15; 0.75). In both
cases, the mENA delivery efficiency expressed as a relative intensity of luminescence was
used as an output variable. In the first optimization, the efficiency was obtained in the
ramge of 20 to 4663, and in the second, oblained in the range of 1917 to 101,863, depend-
ing on the composition of TT3-LLNs. The optimal composition of the formulation was
TT3/DOPE/Chol / DMG-PEG2000: 20/30/40/0, but the particle size of these LLNs, with
a low ratio of DMG-PEGI000, increased dramatically 5 h affer. Whereas for formulation
TT3/0OPE /Chol /DMC-PEG2NN: 2030/ 40/0.73 wene stable for a minimum of 2 weeks,

In the next paper, Kauffman et al. |37] carried out the aptimization of the compaosi-
tion of LN Erythropoietinl EPO-mEN A-loaded with C12-200 Six input variables were
considered: C12-200:mRNA weight ratio, phospholipid type and phospholipid, C12-200,
cholesteral, and PEG molar contents, The outpul variables were encapsulation efficiency
("=EE}), particle size, polydispersity index (PDI), and EPO serum concentration. In the first
step, library A was built with a definitive screening design (14 experiments). The mest opti-
mal phospholipid tvpe was chosen as a malnx of gualitative variables: tail group (DS, DOY)
andd head group (PC, PEL. Cuuantitative variables were on the three levels: C12-200:mEMA
weight ratio (2.5; 5.0; 7.5), C12-200 ol (440; 50; 60), phospholipid “emol (4; 10; 16), PEG
Famal (0L5; 1.5; 2.5), and cholisteral Semol waz added to 100% (21.5-55.500, DSPC and
DOPE were selected for further optimization. Within library B, Taguchi fractional facto-
rial screening design (18 experiments) was performed with the following input variables:
C12-200:mRNA weight ratio (7.5, 10,0, 12.5), C12-200 “emol (30, 35, 40), phosphaolipid “emol
(16, 22, 28), PEG "emol (2.5, 3.0), and chobesterol %amol (from 28.5 to 51.5). The DOPE
phospholipid was selected as the most optimal. In the final step (library C, 6 experiments),
the C12-20mRNA weight ratio was optimized in the range of 5.0; 7.5; 10.0; 15.0; 20.0: 25.0.
The optimal composition of the formulation was 10:1 C12-200:mBENA weight ratio, 35%
C12-200, 16% DOPE, 46.5% cholesterol, and 2 5% C14-PEG2000. The average efficacy with
15 pg total EPO mRNA injection in vivo was obtained at 7065 + 513 ng/plL. The particle
size of optimal LNE was 102 nm, PDE 0158, encapsulation efficiency: 43%, pKa: 6.9, and
zeta potential; =50 mV.

Mext, Thanki et al, [15] tested the lipidoids as the lipid component of siRNA-loaded
lipid-polymer hybrid nanoparticles (LI'Ns), They checked whether replacing the cationic
lipids with lipidoids improved safety and was more efficacious {efficient gene silencing at
lower doses), The initial ﬂpenmenlsi of one factor at a fime were pr.*rfnmmi to identify criti-
-I’.'.ﬂl]l._'!." L['IIII.I-E'I'ItI'.'II'I.E e ﬂ".-"l’."fﬂil.ql..li.lll:!." afiribuies of ihe LPNs: I'II.I!‘HP.IIIII:I:II.'I confent and sii A
lipidoid ratio. A 17-run design of an experiment with an I-optimal approach was performed
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to svatematically assess the effect of lipidoid content % (in the range of 10-20) and weight
ratio of Lipidoid=siRNA (from 10:1 to 20:1) on physicochemical properties (hydrodynamie
size, zota potential, and sRNA encapsulation/loading) and the biclogical performance
(in vitro gene silencing and cell viabilitv). The response surface methodology was applied
to the identification of optimal operating space (Q05). The optimal lipidosd-modified LIPNs
showesd more than 50 times higher in vitro gene sibncing at well-tolerated doses and about
fwice the incresse in siEMNA loading than the LPMNs with cationic lipid diolevitrimethy-
lammonium propane (DOTAPL Another work by Thanki and co-authors [16] described
the optimization of LPNs composition prepared of cationic lipidoid (L5) and poly(DL-
lactic-co-glvoolic acid) (PLGA) or delivery of an antisense oligonucleotide {ASO) mediating
splice correction of a luciferase gene transcript (Luc-ASO), Critical formulation variables
and their levels were identified in one-factor-at-a-time ({OFAT) experiments. Multilevel
factorial design (25 experiments) was performed for critical, independent variables with
three levels: LS content { 10=20% (/). L3:Luc-AS0 weight ratio (in the range of 10:1 to
30:1), and molecular weight of PLGA (10-50 kDa). The following output variables were
considered: Z-average, PD, zeta potential, encapsulation efficiency, loading, and biological
responses (e, in vitro splice correction efficiency and cell viability). Qruadratic and an
l-optimal model were performed, and the oblained responses were subjected to miodel
fitting using analysis of variance (ANOWVA) The best model was selected on the basis of
statistical analysis. The process validation was performed by preparing and testing the five
formulations with composition within the design space {range of 14-17"% {w//w) L5 content
amd L5:Luc-AS0 ratios from 11:1 o 21:0).

In burn, Blakney et al. [38] presented the optimization of self-amplifying mEMNA
(saBMA} lipid nanoparticle composition in human skin explants. Full factorial design was
performed for five input variables: complexing lipid type (C12-200 (fonizable), dimethyl-
dioctadecylammonium bromide [[DDA), cationic], 1 2-dioleoy]-3-trimethylammaornim-
propaneg [(DOTAP), cationic] and cephalin (ewitterionic)), total lipid to ENA ratio {re/fw)
(1:1, 41, 18:1, 1), lipid concentration (high (7.5 mg/mL), medium, low), partiche concen-
tration (high 10%, medium 107, low 1w partiches /mL), and cationic ipid to zwitterionic
lipid ratio 0L1:0, 121, W1). The luciferase expression in human skin explants after 10 days
wiss the output variable, Cephalin lipid had the strongest effect. Cephalin LNPs with a
ratio of total lipids to KNA of 18:1 (20/w), low lipid concentration, and medium partiche con-
centration yvielded a 7-fold increase in luciferase expression over the original formulation
{wiith C12-200 lipid ),

In the next paper, Hashiba et al, [39] described the optimization of liver-targeted
mRMNA-loaded LNPs prepared with pH-sensitive cationic lipids that had been previ-
ously designed for siRNA delivery. The first 3* « 2* definitive screening design (DSD,
18 formulations) was performed (library A). The imput variables were qualitative factors:
catienic lipid {CL} bype (CL4AHS, CL13HS) and phespholipid (PL) type (DSPC, DOPE) and
quantitative factors: mEMNA: lipid ratio {15.3-36.7}, mol% of CL {40-60), mol® of L {3-25),
and mol% of PEG-DMG (0.5-2.5). The second step, a 3* « 2! Taguchi fractional factorial
design (FFD, I8 formulations}, was performed [Library B). The input variables were the
qualitative factor phospholipid (FL} type (DSPC, ESM—egg sphingomyelin) and quantita-
tive factors: mol of CL (50-70), mols of PL (5-15), and mol% of PEG-DMG {(0.5-2.5). The
cationic lipid (CL) type was fixed as a CLAHG, and the mENA Slipid ratio was fixed as 18.3.
Chatput variables were gene expression in the liver (Mluc expression was measured 24 h
after the injection), physicochemical properties (LNP diameter and polydispersity index
(Pdl}), and liver-specificity {gene expression in off-target ongans (spleen, lung, and kidney)).
Detailed results are described in Supplementary Tabbe 51

The work of Lokras et al. [17] presented an approach to optimization of the intracel-
lular delivery of therapeutic anti-inflammatory THF-a siKNA-loaded LNPs to activated
macrophages. The formulation design space was defined based on the Foptimal design for
three independent formuiation batches and thiree technical replicates. input variabies wene
L5 content (15; 20; 25% (ar/w)) and L5 THNF-a siRNA weight ratio (3.001; 7.5:1; T0Uk1; 15.0:1)
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Chatput variables were PDI, zeta potential (mV), encapsulation effictency (], TNF-a siRNA
loading (pg siIRMNA S mg LNz}, and fold reduction in BC30 valwe for TMF-a gene silencing,
The optimal operating space was defined: L3 content of 15%, L3 TNF-a siRNA weight ratio
of 13.5:1, and 25%, 15.0:1 respectively.

The next paper, published by Zheng et al. [13], deals with the optimization of lipid-
like: nanoparticles (LLMNs) on the expression of luciferase mENA in the liver containe
ing three new cholesterol derivatives Chol-PEGA00-self peptide (Chol-PEGA00-SF), Chaol-
PEGAN-Mannose (Chol-PEG400-Man), and Chol-PEG2000-WSR4K (Chol-PECGH00-WRE))
to achieve the liver-targeting delivery of mEMNA. The central composite design (CCDY)
model (20 experiments), a multi-factor, five-level experimental design, which is formed
by adding extreme points and center points based on a two-level factorial design, was
investigated. Input variabkes were the molar ratio of the Chol-PEGADM-5P (from 1.0 to 7.5%),
Chal-PEGAN0-Man (from 1.0 to 1000%), and Chol-PEG200-WEREK (from 1.0 to 7.5%). The
output variable wag in vivo Lue expression of livers measuned by the 1VIS (Balb/c mice i.v,
inpection j—bioluminescence.

Wan de Berg and co-authors [19], in turn, described the bioprocess model develop-
ment of rapid BMA vaccing production against emerging infectious diseases. The model
parameters were fithed o a subset of 51 experimental samples from a statistical DoE
dataset obtained from lab-scale saRNA synthesis experiments using wild-type nucleotide
triphosphate (TP Thirty-three samples correspond bo the RNA yield at 0.04 M NTF and
1 = 107% M of T7 RNA Polymerase (TTRNAP) vs. 11 concentrations of Mg ranging from
0025 to 0125 M after 2, 4, and & b, Moreover, 12 samples commespond o the RMNA vield
at0MMNTPand 0OTS M Mg for 1.25 = 107,25 = 1079, 5 x 10 % and 1 = 10°% M
of T'RMNAP after 2, 4, and & h. six samples correspond to the ENA vield after 2 h at
0.02, 0.0, and 0.03 M NTP at 0075 and 014 M Mg, Optimal values of input vanables
were MTT concentration 4008 mM {optimization range 0.01-0.065], TTENAP concentration
1.5 = 10" M {optimization range 0.5 10" %-1L5 = 10}, Mg concentration 85 mM (opti-
mization 0.01-0.09 M), and reaction time: after 2, 4, and & h. The optimal output variables
were the yield in a bloreactor: 434 g » L', and the cost of TPRNAP and NTPs per g of
RNA: 2740 USD = g 1.

In the paper by Fan et al. [20)], the optimization of LNPs loaded with antisense oligonu-
cleptides [ASOs), formulated by an automated solvent-injection method using a robotic
liquid handler (e.g., muscular dystrophy Duchenne’s) was pecformed. In the ficst step,
optimization of the phase mixing process using a robotic TECAN liquid handler was
carried out. Input variables were investigated as an injection speed: 0.1, 0.5, or 0.9 mL/s
at 10 mixing repeats, and the ethanol-to-buffer injection at a speed of 0.5 or 0.9 mL/s
followed by 10 0r 20 mixing repeats. Output variables were particle size, polydispersity,
and encapsulation efficiency (calculated based on free ASO-1 measured by OD200). The
second step invalved the high throughput screening (HTS) workflow for ASO-loaded LNP
formulations (% samples). Input variables were bwo levels of total lipid concentrations
(1 mM; 2 mM], four bevels of ASCH pading controlled by N/P ratios (0.5 1; 2; 5), and four
fevels of the PEGylated lipid (DSPE-FPEGI00ND) content (0; 1.5; 3; 5 "emol of total 2 mM
lipids). Output variables were particle size (obtained in the range of 45-143 nm), polydis-
persity %WPD (10-50), and ASC encapsulation efficiency measured by absorbance at 260 nm.
We observed that 5 mole of DSPE-PEG200 and an N/ ratio = 1 would produce optimal
LM formulations with a homogeneows and stable particle size as well as high ASO loading,
Crther detailed results are summarized in Table 51,

Terada et al. [40] described the DOE approach to find the preparation conditions and
their relationship with the properties of LNP-giENA. The design included three levels
of the three-factor Box=Behnken design: low, center, and high, and three center samples
{15 preparation). The influence of the input variables: lipid concentration (10, 20, 30 mM),
fow rate ratio (FRE) (1, 3, 5 (/0)), and total Aow rate (TFR) (1, 2, 3 mL/min} on e owtput
parameters; e particle size, polvdispersity index (PD1), and siRNA entrapment, was tested,
The charge ratio (M/T) in the prepared LNP-siBMNA systems was fixed at 3. LNPs were



Kopie opublikowanych prac

117

Bl s 2023, 11, 2752

ol 27

prepared wsing hydrogenated sov phosphatidyleholine (HSPC), cholesteral (Chol), and
1. 2-distearoyl-sneglycere-3-phosphocthanol amineMN-[methoxy-[polyethylene glvool j-2000]
fammonium salt) (PEG-DSPE), In addition, 1. 2-dioleoyl-3-dimethylammonium propane
(DODATR) was used which has a reported apparent pRa of 6.5, The optimal fipid composi-
tion was DODAP/ Chaol /HSPC /FEG-DSPE (50/10/39/1 “mol).

The next authors, Bevers et al, [21], optimized mBENA-LNP compositions to achieve
high-magnitude tumor-specific CD8 T cell antitumor immunotherapy by engaging the
splenic immune cells. A Roquemore hybrid design was used to select the formulations to
be tested {11 different experimental conditions). Each condition was applied in triplicate
{3 mice ftreatment), and each lipid’s molar percentage takes five values, The experimental
protocol was carried out for three different choices of PEG-lipid chemistry (DMG-PEG200,
DSG-PEG2000, and DSPE-PEG1000) and different lipid molar ratios (10, 20, and 30 mM).
The highest WEF-specfic T cell response was investigated as an output variable. The optimal
LNPs compesition were: DMG-PEG2000: ionizable lipid 56.5%, DOPE 5.25%, cholesteral
I7.75%, PEG-lipid 0.5%, and DSG-PEGHND: woniable lipid 64.4%, DOPE 8%, cholesterol
27.1%, PEG-lipid 0.5%. More detailed relationships bebween variables are presented in
Table 51.

Karl et al. [2Z], in turn, proposed a holistic workflow for lipid nanoparticle (LNF)
formulation optimization for in vive gene delivery svstems, They used designasd mixture-
process experiments and a self-validated ensemble model (SYEM) (23 runs, LINT batches
wiere testied), The generally used input varables were listed and presented on the fish-
bone diagram, e.g., ionizable lipid type (H101, H102, H103), ionizabbe lipid molar content
{10-60%), helper lipid type, helper lipid molar content (10-60%), PEG lipid type, PEG lipid
midar content {10=50}, M/ ratio (§=14), buffer concentration, and flow rate (1=3 mL/min).
Chutput variables were maximum pokency, minimum particle size, minimum PDI {polvdis-
persity index], maximum % encapsulation, and minimum side effects—such as body weight
loss inin wivo studies, Exemplary optimal LNI formulation candidates were described in
Table 51.

The paper by Schmidt et al. [23] refers to a general approach o process automation
and control strategy by ObD in total continuous mENA manufacturing platforms (mBNA)-
based vaccines. The work contains very detailed information about all aspects of LMP-
mBEMA formation, process parameters, and product composition based on risk analysis.

Tha Ehaios smarrnmbnd e lakhllrsascean dlasssmen b Jdamilizs all asanllals soccasna bl craala bl
LR Abnais prieSTI L, ll;.b ARERLR VA AEETTIS i |ur||ul|r i rnml.ul. SNTes o0 Var I.ﬂl.!llll.:r'

[Hfferent multivariate optimization prediction was s:-mnpﬁmhlc Ordinary beast squares
(OLS) regression, partial least squares (FLS) regression, and newral network (NN] regression.
Full factorial design and one factor at a time [OFAT) analysis were also used. The optimal
process and product parameters are listed in Table 51.

In the mext paper, Toma et al, [24] presented a general Qb approach for the develop-
mient of miBMA nonviral vectors for genetic material delivery in cancer therapy, The DOE
i= difined generally as providing better results with a minimum number of experiments
and evaluating CMAs and CPPs to obtain a product meeting the QTP

Young and co-authors [25] described that optimization of LMNP composition drives
the delivery of mRNA to the placenta, In the DOE approach, a factorial design study
was performed. The definitive screening design (D50 was used to create a mini-library
of 18 chemically unique LNPs (Al-Al8). A combination of three-level continwous and
two-level categorical factors to identify linear and quadratic effects was used: ionizable
lipid type (C12-200, DLin-MC3-DMA), phospholipid type (DSPC, DOPE), ionizable lipid
molar percentage (25-45%), phospholipid molar percentage {10-22%), DMPE-FEG molar
percentage (1.5-3.5%), and cholesterol molar percentage (add up to 100%:). Qutput variables
were hydrodynamic diameter {obtained in the range of 7T2.2-171.5 nm), polydispersity index
(L 120-0.317). mENA encapsulation efficiency (35.6-83.2%), transfection efficiency, and
apparent pka (TNS assay) (5,298 o 7.111), Optimal LNF was formulation A10 with the
following composition and characterization: 35% C12-200, 10% DOPE, 1.5% PEG, 53.5%
cholesterol; 130.2 nm hydrodynamic diameter, (L0364 PDI, 56.5% EE, 6607 pEa.
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The next paper, by Nag et al. [26], presented a novel approach to size regulation
of LINPs using the combined effects of buffer exchanger pH and sonication time. Inpat
variables were: pH of buffer exchanger (4.0-5.0], spnmication time (0-100 =), buffer dialysis

aaaaa FEM sl TICOEOE colT £ T Ef cxa bl LIDDDC FEM sa bl . sonn mamnlmin el £ F THOC L1 °T #
l_:,lP-L LR TTLVE DI B PR Bd, %0 FRULYE BRASE P FLF TTLIWE ;uululul.u. ALETLA T PR TS, LR PR s,

PBS pH 7.4), and % of dialysis buffer (75-100"%). Optimized parameters were LNP size
(nm) and polydispersity index (PDU). Optimal values of LNF diameter wene 60-180 rum
{10 mim) and PO < (U300

DO approach bo the optimization of lipid nanoparticles for sell-amplifying mENA
{saRMA) expression and cellular activation was presented by Ly et al. [27]. The first
optimization was performed based on a definitive screening design (D50, A 7 three-level
matrix was built with bwo two-level qualitative factors and one three-level qualitative factor
(iteration A, 26 formulations). Input variables were: N /T ratio (5; 10; 15), phospholipid
type: DOPE; DSPC phospholipid content (10; 15; 20 mol %), lonizable lipid type (pka)
(DLin-MC3-DMA (6.4); ALCAO315 (6.089); SM-102 (6.75])), lonizable lipid content (30; 40;
50 temod), DMG-PEG-2000 content (0; 1.25; 2.5 "amol) total fow rate during preparation
(29 16 mL/min}, ambient temperature during formulataon (4; 20; 37 °C), aqueous-phase
pH (3 5 7), and ENA tvpe (mENA; saBMA). Qutput variables were size, FDI, EE®,,
charge, "s filled particles, and % full ENA transcripts. Apart from standarnd statistical
methonds such as variance analysis (ANOWVA), linear regression, and Spearman'’s correlation,
Python's scikit-learn module, statksmodels package, and the seaborn library were also used.
The sevond optimization was performed based on a Box-Behnken design (BBDY). Theee
three-level and 1 three-level quantitative factor (iteration B, 26 formulation) were tested.
Imput variables were phospholipid conbent (12.5; 15; 17.5 Zamol), ionizable lipid tvpe (pKa)
(DLin-MC3-DMA (6.4); ALC-O315 (p.09): SM-102 (6.75)), ionizable lipid content (35; 40;
45 temol}, and aqueous-phase pH (4; 5; 61 The N/ ratio was fixed at 10, DOPE was used
as a phospholipid, DMG-PEG-2000 content was fixed at 1.25 %amaol, the total flow rate was
fixed at 16 mL/min, and ambient temperature during formulation was fixed at 20 *C).
Output variables were size, DN, EE%, charge, % filled particles, e full RMA transcripts,
protein expression, and cellular activation. Response surface modeling was carried out
using second-order ordinary least square (OLS) regression based on the scikit-learn module
and statsmodels package. A Box—Cox transformation of response variables was used to
improve model accuracy. The optimization of simultangous responses was realized by the
desirability function, and optimal operating conditions were obtained using the Scily 1.0
library and Brovden-Fletcher-Goldfarb-Shanno (BRGS) optimizaticn algorithm.

The paper by Mendonca et al. [25] presented a review of LNT delivery of different
types of nucleic acids: siEMNA, mEMNA, and pDNA, Stricted DOE was not described, but a
lot of important variables that affected the effectiveness of LNI formulations were listed
(Table 51).

The last presented work by Bastogne et al. | 2] concerns the optimization of cationic
nano-lipid for siRNA transfection. DOE was performed based on a D-optimal mixture
design (36 formulations were tested]. Input variables were DOTAP proportion (%) in the
LM content, the concentration of PEG surfactant (%), the lecithin proportion (%), and
LMP size (small, medium, large). Output variables were safety attributes related to the
LMNP stability [unstable or stable states, 0 or 1), sIRNA transfection rate (PC3-GFF) (min
30%), and PDL Response surface equations, a class of polynomial models, are used to
describe the links between the input and cutput variables. Bavesian estimation method, the
posterior predictive check, and the leave-one-out cross-correlation were used 1o evaluate
the model prediction.

4. Discussion
Optimization of lipid-based RMA formulations is ¢ssential to achieve reproducible
quality of pharmaceutical products in terms of efficacy and safety; therefore, the application

of QbD and DOE appears to be a very useful tool for the robust development of this complex
RNA-LNF svstem. The performance of LNPs is strongly influenced by the chemical
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structune of each component, the interactions between them, and the physicochemical
properties of the final formulation,

The most important characteristics of RMNA-LNTs are zeta potential, size and parti-
cle size distribution, shape, morphology, encapsulation efficiency, cellular uptake, and
transfection efficency, The chemical structure of lipids, lipid concentration, and lipid
malar ratio were the most significant factors regulating formulation average and gene
expression [ 15,16,28,38,39]. Cationic lipids for gene transfer have become a major research
ool for the transfer of genetic material into cells, and there is greal potential for progress in
thiz direction [20].

‘article size was retained as one parameter of QTP as it is widely known to affect
pharmacokinetics, tissue distribution, tissue extravasation, uptake and /or accumulation in
clearance organs [ 15]. The particle size of formulation LMNPs depends most on the compo-
sition of lipids, In general, the presence of PEG improved particle stability and reduced
size but hindered delivery efficiency [27.29.36,57]. Particle size and PDI decrease with
imcreasing BEMA: ionizable lipid ratio due to higher RN A concentrations and concomitantly
reduced amount of lonizable lipid [15,.16].

Another parameter characteristic of RNA-LND s the 2eta potential, which alza de-
pends on the lipid type and concentration. In general, QTP for zeta potential was set to
=0 mV because nanoparticles with positive zeta potential enhanced interactions with the
plasma membrane. Positively charged nanoparticles can encapsulate negatively charged
genetic material by electrostatic interaction [24]. Depending on the composition and espe-
cially the modifications of the end groups (acid, amine, or esters), LNF particles can have a
negative [20,22,25] or a positive charge [15,17,24]. Zeta potential increased propartionally
as a function of ionizable lipid content and BENA: onizabbe lipid ratio [15-17]. Zeta potential
showed a significant correlation with transfection efficiency [27 28,358

Another important COA is entrapment efficiency, measured as an encapsulation effi-
ciency. Encapsulation efficiency is more dependent on the LPN preparation process rather
than independent variables |17.26]. No statistically significant differences in encapsulation
efficiency were observed with particle size and PD [15] but increased with higher RNA:
ionizable lipid ratio [15,17,27,37].

All of the above particle properties contribute to biological efficacy but are not always
the same in vitro and in vivo studies. For example, the efficacy of lipoplex increased with
increasing hydrocarbon chain length, whereas the in vitro efficacy of LN did not change
significantly [35]. In vivo, the efficacy of LNP decreased with increazing hyvdrophobicity of
cationic lipids [35]. The presence of the phospholipid DOPE was generally the strongest
predictor of in vive efficacy [36,3739]. The specific combination of ionizable lipid and
phospholipid in the LNP design provides high transfection efficiency in vibro [25].

The DOE approach has been used in most of the aptimization works; bowever, the full
Qb0 approach has been described in only a few papers |19,23-25,25], and a few articles
refer only to some aspects of QbD—the definition of QTPT and CQA [15-17,20,27].

We have seen different approaches and innovations in DOE and statistical analysis.
Traditional statistical tests and modeling based on ANOVA and regression analysis are
slowly being replaced by artificial intelligence and machine learning methods, e.g., neural
networks |23]. From a methodological point of view, the most interesting new development
in pharmacy is the development of self-validated ensemble models (SVEM), especially with
the connection of mixture design [22].

5. Conclusions

Ohver the past 10 vears, many reseanch articlies have described the development of
studies of RN A-loaded lipid nanoparticles for various clinical purposes, e.g.. prophylaxis
of infectious diseases, treatment of rare diseases, and gene, cancer, and protein replacement
therapy. In addition, the coronavinis disease 2009 {COVID-19) pandemic and the emergence
of safe and effective BNA vaccines have browght BRNA technology to the forefront of medical
innovation, Due to the mechanism of action, the therapeutic scope of RNA technology is
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wide, and the manufacturing processes are versatile, Different products could be produced
using the same raw materials, consumables, equipment, unit operations, and amalytical
methods. In parallel with the development of new drug delivery methods, the ObD
approach is becoming increasingly widespresd in pharmacestical manufacturing,

This review could be very useful for researchers and pharmaceutical manufacturers
o apply the quality by desigm approach to the development of lipid nanosystems loaded
with different types of RMA, following the latest trends and regulatory requirements and
wsing modern mathematical and stabistical design methods.

Supplementary Materialss The following supporting information can be downloaded at hitps:
{ Mvevrwmad plocom S article / 1003390 blomiedicine= 11102752 /21, Table 51: Optimization of RNA-LNP
system using the b1 and / or DOE approach—summary and results,
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Hargin, we descnbne 1he denaloprent of 3 green, scatable flow Pd-catalyred aerobed omdation for the key
step m he syribess of CPLS02415, which is a new PI3KS inhibitor. Applying this ermdronrmental-friendly.
suistainabin Catalytic cuidation we sagreficantly increased product yedd |up 1o BA%) and by eliminating of
workup Slep, we improved (he waste indes and E fstbor up o 013 n comparson wilh the
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The first class of MIK [phosphoinositide 5-kinase] inhibitors
including four heterodimeric proteins (Flakae, PFLIES, PLIKy,
and PIAKA) is considered te be very attractive for the treatment
af many diseases like SLE [Systemmic Lupus Enthematosus), M5
[Multipbe Sclerosis], nsthma ond another inflammatony, nwto-
immene and respiratony diseases,” Recently we published the
synthesis, biological activity, and toxicology of a new PIAKS
inhibitor based on the pyrazolo{l5-ajmrimidine core the
CPLIO2415 [Fig. 1) which |s now under evaluation for the
treatmient of Systemic Laupus Endhematoses.” A critical step in
it= svnthesis I oxidation of primary aleohol the {5{2<{difluor-
amsethyd |2, 3-dilydro- 181, 3-bensod iazal-1 -l 7{morplaolin-4-
_I.rlh'l:.rmmln-p,E-n]p}ﬁmidin-l?llm:ih.lnnl (1] b an n.'Il;]:h}'cl.-r Ba
[24diMserometlyl - 1H-beneimidazol-1-y1]-7-{morphelin-i-¢)
pryrazslof 1 S-alpyrimidine-2carbaldehyde (3] in penultimate
step. The selective oxidation of pharmaceutical precursors,
which are often complex organic molecules bearing maliple
functional T, is gu:nqrn.ll.}' very -dl:mrl.ndi.ng.' In our case,
nad anly catalyst must selectively camy oun the osldation of the
alcohol group o the aldehyde with high efficiency but also
recover one double bond in the benzimidazole ring, which is
very imponant for CPLI0ZA1S stabilit. Also, the whole oxida-
tion  sbep should be economically and  environmentally
sustainable and easily integrate with large-scale produstion of

“Crkoei Pharms L4, UL SMasmioncks 15, 0505 Kozt Mewp, Polenl fnsl anwa
AT s pha T co ey

Waculy of Chemisiry, Warsse Dafroriny of Teohoslogy, UF Meboashicgo 1, o6y
2 ra

1 Electroithe  supplemteniary  Eaformsallon
b pa o s 1O, FIOT A 1 7001
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sioichiometnic synithess. The process was opbimized by wsing the Do approach

active pharmaceutical ingredient (AFT) [CPL302415), An addi-
tivmal problem in this reaction is the very how solubility of 1.
For this transformation we have already cxplored 15 oxida:
tion procedures therein: bndy,' Dess-Martin  Perbodinane
[OMP),"  ABNOICUDMMIY  TEMPOMNaEDMoOCLT  TEMPO/
LAR MOV TEMPCHBuMBEMNa0C]" TEMP Y BN
OMONE®SS® [BXY BB, MHS0,OX0ONES," NaOllBu, NHr,"
Pr-BiACKOH (ir,™ Pr=BifC0,," Pr-BHp0, " Ruial o Airt
ar 0" Auralite®0y," and only twe meethods resulted o the
formation of the desired product. Although the oxidations with
acrivared MOy and DME were sufficient o prodece 250 g of 3,
due v unsatisfactory yield on a lange-scale, purification prob-
lems, and a huge quantity of waste generated in those reactions
as well as commerclal goals the alternative eaidation procedure
wils necessary. The Dess-Martin procedure is boo expensive in
large-scale production while axidation with Mny requires 10-
fold excess of Mo, Besides it, the reaction is strongly depen-
dent on the qun]i‘t}l of My, ot and sometimes o ]FIHEI,'F EAC
e time [ reguined o obtaln a high yickd, Moreover, we also

RePles
h'u_{*ffj’j@

o ~M.

(]

g

CFLI0I4LE

Fig. 1 Siructure of CPLE024LS
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confronied the problem with the adsorption of the desired
product an the surface of MOy, Thus we uroed towards an
acrobic sudation with molecular oxygen as a stolchiometric
oxidant, which is prefermesd mln:gr,- senle beconse of its lowe cost,
amd insignificant environmental impact, as well ineo flow
technigues which are the safe and scalable technology leading
at  intensified  conditions o maximiding yield  and
throughput.'"* The alm of this work was to develop flow
perobic sxddation of {5 2-{diflusnemethy? )2, 3-dihydro- 141,35
beneodiazol-1- 7 {morphalin-g- yl)pyrceelol1,5-a}pyrimidin-2-
yljmethanasd (1) to 5] 2<diffuormmethyl |15 benzimidazol- 1yl |-
7-{murpholin-d-vl|pyrazelal 1 S-alprrimidine-2-carbaldehyde (3]
the precursor of CPL302415 In the presence of cheap and
enwironmental-frienadly  cotalyst, in order to achieve the
commercial goal. In this objective, we adopted the already
known Pd{oae ], pyridine catalytic system,™ but to our knowl:
edge, it has not yet been weed in the oxicdation of such
a complicated mobecule with the pharmacewtieal interest. Fog
this purpose, we also applied DoE approsch,™ a structured,
cost-effective statistical method wo onganize, limde the number of
caperiments, dewermine eritical process parameters and their
interactions as well, nnad set the eptimal reaction conditions for
higls yichd and low levels of impuritbes.™

Flow experiments were performed using 8 combined two
Vapourtee  ensy-Medchem  systems  comprising  peristaltic
pumips and together with four PEA tubular reactors (10 ml, id =
I mm] (Fig- ). The second Vapourtee easy-Medchem system
wak wsed only for heating additional two reactors, the temper-
ature was set manually, The owo liguid feeds were introduced
with peristaltic pamges and oogen gas was introduced through
a mass Jow controller (Vapourtee 5F-10 pump; Inpul pressuee 5
bar), The System Sodvent Bosthe was filled with toluene. The
substrate feed and gas feed were mixed using a Y-shaped mixer,
then mim through a 26 cm (id = 1 mm) whe to enable subsirane
salution b saturabe it with RyEn and Later combinesd] with
catalyst solution, The reaction was performed frs within veo
heated PFA tubular reactors (10 mL, id = 1 mm ). Next, in order
to extend the resction time, the reaction mixture feed was
supplerened with oxygen and mwansferred inco owo addidonal
heated PEA tubular reactors (10 ml, id = 1 mm]. The pressure

was applicd by using an adjustable back pressure regulator
(BPR - Vapourtes SF-10 pump, set up pressune = 5 bar)., The
ouygen foeds were always set at the same value for cach mass
flowr controller. For all flow experiments, fractions  were
collected at the end of the reaction and analyzed ofline with
UHPLC. The different reactions were controlled with Flow-
Wizard ™ software which caleulated reaction time, and oper-
ated the casy-Medchem system and the collectlon/waste valve,
Previously,™ the catalyst has heen reported o slowly decompose
in absence of oxvgen and it was oxvgenated before adding U
substrate bur surprisingly, in our case, we observed better
resulis when the substrate was oxygpenated first and then the
soduthon of the catalvst was added. The DoE study and statisical
analysis were performed by using the design of experiment tools
of STATISTICA softwane [v.13.3).0

For the first sereening, we have implemented a sis-parameter
i leswve | Fractional ﬁnﬂu‘iﬂl{:xpcrimnmfdnﬂign plan (2*{B6-3)]
{Table 1) contalming ven cxperiments and Including pwo repeats
at a center point for the reproducibility soucy.

The fodlewing parameters were considered for the maultivar-
late optmieatbon: catalyst loading, equisalents of peridine per
catalyst, tempermiere, oxygen pressure, the flow of segen, and
finally, the flow of the catalyst and substrate solutions, In order
e Facilitate the adequate mixing of the streams, and secure the
appropriate subsirate/cotalyst ratio, e of the catalyst and
substrate solutions were identbeal, To ensure the solubdling of all
thie reaction COHTIPONETIES, substrate 1 was dissodved inma miture
of toluene and caprolactone, and in addition, we carried out our
flonw experiments ot a very low concentration (00125 M), The
temperture varied between HO-120 “C, the ONVEEn pressare
Btween 2-5 bar, the rate of reagents and oxvgen bebween 0,1-
1.0 mi. min™", the catalyst loading from 5-40%, and basc
equivalents from 1.3 to 4.0 equivalents per catalyse. The aenebdc
flonw oxidation of 1 [the CPLI0E415 precursor) may lead o
multiple Frndul:tm the aleahiol with recovered double band in
benzimidazale ring (2), the desired aldehyde with pecovened
diouble bond (3], and oversxidized acidic product 4, Inour case,
wit observed mainly produocts 2 and 3, and the acidie product
was formed inoa very limived quantity under specific conditions
[see ESIH).

L
g Porwy Cormecdlar
= 13 el (Lol Wit s
Harh Prewvste Bipelstor
g !
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Fig. 2 Continuous Now detup foe ths Pd-catabyped aodation of sloahol 1w sidekyde 3
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Table 1 Input parameters and results from CC0 Dok 2406-3 plan performed in flow PotOAc/pyndine catalyzed asvobic caidation of 14

(] (] (] [
B P[], Pyricing w" J-h »
- " i [ g % E - 1.‘-11' 3
e -J-':L--L o, A ‘;L ¢ SNAAL v UL I
o] ; i
1 ¢_f 2 'ij 3 'tj a {.4‘"
Comlyst  Pyridine
lowling o). por My, Valdy ¥ of rearenis
Entry  [meol®) camalysi  TPC) (bar] (mbmin ") (mLmin")  Cosvol 8% (%) Yield of 2* (%) wicld of 3% (%) ¥ield of 4" [%)
1 5 1.3 B0 5 10 10 7 7l a4 (XY
¥ 3 1.5 130 3 LR i1 123 o 2.2 o
3 5 ] g0 2 .l 10 L] REL i (i
1 b 4 i 3 1.0 i1 14 L] i, (i
5 225 /65 W0 15 .55 .55 5106 o 1.6 0
f i3 20 {1 R S B 0,55 51,1 0 511 0
7 A0 1.3 B2 10 . 1.7 i 216 (1
H an 1.3 1 2 0.1 1.0 B2 o Bik2 i
0 A 4 B3 .1 il .2 . .2 i
1w {0 '] 10 5 1.0 10 L1, Iy o Pl s (T

* suandard reacthon condidons: 200 mg (005 mmol] dissalved in 2 ml wiseneicaprolactone = 121, * % determdned by UHPLE for detadis see

sapplementary material,

Basex on the DoE screening shedy results gathered in Table 1
praduct 3 yvield was generated with o good fit to the experi-
mcntal data, B° = 086, ANOVA analysis shows thal catalyst
Iading, temperature, reagents flow rte, and O, pressure hove
a statistically significant (p < 0,05] influence on the product 3
yields. The guantity of catalyst has the most important positive
cifect (p = 0,0032) on the aldehwde vicld, Mext, the temperatune
(p = 0.0072) and reagents How spoed (p = 009d] have also

Table 2 Mpul paramabers and nesuls Nom Do responss Surfaie
omdation of 1°

a beneficial effect on the yield of 3 however, the flow speed of O,
has & pecative nlluenee (6 = ﬂn!tﬁ]l elirsinished rhe vield of

the desired product. €3, pressure has o small positive effect (p -
02T ) whereas the effed of squivalents of peridine per catalysy
is near the -rlgni'ﬁr.nrbm leved limit u:l = DG} [F‘:ig_ 511
Because the sereening study with fractional factorlal desigm
examines only main linear effects further optimization study
was perfommed by using central composite design (CCD] and
response surfuce methasdology (BSM)L e has been pedformied

mEthoooqy perlonmed in Fow POiOAC S pyridine calalyzed aerobic

Cafalyst fosding Vof resgents

Entry {mol) T [miL. mim "} Can, af 1° [#] Yield of 2° (%) Yield of 3% (%)
i 5 ] i i ad e
2 5 &0 1.0 170 17.0 (ki
A § 10 (18] 153 o 1.2
1 5 130 i 6.4 i i
] i} £ (i 208 o 1nE
i &l #i 1.0 1.2 (i 41.2
7 0 130 (i I3 o k[ % |
[ & 150 1.0 ELIE ] a0 A
q 5 104 55 il a4 1.5
1 H) 1M1 4% ard i 27
it 2.5 &0 55 65 o 65
i iz.5 130 55 6,1 (T LS |
13 135 101 (i Pk 0w 123
1 IL5 101 L0 154 oo 15.0
15 1.5 101 055 fAR | i 24.1
16 23.5 1041 L35 ILb i 1.6

7 1.5 100 055 16 (T 116

* sancland reaction conditkons substrate 1 = 20 mg (0005 mmol] dissobeed in 2 mi iduenelcapmfactone = 1: 1; = 5 ban catalst/prigline = 11143

Wiy w01 L min ' * % deermined by UHPLE for detolls see ES1,

£ 2022 The duthor(s)l Published by the Roval Sooety of Chemetry
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with three variable parameters (with the most significance from
sereening Dok fe: catalyst beading, temperature, and reagents
fiow raie [ Tabie Zj. Valwes of the other parameiers were selected
o maximize the aldehvde product vield based on the resulis of
the analysis sereening step. Chovgen presarme was set up at 5 bar
[the higher, the higher efficiency], the flow of oxygen ac 0.0
mL min " (the lower, the greater efficiency), and equivalemts of
pyridine per catnlyst on 1.3 eq. [no significant effect on
efficdency].

CCD model has good ft, B = 0.92. The main statistically
significant ¢ffects of tested parnmeters on the aldehyde yvield are
limear, similaclhy 1o those obtained frem fractional GEctoral
design. Only on additional interaction effect of the cainlyst
boading with the flew of reagenis as a stadstically significant
positive efect [ = 001 57) was identified. Quadmtic efects ane
nat 5I;uli5ti|:nll:y signiﬂclmt |Fig. 52t} The ﬂl‘,ul}l::t 'Innding has
the maost positive influence (g = 0.0024) on the aldehyde
procluct viek! based on this CCDF [RSM] muxdel. Then, the

L 2MMBEELALBE

f
L

H“ﬁw PR

Fig. 3 Surlace nesponse iof aldehyde product weld, central composite
design madel 2403, temperature = 120 *C, Py = § bar, Vg, = 01
mil FeE "

Widews Aarthiie Dirdires
Faper

temperature (p = WB0&0] and the flow of the reactanis (p =
Ouki14) have a positive effect as well,
abdehyde product yields In the vested pange are not greater than
Hot ae the maximuom value of the cotalyst boading [ 409%]),
temperature (120 °C), and reactants fow (1.0 mL min "] {Fig. 3],

Based on the literature data®™ and the experience with cata-
Iytic renctions, our doubts were mised by the lack of depen-
dence of the reaction efflelency on paridine eq. per catalyst,
We comducted additional DoE experiments according to the D-
optimal plan with three variable parameters, catalyst loading,
equivalents of pyridine per catalysl, and reagents (ow (Table 3],
(roygen pressure was set up at 5 bar, the fow of oggen at
&1 ml min ', and the wemperaure ac 130 50, The obtained
malel confirms that pyriding eq. per catalyst has lietbe effect on
the reaction vield [I-'ig. 531

Moreover, the obtaimed results confirmed thar in ohe inees-
tigated range, the maximum predicted perdformance i 85% with
the maximum value of catalvst loading equaling 40%, the flow
of each liquid reagent equals 1.0 ml min~" and pyridine eq. per
catalyst edqpuals 4, (84% for pyridine eq. per cotalyst equals 1.3]

Inlgdally, we carrled out the oxidation of 1 in pure oleene, Az
120 *C under 5 bars of ogygen, and in reagents flow mte = (o
mL min ' we ohserved 89% vield of 2, while the original stol
chioimetric proceduies with Mo, of DMP give us only 68% of
TE% vield respectively. Yet in some coses wsing pure toluene the
substrate precipitated in the inbet feeding tubes before the
puip even when the substrate solution was preheated and with
additipnal isobation of inlet tubes, this made the procedure
uncertain and unrepetitve. The addition of caprolactone o
tluene let us solubilize aleohol 1 and carry ot the reaction in
flow conditions without precipition of 1, thus we performed
the optimization in the toleene/caprolactone misture. Heweaer,
we oheerved o similar or higher yield in comparison o stol-
chiometric methods (T8% of 3), ihe caprelacione, due w s
high badling temperature (241 0] and good miscibility with
water and organic sobvents, generated problems in the purifi-
catbon of the final product [CPLI02415] in large scale and itwas
almast impossible to sepamte it without using column chro-
mategraphy, Thus, we also tried exddation of 1 ina mizoee of

Table 3 Input parameters and results from Dok O < optimal plan performad in Nowe PoiOcie/Pyriding catalyped perobic aidation of 1. °

Cagabat lesieling Pyriding . Vil eapends
Entry { nverlhs] per catalyst {mL muin ") Conv. of 1% [4%) Yield of 2* (%) Yiehd of 3% (%)
| ] L. .l 1.3 [EX] an.a
2 5 1.3 (] IR i1 19.5
.| % 2.6% .55 9.7 (LT 18.4
4 5 4 14 443 1.7 305
] A0 [ 055 LIS [ER Y] L
b 115 .65 {1 TO.8 LE] T4
7 1.5 4 i BEA [3El T
a4 40 1.3 ol 7.5 i3 52.1
9 40 1.1 LR kA B H1.2
10 40 L] L ER.S L& T4

* Sundard reaction condielons: sibsprmte 1 = 20 g (005 mmol) dissolved in 2 ml woluensieaprolsetone = 113 By -

hE mdo min . " % determined by UMPLE for.
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Fig. 4 Onher sobeents screened for the Pd-Catalyed Sxidation ol 1
Standard reaction conditiors: substrate 1 = 20 mg (0.05 mmod
dessolved n 2 mil catalyst = 20 malR] cmalystipyridine = LILE
7= 120°C

toluene and ethyl peetate [1:0) and we observed  similar
tendlencbes ag in the case of reactions perfommed in the tolueie!
{'.u.pem'lu.ﬂrm: mimiure [see ESIY Table 53 The toluenci'ethyl
acetate misture wirmed out e be the most promising opthon
fior us, because of better ﬂnll,:lhiﬁt}' of our substrabe and product
in this mizture than in pure even preheated olucne. The
substrate did not precipitate any mare in inlet tubes amd the
procedure becomes repetitive, The 12 est carrled our under the
best conditions Le. catalysd = B mol%s catalystipyridine = 1/
1.3; T = 130 C; Foe = § ban; Vioa = 01 mL min; ¥regenis = 1
mk min~ ') and operated during 100 min resulted in produoc-
tivity 0.58% g h " of 3. What's more, we obtained very good
resulits towards selective oxidation of aleolo]l e an aldehyde
group, B84 yield of product 3 having o double bond in the
benzimidazale ring we also got bess alcohol 2 (Fig. 4). While the
counterpart experiment carmied out in o batch autoclave gove
only 45% yleld (see ESIT) That solvent mibsure had also o
aclitional and pivotal advantages, especially regarding large
seabe productien, can be use as the reaction misurne withous any
wuorkup angd proceed with the nest and simubaneously final step
in the synthesls of the 5 2<diffeoromethy] -1 H-benzimidazol-1-
yl]-F-{morpholin-d- vljpyraeobol 1 5-a]pyrimidine-2-carbaldehyde
our CPLI0Z415 and beside the Erdae is four dmes cheaper
than caprolactone.

The comparison of the qualitative and gquantitative green
Eretrics™ between Pd{One)ypyridine in toloen e ER0he mixiure,
Mk and Dess-Martin procedures [Tahle 4] clearly shows the
benefits of the (low Pd-catalyzed process over the sioichiomerric
miethiods. l..lsing P:Hﬂﬂc]a_n'p}ndlrb:“pﬂ u.highl:r :p:u:ld of more
than & or 17% respectively, moreover, the catalytie process s
alse characterized by a hi;hl.-'r ntom economy (AE) and high:r
reactlon mass ¢Mickency (RME],

Contrary to the Dess-Martin process, which necessities the
undesirable DMF, the n_lrll".llnlb ik Fﬂ{\.’n‘u]yryuull‘lc and
Ak, use the misture of wdvene and Efsc or Butkic admitted
as acceprable or green solvents ™ Funthermore from the
environmental point of wview as manganese s considensd
a eritical element,™ the supply of which may ron owi in the next
5-50 years, thus the tenfold excess of M0, requined o achieve

£ 2022 The Author(s} Publmhed by the Royal Sodety of Chemstry
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Table 4 Green metrics for the catatytic Now protocsl and steichio-
metric coldations of 1° #

i

hnd* Dt bt ™"

Pdl| QA lwpriction
Cuailinte freen metrics

P weh-up
PUAT el
!'flﬂl:l'

Il" A7

lp.n:n-!rll

“ Por details see supplementary material, © valoe caleukated considering
sotvent fecyeling cnlor code: lprr.'l'mnd. accepcable mundesirakle.

high efficiency is one of the major drawbacks of the MO,
provoce], While the palladivm reserve is expeoted to e 100-500
vears. In addition, when the reaction is carried oul on large
scale, we ohserved ndsorption of our desired product on the
surface of My and we faced problems with the recovery of 3
from the reaction mimure,™ Anather drawhack of the resction
with M ks s lower energy efficiency in comparkson with the
procedure applicd  Pod{Odc), prridine catabsi. The oxidation
with MnOy ks carrbed out under atmospherie pressure at reflus
and thus is bess energy efficient than the reaction in the pres-
enceof PA[OAc ] pyridine which is carrled ol also at 120 °C bt
under 5 bars of O, and the energy inpet reguired @ ron the
reaction may be smaller especially when heating flow reactors
with small diameter tbes. It is well known that running
a reaction at reflux results in a Gefold increase in energy
consumplion as opposed o doing g0 at § 9 below,™ this we
consider the flvw process as less energy-consuming, Moreover,
the complicaved workup, additonally requiring washing with
NON-gEreen solvent [[CM) in the MOk, oxidation process does
not allow casy and cost-effective recveling of the solvents, While
in the cose of nperohic oxidation with PiOwe)iperidine, nao
workup is nepessary 1o proceed the following step of the
synthesis. This and the lange excess of MoOy, necessany for high
vield results in more than 1600-fold higher waste index for this
process comparsd to the Pd{Owc) pyridine oxidation. Mo

FEC Ad, 2002 T8 3RG0S-2361 | 3308
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workup and solvent recycling cawses also much better £ factor
for the Pd-catabeeed flow process in comparison with Mnd, or
DM oxidations [Table ). Over and above ail these angumenits
the oy process pnr\idcs hig‘h:r spacetime vield in qmnlurinmi
to bateh oxidation with MnO,, thus s more favorable For
inclustrial application.

Conclusion

The development and Do optimieation of this study was peal-
ized in order 0o improve the synthesis of the 5{2<{difluor-
omethyl 1 H-benzimiduzol- -yl -7 {morpholin-4- vl pyrada
[1.5-alpvrimicdine-2-carbaldehyde (3) an imporiant precursor in
the production of our new PLIKE inhibitor [CPLI02415), The
difficulty of this work relies on the oxidation of relatively
complicated molecule which may potentlally lead to at least twvo
undbesired by-prodocts, Besides it, our substrate is low soluble
and tends v adsorb on the Mnd, surface, The catabytic fow
gas=liquid serobie oxidation of 1 in the presence of Pd{OAc),/
pyridine is characterized by higher yield, better atoan economy,
bwver environmental impact and consurme bess energy. That
wlliwas us o refine our process of the CPL3D2415 production
cormparned to pwo already existing stodehiomettic methods of {5-
[24diflunromethy] |2, 3-dihyvdro-0 -1 3-benzodiazal- 11 |7
[mrpholin-4- sljpyrazola1,5-alpyrimidin-2-vl}methanel oxida-
thn, Moreaver, the flow synthesls ket us skip the complicated
workup and reduce phont 1600-fold the waste intensity factor
thus wer consider that procedune a green synthesis.

The wse of variows tools of the DoE approach made it
possible to find important factors infleencing the efficiency of
the process and determine the operatbonal range thae gives the
miimm product yviekd,

Abbreviations

ACTONYMS

AE ALOIM SCIHTY

IHCRd Dichboromethane

IE I]ﬂign of m-:p-crim::nt
DMF Dimethyliuran

[l Diess-Martin Periodinane

E factor Environmental facior
OE Optimum Efficiency

PEA Perfluoroalkoxy alkanes
Pl Process Mass Intensity
HME Reaction Mass I-'.I’Hn:':i:-rl.r.-lp
Wl waste Index
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The design of experiments (DoE) in optimization of an aerobic flow Pd-
catalyzed oxidation of alcohol towards an important aldehyde precursor in
the synthesis of phosphatidylinositide 3-kinase inhibitor (CPL302415)
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1. Materials and Methods

Salvents and chembtali wene obtained fram commercial suppliees and were used withoul sny further purilication unlbess
atherwise poted. The {5-(2-(dEllusramethyl)-2, 3-dikydra-1,3-bentadiagol-1-yl}-7-{ merphesn -2-ylipyracolo] 1, 5-a] pyrismadin:
2-yllmethancl (1) was synthesied according to the procedure published by us. - Dwygen was purchased from Alr Product.
Experiments were performed wsing a combined teo Vapourtec easy-Medchem with fowr standard PFA tubular reactors (10mL
each, id=1mm). All tubes and mixers were bought Trom Yapourtec.

Prassure B0 The Systerm wias delivered 10 [ Setem wsing 8 sefond Vapourted 5F-10 pump and back pressure regulator [BPR)
Vapowrtec 5F-10 pump was wsed as a mass flow controllier,

Main components widized within a continueus flow reactar
Pump Vapourtec ¥-3

Peristaltic pump
Mass flavw meter Vapnurtec SF-10
Plimar Vapdurte: Y-ty ps mixer

Material: PTFE

i.d= 1 mm

=0, 1mL
Reactor Vapaurtec PFA 10 mL  codl reactor

1.t=1 Frieni

| Temperature contral: Vapaurtec easy-Medchem

Back pressure r-egulamr Vapourtec 5F-10
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Adjustable pressure

Miscellaneous fittings

1.1 Design of Experiments [DoE)

The Dof study and statistical analysis were performed by using the design of experiment toals of STATISTICA software
[¥.13.3]. The experimental data were fitted by using muftiple linear regression. The main and infesaction effects were
generated based on multivariate ANOVA, The statisticad significande level was set up to 005, The gocdness of fit of the models
was pxpressed in regression coefficlent B2,

1.2 High Feeld AR

'H and Y NMR spectra wene periormed on MOEL JINMB-ECTR 600 MHz spectrometers with *H being observed at 800 MHz
and 1€ at 151 MHz. Chemical shifts for H and 1€ were reparted in d |ppm] wing the residual praton in a deuterated sobvent.
flass spectra [Admospheric Pressene lnizatson Ebectrospray, API-ES) were obtained on Agilent 6130 LC/MASD spectrometer
or Agilert 1290 UHPLE coupled with Agilent QITOF 545 mass spectromseter.

L3 UHPLC snabptical method

Reaction in-progess monitering was conducted by the AP UHFLE method using the parameters listed in Table 1.3.1;

Tahble 1.3.1. Chromatographic conditions

Parameters Range

P L g Uitra-high performance liquid c equipped with an UWVDAD
detecton, aulosampler, and column heater

Calwmn Aeguity LIPLC CS5kC1E; 2.1 mm & 100 mm, 1.7 pm
Phaie A: 0.1% ortho-phodpharic acd in water

WMok phsses Phase 8: 0,1% cotho-phasphonic acid in ACN

Dilisend Methanal

Flow' 0.5 mifimin

Aun time 11 min

Column temperature I0°C

Autesarmpler lemperatune b [

Injection valume 1l

Detection Waselength I54 nm

Typical Retention Tirme

Alcohol 1 about 4.1 min, Aldetryde 3 about 5.5 min

Rirsing the column

After anabysis rinse the colwmn for 10 min wsing ACH - water (10:90, w/iv)
slution bhen during 10 min wsing ACN; store the column with ACN

Gradient program
Tirne, fmin Mobile phase A, % Mabile phase B, %
il SO0 0.0
6.0 £0.0 B0.0
1.5 10.0 .0
5.0 100 50,0
9,10 90.0 100
110 0.0 0.0

Reporting of results and cakulations

Syshem suttablitg:

& The resplution between the peaks of alcohed 1 and its nearest impurity must not be less tham 1,5,
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= Symmetry factor for alcohol 1 peak: within the range from 0.8 to 1.5

Evaluvation of chrometagramts
= Disregard pesks From the blank matric and diluents;
«  Disregard peaks less tham 0.05%:

Calculations
The progress af the reaction [product aldehyde yield) was controlied based on the normalization procedure accardeng (o the
follewing formuda:

¥ = Ay CF100%
Edy
whare:
¥ — sldehyde produwct 3 percentage of in the chromatogram of the ssmple selution,
Ay —aldebpde 3 peak area in the chromatogram of the sample solution,
CF = correction factor of aldehyde 3 versus alcobod 1

L4 = the sum of the areas of all integrated peaks in the chromatogram of the sample soluticn.

14 Maoteof Cautian

The mixtue of O with organic sobsents vapours b extremely flammable] Pressurized equipment should be operated with
care! Before condwcting any experiments, an individual, careful safety assessment including reaction kinetics and
explosive hassrds should be carried outl
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2. Experimental Details

General protedure

Alcohol 1 was dissoboed in an appropriate sohvent or micture | 200 mgd30 mL) (Reagent A).

Palladium acetate was dissolved in toduene, then pyridine was added using an avtomatic pipette [Reagent B). The solvent
Bottle wad filled with foleens for the resction, 2 mb of each solution was uied. Both resgents and ONYREN Were pumped at
an appropaiate flow rate. Reagent & was mixed with axygen using the Y-shaped mixer, run through a 28 ¢m leng tube (o
saturate It with gas, and later combined with reagent B in the Yoshape mixer. The reaction was performed at different
temperatures at first withan two heated PFA tubulbar reactors. Next, in order (o xbend the reaction time, the reaction mixture
foed was supplemBnled with Soggen and tramsferred mito next Tws heated feactors a1 the same temperature. Fea\Weeard™
softwane, which caloulated reaction time, contralled the easy-Medchem systom and the collection/waste valve. The reaction
minture [4 mL) was collected offline into the fask and analyred by UHFLE.

Synthesis of compound 3 in fhow = 1g test

#lcohal 1 (1.05 g; 2.61 mmaol) was dissobred in 105 mL mixture af toluene: ethyl scetate 1:1 and kept in an ail bath ag 80
(Reagent A). Palladiem acetate (0,02 & 0,524 mmod 200%mel] was dissolved in 105 mL toluene, then pyridne (BO ul;
0. 45mmaol; 26%maol) was added using autamatic pipette [Reagent B]. Upon addition of pyridine to palladim acetate solution
(orange) brightened 1o yellow. The solvent bottle was filled with toluene [for both reagents). For the resction, 100 mL of each
sobution was used (1.00 g of substrate; 2.49 mmod]. Bolh reagents wene pumped at fow rate = ImLfmin, and coygen wid
purnped with flow rate of 001 mL min, Reagent A was mixed with coygen using the Y-shaped mixer, run through a 28 cm long
tube to saturate it with gas, and later combined with reagent 8 Iin the Y-shape mixer, The reaction was performed at 1320°C
31 First within two beated PEA tubular reactors. Mext, in ordér to extend the resction time, the resction mixtune feed wad
supplemented with oaygen and ransferred inDe Aext wo heated readtors. FlowWizard™ software which caloulated reactsan
time, controdled the easy-Medchem system and the collectionfwaste valve, The Traction chiained during “steady-state®
operation, which corresponded to an aperating time of 93 min {186 mL; 0.93 g of substrate) collected info the round bottom
flagk, vaporised, and purified via codumn chromatography. 0671 g of yellow solid wis obtasned [yield =72.6%). 1H-NKR (400
BAHZ, COCI) & 1021 (5 TH), 7,53 (m, 1H], 7.70 {m, 1H], 7.49-7.42 [m, ZH], 744-7,16 (5, 1HL 7.11 {5 1H), B.53 (5, 1H], 4.05-
3,52 (m, BH)

Synthesis of compound 3 in bateh autaclave using PA{DAE);

The reaction was prepared ender un ingrt angon atmosphere. Alcohed 1 (100 mg; 0,25 mmal) was placed in 35 mL wial under
argon and solubilised with dry and degassed tolwens/E1060e 1-1 mintwne {25mL). The palladivm acetate [11.4 mg: 0.05 mmaol;
Jofmal) was alse placed in & 35ml vial under argon and solubilised with teduene/EROAC 1:1 mixtisne [15mL] and then mixed
with pyriding (5.2 ub; 0.0649mmaol; 2E%med]. Mext, the content of the both vials was transferred wnder argen 1o a 300 mL
Bichi minklave containing a magnetic stirmer bar, After three purges with O the reactor was then pressurised at 5 bar 0 at
ambient temperature then heated at 130°C during 2k, Afver the reaction, the autoclave was cooled 31 ambient ternperature.
The wented and the crude mixtune was filbered throught silica gel pad and anabgsed by using UHPLC. Resulted with 453 yield
af 3.

Syntbiesis of compound 3 in batch wsing MO,

Accoading to the described procedune described by us in Ref [1]

The ZL batch reactor wias lpaded with 27 g of compound 1 (0.067mod], 58,4 g actvated manganese cosde (0LGET mol], 350 mi
and tofuene, and 350 mb butyl acetate, The reaction mixture was hested and mixed (200 rpm]. The temperature s 381 1o
120 Adver reaching reflux, the timer was st 1o 1,50, The reacticn was controlled using TLC. After reaction completion, the
mixturg was cooled to 25°C. Reaction mixture was filtered on Schott funnal G-4 using 100 g Celite® 545 and washed with 200
il DOM. Filbrate was evaporated resulting in 18.3 g oreamy sofid (Weld=68 1%] 1H-NMR {500 MMz, ODCI3) 5 30021 {5, TH),
7.94-7.92 [m, IH), 7.71-7.69 {m, 1H], T43-7.42 (m, 24} 7.39-7.21 {1, 1H), 7.10-7.00 [y, 1M}, 653 (s, 1H), 4.04-3.95 [m, BH)

Synthesis of compound 3 in batch using Dess-Martin pericdinans’
hecording to the described procedure described by us in Ref [1]
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Table 51, Addetianal conditions sereened for flow Pd00e]Pyridine catabyred aerobic axidation of 1 in Taluene,

Emiry  Catalyst Pyridine &g, T o] Vol W of reagents Comveof  FickdofZ  Yieldol3
toading et catalysl El Tha)  (misming [milfmin} L%y I%| %
%
1 20 mol 1 [= v} 4 a1 a1 (28 0 o G3.16
; 20 mol% a 103 ] 0.xrk 0.xr} FLl ] 124
1 20 mol% a 100 5 20z 1az 1022 o 182
4 20 mets 1.3 130 5 1 018 o 0 a
5 2 mel 1.3 130 ] 1 Q.1 o o 0
6 2 mol% 1.3 130 5 0% 0.5 532 L 54.32
T 20 mots 1.3 130 5 1 015 11565 o 13.65
& 2 me 1.3 130 F] 1 035 150 o 0
b 20 moi% 1.3 120 5 4 04 16 0 #9.14

* Slandand restlion condilkaf: | whatrite 1 » 30 mg (005 mencl] deiohed 5 2 L Tolueng

Table 52, Additipnal conditions screened for fow Po|OAc),Pyridine catalyzed aerobic caidation of 1 in different solverts or

solfvent mixture,
Emitry Catabeut PyTicina Lodwnt T PO Vool Wl Cionad, iekd Wield o Wield
loading  eq. per FE) (barl O resgeoss  ofd  of2 A%} ofd
%] catabril [mid  [mlfmin] %] %] ")
ming
i 20 mols o T 11 Hane 130 5 1 015 18.53 1?7 1698 o
1 0mos 13 T"'"“"’El"’_l' hoM 0 s 05 045 833 116 7167 D
1 moik 13 T"*“"'""T;:”"’““” 0 8 1 015 W o0 T o
4 Smo 13 T"'"""‘El"’_l' aclont 00 s D1 055 1005 0 435 D
5 5 mios 13 3 11 130 ] 1l ] 1 1L.19 1] 513 o
6 20mes 4 Tl E“m' e e 3 m 01 M|s2 06 A D
7 2Dmoi% 4 T“"‘""":"'":_: clactoht e 3 032 0a @S0 0 48se O
8 20mes i T ':"’1_1'""“""“ We 3 B3 033 5362 0 536 O
Toluene/Caprolacions
5 A0 mols 4 11 100 5 o4 04 52.B6 027 5158 o
0 20 mes 4 T"'"“""E;l"' e R S 04 W 0 MW D
i 20moi% 4 T*"‘"‘"‘“:_’:”'“”” we 5 od 0.1 a2 067 1A b
12 10 maois 4 DA 100 4 (1B K] 11 a0 a 1] o
13 10 me% 4 DMA 130 5 04t 041 1501 069 74 o
M JBmeik 4 BMA 16 8 628 0Is g1 0 183 8%
15 20 mols 13 EfiAic 130 5 1 0l BB.12 a B&. 12 o
5 20me 13 EtDc 13 s 1 015 4532 0 406 D
17 20 mois 13 F1DAE 1 5 o 0.4 /64 0 0 MO
Al st i O
18 20 mofs 13 ? 11 b 130 5 1 015 72,45 1] 1755 o
Toluenie,
10 20me% 13 ﬁ'_i"“‘“""" 1% % b5 015 5282 0 4%i8 D

* Srandand reaction conditior: sulitrate 1 = 20 myg (005 mmal) diskcbved in 3 mL of dolvest,
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Table 53. ndditional conditions screened for Aow Pd{0ac],/Pyridine catalyeed serobic oxidathon of 1 in défferent soboents or

sobvanl mitunes,

Entry  Catabyst Pyridine Sizhyeri T Py Vol Vool Canm. Yield  Wisldod  Yield
leading g par FC) (o) O eeapemis  ofl of2 (W] ofd

[} catalyst fmLf  Imifming (W) %) %)

k|

1 g 1.3 Toluene/ErQac 1-1 120 5 al ol 3n a 26l d

2 125 25 Todsena EvOAC 121 120 5 a1 1 =012 a 75.16 a

3 40 13 Todwsna EnDAe 571 130 5 al ol 5025 a 6763 a

i al 13 Tobusra! Evle 1-4 130 5 0.1 i M ] oz L]

1 8 1.3 Toluena/Erdic 1-1 120 ] 0.1 Al 2137 a 261 a

Standand reaition coaditiant: subitrits 1 = 20 mg {08 swmial] dasdbeid I8 3 mil ol sl

Table 54, Addithonal conditions screened for llow Pd{0Ac)/Pyridine catatyred serobic axidation of 1 in Toluena/EtDac - 1g

synihiesis,
Emtry  Catalyst Pyriding T PO W af By W of reagents Coerre, ol 1 Yl ol Yieldalf3
Ioading g, per "l (baar) {mL min} [miL/min] (%) 2 [%) {5
3] catalyst
1 13 B4
20 mol% 130 5 0.1 100 1a (72.6%)
+ isplabed yield.

Remark 1: For the higher ternperature 13070 catalyst starts decompasing shewdy in the reactor, it 5 easy te overlook, but

after running a couple of experiments, palladium deposition on the resctor's walls becomes visible.

Remark 2: At a higher temperature [ 150°C) we observed the formatien of the acidic product 4.

Remark 3: The additional micrareactor LTF-MS [Volume 0,2 mi: id: 1mm) wsed as @ mimer installed after the second reactor
in order to increase the mixing of the addsthonal ©; portion did nat increase the yield of the desired product,?
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4. Green metrics calculations **

4.1 Pd{0ac)/ Pyridine - no woarkup

- £

N L .
@ "
Q @
1

3
R (gSmial)
1 40240
3 358.37
0z 32.00
Mol we of product x100
= = T
AE (%) Sum of mol wis of reactants Blar
’ Mass Volume )
Role Chemical (g) (mL) Density [gfmol)
Reaction
Reactant | Alcohal [1) 0.3
Reactant | Ouwygen 0.133
Catalyst | PdiOAC): 0.106
Reagent | Pyridine 0.049 0.054 0.982
Solvent | Toleene 120.95 150 0.867
Solvent | Ethyl acetate 41.94 50 0.902
Reaction total | 164.11
Product
Product |Aldehyde (3) | 0.785]
Muass of product x100
RME = = (4.43
(%) Total mass of reactants
OF (%) = ———1 = 70.26
(%) = AE = 0.
PMIC on) = Total mass in reaction - 200.05
reachon) = ass of produce ~
_ Total mass of waste  0.106 + 0.300 052
= Mass of product 0.785 -

Total mass of waste

Total mass input = RReEs

11
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Mass of product (kg) | Time (h) | Reactor volume [m') ]
0.000785 1.55 0.00004 |
Mass of product

Spacetime vield =

Reaction time x volume of reactor used

12
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4.2 Pd[OAc)y/ Pyridine - with product isolation

Nl | N {H Fﬂ'ﬂ‘lh:]
— d
,_I’ w + o, P_rmlru I, W + 2 Ho
E

) -

MW [gfmal)
1 402.40
39837
0; 32.00
Mol wi af product x100
AR Sum of mol wis of reactants R
Role Chemical Mass (g) “?l"_:[; ® | Density (g/mol)
Reaction
Reactant | Alcohaol (1) 0.93
Reactant | Oxygen 0.133
Catalyst | PdiOAC): 0.106
Reagent | Pyridine 0.049 0,054 0982
Solvent | Toluene 120.95 150 0.867
Solvent | Ethyl acetate 41.94 50 0,902
Reaction total |  164.64
Work-up
LC Gilica-gel column 475
Solvent | Heptang 145.0 212 0.684
solvent | Ethyl acetate 6E.6 76 0902
Work-up total 611
Reaction and work-up total | 425 7
Product
Product | Aldehyde (3] | 0671
Mass of product x100
HME %) = Total mass of reactants =
RME x 100
OFE (%) = —3F 60.06
Total mass in reaction
PMI(reaction) = = 244.57

Mass of product

13
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Total mass of waste 4257 = 0671
= Mazs of product = 0.671
Wi = Total mass of waste
Total mass (nput

= 632.69

= (1.498

Mass of product (kg) | Time (h) | Reactor volume (m®)
0000671 1.55 000004

Mass of product

= 10.82
Reaction Hime x volume of reactor used

Spacetime vield =

14
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4.3 MinD;

o £

® ®

3
MWW (g/mol)
1 402,40
3 398.37
M0y, Be. 9

AE (9%) = Mol wi of product x100 — 6913

Sum of mol wts of reactants

Role Chemical "":Es U?::EE Density (g/mol)
Reaction
Reactant | Alcohol (1) 27.0
Reactant | MnO; 58.4
Solvent | Toluene 303.5 350 0.867
Solvent | Butyl acetate 308.7 350 0.ag2
Reaction total |  so97.5
Waork-up
Column | Celite® 100
Solvent | DCM 265.0 200 1325
Work-up total | 365.0
Reaction and work-up total | 10625
Product
Product | Aldehyde (3) | 182

RME (9) = Mass of product x100 3162

Total mass of reactants

RME x 100
0F (%) = —F - 30,06

i Total mass in reaction
PMi(reaction) = = 38.32

Mass of product

Total mass used for workup
PMI(waorkup) = Wags of product = 20.05

Total mass process
PMI {Iutﬂ.!:l = = 5837
Mass of product

15
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_ Total mass of waste

Mass of product

Total mass of waste

= 5737

= (1.983
Total mass input o
Mass of product (kg) | Time (h) | Reactor volume [m®)
0.0182 15 0.002
Mass of product

Spacetime yield =

Reaction time x volume of reactor used

16
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4.4 Dess-Martin Periodinane

o

Ao DAz

1.
L o
(.3
i
1
MW (g/mal)
i 402.40
3 398,37
AP 424.14

AE (%) = Mol wt of product x100 = 31.85
)= Sum of mol wts of reactants

L O — O,

)

Role Chemical Mass (g) ”?;T Density (g/mal)
Reaction
Reactant | Alcahol (1) 0.9
Reactant | GMP 1.31
Solvent | DMF 24.54 26 0.944
Reaction total | 26.75
Work-up
Solvent | Ethyl acetate 13.53 15 0.902
LC Silica-gel column 33.30
Solvent | Heptane 103.97 152 0.6584
Solvent | Ethyl acetate 5141 57 0.902
Work-up total | 202.21
Reaction and work-up total | 23597
Product
Product | Aldehyde (3) | o070
Mass of product x100
AME () = Total mass of reactants =
RME x 1000
OF (%) = —aF - 76.26
PMi(reaction) = Total mass in reaction T

Mass of product

Total mass used for workup
PMI{workup) = Mass of product = 273.46

i

HE

a

17

=]
P

e 1]
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PMittotal) Total mass process 50812
= = %
Lol Mazs of product

Total mass of waste
" Mass of product

= 307,12

Total mass of waste
Total mass input

= 0.997

T
Mass of product (kg) ELT Reactor volume (m’)
Q00102 1 Q.00005

Muass of product

= - = 204
Reaction time x volume of reactor used

Spacetime yield =

18
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5. MMR spectrum

{5-]2-{diflupromethyl}-2,3-dihydro 1H.1,3-benzodiazal-1-yl]-7-{morphalin-4- yljpyrazola]1,5-a]pyrimidin-2-yljmethanal
i

TH-NMR [600 MHz, DMS0-D6) & 7.78 {d, 1H), 6.81 (td, 1.1 Hz, 14), 6.75 [d,1H), 6.71 [td, ) = 7.7, 1H], 6.67 [dd, 1H), 6.20-
6.11(t, 1H, CF:H), 6.24 {d, 1H), 6.18 (s, 1H), 6.06 [s, 1H). 5.23 (1, 1H). 4.55 (d, 2H], 3.82-3.65 (m, BH): 13C-NMR (151 MHz,
DMS0-06] & 1576, 1524, 15006, 145.7, 142.0, 133,23, 122.7, 118.6, 113.9, 113.0, 109.4, 91.1, 8006, 73.9, 65,6, 580, 28.0

HREMS (E5L/MS): avfr calcufated for C19 HI0 F2 NG OZ (M + H]* 402.1616 fouwnd 4021613,

15
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8
i
i " 18 a8 1 W L8 H
A A AN A |
RE EF gElls §  EElE B
W it ot Nl P
= I__ll_l ..'. 'L'
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O
i-.
14
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. L L
T pma i (B BA (MS (B DM BMA  (JE LDRA  WAR SO0 T Gl B @0 ME B WA B
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Eg3R 3 X 53111 - -1 ¥ 4 R 1% 1%
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5 s e i b

{5-[2-{difuorometiyl]-1H-1,3-benzodiazol-1-yl]-7-[morpholin-4-yl)pyrazolof1,5-alpyrimidin-2-yljmethanol (2|

TH-NMAR (B00 MHz, DMS0-D6) & 7,88 (d. 1H), 7.82 (d, 1H], 7.64-7 .46 (t, 1H CFH), 7.48-T A1 2H] 6.67 {5, TH) 6.58 (s, 1H],
5.40 (¢, TIH), 4.66 (d, 2H), 3.94-2.83 {m, BH]; 13C-NMR (151 Mz, DMS0-DE] 5 158.8, 151.0, 145.7, 147.0, 1447, 141.2,
134.1, 125.5, 123,59, 120.7, 112.4, 108.6, 94,1, B7.B, 656, 57.9, 48.2

20



Kopie opublikowanych prac 163

HEMS [ESLMAS): mifr caloulated for C19 H18 F2 ME OF (M + H|* $00.1459 found 4001456,

i ®
: X
; 2 O
. [
5 L]
y | |
l' rFJ IF i
T 7
3
g
;
l. l 11 LM
e LT ] (] il | rL (1] .’h LE ] .ﬂ -‘;llh | p Y] ’#‘. |;'ll s L]
LTI sk 3% deEa @ dNE§

O

| ETEN ‘

PEGE IBOD OB MG (W0 B0 NWE DG B MO0 e Ee  WE e M

e T 171 1 A
d05:8 1 348 13 i SR HE

A =='II_ 4 el b

5.[2-{difluaromethyl]. 14-benzimidazal.1.41].7-{morpholin-2.yijpyrazolo] 1,5 alpyrimidine- 2-carbaldehyde 1)

TH-NMR (500 MHz, DMS0-D8) & 10.15 [5, 1H), 7.87 (dd, 2H), 7.65- 7,47 {1, 1H; CF;H) 7,49-7.43 (m, TH), 7.10 (5, 1H), 6.92 {5,
1H), 3.99-3.85 {m, 8H); 13C-NMR (151 MHz, DMS0-D6) 6 188.1, 152.3, 1516, 150.0, 148.3, 144.7, 141.7, 133.9, 1256, 124.1,

21
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12007, 1115, 108,5, 95.2, 90.3, 65.6, 48,5
HABAS [ESI/AS): mifr caloulated for C19 H1E F2 NG 02 M+ H]* 398,1203 found 328.1303.

=1 L] 2
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i1
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5-[2-{difluoramethyl)-1H-1,3-benzimidazal-1-yl]- 7-[morpholin-4-yljpyrazola[1,5-a] pyrimidine-2-carboxylic acid (4)
1H-NMR (600 MHz, DMS0-D6) 6 7.88 [d, 1H), 7.84 (d, 1H), 7.54-7.46 {t, 1H CF,H), 7.49-7.42 (m, 2K}, 7.00 (5, 1H), 684 |3,
1H], 3.98-3.84 [, BH) 13C-NMR (151 MHz, DMS0-DE] 5 163.1, 151.3, 140.7, 147.8, 147.8, 144.7, 141.2, 134.0, 1256, 124.1,
120.7, 112.5, 108.5, 57.9, 89,5, 65.6, 48.4

HRERS [ES1/M5): myr calculated for CiaMgeFalaGy [+ H]" 414.12515 fownd 41412546,

5 F
2 )
3 Y
5 | al {j
3
? |
: J|
: I f
5
:
g .
i | N
(LT L] LB ] "lll L] L] -ﬂ'}lh‘ J |Ii -’#h\‘ oé (L L
HHHHUET BRiNEl B: duia
N—— .

b
X

1_ N 11 ‘

(Wl (BB ITHA BALA A (A (6 (MO FIBA MBS WH A WS MK B MO0 Wi M8 kB

L O A LY S I M.
- PR U . 1R

X s por Ul {wriom |1
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6. Real photo of the flow equipment

7.
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Dubiel K., Wieczorek M.;

Development and optimization of a continuous flow ester reduction with LiAlH4 in the
synthesis of a key intermediate for a PI3K6 inhibitor (CPL302415);
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aldebyde 3.°° The hydrogenation of ester group in substrate
1 itself is quite o demanding transformation, which may leaed
to multiple products: the substrate with the hydmgenated
benzimidombe ring (1) (Table 1), the desired aleohol with o
double bond in the benzimidazele ring (2], and aleohol with
a reduced double bond in the benzimidazole ring (2h)
Howeser, in the next step of CPLIZA15 symthesis, we can
recover the double bond in the benzimidazsle ring," which
i% very imporant for CPLIO241S stabdlity, bul the 2b aboohiol
is much less soluble than 2. This genemates synthetic
problems in the new sages, for example, higher sobent
expenditure, especially in large-scale production. Thus the
high selectivity of the reduction towards prodoct 2 was ithe
sepond abjecthee that we wanted w achicve simulaneously,

= oy -
Lr | b
-J_.J. 1.\.I._I. 1'! -
¥ - e S
' ‘\_.i" = = | LA T .
. = 1]
;. I 1 L1 =
ol | ol | R
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L
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L
o
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Fig. 1 The symthesis patiway of CPLS02415.
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Emey  PHy(bar)  ToC] Tame (b)) Conversionoof 18 (%] Yoeld af 06 (%) Yied of 2 (%) Wield of 26" (%) ¥ield of 2 + 26 [%)
cac 1
i 75 ] Tl 1 5] iR} A% RO
Car 2
s 5 Al T4 1Hy a 1.3 R4 B 7
3 a0 M L] T o i G957 U
1 7a By L] B ] REH T ULE
i 75 50 4 98.7 ] 0.2 3 1.5
5 75 [ 15 4.2 (1] R5.4 W 5.3
e a
7 50 Bl 65 Q5.R 4.1 434 41.7 BS.1
e 4
4 50 Ta i2 JL.A a 237 1.0 24,7
W L] o 2| a4,7 ] a1 HH.4 a5

* srandard reaction conditivns substrate = 150 mg (0.33% mmoll catnlyst = 5 mol%; catalystiakBu = 1100y eduene = 8 mL " % determined
by UHPLL for details see the ESL# © Subsirate = 150 mg (11335 mmol]; cambyst = 0.0375 mol%.

We staned cur study with standard batch reduction with
DIBAL-H; hwever, it was limited by the very poor soluhbility
of 1 av low emperatures, and so even at =78 "C an
undesimble over-reduced 2b prochect was observed in lange
quantity. We also tried a reduction with MaBlH,; but in thag
case, even, af an elevated temperniure (B0 °C), the reaction
reguired at beast 16 hours to complete leading mainly to less
soluble b, Likewise, the batch reduction with Hihium
aluminum h‘qu:]rid.c (LAH] at ¢ ® gavr mainly b produoct,
Thus, to avedd overreduction to 2b and problems with future
scalingup  we  moved ©  homogeneous.  Ru-hased
catabyats, " which display a high functional wslerance, and
to a continuous flow reactor, which allows better reaction
temperature and time control. For our research we sebected

"ol o R ® e e
B B S B Y
—H [} art
M
R e
Hi. SShe—E, G _':_:-“ liﬁm
gl S, i .
h i
A B BACHEHRE
[ ] il B

Fig. 2 Ru catabyst used inthe hydrogenation of aster 1

FRARACT. e S

several commercially available Ru-based catalyses [Fig, 2] we
focused our attention mainly on pincer complexes such as
Ru-MACHD,  patented by Takasago  International
Corporation,’ and o complexes published by Gosev's
group Ru-PRR and Bu-SNS" addidonally we alse selected
those developed by Firmenich and bearing o bidemiare
liggamads dichlorabis| 24| diphendphosphinajethydamine)
ruthendumii] (car 3. Al of the selected compleses are very
active in the hfdmi':-natiim of esters, and the Firmenich
catalyst Is observed o be wery effective at 100 *C with 0,05
molts cotalyst loading, while the He-PNN demonstrated
exeeptional sctiviey with a Ru leading as low as 50 ppm at 40
o, B MACHO is less valnerable to inhibition by methanol
and consequentially is not deactivated by alcohol formed in

the reacdtinn I8 f'nanr} r PR ATTHEY e BipSNE eommnles g

pir-stohle hor soxie " Howsver, the Ru-MACHOD ﬂ'-:'r-'ll'-l
wits developed o perform with high activity in aleaholic
solvents, particularly in MetH,'* due o the bw solubiliy of
our substrate  S2-[diNuosometlivi-10-benzimidaeal-1-41]-7-
[morphalin-4ylipyrazolopyrimidine2-carbosylate (1) in tha
solvent, and we studied its hydrogenntion in oleene. Toluene
was also a favorable selvent in order W combine the
reduction  in o telescoped  sequence  with oar  olready
develaped flow oxidation of 2 to aldehyde 3, where it was also
used @5 o solvent.™ The firse optimization tests were done in
a bateh autoclave using NaleBu as a base,

Although the reactions were carmed our in wleene, the
results gathered in Table 1 show the high activity of all tested
complexes tewards the reduction of the ester group in 1. The

Thes ol b a0 T ol Socenty of Charmestry: DO E



2R RS2 AN,

Puhlished om M Febrsary J023, Downloadod by Politochnebs Warsawska om 572

Kopie opublikowanych prac

170

Reaction Chemistry & Engineering

Ru-MACHO comples at 80 °C and under 70 bar of H: gave
nimast H9% viekd of additionally hdrogenated benzimidazole
ring aboohed 3 (Tabie 1; entry 1L The best resuits [96.5%) of
the combined two alcoholic products (2 amd 2b) were
ohserved in the presence of 5 mol% Ru-PFMN at 80 *C and

upder 50 bar of hvdrogen after 65 h; but in that case, we also

05 T, of addidonzh

45T addidonslly
benzimidazole ring product (Zh) [Table 1; entry 3], Hiwwewer,
Inereacing the H: pressire b6 75 bar nehlrh*:* Q2% aof
product  within & h [Table 1; entry 5] Although the catalysi
gu:-rmmtqd from the ot 3 complex led 1w e high vield of 85%
(2 and 2B), v turned oul o Be less actlve and less selecthve
than the cambsis genemted om Ro-MACHD, Ru-PNN or
Fu-5hS; after 65 b we siill obsereed the compound with an
unreduced ester group, 1 (Table 1; ey 7)1 Interestingly the
Hu-MACHO firt hydrogenated the dooble bondd in the
benzimidazole ring, and then the ester was  reduced
giving the main less soluble product 2b, while the Ru-PHM
complex  reduced  first the ester resubting  in desired
product 2 (see ithe ESLF Table 511 Unforumarely,

reaction continues, and product 2 overy quickly transforms
intr undesired 2k, Therefore in order to estoblish the fine
balance between the reaction condidens and stop the
feactinn 4 Fl_\.'n-.lii!.l n, is Wl G reddoe the niumber of
euperiments, we applied the design of experiments (Dok],

The TwE srude and copdsrbeal anabslc were nerformed s
4 SAELSIECAL Ak YT prriormeg

using the design of experiments toods of the STATISTICA
spftware (w1331 We hove implemented  the  conersl
compasile  design [OCD), response  surface  methodology
|RSM) 24{4), inchedimg two repemts ot o center point for the
reprodiucibilioy. sy, The  following  parameters  seere
considered for the multivarate optimization, Le, catalys
loaling [varied betowen 2.5-5%), temperoture (between 5=
B °C), Hy pressure (between 50-75 bar) and reaction time
(between G-24 hiours] (Table 524

The fit of the obtined OCD model = &8 = 0.73 (Fig 51
AMOWA analysis shows that the main statistically significam
effects of the vested parameters on the prodect 2 vickd are the
interaction effect of the catnbyst boading with the fempematire
{p = 001z4), lincar (p = 00180}, and gquadrade [p = C0141)
poxitive effect of the Hy; pressere, a linear positinee effect of
termperxture (p = 0.0224), and quadratic negative effect of
resction vme [p = 0E24d) [Flg. Sit) As @ results from the
CED model, the predicted aleohol product 2 yields above
a4 is hased on the value of the catalyst loading [2.5%),
tervperature (80 °C), Hy pressure (75 bar), and reaction time
|in the range from 5.5 to 125 howurs, maximum at 128 hours)
{Fig. 3a and b}, Gencrally, s catalyst loading 2.5% and H,
pressure 75 bar (Flg 3al in the whole range of wemperature,
we observe o maximum of aleohol product 2 vields at the
intermediate reaction time, At a bewer time, the substrate (1)
was mot consunved entinely, but on the other hand, at the
time ahawe 20 hours, mone 2b side product was penerated. At
a temperature bebwy 60 °C aleohol product 2 yields did mo
exceed Gl At & catalyst loading of 2.5% and a emperatune
of 80 °C we observe gquite a normow optimal range of H,

el eepw|
TULAMTT

gl e
i pibabe b ]
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Fig. 3 [ab Sudece reiponds lar seohel produel 2 pield edriral
compasite design model 204), catalyst loading = 25%, Hy pressure =
75 bar. ibl Surface rospome for alcohol product 2 opesld ceniral
compasite Sesign model 2454), catalyst losding = 2 5%, temperatse =
B M

pressacre. Moximam aloohol prodiect 2 yields were achieved at
ahaut 73=75 bar; at a H, pressure beloy 70 bar, the yields did
ot exceed G0%,
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Table 2 Inpud paramnelers and resulis from the resporse surlfece methodology perfonmed in the Now process reducton of 1 i the presence of LAH

Bt i caitel Biais” H.rlﬂllll-'l' 18]

Entry T (™) Ergy LAM Time [min) Conversion of 1 Yield of 2 Yield of 2h Yield of 2 = 2h
1 o 1.0 o5 TR 62.1 4.0 b3
i o 1B s 250 7.8 Th 45.4
k] a 1o (L] 917 739 5.2 RN |
4 o 1.6 (e ] 9.3 G i 26T H3.3
5 40 140 [N ] B5:1 T 50 5.0
b A0 Lb (LR 5Lk 58.5 119 Hik4g
7 10 1.0 | [EE1] zET rrR 3.h TH.I
H A0 L  [FE1] .8 L% 457 4.5
9 4] 1.3 75 SER 539 0k B4.5
1 RLe] 1.2 175 2.0 B8 | [Coed 3.0
11 n 1.3 [l 554 2 e 199 LR |
12 el 1.2 (e ] ol A8, ATHh 5.5
13 el 1.0 4.7 L0 7o T H2.7
14 n LG TE T 4.9 5.7 Bl B
15 b} 1.3 s T A8.0 A7 Hh 7o
(1] n 1.3 ] .7 1.2 350 Tind

* standard reaction comditions: substrate 1 = 50 mg (0,11 mmod); dissofved in 2 mL THE * % determined by UHPLC for detadls, see the E514

Furthermare, the reaction can be carried out with 2.5
mesl e Ru-FRM with the high vield of bath aleohols [up o
G7.8%), but in this case, a bomger resctlon time |s required o
reach o high yicld of aleohol prodects, and simuolianesusly
we observed  lower  selectivity, Ingreasing the  hwdrogen
pressure o 75 bar enhancss the sclectivine towards the
desired 2 (Fig. 4} also the reaction is completed within & b
Wi also observed the same trend at 5 maed® boaded cacalvst,
and higher pressure led to better selectivity. Also in this case,
& h was enough to achieve high wicld, but we nlready stnnied
noteing the wndesinnd produac 2,

After the satisfoctory results obtained in the baich
procedure we tried to translae this process under continuous
gas-liguid Now conditdons, Flow experiments were performed
using o Vapourter H2CE (Vapourtee Lod, United Kingdom)
system comprising HPLO pumps together with one gas-

ol i e L= ]

- -
=L

Fig. 5 Surface response for alcohol product 2 yeld, central composite
daiagn model 2505 LIAIH,; equivalent = 1.0

Raact, Cham, Eng

ligguiel reactor (15 ml, id = 1 mm] angd two stainless sl
reactars (10 mi, id = 1 mm]. The two quuid firels were
inrocduced with HPLC pumps, amd hydrogen gas was
intrluced  throwgh the gas-liguid  reactor. The  sestem
pressure was maineained by three 8 bar passive back pressure
regulators [for dealks and the scheme of the continuous fow
experiments with REo-complexes, see the ESiY). However,
Kapps ot al®' successfully hydrogenated ethyl 2,2-diMuoro-2-
phenylacetate to the corresponding aleahol using Ru-MACHOD
in McOH in flow, we wsed RePSN o or Ko-MACHO
complexes.  In wleene,  recuperated  only the
hydrogenated substrate 1bh. Probably due o the very low
mh:'hilil}' of NelkHu i teduene and alse the rc'lnr.il.'l.'I:.' short
getivatlon tme n comparison w boteh synthesis, we were
nae able bo generate the active form of the catalyst under flow
canditions. Te confirm this hypothesis we also carried oan
the meaction caabeed by the Bu-MACHO-BH  catbva
previcusly  reposted o owork  withowut  additional  base
activation. In the case under 23 bar of Hy at 1530 20 and in
reagent flow rate = 0.1 mL min ' we obtained 3 18% vield of
hath aleohal products (2 + 2b). Unfortenately, Ru-MACHO-
EH is kmwam to rapidly decompose in the presence of alr,
which makes it an undesirable choice for  lange-scale

prozluction, and we did ot continue the assms with this
pearabuce

ReAtaanEin.

Because of the failure of the Ru-catalyeed reduction of 1 in
the Aow process we contimoed the development of flow
reduction in the presence of other meducthve agents, In the
literature, there arne many examples of the redoction of esters
or amides o aldehydes or amines in a econtineoesflos
feactor” " The most oommon reagent 5 DIBAL-H i
tofuene, while reactions are carried at low temperatures |=74-
0 =) I our gase, ester 1 is almesy insoluble in cold twluene,
THF was most sultable for this reaction. The lowest
temperntune that we could schiove with a cooled gos
generafor was —h0 SC, Wi carried our  reactions M

This journial is & The Rowal Society of Chemestry 2003
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Table I Floes reductaon of 1 resulks for 3 1T mil microchip reacion
Reaction candigions" Results” 9]
Entry TPC) Fq LAH Time [min) Converskan of 1 ¥icld of 2 Wield of 2h Wield of 2 + X
1 20 .3 TR E:! LR el e LU
F 3 2 13 0.25 (15 :iﬁ T3 7.2 13.8 AA.0
] i ] i3 0.33 110 5] oLT Tis { | HA.8
4 n i3 42 |25 5] wn B 2ih RA.5
5 3 il .5 LT T 3.8 7.0

“ Smndard reaction conditions: swbstrate 1= 500w (0011 mmed]; dissolved in 2 mi. THE. 1

tempersteres in the range of -60-0 °C and reaction dmes of
5-10 min, Unforunately, in all cases, we observed a
recluctinn to 2 and 3 rmﬁ'l Ty L0 uri-llr” with 1 @il remainine

BN, S0 MLUIO T WIREL R s

in large quantl'q-'. Wi also wried the same conditions with
Bed-Abe'" with no success. In all cases, it was impessible to
avold overreduction to aleohol, and we dechded o return to
LAH, which is twice as cheaper as DIBAL-H, We found only
ome publication with the reduction of acids and esters to
aleohols  wsing  LAH, where for  this  ransformatien
Mohammadzadeh er @l designed o special Aow system o
avoid gas evelution and production of gelatinous solids.™ In
our work, we used a m‘mmmi:l'l:,' available 'l.l'npn'l.lrtrr I EE
Medehem system with three peristaltic pumps and two ypes
of 10 ml. PFA mibe reactors (id = 1 mm), For the reactions at
lemered temperatures (=20 °C) we uwsed Vapouree coaled
tebe reactor, It consists of owo internal 0.4 mL losps for pre-
cixding; the substrafe feeds, a Y-shaped mixer, a 10 ml
resction loop, a quenching feed Inlet, a Y-shaped mixer, and
a .4 mL In|:||:| for qum.t"l'li.ng. For cooling, we used a cooled
gas  gencrator [pant of the seq] which required only
compressed nir and dry fee, The reaction was quenched in
the peactor with 1 M HCL in water at a Oow speed equal to
half of the LAH flow speed, For the reactions at elevated
temperatures (240 2C) we osed a standard Vopournec
tubular reactor. The reactor was heated with a heater. For the
standard tubular reactor the reaction was quenched just after
the reaction wsing 1 M HMCE in water solution In a Y-shaped
mixer. The resulis acgquired ar a temperaure of 20 °C were
the same for both reactors. The system  presoure  was
controlled using a manwal backpressure regulator, depending
o thie fow |.'r.|n.-¢|:| to mnintnin 4-5 bar. lhu-ing: the resctions,
there was no gas evolution observed from LIAIMG In the
reactor; however, it could be observed after the RPR. No

i N - -] .

Fig. & Continwous Mow scheme for the LAH redwction eaperiments
Ioflowing by estraciion

This journad is & The Royad Socaty of Chamistry 2023

w0 determined by UHPLE for details see E51LE

sl p i reawie ey weerp Foerpeed W wie alen anmiled ToR in
selsbines prodhiecls were formed.” We also applicd el o
nd the eritical reaction parameters,

The central compokition plan was used with theee inoue
variables such as reaction temperatune (040 “C), residence
tirmee (€.5-10 min}, and LiAIH, eguivalents (1.0-1.6L Based on
the results gatlered In Table 2 the mathematieal model with
muin linear effects for the product 2 yield was generted with
a good fit o the experimental data, £ = 082 ANOVA analysis
shows that only the LIAIH, eguivalent has a statistically
sigmificont (p = 04246) lincar, negative influence on the
product 2 yields, There are pao statistically iImporant factors
for the subsirate conversion [see the ESi). The first one is
the pumber of LAH egqubalents, and the second s time. The
number of LAH equivalents with a linear effect is negntive,
but the quadratic is positive, Whats more, LAH eq. has the
only statistically impomant  positive  lincar effect of Zh
creation, The reaction time has a negative linear effect on
substrate converslon. The longer the reaction time, the
shiwver the resgents’ flow speeds, pmd Fl'ﬂl'la'h]:.l'r the weaker
the mixing. According o the model, the emperamre has
almost nd impact an substrate conversion and the amount of
2b ereation bul has a sgmificant linear positive effect on the
amaunt of side products (the higher the temperatore, the
maore the impurities]. For the reaction }"iﬂﬂ |sum of 2 and
2b) the LAH ecquivalents have a linear positve effect, but a
negative  quadmatic  effece, probably  due o emerging
impurities. Moreover, both LAH equbvalents In relation o
gime and temperatare have a negative linear effect (Fig. 521),
As it resules from the CCD madel, the masimuom predicted
aleohol 2 product vield in the tested range is nol grester
than 77.3% at the minimum value of the temperature [0 =C),
a mindmum value of LIAIH, equivalent (1.0] and maxinum
gimee {10 min) (Fig. 51

The model shows that the maximum vield can be obtained
when the neaction s carried out at a emperature of 0 °C,

Camling: is not preferable in the fow process. Therefore,
we caleuloned ar what values of LiAIH, egquivalent and
reaction fime we oould obmin the moximom  predicted
prochuct 2 vield ar a more operable temperature of 20 #C
(Fig. 5] At the minimuam value of the LiATH; equivalent (10
amd maximum tme (10 minotes) and tempernture of 20 °C,
we oould theoretcally obtain reaction cfficiency up w 67%,
We concucted & reaction for 1400 LAH equinalents for the tme
of 10 min and at emperamned of 0 °C and 20 *C, Altheugh

Feact Chem Eng
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Table 4 Green metrics for the catalytic flow protocol and stolchiomedtric
reduction of 1°

LET Ru:PHK:

MoBacn ¢ | LAM Batch®

LAH Figw®

Com Xy
Viekd |%]
13
AMIE
oF

PRI reaction
PRl e k-ug
Pl Roal

E Pactor
Spacetires yisld
| [P
Cualitathe gresen metnics

* For demils see the ESLE ® walue caleulated considering sobvem
recyeling eobar code: = preferred, - acceprahle, and s undesirahie.

the conversion was full, the long reaction time led w
overteduction to h (70.3% of 2 and 36% for 2b at O °C,
and 51.5% of 2 and 32.4 for 2b ar 20 =C). These resulcs did
nof match the model o s lookesd onee ngnin at the resulis
freun the DoE plan. Reactlon entry 1 from Table 2 caughn
our amention due o the almost complete conversion of 1,
Short reaction time (0.5 min] and amblent wemperature
conditions were preferred for upsealing, The amount of LAH
Eq_uiu:llml:: 15 lower than that wsed under batch coneitions.
Reaction in 1 g scale resulied Inoan overall vield of 8% and
proghectivity of 11.3 g h™', The shortest reaction time that we
coubld achicve with a 10 mL reactor was 0.5 min (max. Gow
specid for each pump is 10 mi min ™" thus we poquired a 1.7
ml glass microchip reactor LTE-Y [Litthe Things Pactory
GmbH, Gepmanyil We repeated the reaction with o time of
% l'l"ll.'l'l i ‘:'I"l 1.8 1LAH [ The convercinn in sharter fimes
wikk almm: quamlu:lw. Hionwever, the rate of overreduction
wies higher than for the 10 mL reactor (Table 3], We also
caplored the possibility of doing edrmction in Now using a
Zoiput SEP 10 liguidliguid separntor (Zaiput, USA)] (Fig. &)
D to THF's hiﬁl miscibility with water, we wsed a
hydrophobie membrane [O#-400, Zalput] and 1 M HCL in
waber thirine 1:1 nstend of 1 M HCl in water. Also, the water
phase had w be increased o the same Bow speed as the LAH
v speed. For the organic phase extraction, we used an
additional Vapoures SF-10 pump and ethy] aoctate, The fow
spesd of cthal acerate had w be the same as the sum of the
substrate and LAH ow speeds. The muaximuom total flow
speed for this separator k5 10 mL min', so the shomest

SIS, vy g,
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reaction tme for which we could v the continuous
cutraction was 0.5 min. Due o lower microchip reaction
volume, the produectivity wnald be lower. It would be possible
to intensify the process in a 10 ml. reactor by using more
cificient pumps and a bguidfiquid separator (eg., Zaiput
SEP-2is).

in order to evolunte the environmental impact of the
different modes ol S[24difluoromethyl - UA-benzimidazol-1-
yI[7dmonpholin-a-vl jpyrazolopyrimidine-2-carboodate (1]
reduction we also compared the green metrics™ ™ of all
three successful metheds [Table 4], In all cases the
conversion is complete. The atom BT in the |:|:|1:I'r|.r.ir:
reacthon B higher, ver the reactlon mass efficlency and

optimum efficiency are much lower than those for reduction
with LAH, both in hatch and in Qe hl'nlnhlu- the 1'I|l|:r|'|rl- Pl

and E-factor in flow reduction are eaused by the low
solubality of the substrate. Hinwever, the most imporant
difference |5 the almost a00-fold and 180-fold higher space-
time yiclds, in comparison to those in the Bu-PRN-H, batch
reactbon and LAH bateh reaction, respectively. Reduetion with
LAH in Now ar ambient temperature does not requite
acditional heating of cooling thus we consider the fow
process @s less encrgy-consuming than the bawch LAH
reduction or cotalytic reduction with :I-I!u-l;-l:rmp'lr.':l.l.-:. The
additional drawback from the environmental poing of the Bu-
MACHO reduection is that the catalyst Bs not recycled, and
futhenium & considered a critieal element, the stock of
wiich could be expired within 50 years, while the supplies of
aluminum and lithium are bigger.?!

Conclusions

We developed a simple method under mild conditions, wsing
lithium aluminum hyedride solution o redaos the ester to e
aleohol in the flow progedure, The reaction was conducted
on a commercinlly available Vapourtee easy-Medehem system.
The developed method = not only very effective but also
chemaoselective, giving the desired product 2 in an 83% vield
[selectivity towards 2 = 91.1%) with a productiviey of 11.3 ¢
h™". The process has also o very high space-time yield (11340
kg b m ) By avoiding overreduction in the diffeoro-methy]
hengimidasale rine we abtained g more soluhls nl’I’H‘IIln": Thiz

ERLARIN MRS DAkl PR LA W RRRER DRI LR L

may e the pmosmt of colvents need in the nest ounthescis

sLeps,

Abbreviations

ACTINTY TS

AE AlOIm £CONOmy

MBAL-H Fisshutvlnluminum hydride

Dok Design of experfoent

E facior Enwironmeninl factor

. Exjuivialeiits

LAH Lithiwrm aluminiom hydride (LIALH )
OE (ptimum efficiency

il Process mass inensicy
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Development and optimization of a continuous flow ester reduction with
LiAlH; in the synthesis of a key intermediate for PI3K5 inhibitor (CPL302415).

Stanistaw Michalek,*** Anna M. Ma),"" Lidia Gurba-Bryfkiewicz,” Wialeta Maruszak,® Marcin Zagozda,” Zbignlew
Ochal,? Kreysrtol Dubiel® and Maciej Wieczarek?
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1.1. Design of Experiments [DoE ). i i s vms st st mss g - 52
g 2 P IR o A e e e _52

1.

1.3, UHPLE analytical method. s s s s s 98

Lo b A O s e e i i a2

Experimental Details . ..ciimsissmiss s s e s e i st e i i s s snias 54
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Materials and Methods

Solvenis and chemicals were obiained from commercial suppliers and were used without any further purification unless
atherwise noted. The 5-[1-(difluorometind]-1H-1_3-benzimidazed-1-yl|- T-[marpholn -4 -] pyracolopyrimidine- 2 -casboaylate
1) was synihesized accoeding 1o The procedure published by us, ¥ Hpdrogen was purchased from Alr Product, The Ru-
MALHD, Ru-PHN, dichlorobal2-(diphenylphosphinolethylaminelrstheniumiil), and Ru-5H3 were obfained from Sigma
Aldrich; Ru-BACHD-BH was ohiained from TOI; MatkiBu was obtained from MERCK. Lithium aduminum hydride [LAH] 18 in
THF sodution was purchated fram Sigma-Aldrich and used as such. THF was purchased fram VIVE snd dried by adding 34
menliculasr shrvns at least 48h priar to the reaction,

The batch hydrogenation was performed in Blkchd stalnless steel autodave (max prossure 100 bar, max tomperature 300MC)
Floss experirments with Hy vwene perfarmed uiing 8 Vapourtet RICs with one gas-liquid resctor (15 ml, id = 1 mm) and bwa

stainbess still reactors (10 mL, id = 1 mm]. All tubes and mixers were bowsght from Vapourtec,
Pressune 19 the Syitem was maintained in the sysiem using a badk pressure régulatos of 8 bar (BPRE]).

Mdain companents ubilized within a continuous flow reactor in esperiments with H;

Fump Vapouwrte: RCE+
HIPLC paimip

Mixer Vapourieg ¥-Cype mixer
Material: PTFE

I, s ¥ mm

Imbernal valume <. Eml

Feactar Gas-Bquad reactor (15 mL, id = 1 mm]
Stainkess still reactors (10l id = 1 mm)
Temperatune contral: Yapauwres RCE

Btk pressure rqulalnr Vapauries B bar passive BFA

Misgelianeous fInings Wapdaries
P& fubes
I.d, = | mm
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Flow experiments with LAH

Main compoenents utilized within a continuous fow reactor Bn experiments with LaH

Puamp

Vapourtes easy-Medchem V-3 pump
peristaltic pump
Vapourtes SF-10
peristat plamg

Mixer

Yapourted Y-Iype mixer
Material: PTFE

id. =1mm

Interral volume < DL1mL

Reactar

Yapourter Cooled tube reactor
Vapourtee Tubular réactor

Back pressure regulatar

Vapourteo adjustable pressure regulatar

Miscellaneous fittings

Yapouriec
PEA tubes
id =1 mm

LiguidTiquid separatar

Zaiput
Sep-10 {ran flow rate 10 s min 1)
Pobirm branae CoB-400

11 Design af Experiments (DaE)

The Diof study and statistical analysis were performed using the design of experiment toods of STATISTICA softaare (v, 13,3}
The experimental data were fitted using multiple linear regression. The main and interaction effects were generated based
on multhvariate ANOWA. The statistical significance leved was set up o 005, The goodness of fit of the models was expressed

im regressian coefficeent A%,
1.2 High Fleld N8R

H and g NMR specira wene perfarmed on JOEL INMRB-ECIR 600 MHz spectrometers with 'H being obsersed at G600 MHZ
ared M0 at 151 8Hz, Chemmacal shifts for 'H and Y'C were reported in d{ppm] wsing the residual proton in a deuterated scheent.
Plass spectra [Mmaspheric Predsure lonization Electrespray, API-ES) were obtained on Agilent 6130 LO/MSD spectrometer

of Agilent 1390 UHPLE coupled wath Agilent OTOF 6545 mass spediromenss,
1.3 UHPLE anabptical method

Reaction in-process monitenng was condegted by the RP LIHPLE methicd wsing the parameters listed in Table 1.3.1:

Table 1.3.1. Chromatographic conditions

Parameters Range

. Ultra-high-perfarmance liquid chromatograph eguipped with an Un/TaD
' detector, autosampler, and column heater
Columa Acquity UL C3H C18; 2.1 mm & 100 mm, 1.7 g

Phage A Q1% ortho-phosphoric acid in water

Mol phase Phase B: 0, 1% ortho-ghasphoric acid in ACH
Dilsent bnthanol
Flow 0.5 miL mint
Aun time 11 min
Colwmn temperature 0
Aulosampler lemperatene 10°C
Injection wolume Tl
Detection Wavelength 254 am

Typical Retention Time

Ester 1 about 5.6 min, Alcohod 2 about 3.7 min Algobol Zb abowt 4.1 men

Rinsing the column

Adver anabysis ringe the column for 10 min using ACN @ water {10290, v}
seduticn then during 10 min using ACH; store the column with ACH

Gradient program
Time, min bohile phase A, % Mobile phase B, %
00 900 1000
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6.0 a0.0 BO.0

1.5 0.0 Go.o

Q. 10.0 G0.0

5.10 0.0 10.0

11.0 50.0 100
Reporting of results and calcullations

System suitability:
= The resolution between the peaks of alcohol 2 and it nearest impurity mast not be less than 1.5;
= Symmelry factor for alcohal 2 peak: within the range from 0.8 o 1.5;

s Disregard peaks from the blank matrix and dileents;

w  [sregard peais less tham 0.05%;

Calcwlations
The progress of the reaction [product aloshol 2 yield) was controlled based on the normalization procedure acoording to the
following Formula:

Ay~ CF - 100%
X=
LA

whene;

X = alcohol praduct 2 percentage of in the chromatogram of the sample solution,

Ay =alcohel 2 peak area inthe chromatogram of the sample solution,

CF = cosrection factor of alcohad 2 versus ester 1

LA, = the sum of the areas of all integrated peaks in the chromatogram of the sample salutian,

14 Mote of Caution

The H; is extremely flammable| Pressurized equipment should be operated with carel Before conducting any experiments,
an individial, careful satety assessment including reaction kinetics and explosive hazards should Be carried autl

Waming! Lithivm aluminwm hydride and its solutions are highly corrosive, react vigorowsly with water, acids, and alcohols
and can easily cateh fire in contact with sir, 10can eause friction induced ignitian, There is sk of explosion by shack, Triction,
fire, or other sources of ignition, All operations with Bthiuem aluminum hydride and its salutions should be carred with
gxtreme caution under imert atmosphere.
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2. Experimental Details

2.1 Batch experiments
General procedure for ydrogenation of 1.

All resctions wene carried out wnder an inert argon atmaosphere using standard Schlenk technigues. Toluene wad died under
maodecular sheves and degassed with Ar prios 1o use, A 50 mlL Schienk flask, equipped with a magnetic stir bar, was charged
with the catalyst. Then, the Schienk was conditicned by three vacuumfnitrogen cycles and the degassed toluere (B mbL) was
added. The misture with the precatalyst was stirred at room temperature for 15 min before canmula transfer into a
conditsaned by three vacuumfnitrogen cycbes 50 mil stainless el autodliee containing the substrate and NaOrBa. The
autoclave was purged and pressurized with mobeular hydrogen and the reagtion was performed at the specified temperature
during the indicated tsme. AL the end of the reaction, the autoclase was cocded and depressurized, The mixture was anabyred
by LIMPLE.

Entry  Catalyst b T PH; Time Boll* Hoflb %of2* %ol 2b
m[;:u"a {mal) 'ch ibar {hi
1 o0 KO By 02 B0 S0 24h 3,49 B3.64 (.48 5.02
i o NadaHu .2 B0 = 16h30min 1.74 B2.30 ] 15.96
£ o HaOtBu 0.2 Ba = 24h 4,35 f1.04 3.5 +6.01
4 0.02 NaOeBu 0.2 80 50 Toh3dmin Q.77 54,34 0.19 44.70
5 0% HadiBu 0.5 aa b ] 0h o 1] 0,18 B4.94

“Table S1. Additional conditions screened for Au-MACHO (cat 1) catalyzed reduction of 1

® ttandasd reaction condiions: wubsirate 1 = 150 mg (0333 mmofl; catabnd) base = 110 Toluene = B mi; ¥ determined by LHPLE.

Tabde 52. Results for CCB 25(4) DoE plan for Bu-PHNAM (cat 2) catalyred reduction of 1

Entry Catalyst T PHZ Time waflt faf 1b® ol ® ol 2bt  THofllb®
loading  (°C)  (bar) ik}
(%]
1 2.5 50 50 L 9&.50 ] a o 0
Fd 1.5 50 50 L 0&8.56 ¥ a o a
3 .5 50 75 & 4.4 ] ] 0 0
4 2.5 50 75 24 96,44 1] a 0 a
5 4.5 80 o L] 96,77 ¥ o o 0
G 15 20 =0 4 117 o 4529 5264 47493
7 25 A0 75 ] 208 i) L Q.75 HoU61
8 4.5 B0 75 4 QR 1] 84,31 15.5%9 100,00
4 5.0 50 50 G 93.38 ] 000 o 0
10 5.0 50 50 4 186 ] 15,95 o 75495
11 5.0 50 745 ] B9.08 o 000 0 a
12 5.0 50 73 24 109 o 80,15 2.3 9244
13 5.0 B0 50 G 0358 ] 0.00 o 0
14 5.0 Ho S0 24 445 1] 21.81 B6. 20 hgo
15 5.0 80 75 ] 3.1r i B5.77 897 82174
16 5.0 B0 75 24, 0,00 o 630 ER.53 94.83
17 2.5 55 G2.5 15 G0 ] 000 0 i}
18 5.0 h5 62,5 15 508 4] 67,35 21.73 B0
13 375 50 6.5 15 .67 o 0,00 o Q
20 375 80 G215 15 1rE2 ] 4581 14,06 84 87
21 3T 65 0 15 oad 0 60,44 L 9566
22 3.75 85 75 15 L55% i B543 9.593 95.36
23 375 65 6.5 G 96.34 i 0.00 0 0
2 3T 65 B2.% 4 000 1] b5 EER 100.00
25 (C) TS b5 62,5 15 Q.00 1] 26,31 69,32 95.63
26 (C} 375 65 62.5 15 045 o 818 57.11 95.29
2F(C] 3Ts B5 G625 15 0,00 i 2399 P01 100.00

= isandard reaction conditiony: wbylrite 1 = 190 g (0159 mmoli: catabntf Nalibu = 1750; Toleene » § mi: ™ defermisad by UHPLE
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Engry Canalys T FH, T wolfl® %ol 1b™ Wol2® %ol Xh® ool 2+2b"
loading (%] ("C}  (bar) ih}
i 1 113 L] 4 Th.6d 0 15.55 1] 19.55
2 1.5 130 65 36 3.84 137 T6.41 13.38 88.75

“Table $3. Additional conditions screened far Bu-PIN (cat 2] catalyzed reduction of 1

* Stancard reaction condfikoed- subaSrate 1 = 150 mg (0,339 meoll; cataiyaty’ MaOtBu = 1710 Towsene » B mil: ® determined by LIHPLC

Reduction with LAM in batch

Lithiuen adurniriem hydride solutson (1M in THF, 8.00 mL, 7.20 g B.00 mmol] was added to the suspension of 13 {2.40 g, 5.30
el in dry THF (28,0 miL) at O°C. The suspension was stirred at 0°C for 3 b, The reaction was quenched with 1.0 HO{14,0
mi), Then, water [0 mL] and AcOEE {90 mL) were added and the mixture was then allowed to warm to room temperature
and stirred for 0.5 b The onganic layer was separated, dried over sodium sulphate, and filterad. The iolvent was removed
urddier redisced pressure, The solid was macerated with DCM 1o gave the compoland b (190 g, 4,72 mmal) as a Rght yellow
snded with am B9% yield,

2.2 Flow experiments
Flow eaperiments with Ru-catalyst and hydrogen

Feed 1: All reactions were carried cut under an inert argon atmosphere wing standard Schlenk technigues. Tolwens was dried
under molecular sives and degassed with A peor (o use, A 50 ml 5chienk flask was charged with 100 mg of 1 (0.226 mmalj.
Mextt, the Schlenk was conditioned by theee vacusum/nitrogen cycles and then the dry and degassed toluene (20 mil) was
added. The resulting suspersion was placed within an ultrasound bath 3t S0°C until eomplete dissaluticn af 1 was obsarved,

Feed 2: All reactions were carried cut under an inert argon atmaosphere wing standard Schlenk technigues. Tolusne was dried
urder mobecular sieves and degassed with AF prior to use, & 50 ml Schilenk ek was charged with 8.8 mg of Ri-PNM (cat 2)
(00313 mmod]. The second Schienk was charged with 12.8 mg of KOy (00113 mmal), Mest, both Sthlenk tubes were
conditioned by three vacsum/nitrogen cycles and then the dey and depassed toluene was sdded 10 ml 1o each Schenk tube.
The resulting suspension was heated at 70°C uritil complete dissclution was obsereed,

Flow procedure

The flow setup (5cheme 1) consisted of two high-pressure liquid chromatography (HPLE) pumps (Vapourtec RIC+] for
introducing the Euid feeds. H; gas was intraduced (rom a gas oylinder through & gas-liguid rescior [Vapowsriec Gas-Liguid
reactor 15 mi liquid volume ). Gas pressure was regulated by a gas reducer, The two kquid feeds were mixed within an arroe-
shaped miver. The liguid stream was then combined with the gasesous in the gas-liquid reactor, then tramsferred into two
{ollgeding staimless st reactods, The micer was connected 1o the reactar coil using fluoropohyemer tubing (PFA. 0.8 mm inner
diameter). The temperature was set by Flow Commander software. The pressure was maintained by a back pressure regulator
{BPR).

Reaction conditions

Te 150°C, Puye 25 bar, P,,=18 bar, Flow of 1= 0,15 mL mén ", Flow of 2 = 0,05 mL mén!

Cagaesd
| £} - Pumg ﬁ 1% me G Ligud ecator QI - 308 Cod Resaine Do - Busck Presuss Regulato

Scheme 51. Continuows flow scheme for the Ru-catalysed hydrogenation experiments.
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Flow experiments with Ru-MACHO-BH catalyst and hydrogen
Feed Preparation

Feed 1; All reactions were camied out under an inert argon atmosphere wing standard Schienk technigues, Toluene was dried
under malecular sieves and degadsed with Ar priod 1o use, A 50 mL Schlenk flask was charged with 50 mg of 1 (00113 mmed).
fepxt, the Schipnk was conditioned by thres vaguwsm/nitrogen cycles and then the dry and degassed teluene [6.5 mil) was
added. The redulting suspension was placed within an ultrazound bath ot 40°C until complete dissalution of 1 was observed.

Feed 2: All reactions woere casried out undaer an inert argon atmosphere wing standard Schlenk technigues. Toluene was dried
under molecular sieves and degassed with Ar prior to use, A 50 mL Schlenk flask was charged with 7.5 mg af Ru-MACHO-BH
[cat 5), Mest, the Schlenk was conditioned by three vacuum/fnitrogen cycles and then the dry and degassed toluene (13 mL)
wiat sdded. The resulting suspension was placed within an ultrazcund bath st 70°C until complete desalution of cat § was
cheeryed,

Flow pracedune

The flow setup [Scheme 55) consisted of tewo high-pressure liquid chromatagraphy (HPLC) pumps (Vapourtec R2C+) for
intradicing the liguid feeds, Hy gas was introduced Tram a gas ogfinder through & gas-liguid reactor (Vapourned Gas-Liquid
riacior 15 mi lquid volume). Gas pressure was regulated by a gas reducer, Tha two liquid feeds stored all time under Ar were
mived within an ¥-shaped mixes. The liguid stream was then combined with the gassous in the gad-liquid reactor, then
trarsfeered inte two following stainless still reactors. The mioer was connected to the reactor coll using flupropoalymer tubing
[PFA. OB sromi inner diameter]. The temperature was s&t by Flow Commander softwane, The prédsure was maintained by a
back pressure regulator (BFR),

L

i -Pump m 15 ol G L veste (- - B0 Cod Recaior [ - Back Pressure Reguiaion

Schemm 53, Continupus flow schome for the Ru-MACHO-BH hydrogenation experiments.

Entry Catabys PH, PFowofH, Fowof Tme %o %of %of %of %ol
leuding %] fae)  (mifmin]  resgents  in) 10 db P 36 Jedb
FA/F2
{niLfmin}
1 Ru-BAAHO-BH [7.5mg in 13mi] i ndl [ 116 a9 iRl 2215 156 2R
xr Ru-BAAKD:BH |3.3mg in T.5mnl] B6 {1] oo 141 473 L116 137 253
3 Ru-BAAHD:BH |7 5mg in 13mi] o] nd [ER T Fr] 116 11.1 T2 17.6 16.3 334

Tabde 54. Ru-MACHD-EBH [cat 5] catalyped reduction of 1 in flow conditians.

*itandard reaction conditiony: sulngrate 1 = 50 mg (5,118 seegl]; Te 15900, Toluens; 1L - feed 1; 12 = feed 15 ¥ detmrmissed by UHPLE: ¥ the Row 6l H;
wirk (it eiminehd by inCorper st o thi ling Gark Madube TRalss Nang

Flenw experiments with LAH
Feed Preparation

Feed 1 A&l reactions were carried out under an inert argon atmasphone, THE was dried under molecular sleves prics 1o use.
A 50 mL aven dried round Flask was charged with 1.25 gof 1 [2.83 mmod] and 50 mL of THE. The resulting suspension
wias placed within an ulirasound bath at 40°C until complete disschution al 1 was shoerved,
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Feed Z:  All reactions were carried ot under an inert argon atmesphere. THF was dised under medeculas sieves prior 1o
e, & 50 mL oven dried rownd Thask was charged with 873 mL THF and 3.7 mL 10 LAH in THF (3.7 mmaol; 1.3 eq).
Feed 3 1M HClwas prepaned in glass bottle by diluting concentrated HCE with demineralsed water

Flow procedure

The flow setup (Scheme 53) consisted of two peristaltic pumgs (Vapourtec V-3) for introducing the liquid feeds. The two ligusd
feeds stored all time under Ar were mixed within a Y-shaped mixer inside the reactor, then allowed to react in the tube
regctid [Vapoures 10mL coaled tubs reactar]. The reaction mixture wad quenthed by 1M HO feed A a Y-shaps mioes just
after reactor, The pressune was maintained manualby by back-pressure regulator, The reaction temmperature and fiow speeds
weire contralled by Flow Wizard® saftware. The reaction mixtene was collected at a steady state for dmin {esquivalent of 1.0 g
of substrate). Reaction mixture was transferred to funned separator, Then, brine was added [10mL) and the miiure was
extracted with ethyl acetate (2 = 20 mi). Organic phases wene combined, dried ower sodium sulphate and solents were
evaporated under reduced pressure, To the residwee yelloy ofl, MTBE {10 mL) was added and stirred Tor 3h. Precipitated sobd
was filtered and alr-dried resulting In 0.753 g of pale yeilow solid,

Reactian

T=20°C. Flow of 1 = 10 mL min'l. Flow of 2 = 10 mL min?. Fow af 3 = 5 mL min'3, System presseee 4.- 5 bar.

- F e
1}-'
| A by
IS

3 - Pump {I - - 10mLcodl Recator e

Scherne 53, Continuous flow scheme for the LAH reduction experiments,
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DoE Analysis
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4. Green metrics calculations *5

Mol wt of product x100

AE =
%) Sum of mol wis of reactanes

Masgs af product x100
Total mass of reactants

EME x 100
AE

AME (%)=

OE (%) =

Total mass in reaction

Mi{reaction) =
biilren ) Mersy of product

_ Total mass of waste
~ Mass of product

Total mass of waste

Wi =
Total mass input

Mass af produect
Reaction time x volume of reactor used

Spacetime yield =

4.1. Ru-PNN -catalyzed batch reduction of 1.

Role Chemical “J.I'I"::"'I Bazz (gh | Voluwmne [ml) Density (g mLt}
Reaction
Reactant  Substrate (1] s 43 1
Reactant | H; Z 0428
| Catalyst | Bu-PNM 74564 0.0
| Reagent | MaCtBu 961 I 0,056
Sohent -.Tt|||.ltrlt 92.14 I 26.1 A0 oBs7
I Reacticn tatal l P68
Waork up
Solvent | Tolwene 9214 | 261 3 o.85%
I Celite® I ﬂ-.ii
[ Wort-up tatal %
Reaction and wark-up tofal 30,388
Product
Product | Product [2b] a0 | oss |
Mass of product (kgl T [h) Eeactor vodurmne {m?*]
0, 0O0ES = 000005

13
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4.2, LAH reduction of 1 in batch
Role Chemical . Mass {g) Volume {mL) Density (g mL°¥}
(. mot )
Reaction
Reactant | Substrate (1) 442,43 2.43
Reductar | 18 LAH in THF 3795 7.24 8 0.905
Solvent | THF 7211 2472 28 0.883
Reaction total 3439
Work-up
Qusench | 184 HEI 14.5 14 1.06
Sobvent | H0 40.0 40 1.00
Sobeent | Ethyl Bcetate g1.0 a0 0.90
Solvent | DCM 26.6 20 1.33
Wark-up total 162.4
Reaction and work-up total 196.8
Product
Product | Product [2b) | a02.4 190
Mass of product [kg) Time (hj Beactor volume [m'}
0.0019 3 0.0001
4.3. LAH reduction of 1 in flow
Role | Chemicsl | mw | mMassig | vormeimi) | Denstyigmiy)
Reattian
Reactant | Substrate (1) a42.43 10
Feductor | 1M LAH in THF ares L2715 0 0505
Solvent | THF B7.53 T 0283
Reaction total 7171
Work-ug
Quench | 184 HCI 2.2 0 1.06
Salvent | Brine 120 10 1.20
Soleent | Ethyd acetate 4.0 4] 030
Solvent MTRE T4 13 .74
Work-up total 4.6
Reaction and work-up total 166.3
Produrt
Praduct | Product [2) |40039 | o5
Mass of praduct (kg) Time(h] |Resctar volume (m*)

0000753

0.0667 0.08001

14
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5. NMR spectrum

wthyl
5-| 2| difluiceronmiist byl )-2. 3-dibydro-1H-1.3- berpadiazed-1-yl]-7-{marpholin-d-ylpyrazalo) 1.5-alpyrimidine- 2-carbexylate
{1

1H-MMR (600 AMH . DIS0-D6E) & pprm: TAT {d. 1H), 684 (e 1H), 680 (d. 1H), 6.73-6.71 (L 1H], 6.69 [d. 1H], 6.66 [5. 1H],
6,31-6.29 (m. 1H), 6.22 (5. IHL6.30-6.11 {t. 1H], 4.35-4.31 (0. 2H], 3.84.3.66 (m. BH], 1.33-1.30 [t. 3H]; 13C-NMR (151 MHL
DME0-D6) S ppm: 162.0, 1529, 15007, 1496, 1455, 142.0, 1329, 1231, 1187, 114 .4, 1130, 1095, 949, 532, 738 B854,
607, 48.3, 14, IHRMS (ESIMAS5): my'r caleulated for C21 H22 FT MG 03 [M & H] 448,172 fourd 444,173

e
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4 A iy T8 s 18 iy . [ 8 [ i
& i dudt & & 3
Tt o . e
1 e
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II.
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{5-[2-[diftuoromethyl]- 1H-1,3-benzodiazcl-1-yI]-7-imorphodin-4-yl jpyrazolof 1. 5-al pyrimidin- 2-yljmethanol (2}

1H-MMA (E00 MHE. DMS0-DE] & ppm: 788 (d. 1H), 782 (d. 1M}, 7.64-7.45 |t. 1H CF3H], T.48-7.41(m.2H), 667 (s 1H], 6.58
(5. IH). 54008, 1H], 4.66 {d, 2H), 3.94-3.83 (m. 8H]; 13C-NMR (151 MHz DMSO-06] & pom: 1588, 151.0, 149.7, 147.0,
1447, 141 2, 1341, 1255, 1235, 1307, 112 4, 1086, 94,1, 87.8, 656, 57.5, 48 2

HEWAS {ESUMAS| e caleulated for C19 H1B F2 NG OZ [M « H]* 400, 1458 found 00,1456

e
X
&

EAG EE) EA1 mEd mAA EAE mE0 mEE maE @ &) mi7 mgn mi

) L

F,
SR Tl T L TR

L=='_-llil-l

T
o
Nt

l Lt L \

Ih Iil |+’I ﬁl . Iil |I-l (&1} 1= 1 - - - - L1} - - E ] - II
E T
-1

I I
d 1

11
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{5-[2-[difluoromethyl)-2.3-dihydro-1H-1.3-benzodiazol-1-yl]-7-{morphodin-4. yljpyrazolaf1.5-a]pyrimidin-2-yl}methanal
2k}

1H-NMR {600 MHz, BMSO-DE] & ppm: 7.78 [d. 1H), 6.81 (td, 1.1 Hz. 1H], £.75 [d.1H), .71 {td. I = 7.7, 1H), 6.67 [dd. 1H),
E.30-6. 110 1M, CFHp, 6.24 {d. 164), 6.18 (5. 1H), .06 (= 1H), 523 {t. 1H), 4.55 {d. 2M), 3.82-3.65 {m. BH]; 13C-KWRR {151

MHz DMS0-DE) & ppenc 157.6, 152.4, 15006, 149.7, 142.0, 133.2, 122.7, 1186, 1139, 112.0, 109.4, 1.1, 806, 73.9, 65,6,
58,0, 480

HEMS [E5UBASK mr caboulated for C19 H20 FZ NG OZ [M « H] 402.1616 found 4021613,

i
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Lk
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N s e Uil Pt
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& en
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Fabh 11 11 A [ (A Y I
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6. Real photo of the batch and flow equipment

i stalnless stewl autaclave|; Vapourtec sasy-Medchem system with cooled
hedchiem syitemn with macrachip assembly and Fquidliguid separstar

1] Stypik. M. Michabek. 5.; Oeiowska. N.: Zagonda. M.: Drachan. M. Banach. M.; Turowski, P.; Gunerka. P.; Zdialik-
Bielocka. D, Stafczai. A, Egdzierska. U Mulewskl. K; Smuga. D Maruszabi. W Gurba-Brgikiowice. L. Leniak. A, Pletrus.
W Dehal, I Mach. M. Tygmuat. B.; Pieciykedan. 1. Dubsel, K. Wisckarek, M. Pharmossulicn’s 2022, 15,927,

[¥] ©. 1. C. Constable. &.0. Curzons. V. L Cunningham Green Chem.. 2000, 4. 521,
|3] €. R, MicEirey. A, Constantingy, L, C, Jones, L. Summerton and L H. Clark, Green Chem.. 2015, 17, 3111,
(4] B, A Sheldan, ACS Sustoinakée Chem. Eng. 2018, 6. 32

|5] Mystrom. B. F_ & Brown. W. G, [1947). Reduction of Organic Compounds by Lithium Aluminum Mydride. |. Aldefnydes.
Ketones. Esters, Acid Chiorides and Acid Anbydrides, Jourmal of the American Chemical Socety, 63(5), 1197=1193,
doi:10. 1021 fal1157a060
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Fast Claisen condensation reaction optimization in a continuous flow
reactor
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Abstract

In our previous study, we described the batch synthesis of CPLME 1, an inpoyvative pan-FOFR inhibitor, Herein, we tmns-
ferred the Claisen condensation reaction, one of the synthesis steps 1o a contineous flow repcion. A simple solvent switch
from ethamol 1o tetrahydrofuran shorened the original reaction mme from 200k to 10 min. With the vse of the design of
experiment method and program Statistica”™, we optinized reaction parameters and increased the reaction viekds from 73 w
B4% with Fn,-.p[l:,' shortened reaction tnses (20 b va 2 minj, impnﬁ.‘m,! ;I'm,;u,ll.lﬂlivi[r {T4.4 s h't'r.. aml increased HI'H.I.I,.":-\-[iII'II;.'

yield (3720 kgh™' m™.

Graphical abstract
g i
L] :" o
| | g N B 2y o
S e tr= e ie
- i | L

Keywords Antitumior agents - CPL3I4T 0 - Design of experiment - Enals - FGFR - Nucleophilic substiution

Introduction

FGFRs (fibroblast growth fctor receplors) have become
themapeatic tarpets in cancer treaiment over the last decade,
FGFR 1 1o FGFR4 are receptor tyrosine Kinases with mor-
phologically congrwent cell surfaces. Fibrohlast growih fac-
tor (FGES ligands binding interactions with FGFR play an
essential robe in cell funcctions such as proliferation, growth,
muigration, apopiosis, and differentiotion [ 1-6]. Miscellane-
ous aherrations in the FGF-FGFR axis, such as gene trans-
bcations, amplifications, and mutations, are considened 1o
be oncogenic drivers [T-10]. Despite the progress i diag-
masdecs andl nunserous i.nmn:ll:il.u.ﬂhr,:r.lpi&s. thi Prpmeses i

1 Srasishaw Michalek
stanislmw, méchale k@ cebonpharma.com

b Celon Pharma 5.4 ul. Marymoncka 15,
A8-152 Barud Moy, Poland

1 Faculiy of Chensisiry, Warsm University of Techeolngy,
ul. Noakowskiego 5, (064 Warary, Poland

Publeshed onling: 25 Seplembser 2023

advanced cancer ane very poor |11, 2] Several small meol-
ecule FGFFGER inhibilos lave been approved lor elinical
wse and many are in clinical trials [13, 14]. In our previous
study, we reported a mew clinical candidage CPL304 10 wath
FGFRI1. FGFRZ, and FGFRY inhibition activity 1C5is of
0.7T5 nbd, 050 oM, and 3053 oM, respectively [15]. Cur-
reiialy, clinkcal traals ane siall ongoing 1o achieve the maximal
safety and climcal beneht of CPLA0KT 10 (01 FGFRIDIE;
MOCTOL1 496515 [ 16]. The synthetic pathway his alresdy
bieem presented, but as the compound reaches the next clini-
cal phases, more and mose material will be needed. In this
shuly, we focused o one of the syathesis steps: the Claisen
condensation of {3E)-4-(3, 5-dimethoxy pheny! bat-3-en- 2-
one {2} with diethyl oxalate {Schems 1),

Claisen comdensation is a widely known reaction, with
nunberons examples in the lieraune cither in balch or flow
resckors | 17-23] Ouer goal was to mransfer the batch reaction
b @ comtimeows how resctor with the perspective of Lrns.
ferring the whole synthesis to the fow process. This would

€] Springer
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5, Michadek et al,
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i) acetone, 3.3 M NaOH, RT, 3 h; ii) ethanol, 1.2 ¢q EtONa, 1.2 eq diethyl

oxalate RT, 20 h
). IGH pedgiis m'rflan.' Esry Tima: fenin Temporalure T Dricthy] emalaie ard ssbium Comersion' Pt
mecthodolopy pan and resules ethavide equivalenis wields
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T 8 it 1Ak 0,7 e
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il 3 20 1.2 .7 9.5
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“Yield determined by UHPLC

2 Sprioger



Kopie opublikowanych prac

197

Fast Claisen condendaton reaClion oplimization im a Continuous low reacio

Fig. 1 = Pareto chart for signifi-
cant effiects. b Parets chant for A

Parslo chad for Peoduct Yield
Sighificant allecs

11 sl :-'iﬁl'liﬁll‘ﬂ ellegs ¥ v v T ] - v v - v T
cane e | -
{Ycntaie_Eshytale [egll ) - 54, 31876
2T e pilis (S} |-1.1..5:-:m
Lvad £,1008
2L vs 3L T.TAE0RS
Tempertune [CHE) 6,2 0s
Tire [rinubasiia) EE.EHI!:I-?
(1 Tims jminatasil ) 4.342608
pe0,05
Effiel enlunlion
h Poeebo chari Tor Penduch ¥iesid!
Signd icant of lechs
Croalabe, Batntegit] 145,708
dNCmpkie. Bassispl ) o BT
{2 Tairgssrat s’ C 0L 14, ST J
=0 05

albow ws e climinate the need for isolating byproducts and
rixluce the amount of waste,

Results and discussion

In baich synthesis, inermediate 3 was obtained by the reac-
tiom of intermediate 2 with ethyl oxalate and sodium ethos-
i (ECrNm) in ethanol as soalvent of toom temperaure for
20 h, The reaction vield was 73% yield afier purification,

Elfec] aw duation

Due to the poor solubility of 2 in cthanol {1 @40 em™, we
decided 1o change ethanad to another solvent, (her aleabols
wire protic, and the sodubility of 2 was also poor, Esters and
acetonitrile were unsuitable for bosic comditions, Hydrocar-
bons, DCM and chloroform, DMFE, and DMSO ane scen as
problematic or hazardous [24]. Althowugh THEF is also viewed
as problensatic, 1t was chosen because it 15 aprodie and has
arelatively low boailing point, and the solubality of 2 in it is
up to I /2 em”, Unforunately, sodium ethoxide is insola-
ble in THF. To tackle this issue, we decided to use ethanaol

&) Springer
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5 Michalei 1 al,

Surfaca responss for Product Yield /%

b |
| EEH
e P
= §F
N <az
B
|
b
E
b
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Fig. 2 n Sarfece response fiw product viehl™ ot reaction tempera-
tare =200 "C. b Burface respones for product yield™S ar reaction
Bt =2 il

as o co-solvent and 2 M ECOMNUEICH (o assure solubality
annd wse s litle ethanod as possible. The ase of this setup
resulicd in the formation of 3 in 10 min with an 87% vield
after purification,

The Design of Experimem (DoE) siudy and statistical
analysis wene performed by using the design of expenment
tools of STATISTICA sodiware (v 13, 3) |25, 26), The Dok
shdy was performed wang central composite design (OO
and response surface methedology (REMY. We explored

'ﬂ Springer

three variable parameters: reaction temperatare, residence
nene, and the equivalent of diethyl oxalate and sodiom eth-
onide (Tabde 1) To reduce the number of experimants, we
wsied the same number of equivalents of diethyl oxalate and
soilim ethoxide and reganded them as one parameter,

The CCD model has a good fit (8 =0.96). The equiva-
lemis of dicthyl oxalane and sodium cthoxide have major sia-
tistically significant effects (Fig. 1a) on (e eaction yvields,
They have a pegative guadtatie effect buat a positive linear
effect, The positive effect may be coused by the increased
concemration of oxulute, while the negative effect is prob-
ahly coused by the increased presence of a protic solven—
cthanal wsed 1o keep sodivm ethoxide soluble, The wem-
peraiure has a negative linear effect and a smaller posinive
duisdrane effect. The ressdence time has a posative effecl,
bt qpuaclratic and linear. However, the combined Iinear
effect of time and the equivilents of oxalate and ethoxide
is negative (Fig. lak Finally, we considensd only the most
statistically significant effeces to build the model: linear and
M.||..|:|n.:|.1 ..-u,illivillruh sl IJi.-l.:Ihf] aodi ol anal saodliimn ehioxde
amd o lipear term of lemperatung (Fig, 18, Noteworthy, a
higher pmowm of ethanol added with ethoxide shows reaction
speed which may lower total vield (Fig. 2a, b,

Additionally, the short opltimization hased on a two-level
design has been performed in a full facional design with three
repettions at the center 10 venfy the inlleence of dicthyl oxa-
Tate and EpCMa on the product vield separitely (Tabde 20, Tem-
perature and repction time were constant at 30°°C and 5 min,
respeciively.

Brecause of the small diaia set, the obained model has nog
hal an iddeal it (B =0063), but it provides sufficient informa-
Tbon bt the gemeral dependency between tesical variables,

The interactvon effect of equivalents af diethy] oxakate amd
serlinm ethoxide has mapor statistically significam negative
effects (Fig. 3 on the reaction yiclds. Separately, dicthyl oxa-
labe eopuivalent amd sodivm cthoxide have a positive effect. The
ogitimaal, maximuom yield s achbeved when o o both of the
epuivabents are pbove 1,2, but when both equivalents ang aboag
1.3, the wield slightly decreases (Fiz, 4)

We calculated optimal reaction parameters using Statistica”
sofrware: temperature = 210 °C, dicthyl oxalate, and sodiam eth-
amide equivalenis= 123, These paramcters wene used o check
hoew iun aneresed SR CORCEnLELIOn off 2 wouldl alfect the
procuct yield {Table 35 The staring reagent concentsiiinng
hadd almost po impact on the reaction vield,

The reaction with parameters from Tablde 2, entry 4, was
repeaded an a | g scale. The reaction yield after purification
wins almos tee same as inothe banch (R v, 8795, respeciively),
W speculate thal =n improved sworksap protocod may menease
sl resction yield amd thus shoubd be sodied ferther,
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Fast Claisen condemeation neaction optimization in 2 continuoas fiow reactor
Table2 Dok full factorial 2°2 Eniry  Timefmin TempersureC  Duethyl Sedium Comenbn  Froduet
plam and reslis ouabiteeq  ethoide eq vieldr%
1 5 | 14k 14 b G35
- b E 1.4 11k =R 4.3
i 5 an 1.1 1.1k H4.1 T
4 ] i 1.4 1.4 LR BE.6
50 5 i 12 1.2 oaT a4
il i an 1.2 12 U ar i
TiL) 3 3 1.2 I N 913
“¥eeld dletermized by UHPLC
Fig. 3 Pareto chart for signifi- Pareto chart for Product Yield ™
cand ¢llevts Signilicard aflacis
v
|1 Cmnlates'sg
(ZIEIONeg 17,85180
pe=l 05
Effect evaluation

Conclusion

Chaly with the change of the reaction solvent, we managed
to shorlen the batch reaction tinse From 200 b tee 10 min and
increased vield from 73 io B7%. Successfully, we trans-
ferred the reaction from baich to continuous flow reacio
withou a change in product vield. With the use of DoE,
we were able w optimize Aow synthesis parameters ina
couple of experiments which resulied in reduced reaction
time {2 min}, almost the same isclafed yield (34% 0, o high
space-time vield (3720 kg h™" m™), and a wtal product
throughput=T4.4 g k=", Our stedy opens the possibility of

transferring further synthesis steps 1o continwons flow and
cexmbining them into a felescopic process,

Experimental

Solvents and chemicals were obtained from Sigma-
Aldrich and YWR and were used without any further
purification unless otherwise noted. The (3E)-4-(3,5-
dimethosyphenylibut-3-gn-2-one (2) was synthesized
secording o the procedure published earlier [15], with a
purity of 99%. THFF was purchased from VWR and dricd
by adding 3 A molecular sieves ot least 48 h before the
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Eurface responss of Product Yield

e R

Fig. 4 Surface response for prodoct yield™E

Table 3 Yichl of 3 depending on starting subsirile concentrabion

Eniry Subsarane Cubsnrawe cincenrs-  Yield' w
dilugiong cm tinmod dm™*

| JE 12 A

2 1520 0242 L]

3 HEARH) (1Y ] 9118

4 I3 (LS LA

Fesction patimseiers: reacticn [me 2 man, emperabee 10U, dicthyl
oralme and sodism @honide eguivalentam |33

*Yield determined by UHPLC

repction. 2 M EtONa/EWOH was prepared by dissolving
sodium rod in absolute ethanol and kKept under argon for
a maximum time of | week. '"H NMR and "C NMR data
were fecorded on a JOEL INMR-ECZES 4060 MHz spee-
trometer with the residual solvent peak as an internal
reference (DMS50-d, = 2.49 ppmj, UHPLC analysis was
performed on o Thermo Scientific Kinetex™ C18 column
(1Kh mum; 26 pm ). Phose: A HaO 4+ 0015 formic acid; B
ACK +0.1% fermic acid, A S-point calibration plot was
prepared using previously synthesized 2 and X in a batch
reaction as an internal standard for the calculation of the
reaction yields. The MS analysis was acquired with an
Agilent QTOF 65435 equipped with electrospray ioniza-
teon (AJS ESIL

&) Springer

Flow experiments were performed using a Yapour-
tee RIC + with two bular reactors (10 cm”, id= 1 mm,
eachy, Al bes (d= 1 mm)and mixers were Bbought from
Vapouriee, Pressure in the system was maintained using a
hack pressure regulnter of & bar (BPR) (Fig. 5).

Batch synthesis of ethyl 6-(3,5-dimethoxyphenyl)-
2,4-dioxohex-5-enoate (3)

Reaction im ethanol

To the solution of 787 mm’ diethyl oxalate (5,7 mmol, 1,2
eq) in 20 em’ dry ethanol under argon, 2.85 cm” of 2 M
EiOMaErOH was added (5.7 mmod, 1.2 eq). Therefore, 1.0 g
i4.85 mmol) of 2 was dissolved in 20 cm’ of hot, dry ethanol,
cooled 1o RT, and added wo the: reactbon misture. The reaction
wis stirred for 20 b ai room temperature and quenched with
1 M HCL 200 em’ of brine was sdded, and the resction mix-
twre wis extracled with ethyl acetue (3329 em’), [_':Irgu.nil;
phises were combined, washed with brine, and additionally
dried with sodiom sulfsle before being evaporgted, resulting
im 145 g of yellow oil. The crude product was purified by
flash chromatography (10045 DCM ) o give 1.08 g of vel-
bow solid (yvield=73%). "H NMR (400 MHz, DMSO-d.:
H=T.69-T68 (d, [H), T.06-T.12 {4, 1H), 6.92 (s, 2H), .61
(5, 1H}, 6,57 (s, 1H}, 4.30-4.25 (g, 2H), 3.79-3.76 (s, &H),
1.30=1.27 (1, 3H) ppm; "'C NMR (101 MHz. DMSO-d,):
= 1544, 1740, 1615, 1607, 142.7, 136.3, 124,1. 165,
1032, 1000, 62,1, 55.4, 139 ppm; HREMS: mz colleulated
for [M 4+ H]™ 307.1176. found 307.1172

Reaction im THF

To the solution of T8T mm” diethy] oxalate (3.7 mmol,
1.2 eq) in 20 ¢m” dry THF under argon, 2.85 cm” of 2 M
EOMaEROH (5.7 mmed, 1.2 eq) was added, Therefore, 1.0 g
(4.85 mmol. | egdof 2in 20 cm’ of dry THF was added,
The resction was stirred for 100 min and quenched with 1 M
HCL 30 em’ of brine was added. and the reaction mixture
was exiracted with cthyl acetate (3% 25 cm' ). Organic phases
were comibined, washed with brine, and additionally dried
with sodium sulfate before being evaperated, resulting in
155 g of yelbow o], The crude prouct was purilied by Aash
chromaography f TG DOUM ) 8o give 1,27 g of yellow solicd
iyicld =87%). 'H NMR (DMS0-d,k §=7.70-7.66 (d, I H),
TAT-T.13 id, 1H). 6.9 (s, 2H), 661 (5. TH), 6,57 (s, 1H},
4.314.25 (g, 2H), 3.80-3.T6 (=, 6H), 1.31-1.27 {1, 3H) ppm.
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Fast Claten condensaton reacticn oplimization im a continuous flow reactor

Fg. 5 Flow schematic for
synthesis of 3

ot o—
I i THF
J r))))‘
[N 2
..,-—-.
o
o
in THF BPR
\,_+ 2M EXOMS in EXOH E
-0
o
2.
o
Flow synthesis reaction mixture was collected ot a steady state (after 4 min

Gemeral procedure for Dot experiments

Keagent A: 0.5 g of 2 was dissolved in 20 cm” dry THF;
reagent B approprinte amounts of diethyl oxalate ond 2 M
ErONa/EiOH were dissolved in dry THF to gain 20 cm® of
cach solutien with the required amounts of equivalents. The
solvent bottle was illed with ﬂr_"r' THF [fl:lr Tnh 'rl,::ls;l:nh.!l.
Reagent A and reagent B feeds were mixed in o standard
Y-shaped mixer of the same flow speeds, then allowed io
react in two 10 cm® PFA reactors (id = | mm, each) at a sei
temperatune. Just after the last reactor outler, the peaction
mixture was quenched in a Y-shaped miser with 1 M HC
Peed ot the same Aow speed as eoch resgent. Samples were
collected into vials and analyzed offline by UHPLC.

Flow synthesisin 1 g scale

Reagent A: 8.4 g of 2 was dissolved in 42 em”® of dry THF;
reagent B: 6.6 cm’ of diethyl oxalate (1.23 cg) and 24 cm’
of 2 M EtONa/EiOH (1.23 eq) were dissolved in 1.4 cmy’
of dry THE. The solvem batthe was Alled wath dey THF {for
barth reagents),

For the reaction, 40 cm” of each reagent wos used, Both
reagents were pumped at a 5 cm® min™' flow rate. Reagent
A and reagent B feeds were mined in a standard Y-shaped
mixer al the same how h[ﬂdx, thien reacted 10 Twia 10 e’
FlA renctors (id = 1 mm} ot the set temperature, Just ofler
the reactor outlet, the reaction mixture was quenched with
I M HCI (flow rate: 5 cm® min~") in a Y-shaped mixes. The

of reskbence time) for 2 man (which aquals 2002, 9.7 mmol
of the substrate) it a 100 cm’ glass bonle and extracted
with ethyl acetate (3 x 35 cm'). Organic phases were com-
hined, washed with brine, and sdditionally dried with
sodflim sulfare before being evaporaved, resulting in .78 g
of dark vellow solid. The crude prodoct was puarified by flash
chmnmmgnsph_-.- {TER D3O8 l:ugh':.- I.Iﬁg al pc"l:m' sohidd
(vield =845 ),
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"H and "*C NMR spectrum of ethyl 6-(3,5-dimethoxyphenyl)-2,4-dioxohex-3-cnoate (3)
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Parameters Range
Ultra-high-perfosmance Bquid chromategraph equipped with an U/ DAD
maehation detectior, autosampler, and column heater
Codumn Phenomenex Kinetex® C18 column [100 mm; 2.6 um)
. Phae A: 0U1% formic acid in watér
Mobhie phases Pharse B: 0.1% formic acid in ACN
Dt Methani
Flow 0.4 md mirt
Fun time 11 min
Codumn temperature 25"
Autosampler temperature 5C
Injection valume 3l
Detection Wavelength 254 nm

Typical Retention Time

Courmnpound 2 about 5.00 mén, Compoaund 3 shaut .08 min

After analysis rinse the column for 10 min using ACM  water (10:50, wiv)

Il
R sodution thee during 10 min using ACN; store the column with ACN
Gragient program
Time, mén Mobile phase A, % Mobile phase 8, %
o0 9%6.0 4.0
o5 9e.0 4.0
65 50 5.0
8 LX) 950
4.0 6.0 g
110 6.0 s
Histogram: Product weld / %Area

B

7l

6

Mumbear of obsanations
B

75

Product yiald | %A
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Residuals normal probability plot

Fesiduals:

D= 01337 p < n.i,; p-Lilkeforsa < 1;

SW-W = 0,837, p=0,2838

fad
T

%]

Murmber af absereations
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10 05

Residuals
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Residuals normality plot
Product yield / %Area
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Gurba-Bryskiewicz L., Dawid U., Smuga D. A., Maruszak W., Delis M., Moroz A.,
Btocka A., Stypik B., Szymczak K., Mroczkiewicz M., Dubiel K., Wieczorek M.,
“Implementation of QbD approach to the development of chromatographic method for
the determination of complete impurity profile of the CPL409116 innovative substance,
dual JAK/ROCK inhibitor”, Poster session presented at: ACCORD
INTERDISCIPLINARY CONFERENCE ON DRUG SCIENCES “Synergy of

interdisciplinary innovations”, 05.2022; Warsaw; Poland
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10.

11.

Gurba-Bryskiewicz L., Maruszak W. ,,Application of DOE approach as a key step to
improving of the aldehyde impurity peak shape of the innovative pharmaceutical
substance of the PI3K{ inhibitor by derivatization with hydrazine”, Poster session
presented at: ORBIS Summer School 2022, Prague, Czech Republic

Gurba-Bryskiewicz L., Smuga D. A., Tuz D., Pysniak A., Juszczyk E., Mikonska M.,
Maruszak W., Dubiel K., Wieczorek M. “Application of DoE statistical methods in the
QbD approach in the development of innovative active substances and medicinal

products”, Poster session presented at: ORBIS Summer School 2023, Poznan, Polska

Udzial w konferencjach krajowych

1.

Gurba L.: ,,Wysokosprawna chromatografia cieczowa (HPLC) w analizie jako$ciowej
1 ilosciowej ludzkiego rekombinowanego hormonu wzrostu (rhGH).” Poster
prezentowany na: VII Polska Konferencja Chemii Analitycznej, Torun 2005 -
prezentacja ustna

Gurba L. i in.: ,,Zastosowanie chromatografii cieczowej i spektrometrii mas do badania
produktow kontrolowanej hydrolizy enzymatycznej analogéw insuliny ludzkiej”, Poster
prezentowany na: III Konferencja Analityczne Zastosowania Chromatografii, 23-24
pazdziernika, Warszawa 2008

Korszla M., Szewczak J., Gurba L., Stadnik D., ,,Oznaczanie glicerolu w preparatach
farmaceutycznych z wykorzystaniem chromatografii oddzialywan hydrofilowych,
Poster prezentowany na: III Konferencja Analityczne Zastosowania Chromatografii, 23-
24 pazdziernika, Warszawa 2008

Bierczynska-Krzysik A., Stadnik D., Gurba L., Baran P., Wo¢jcik L., Ptucienniczak G.,
Tejchman-Matecka B., Borowicz P., ,IlIdentyfikacja trisiarczkowej pochodne;j
jednotancuchowej LysArg-Insuliny”, Poster prezentowany na: III Konferencja
Analityczne Zastosowania Chromatografii, 23-24 pazdziernika, Warszawa 2008

Gurba L., Stadnik D., Korszla M., Tejchman-Matecka B., ,Zastosowanie
wysokosprawnej chromatografii cieczowej do oznaczania $ladowych ilosci
chlorowodorku tetracykliny jako pozostalosci po procesie produkcyjnym
rekombinowanej insuliny ludzkiej;”, Poster prezentowany na: IV Konferencja
Analityczne Zastosowania Chromatografii, 15-16 pazdziernika, Warszawa 2009 -
wyroznienie za najlepszy plakat uznany przez uczestnikow konferencji
Surmacz-Chwedoruk W., Gurba L., Tejchman-Matecka B., Btazej S., Stadnik D.
Badanie procesu rozwijania bialek za pomoca SEC oraz DLS na przyktadzie insuliny

ludzkiej 1 jej analogéw. Poster prezentowany na: VIII Polska Konferencja Chemii
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analitycznej ,,Analityka dla spoteczenstwa XXI wieku”; 2010 Lipiec 05-09; Krakow,
Polska

Stadnik D., Gurba L., Tejchman-Matecka B. Zastosowanie bioanalizatora
mikroprzepltywowego do analizy biatek terapeutycznych. Komunikat ustny wygtoszony
na: VIII Polska Konferencja Chemii analitycznej ,,Analityka dla spoteczenstwa XXI
wieku”; 2010 Lipiec 05-09; Krakow, Polska

M. Korszla, J. Stadnik, J. Szewczak, W. Surmacz-Chwedoruk, S. Blazej-Sosnowska,
Gurba L., B. Tejchman-Matecka, D. Stadnik: “Determination of identity, structure and
purity of recombinant insulin analogs, IV Congress of Polish Biotechnology and IV
EUROBIOTECH 20117, Krakow, 12-15.10.2011

Gurba L., W. Surmacz-Chwedoruk, B. Tejchman-Matecka, D. Stadnik: “Phase
Additives on the Retention and Separation of Insulin and its Analogues by Size

Exclusion Chromatography”, 29th International Symposium on Chromatography,

Torun, 9-13.09.2012

Granty i projekty badawcze

Lp. | Grant / Projekt badawczy Rola w projekcie
1 Projekt Celowy nr 6 T09 046 2001 C/5592 Opracowanie metod
Opracowanie technologii izolacji, transformacji i anahtyc,znych badall'{a.
oczyszczania interferonu a2a, interferonu a2b, hormonu SUrOwcow, subst?:mcy 1
wzrostu, karboksypeptydazy B, interferonu-y i proteazy produktéw leczniczych
UBP Opracowanie dokumentacji w
formacie CTD
2 WND-POIG. 01.01.02-00-007/08-00 Opracowanie metod
Centre of medicinal product biotechnology. Package of anahtyc’znych badarl'{a.
innovative biopharmaceuticals for human and animal SUroweow, subst?:mcy 1
therapy and prophylactics produktow leczniczych
Opracowanie dokumentacji w
formacie CTD
3 ,Inkubator Innowacyjnosci+” w ramach konkursu Kierownik projektu
CeI.ltrum Transferu Technologii Warszawskiego | Zastosowanie narzedzi DoE
Uniwersytetu Medycznego, IBAkteria Sp. z 0.0., Synergia | j metod analizy statystycznej na
WUM Sp. zo. o. réznych etapach realizacji
Opracowanie i walidacja metody analitycznej oznaczania | projektu
pozostatosci jednotancuchowego prekursora w
rekombinowanej insulinie ludzkiej i/lub analogach
insuliny ludzkiej”)
4 Projekt nr POIR.01.01.01-00-0382/16 Opracowanie metod

Narodowe Centrum Badan i Rozwoju oraz Celon Pharma
S.A.

Selektywny inhibitor kinaz JAK w terapii chor6b o
podtozu immunologicznym (Selective JAK kinase
inhibitor in therapy of immune-related diseases)

analitycznych i wykonywanie
badan charakteryzujacych
wlasciwosci fizykochemiczne
substancji na r6znych etapach
realizacji projektu
Zastosowanie narzgdzi DoE

1 metod analizy statystycznej na
roznych etapach realizacji
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projektu

Projekt nr 2021/ABM/05/00005
Agencja Badan Medycznych oraz Celon Pharma S.A.

Development of Innovative Therapeutic Solutions using
RNA technology (TransformRNA—mRNA Therapeutics
generation platform)

Opracowanie metod
analitycznych i wykonywanie
badan charakteryzujacych
wiasciwosci fizykochemiczne
substancji na ré6znych etapach
realizacji projektu
Zastosowanie narzedzi DoE

1 metod analizy statystycznej na
réznych etapach realizacji
projektu

Project nr POIR.01.02.00-00-0085/18

Narodowe Centrum Badan i Rozwoju oraz Celon Pharma.
S.A.

Rozwoj przedkliniczny i kliniczny innowacyjnego
inhibitora kinazy PI3 delta jako kandydata w terapii
chorob o podtozu zapalnym (KICHAI — Pre-clinical and
clinical development of an innovative PI3 delta kinase
inhibitor of as a candidate for the treatment of
inflammatory disorders)

Specjalista ds. chromatografii i
spektrometrii

Zastosowanie narzedzi DoE

i metod analizy statystycznej na
réznych etapach realizacji
projektu

Project nr STRATEGMED2/266776/17/NCBR/2015

Narodowe Centrum Badan i Rozwoju oraz Celon Pharma.
S.A.

CELONKO — Opracowanie nowoczesnych biomarkeréw
oraz rozwo0j innowacyjnego inhibitora kinaz FGFR
stosowanego w terapii nowotworéw (CELONKO —
Development of novel biomarkes and innovative FGFR
kinases inhibitor as an anti-cancer therapy)

Opracowanie metod
analitycznych i wykonywanie
badan charakteryzujacych
wlasciwosci fizykochemiczne
substancji na ré6znych etapach
realizacji projektu
Zastosowanie narzedzi DoE

1 metod analizy statystycznej na
réznych etapach realizacji
projektu

Project nr POIR.01.01.01-00-0887/19

Narodowe Centrum Badan i Rozwoju oraz Celon Pharma.
S.A.

Serotoninergiczna terapia przeciwbolowa oparta o
agoniste receptora 5S-HT7 (STEP7)

Opracowanie metod
analitycznych i wykonywanie
badan charakteryzujacych
wlasciwosci fizykochemiczne
substancji na ré6znych etapach
realizacji projektu

Project nr POIR.01.01.01-00-0334/17

Narodowe Centrum Badan i Rozwoju oraz Celon Pharma.
S.A.

Rozwoj przedkliniczny i kliniczny innowacyjnego
agonisty receptora GPR40 w terapii cukrzycy typu II
GATE

Opracowanie metod
analitycznych i wykonywanie
badan charakteryzujacych
wiasciwosci fizykochemiczne
substancji na ré6znych etapach
realizacji projektu.

Dzialalno$¢ dydaktyczna

Wyklady
1. Wyklad dla studentéw 5 roku Bloku Farmacja Przemyslowa i1 Biotechnologia

Farmaceutyczna ~ Warszawskiego ~ Uniwersytetu =~ Medycznego, ,,Zastosowanie

statystycznych metod planowania eksperymentéw (DoE, Design of Experiments)
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w podejsciu QdB (Quality by Design) do rozwoju technologii innowacyjnych substancji
czynnych i produktow leczniczych”, 11.12.2023.
2. Prezentacja dla studentéw z Kota Naukowego w Zakladzie Chemii Organicznej

1 Fizycznej Warszawskiego Uniwersytetu Medycznego, 03.04.2024.

Opieka merytoryczna nad studentami w trakcie praktyk

1. 04.07.2022 — 03.08.2022 — studentka IV semestru kierunku Chemia Ogdlna, Wydziat
Chemii, Uniwersytet Warszawski

2. 16.08.2022 — 30.09.2022 — student IV semestru kierunku Technologia Chemiczna,
Wydzial Chemii, Politechnika Warszawska

Czlonek Polskiego Towarzystwa Farmaceutycznego

Sumaryczny IF: 56,575; MNiSW: 1255; Wspolczynnik Hirscha H: 4 (Web of Science)
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12. Analiza bibliometryczna — Biblioteka WUM
k-1 L] L3
WARSZAWSKI
UNIWERSYTET
MEDYCEZNY
BIBLIOTEKA UCZELNIANA
Mr referencyjny
BIBG/Punktacja/ 58 [2024/KK Warszawa, 30.01.2024
Sz. Pani
Lidia Gurba-Bryékiewicz
ANALIZA BIBLIOMETRYCZNA CALOKSETALTU DOROBKU PUBLIKACYINEGO
PANI LIDI! GURBA-BRYSKIEWICZ,
W POSTEPOWANIU O NADANIE STOPNIA NAUTKOWEGO DOKTORA
‘ Lp. | Opis bibliograficany '.;:f::: MNISW

1. Artykuly opublikowane w czasopismach naukewych lub w recenzowanych materialach
konferencii migdeynarodowych ujgtvch w aktualnym wykazie MNiSW?

1.

‘Wojtowicz-Krawiec A, Sokolowskn 1, Smorawinaka M, Chojnacka- |
Puchta L, Mikiewicz D, Lukasiewicz N, Marcinink-Rusek A, Wnli-'i
nowska R, Bierczynska-Krzysik &, Porebska AJ, Kuthan-Styczen L}
Gurba L, Borowicz P, Mazurkiewicz A, Flucienniczak G, Mucienni- |
czak A, Use of Ubpl protease analog to produce recombinant human |
growth hormone in Escherichia coli, Microb Cell Fact. 2004;141):113
[Rodzaj publikocji; praca oryginalna)

4l

40

Faelinski M, Wijtowicz-Krawiec A, Mikiewicz D, Kesik-Brodacka M,
Cecuda-Adamezewska V, Marciniak-Rusek A, Sokobowska [, Bukasie-
wicz N, Gurba L, Odrowai-Sypriewski M, Baran P, Plucienniczak G,
Flucienmiczak A, Borowice P, Szewciyk B. Expression of recombi-
aanl human bifunctional peptidylglycine a-amidating monoocyge-
naae in CHO eclls and it uae for inaulin analogue modification. Mro-
tein Expr Purif. 2006;119:102-9

[Rodzaj publikacji: praca oryginalna)

1,351

15

Mach M, Bazydio-Gurenda K, Buda P, Matioka M, Dreida R, Stelmach
F, Galazka K, Wasiriska-Kalwa M, Smuga D, Holowinska D, Dawid U,
Gurba-Bryikiewicz L, Witniewski K, Dubiel K, Pieczykolan |, Wie-
cxarek M. Discovery and development af CPLZ0T2E0 as new GPR40/
FFAL agonist. Eur | Med Chem, 2021;226:113810

[Rodzaj publikacji: praca oryginalna]

140
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Pankigwice I, Szybinski M, Kisielewska K, Gobebiowski F, Hrzemins
ski P, Rutkowska-Wiodarceyk [, Moszceynaki-Petkowski R, Gorba-
Bryfkiewicz L, Delis M, Mulewski K, Smuga D, Dominawski ], Ja-
nusz A, Girka M, Abramski K, Napidrkowska A, Nowotny M, Dubiel
K, Balita K, Wieczorek M, Fiecezykolan |, Mattoka M. Do Small Mole-
cules Activate the TrkB Receptor in the Same Manner os BDNF? Li-
mitations of Published TrkB Low Molecular Agonists and Screening
for Mowvel TrkB Orthosteric Agonists. Pharmaceuticals (Basel), 2021;
L4[8):704

[Rodzaj publikacji: praca aryginalnal

5215

Bukowska-Olech E, Sowinitka-Seidier A, Laryss I, Gawlinski P, Ko-
ceyk G, Papiel D, Gurba-Bryskiewicz L, Materna-Eiryluk A, Adamek
2, Szczepankiewicz A, Dominiak P, Glisia F, Maluszewska K, Jams-
heer A, Results from Genetic Studies in Patients Alfected with Cra-
niosynostosis: Clinical and Molecular Aspects, Front Mol Bioscl
O BESH0E

[Rodzaj publikscii: praca oryginalnal

50

140

Etypik M, Zagozda M, Michalek 5, Dymek B, Zdialik-Biclecka D, Dzia-
chan M, Ocdowska N, Gunerka P, Turowski P, Huce-Kalitowska ],
Stafczak A, Stadczak P, Mulewski K, Smuga D, Stefaniak F, Gurba-
Brydkiewicz L, Leniak A, Ochal Z, Mach M, Dewonek K, Lamparska-
Praybysz M, Dubiel K, Wieczorek M. Design, Synthesis, and Dive-
lopmemnt of pyrazole]l,5-alpyrimidine Derivatives as o Movel Series
of Selective PIZKS Inhibitors: Part [-Indole Derivatives. Pharmacen-
ticals (Basel). 2022;15(8):929

[Rodeaj publikacji: pracs oryginalna]

Stypik M, Michalek 5, Oriowska N, Zagozda M, Deiachan M, Banach

M, Turowski P, Gunerka P, 2dialik-Bielecka I, Stabceak A, Kedeier- |

=3=n U, Mulewski K, Smuga I3, Maraszak W, Em‘hl—lnithuhu L,
Leniak A, Pietrud W, Ochal Z, Mach M, Zypmunt B, Fieczykolan ],
Dubilel K, Wieczorek M. Design, Synthesis, and Development of Py-
razodo]l,5-alpyrimidine Derivatives as a Novel Serics of Selective
PI3K& Inhibitors: Part l-Benzimidanole Derivatives. Pharmaceuti-
cals (Basel). 2003, 15(8):517

|Rodeaj publikaciiz praca oryginalna)

4.6

100

46

104

Michabek 5, Gurba-B L, Maruszak W, Zagozda M, Maj AM,
Ochal T, Dubiel K, Wieczorek M. The design of experiments {DaE) in
optimization of an aerobic flow Pd-catalyzed cxidation of aleohol to-
wards an important aldehyde precursor in the synthesis of pho-
sphatidylinositide 3-kinase inhibitor (CPL302415), REC Adw, 202212
{52):33605-33611

|Rodzaj publikacji: praca oryginalnal

Gurha-Bry€hiewice L [aut, inn::p 1, Dawid U, Smuga DA, Maruszak
W, Delis M, Seymeceak E, Stypik B, Moroz A, Blocka A, Mroczkiewics |

M, Dubiel K, Wieczorek M. Implementation of QbT Approach to the
Development of Chromatographic Methods for the Determination of
Complete Impurity Profile of Substanoe on the Preclinecal and Clini-
cal Step of Drug Discovery Studies. Int | Mol S, 20222318} 10720
[Rodzaj publikacii; praca oryginainal

ul. Everii | Wigury &2 el #4832 I 1560 11
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100
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Michalek 5, Maj AM, Gurba-Bryskiewicz L, Maruszak W, Zagozda M,
Ochal Z, Dubiel K, Wieczorek M. Development and optimization of a
continuous flow ester reduction with LiAlHS in the syinthesis of a key
intermaediate for a PIIES inhibitor (CPL302415). Reaction Chamdztry
and Engineering. 2023:8(5):1117-1124
| [Rodzaj publikacji: praca oryginalna)
| Michalek S, Pownln A, Gurba-Brydklewicz L, Pidrkowska N, Olef-
| kowska P, Yamani A, Ochal Z, Dubie]l K, Wieceorek M. Fast Claisen
11. | condensation reaction optimization o a continuous flow reactor, 18 &)
Monatshefte fur Chemie. 2023:154(11):1307-1314
R ublikacji: praca aryginalna)
| Gurba-Brydkdewicz L [aui. koresp, |, Maruseak W, Smuga DA, Dubie]
| K; Wieczorek M. Quality by Design (OhD) and Design of Experiments
12. | (DOE) a8 a Strategy for Tuning Lipid Nanoparticle Formulations for 4,7 100
RNA Delivery, Biomedicines. 2023:11{10)-2752
Rodzaj publikacji: praca poglydowa)
Pietrud W, Stypik M, Zagozda M, Banach M, Gurba-Bryskiewicz L,
Maruszzk W, Leniak A, Kurczab R, Dchal Z, Dubiel K, et al. Tuning
the Biclogical Activity of PLIKS Inhibitor by the Intreduction of a Flu-
orine  Atom  Using the Computational Workflow, Molecules.
2023;28(8):3531
|Rodzaj publikacji: praca oryginaina]

A% 100

i3 it 146

Lacenie:| $6,575 | 1255 |

11, Artykuly apublikowane preed 1.00.201% r. w czasoplsmach ujetych w wykazie crasopism
BMNiSW 2 dnia 25.00.2017 r., o ile czasopismo uzyskalo co najmniej 10 pki.

Eacemic: - -

Il1. Pozostale artykuly

Lacenie;
Eaczmie (cz. 1- 1I1}: | 56,575 | 1255
IV. Monogralfie naukowe/rozdzialy w monografiach wydane proce wydawnictwa ujpte w wy-
| kaczie MEINT lub jednostki organizacyine podmiotdw, kidrych wydawnictwa 5 ujete wtym
wykazie
V. Pozostabe monografie lub rozdzialy w monografiach
| brak

V1. Patenty

i Patent nr 216540, PL380812, Dsrceapowics [, Sikora A, Greechnik M, Borowice P, Toblasz
| 14 ], Jarecka M, Tejchman B, Gurba L. Kempozycja w postact 2elu, sposdh jef otreymywania
I i zastosowanie w kosmetyee iflub dermatologii. 2014, Uread Patentowy RP
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13. Oswiadczenia wspolautorow publikacji

13.1. Publikacja P1

- Warszawa, 19.01. 2024
(migjscowold, data)

ot Urszula Dawid

(imbg | nazwiska)

OSWIADCZENIE

Jako wspotautor pracy pt. _“Implementation of Qb Appreach to, the Development of
Chromatographic Methods. for the Determination of Complete Impurity, Profile of Substance
on the Preclinical and Clinical Step of Drug Discovery Studies™ .
oéwiadczam, iz md] wlasny wkiad merytoryczny w przygotowanic, pﬁ:pmna:lzmc
i opracowanie badaf oraz przedstawienic pracy w formie publikacji stanowi:
udzial  w_ preeprowadzeniu_badaf, walidacie metody, tworzenie  manuskryptu. oraz
preygotowanic matenialow uzupeiniajacych. . e s
Mdj udzial procentowy w przygotowaniu puhlll:m:Ji okreslam Jakn ___________ - .

Whkiad Lidii Gurby — Bryikiewicz  w powstawanie publikacji okreélam jako 70 %

[irmiig § melrwinkiar hafeSy dass o opaian

obejmowal on: __opracowanie. koncepcii_badan, opracowanie i wygenerowanie  plandw
cksperymentdwDoE, wspitprowadzeniebadan, walidacie metedy, analizg statystyczng
wynikéw, interpretacie i dyskusic wynikéw, tworzenic manuskryply oraz preygolowanic

IR R T e s b
imervboryczny opds whbadn kandvlats do stopean w0 pon anie paiblil o m1*
Jednoczeinie wyrazam zgode na wykorzystanie w'w pracy jako czedé rozprawy doktorskic
..... Lidii Gurby — Bryskiewicz .

[immiig B s b Boiadialals o sl

(podpis owiadczajacego)

*w szczeghlnodci udsiatu w prygotowaniu koncepeyl, metodyki, wykonaniu badsd, imerpretacii wynikiw
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{mm::wﬂt dﬂa:l
_..dr in¢. Damian Smuga
{imig | nazwisko)
OSWIADCZENIE
Jako wspdlautor pracy pt. _“Implementation of QbD Approach to the Development of
Chromatographic Methods for the Determination of Complete Impurity Profile of Substance
on the Preclinical and Clinical Step of Drug Discovery Studies”

ofwiadezam, iz mdj wiasny wkiad merytoryczny w przygotowanie, pmpmwadzcm:
i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:

wspdlopracowanie koncepeil badan, wykonanie  obliczen, . interpretaci. wynikow,  oraz
WERGIPrTRe e DRI o i
Maj udzial procentowy w przygotowaniu publikacji okredlam jako 6 %

Wkiad Lidii Gurby — Brydkiewicz  w powstawanie publikacji okrelam jako 70 %4,

finsse i paarwdsba andydatn do dtopa)

obejmowal on: __opracowanie koncepecji badaf, opracowanie i wygenerowanie plandw
nkm*xmmmw L‘.Jnﬁ. ﬂmwmﬁﬁni: badan,. wllnlaqis .metody, analize slﬂfxm'cﬂ'&

mumnalsﬁwuzupeimmcxch i

T riarpiemy ope whbadu Randvdsta do pria w posn olasie pubilibogit®

Jednoczesnie wyrazam zgode na wykorzystanie w'w pracy jako czgdé rozprawy doktorskie)
mgr ___ Lidii Gurby - Bryskiewicz

fiovisg b ity ke ol adala G slogamal

{podpis ofwiadczajgcego)

*w szczegdinosci udzinty w preygotowaniu koncepcji, metodyki, wykonaniu badan, interpretacji wynikéw
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{mlu]i:mudé d.uta]n

... dr hab. Wicleta Maruszak
(imig | nazwisko)

OSWIADCZENIE

Chromatographic Methods for the Determination of Complete Impurity Profile of Substance
on the Preclinical and Clinical Step of Drug Discovery Studies”

ofwiadczam, iz mdj wlasny wklad merytoryczny w przygotowanie, pmeprml.rmiz.r.me
| opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:

udzial w_przeprowadzeniv_badad, walidacja metody, wspéltworzenie manuskryply oraz
preyeotowanie materialow uzupelniajaeyeh, -

Mdj udzial procentowy w przygotowaniu publikacji ﬂkreﬂnm Jﬂlm ___________ 5 %.

Wiiad Lidii Gurby - Bryskiewicz .. w powstawanie publikacji okreslam jako 70 %,

Fint g 0 mars pakin Kowsdata i)

obejmowal on: __opracowanie koncepcji. badad, opracowanie i wygenerowanie  plandw
eksperymentow DoE, wspolprowadzenie badan, walidacie metody, analize statvstyczng

wynikow, interpretacie i dyskusie wynikow, tworzenic manuskrypty, Omz. preygotowanic
e O Al A, s

(merytorycony opis whladn bandydeta do slaopoin w pos sbanis puaivt sciii®

Jednoczesnie wyrazam zgode na wykorzystanie wiw pracy jako czesé rozprawy doktorskie)
mgr ... Lidii Gurby - Bryskiewicz ..

Cimag 1 e Dk Randyadsla da stogni)

*w szczegdinodci udzialu w przygotowaniu koncepeji, metodyki, wykonaniu badan, interpretacii wymnikdw
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.. Kagan Nowy, 19, E!A 2024,
(migjscowodd, datg

dr inz. Monika Delis

{imig i nazwiska)

Jako wspitautor pracy pt. _ “Implementation of ObD Approach to the Development of

GChromatographic Methods for the Determination of Complete Impunty Profile of Substance
on the Preclinical and Clinical Step of Drug Discovery. Studies” oo
ofwiadczam, iz md] wihasny wklad merytoryczny w przygotowanie, przeprowadzenie
| opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:

udzial w wykonaniy badas.

Moéj udziat procentowy w przygotowaniu publlk:&n_u akreﬁlm‘n _]a.]-u:r = S %

Wkiad Lidii Gurby — Bryskiewicz _ w powstawanie publikacji ﬂh:reglam jako 70 %,

1mig | naai ke kssdydaln do sopiniag

obejmowat on: __ opracowanic.. koncepeii badaf,  opracowanie i wygenerowanie _plandw
eksperymentow DoE., wspbliprowadzenie badan, walidacig, metody,  analize. statystyczng
wynikow, interpretacie i dyskusje wynikdw, tworzenie manuskryplu oraz preveolowanie

Lmerybory ceiry apis whiati Landydata do siopnia w pos s stk pubdiacin®

Jednoczesdnie wyrazam zgode na wykorzystanie w/w pracy jako czedé rozprawy doktorskie]
mgr _Lidii Gurby - Brygkiewicz

{ o § mgrn ok Kandvd st da sl et

______ eles

{podpis nﬁmudmmccgc-}

®w szrcpegdlinoici udziaku w prevgotowaniu kencepeji, metodyki, wykonanio badai, interpretacji wynikdw
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____________ Kazui Nowy, 19.01.2024

{micjscowsdd, dila)
i orysEtof Szymezak
(irmig | naEwisko)
OSWIADCZENIE
Jako wspdtautor pracy pt. _“Implementation of QbI} Approach to the Development of

e I e s LD o L L R S e B e | L

ofwiadczam, 2 mdj wiasny wkiad mervtoryczny w przygolowanie, przeprowadzenie

i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:

o

Mdj udzial procentowy w przygotowaniu publikacji ckreslam jake <1 T
Whkiad Lidii Gurby — Bryskiewicz . w powstawanie publikacji okreslam jako 70 %%,

{rmig | e oady daty do Howwid ]

e ry s 21y s ekt bandpdl e d stogenls wipseatande publila i

Jednoczednie wyrazam zgodg na wykorzystanic w/w pracy jako czedé rozprawy doktorskiej

.......... Elektranicinia padipisany
{imag i mezzveidho boshedaba do shogeial . : . . Erzex Kerpietol Tamasz

g = Srymicrak
¥ Data: 0140027 101807
+010HF

11111111111111111111111111111111111111111111111 -

(podpis odwiadczajacego)

*w srcregdlnosci udriabu w preygotowaniu koncepagi, metodyki, wykonaniu badad, interpretacji winikdw
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(micjscowodd, dara)

............ Bartosz Swpik

(imig | mazwisko)

OSWIADCZENIE

on the Preclinical and Clinical Siep of Drug Discovery Studies™
oswiadezam, iz mdj wlasny wklad merytoryezny w prezygotowanie, przeprowadzenie
i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:

udzial w syntezie zwiazkow wykorzysianyeh w badaniach.... ...

Maj udzial procentowy w przygotowaniu publikacji okreslam jako <1 %

Wkiad Lidii Gurby — Bryskiewicz  w powstawanie publikacji okreslam jako 70 %,
{imnig g nirw ok Kandvd a1 3 sognig)
obejmowal on: __opracowanic koncepeii . DoE.  wygenerowanie  plandw _ekspervmentdw,

analize statystvczna  wynikdw, interpretacie i  dyskusie wyvnikdw, wspdhiworzenie
manuskrvptu oraz przyzolowanie materialow vzupetniajgeych.

decyton sy opis shilada Kandydata do stopnas o posslanis pohlfscsh®

Jednoczeénie wyrazam zgode na wykorzystanie w/w pracy jako czgsc rozprawy doktorskiej
mgr __ Lidii Gurby — Bryskiewicz

fimnig i narisko kandydals do Sopnd)

_____ b Loy,

{(podpis odwiadczajgcego)

*w seczepdinosci udzinhy w przygotowaniu koncepeji, metodyki, wykonaniu badan, interpretacji wynikow
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. Kazuf Nowy, 19.01,.2034....

(mlejscowodd, data)

...gr ink Aleksandra Moroz
{imig i nazwisko)
OSWIADCZENIE
Jako wspdtautor pracy pt. _ “Implementation of ObD Approach 1o the Development of

Chromatographic Methods for the Determination of Complete Impurity Profile of Substance

on, the: Preclinical and Clinical Step of Drug Discovery, Studies”..
oiwindczam, iz mdj wiasny wklad merylorvezny w preygotowanie, pucpm\mdz.:mn
i opracowanie badaf oraz przedstawienie pracy w formie publikacji stanowi:

udzial w syntezie zwigzkow, wykorzystanyeh w badamiach. ...
Maj udzial pml:l:ntuwy w pm'_lr‘gul.uwaniu puhlikacji okredlam ja.lcu .+

mgml@wmhnmmhl e e e e e

(Mo vty o Wi Laddn Loy datn do sepnla w posstanie poblilacp)®

Jednoczednie wyrazam zgode na wykorzystanie wiw pracy jako czesé rozprawy doktorskiej
mgr ___Lidii Gurby - Bryskiewicz

fimibg i mrmanda handydsia o sl

Mdoeda Moz

(podpis oéwiadczajacego)

*w szcregblnodei udziahi w preygatowaniu keacepell, metodykl, wykenaniu badafi, interpretacii wymnikéw
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e B2MN Nowy, 19.01,2024
(mbgjscowosd, data)

{imi¢ | nazwiska)

Chromatographic Methods for the Determination of Complete Impurity Profile of Substance
on the Preclinical and Clinical Step of Drug Discovery Studies™ ..
oswiadczam, iz mdj wlasny wklad merytoryczny w przygolowanie, przeprowadzenie
| opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:

w wykorzystanych w badaniach. ...,
M) udzial procentowy w preygotowaniu publikacji okredlam jako <1 %.

Wkiad Lidii Gurby — Bryvékiewicz _ w powstawanie publikacji okredlam jako 70 %,

i | nagw i banady dafa o slepnia)

obejmowal on: __opracowanie koncepeii badan, opracowanie_ i wyzenerowanie plandw

udzial w syntezie zwiazkd

R M R Tl e

ey by apls wh Rl Candydata do stopoia v pons sbani prblikoejij®

Jednoczednie wyrazam rgode na wykorzystanie wiw pracy jako czgié rozprawy dokiorskiej
mgr .. Lidii Gurby - Brydkiewiez

[iamiig i maove ik lndyadala & &)

bk, Mebahde, .
{podpis odwiadczajacego)

*w srczegblnodci udzialu w przygotowaniu koncepcji, metodyki, wykonaniu badad, interpretacji wynikdw
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o Kazuh Nowy, 19.01,2024
(migjscowods, data)

... dr inz, Michal Mroczkiewicz ...

(imig | nazwiska)

OSWIADCZENIE

Jako wspdtautor pracy pt. _“lmplementation of QbD) Approach to the Development of
Chromatographic Methods for the Determination of Complete Impurity Profile of Substance
on the Preclinical and Clinical Step.of Prug Discovery SMAIes™ . .....ooocserrsecerssssnssenens
ofwiadczam, iz mdj wlasny wklad merytoryczny w przygotowanie, przeprowadzenie
1 opracowanie badan oraz preedstawienie pracy w formie publikacji stanowi:
wdzial w syntezie zwiazkow wykorzystanych w Dadaniach.. ...
Mdj udzial procentowy w przygotowaniu publikacji okre$lam jake <1 %

Whiad Lidii Gurby — Brys$kiewicz __ w powstawanie publikacji okredlam jako 70 %,

il § marn sk kendydats do sogesa)

obgjmowal on: __opracowanie  koncepeii badan,  opracowanie i wygenerowanie  planiw
ekaperymentow . Dok, wspdtprowadzenie badan, . walidacie  metody,. analize. statystyeana

imaryiory ciry opis wilade Eandydsia do shepnia v pas cleies publils jij*

Jednoczednie wyrazam zgode na wykorzystanie w/'w pracy jako czesé rozprawy doktorskiej
mgr . Lidii Gurby = Bryskiewicz .

Cimig | niwiskon Kiradwdaln J slopnial

(podpis oswiadczajgcego)

*w szczepbinodci udzinhy w proyvgotowaniv kencepejl, metodyki, wykonaniu badaf, interpretacii wynikdw
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B0, Nowy, 29,01,2024......
(miejscowodé, data)

(imig i nazwisko)

OSWIADCZENIE

Jako wspolautor precy pt. _“Implementation of QbD Approach to the Development of
Chromatographic Methosds for the Determination of Complete Impurity. Profile of Substance
on the Preclinical and Clinical Step of Drug Discovery Studies”
ofwiadczam, iz méj wlasny wklad mervtoryezny w przygotowanie, przeprowadzenie
| opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:

Mé) udzial procentowy w przygotowaniu publikacji okredlam jako <1 %,
Wkiad Lidii Gurby - Bryskiewicz _ w powstawanie publikacji okreslam jake 70 %,

L | e vesskion Ryl e slaspanig |

obejmowal on:  opracowanie . koneepeji. badad, opracowanie i wygenerowanie planfw
chaperymentow  DoE,  wspolprowadzenie badad, walidacje metody, analize statystyczng
wynikow, interpretacie i dyskusie wynikow, tworzenic manuskovply orez. prygotowanic
matenalow BAUPEIAIACYEN..........coccosmramssmrssnams st s mssasssassses

ey iy iy opis wiklaslin by dat s S clogeied W froredlaiisg prablih e pj*

Jednoczesnie wyrazam zgode na wykorzystanie wi'w pracy jako czgsé rozprawy doktorskie)
mgr __Lidii Gurby — Bryskiewicz

(i i airwi sk Kandvdsla o dhipmaa

®w srczegolnods udziake w proygotowaniu koncepeil, metodyki, wykenaniu badan, inferpretaci wynikdw
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............ Kazun Nowy, 19.01. 2024
(mibejscowadd, data)
_dring, Magie] Wisczorek
(imig | naewiska)
OSWIADCZENIE
Jako wspdtautor pracy pt. _“Implementation of QbD Approach to the Development of

Chromatographic Methods for the Determination of Complete Impurity Profile of Substance

on the Preclinical and Clinical Step of Drug Discovery Studies” |

oswiadczam, 1x mdj wlasny wkiad mernvtoryvemy w pra}'gnlnwnmc. pm:pmwndzeme

i opracowanie badaf oraz przedstawienie pracy w formie publikacji stanowi

nadzdr oraz pozyskanie finansowania, s

Mdj wdzial procentowy w przygotowaniu Frl:lbi]kﬂ:jl uk.reﬂmn Jal-m ___________ <1 . 9%.

Wklad Lidii Gurby = Bryskiewicz _ w powstawanie publikacji okredlam jako 70 %
fimig i ik o kandydat do sesgmia)

obejmowal on: _opracowanie koneepcji badad. opracowanie i wygenerowanie plangw

eksperymentdw_DoE, wspdlprowadzenie badan,  walidacie. metody,. analize . statystycana

wynikow, interpretacie i dyskusie. wynikow, tworzenie manuskryptu, oraz, przygolowanie

TR TR IMRIARNER ... seescsiamss cossemsisssicanes i sttt bk

ey Gy e Wikl Landy deta do stopid w e stamis piibilik )

Jednoczednie wyrazam zgode na wykorzysianie w/w pracy jako czgsé¢ rozprawy doktorskiej
mgr . Lidii Gurby. - Bryskiewicz

Frinpisg | T oked Kondwdaln S dloginak
s

&“:Bmut ........................
pis odwiadczajgcego)

*w szczepdinodci uwdziahy w preygotowaniv koncepcji, metodyki, wykonaniu badaf, interpretacii wynikow
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13.2. Publikacja P2

(miejscowosd, data)

....dr hab, Wicleta Maruszak .

{imig i nazwiska)

OSWIADCZENIE

Jako wspdtautor pracy pt. _ “Quality by Design (QbD) and Design of Expenments
(DOE) as 4 Strategy for Tuning Lipid Nanoparticle Formulations for RNA Delivery™ ...
ofwiadczam, iz moj wlasny wklad mervioryczny w przygotowanie, przeprowadzenie
i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:
udzial w opracowanie kongepeii publikacii oraz wspéhtworzenie manuskryPib .....cooiverees
M6j udzial procentowy w przygotowaniu publikacji okredlam jako 5 %

Wktad Lidii Gurby — Brydkiewicz  w powstawanie publikacji okreslam jako 92 %,

(1T FTEE R Fu'lh'll}-d-‘l i da e |

obejmowat on:  opracowanie koncepcji  badan, przeprowadzenie  przegladu, artvkulow,
wykonanie  szezegblowe] analizy i krvtycznej oceny tredei artykwldw, przvgotowanie
manuskrypty oraz materiatow uzupeAIBCYCH. o

s ey opks wiilafe kandydans do segmiz wopows sises publibo 5®

Jednoczedénie wyrazam zgode na wykorzystanie w/w pracy jako cz¢sé rozprawy doktorskie]
mgr _ Lidii Gurby - Brydkiewicz

(LT T e ] L.llu]_'n.'l.-i.l i i)
-~

[l ( :
P L --rf--..
(podpis oswiadczajgtego)

*w szczegdinosei udzinty w przygotowaniu koncepcji, metodyki, wykonaniu badad, interpretacji wynikdw
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Kazud Nowy, 19.01.2024
(migjscowadd, data)

~.drinz Damian Smuga....
(imie i mazwisko)

OSWIADCZENIE

ofwiadezam, iz mdj wlasny wklad merytoryezny w preygolowanie, przeprowadzenie
i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:

nadzér | wspotudziat w pozyskanin dofinansowania. ...
Moj udziat procentowy w przygotowaniu publikacji okreslam Jakﬂ .

Wkiad Lidii Gurby — Bryékiewicz  w powstawanie publikacji okredlam jako 92 %,

LIFIE | M .: Ak L.u"ﬁll:ul!ul- |I|.‘.1 -\.I.-luluu.]

obejmowal on: __opracowanie koncepeji . badaf,  przeprowadzenie  przegladu. . anvkulow,
wykonanie szezegblowe] analizy i keytycznej oceny . tredei  anykubdw, przygotowanie
manuskryptu oraz materiatdw uzupelniaiacyeh.

imny vty opis whlaln Landydaln i slopmia wopaeas s polbl ik

Jednoczesnie wyrazam zgode na wykorzystanic w/w pracy jako czgéé rozprawy doktorskiej
mgr ____ Lidii Gurby - Bryskiewicz. ..

fhimig | parwiska kandyvilsia 3o wdopmal

{podpis odwiadczajacego)

*w szczegbinodci udzialu w przygotowaniu koncepcji, metodyki, wykonaniu badad, interpretacii wynikdw



Oswiadczenia wspotautoréw publikacji 233

... Jazn Nowy, £2.01, 2064,
[migjscowast, data)
_____ mgr ik, Krzyvsatof Dubiel
{imig | narwizko)
OSWIADCZENIE
Jako wspétautor pracy pt. _“Quality by Design (QbD) and Design of Experiments

(DOE) 5.2 Strategy, for Tuning Lipid Nanoparticle Formulations for RNA Delivery”
ofwiadczam, iz méj wilasny wkiad menytoryezny w przygotowanie, przeprowadzenie
i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:

nadzér oraz wspdludzial w pozyskaniu finansowania. S L S

Mdj udzial procentowy w przygotowaniu publikacji okredlam Ja]-m | . 2

Wkiad Lidii Gurby — Bryskiewicz _ w powstawanie publikacji nheélm]alm o S ™

[ oy b etk Biallye ol i dlaopiag ]

obejmowal on: __opracowanie ]s:mwpgii badaf, opracowanie i waqnmwam; Plangw

m&ém-.mmmm:..;..ﬁlﬁ#yﬂs“mm.mm..mmn!.q_mmm...qm.ﬂmsqﬁqwmnﬁ

nery oy crry opid wiidah kondydai do segeeg wopow ek publ ik *

Jednoczeinie wyrazam zgode na wykorzystanie wiw pracy jako czedé rozprawy doktorskiej
mgr .. Lidii Gurby — Bryskiewicz,..

i imdg § pasmeiako B slly - ols do shogeid)

=N

pis odwiadczaj 4::::5&}

*w szcregdinodel udziahn w prevgotowaniu koncepeii, metodyki, wykonaniu bada, interpretacji wynikdw
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.. Kazun Nowy, 13.01.2024

(migjscowodd, data)

{imieg i nazwisko)

OSWIADCZENIE

Jako wspotautor pracy pt. _ “Quality by, Design_(QbD) and Design of Experiments
(DOE) as a Strategy for Tuning l.ipid Nanoparticle Formulations for RNA Deliveny”
oéwiadezam, iz médj] wlasny wklad merytoryczny w przygolowanie, przeprowadzenie
i opracowanie badaf oraz przedstawienie pracy w formie publikacji stanowi:
nadzir oraz pozyskanie finansowania, . P ERRRTTOp e
Maj udzial procentowy w przygotowaniu puhhknlzjl okreslam JHI-:I:: _______________________ o
Whkiad Lidii Gurby — Brvdkiewicz . w powstawanie publikacji okredlam jako 92 %,

Chimibg i madmin ] bk kissaliyidodis o o)

obejmowat on: __opracowanie__koneepeii. badag, przeprowadzenie  przegladu  artvkulow,
wykonanie . szezegdtoweianalizy i krytveznel . oceny. tresei  arykulow,  przveotowanie
manuskrypiu oraz materistow waupetnigiacyeh. o

LITR N oty ..:.11”, wik Ly Landydein 4o stopnla w pr s aieg j'hl.'] LE T

Jednoczednie wyrazam zgode na wykorzystanie wiw pracy jako czgéé rozprawy doktorskicy
mgr _ Lidii Gurby - Bryskiewicz. ...

Flonig | A relis Koaalig? Fado dldiuiia]

(podpis oswiadczajgeego)

*w szczegdinodcl udzials w przygotowaniu koncepsji, metodykl, wykonaniu badad, interpretacji wynikow
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13.3. Publikacja P3

{mujmnﬂ, duia}

..dr in. Stanistaw Michalek ..

(g | naewisko)

OSWIADCZENIE

Jako wspélautor pracy pt._“The design of experimems (DoE) in optimization of an
aerobic flow Pd-catalyzed oxidation of alcohol towards an important, aldehyde precursor. in
the synthesis of phosphatidylinesitide 3-kinase inhibitor (CPL302415)7 . %
ofwiadczam, iz mdj whasny wklad merytoryczny w przygotowanie, pmtpmwdm-:
i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:
wipdlopracowanie koncepcji_badaf, przeprowadzenie i optymalizacie reakeji w reaktorze
preeplywowym, _przeprowadzenie i optymalizacie reakeji  w  reakiorze  okresowym,
interpretacie i dyskusie  wynikow oraz wspdltworzenie manuskrypiu i przygotowanie
materialdw uzupeiniajacych,, .., L AR P ENRAS RN
Mdj udzial procentowy w przygotowaniu pubhb'.ﬂn_u okredlam jﬂkﬂ- B || .

Wkiad Lidii Gurby — Bryskiewicz, W powstawanie publikacji okreslam jako 30

{imig | narw il kandyedin do clopeial

iy by iy ops kel Disvatyal alsy 0 < gpiias W posaZanie pohlils i

Jednoczeénie wyrazam zgode na wykorzystanie w/w pracy jako czgé¢ rozprawy doktorskiej
mgr ___Lidii Gurby - Bryskiswicz...

ke b b kamtdyalata do sl

SteucTace M thalel

{podpis oéwiadczajgcego)

*w szezegdlnodei udziahy w preygotowaniu koncepci, metodyki, wykonaniu badan, interpretachi wynikdw
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Bzl Nowy, 19.01.2024
(migjscowos, data)

_...dr hab, Wioleta Maruszak
(imbg | nawisko)

OSWIADCZENIE

Jako wspdtautor pracy pt. . “The design. of experiments (DoE) in optimization of an
aerobic flow Pd-catalyzed oxidation of alcohol towards an imponant. aldehyde precursor in
the synthesis of phosphatidylinesitide 3-kinase inhibitor (CPL302413)7..
ofwiadczam, iz mdj whasny wkiad merytoryczny w przygotowanie, pmpmﬁadz:mr:
i opracowanic badan oraz przedstawienie pracy w formie publikacji stanowi:
wykonanie _analiz. UHPLC,. interpretacie wynikdw oraz wspoltworzenie  manuskrypiy
i przygotowanie materialdw uzupelniajacych.....

M) udzial procentowy w przygotowaniu pub]tb:acjl ukrcﬁ!a:n]nka ___________ S o,
Whiad Lidii Gurby — Brydkiewicz _ w powstawanie publikacji okreslam jako 30

[ | oo homady it o speia)

tmalli:swmmmwmkﬂmmrgmﬂmjil:ra.hrrﬁm“}mkéwlmpﬂltwﬂmme
manuskrypiu oraz preveotowanie materiatdw uzupetniaigeyeh. ...

pmcnyiuycaty apis whih Lidy el o skepla o poscsianie publitogip*
Jednoczednie w:.rmzam zgnd;. na wykorzystanie w/w pracy jako czedé rozprawy doktorskiej

{hinig | naza k'ni:n.l.:lu. s aulepeeaa

Y (0 (AT
{p:a’ﬂpis ofwiadczajacego)

*w szczegdinodci wdziatu w praygotowaniu koncepeji, metodyki, wykonania badad, interpretacji wynikdw
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e IENR Nowy, 1 2.01,2024

(migjscowodé, dora)

________ dr.ing. Marcin Zagozda..
(imie | naxwisko)

OSWIADCZENIE

Jako wspdtautor pracy pt.  “The design of experiments (DoE). in optimization. of an
aerobic flow Pd-catalyzed oxidation of alcohol towards an important. aldehyde precursor, in
the synthesis of phosphatidylinositide 3-kinase inhibitor (CPL302415)”
ofwiadczam, iz mdj wlasny wkiad merytoryczny w przygotowanie, przeprowadzenie
i opracowanie badan oraz preedstawienie pracy w formie publikacii stanowi:
wiptlopracowanie _koncepeji  badaf,  interpretacie. . wynikow... 0z, wipeltworzenie
IIRBIEKTYPIM, o ooooeoeeeeeecees s eeesesmsees s ens s ss s e8RS RR
Méj udzial procentowy w przygotowaniu publikacji okreslam jako 4. ... %.

T i paswiana Landy s do aopial
obejmowal on: _opracowanie koneepeii DoE.. wygenerowanie  plandw. _eksperymentow,

analize _statystyceng . wynikow, interpretacie i dyskusie wynikow, wspoitworzenie
manuskryptu oraz prevgotowanie materiabdw uzupelniaiaeych. e

{meryions sy opss whisly Esadydala do slopads w pow<tssee pirthlik o i®

Jednoczeénie wyrazam zgode na wykorzystanie wiw pracy jako czgéé rozprawy doktorskiej
mgr __ Lidii Gurby — Bryskiewicz

fimmaig i macw i Randvdain do shpoial

*w szezegdinodci udziahs w preygotowaniu kencepejl, metodyki, wykonaniu badad, interpretacii wynikdw
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. Kazun Nowy, 19.01.2024
{migjscowods, data)

-.dr hab. Anna Maria Maj
(imip | nazwizko)

OSWIADCZENIE

Jako wspdtautor pracy pt. | “The design of experiments (DoE) in optimization of an
aerobic flow Pd-catalyzed oxidation of alcohol towards an important aldehyde precursor in
the synthesis of phosphatidylinositide 3-kinase inhibitor (CPLI02415Y" .
ofwiadczam, iz mdj wlasny wklad merytoryczny w przygotowanie, przeprowadzenie
i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:
wspdlopracowanie koncepeii. badan, przeprowadzenie. reakeii. redukeii. z. wykorzystaniem
katalizatordw. mtmw:mh w cidnieniowym reakiorze okresowym, interpretacie wynikéw oraz

Méj udzial procentowy w przygotowaniu pubhkaI:JL okreslam Jﬂl-:t: 20 %

Whiad Lidii Gurby - Bryskiewicz _ w powstawanie publikacji okreslam jako 30 %,
vimikg | et sl Jld:l laéado shpiilal

obejmowal on: __opracowanie  koncepeil  DoE,  wygenerowanie  plandw  eksperymentow,
analize _statystvczma _wynikow, . interpretacie. .. dyskusic  wynikow. wspdltworzenie
manuskrypty oraz preygotowanie materiatdw uzupetniaiacyeh. s

[mryiirmy .|r|i| 'l Db syl i B b e poowslabig prableb i

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czgs¢ rozprawy doktorskiej

{eiig | naraosiao Kandyalala do ssopnig]

) .r'l.i'?f;‘:} a"]‘;? a"rr'}i"'lﬁ
{pﬂdpls nﬂvﬂadquqéﬂ]

*w szezegdlnodci udzialu w przygotowaniu koncepeji, metodyki, wykonaniu badad, interpretacji wynikdw
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Warszawa, 22.01,2024 ..
[migjscownds, deia)

o dr hab, inz. Zhigniew Ochal, prof PW_

{imig | marwisko)

OSWIADCZENIE

Jako wspdtautor pracy pt. _“The design of experiments (DoE) in optimization of an
aerobic_flow Pd-catalyzed oxidation of alcohol towards an important aldehyde precursor_ in

the synthesis of phosphatidylingsitide 3-kinase inhibitor (CPLIOAALINT e
ofwiadczam, iz mdj wlasny wklad merytoryczny w przygotowanie, przeprowadzenie

i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:

wapdtopracowanie . koncepsii... badan, . interpretacis. | wynikéw . oraz.. wspdtbworzenic

Whiad Lidii Gurby - Bryskiewicz. .. w powstawanie publikacji okreslam jako 30, %,

|_|m..' pig=srlnk '"-\]-':-\.! sy o de et |

obejmowat on: __opracowanis. koneepeii. ok, wygenerowanic . plandw _ckspsrymentow,

analize _ statystyczng  wynikdw. interpretacie i dyskusie wvnikow,  wspoltworzenie

manuskrvply oraz przyeotowanie materialdow weupebniaiacyveh. e
[merrters.zny ol whfady kandylbats do vogela w posatanie publit o ji)*

Jednoczednie wyrazam zgode na wykorzystanie w/w pracy jako czedé rozprawy doktorskiej
mgr . Lidii Gurby - Bryskiewicz, .

{imig | ezt bandipleta di opaiaj

%@";;;},L (:5""[;"“"{'

{podpis odwiadezajgcego)

*w szczegdlnodci udriaty w praygotonaniu Loncepeji, metodyki, wykonaniu badan, interpretacji wynikbw
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:mmmwnh‘ :Im‘]

...mgr inz, Kreysetof Dubiel

(imbe | nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. “The design of experiments (DoE) in optimization of an
aerobic flow Pd-catalyzed oxidation of alcohol towards an important, aldehyde precursor in
the synthesis of phosphatidylinositide 3-kinase inhibitor (CPL302413)7 R
oiwiadczam, iz mdj whasny wklad menitorveeny w przygolowanie, pmpmwadmntu
i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:

padadr oraz. wipotudzial W poZy skaniy. FOASOWAIIR. ... ...
Maj udzial procentowy w przygotowaniu publikacji okredlam jako <1 %

Wkiad Lidii Gurby — Bryskiewicz _ w powstawanie publikacji okreflam jako 30

ik o ekt ey Kaiedy el 0 o shopeig
obejmowal on: ie koneepeii. DoE,  wygenerowanie plandw  ekspervmentdw,
analize  statystyczng  wynikdw, interpretacje i dyskusie wynikow, wspdltworzenie

manuskryplu oraz prevgotowanie materialdw wzupelniajacyeh,

Enrerytorycren ogas whbaly bandudals do copuia w puen clonke puldio e

Jednoczednie wyratam zgode na wykorzystanie w'w pracy jako czedé rozprawy doktorskiej
..... Lidii Gurby, - Bryskiewicz. .

Piriig | Pt ekay gindy ot g0 whepaiia)

*w szczegdlnodcl wizinby w preygotowaniu koncepet, metoedyki, wykonaniu badad, interpretacii wymikdw
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(migjscowodd, dalnj

. Mrinz, Magiej Wieczorek
{imig i nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. . The design of experiments. (DoE) in optimization of an
aerobic. flow Pd-catalyzed. oxidation. of aleohol towards an important aldehyde precursor. in
the synthesis of phosphatidylinositide 3-kinase inhibitor (CRLI02405Y e
oswiadczam, iz mdj wlasny wklad merytoryczny w preygotowanie, przeprowadzenie
i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:
nadzdr oraz peryskanis finansowania, R
MGj udzial procentowy w przygolowaniu pulzrm:m:;l uk:eﬂmn Jﬂkﬂ ........... <1 %

Whiad Lidii Gurby — Bryskiewicz  w powstawanie publikacji okreslam jako 30 %,

{imig i mae Fke kandyddn do stopnia)

obgimowal on: __opracowanie koncepcii DoE.  wygenerowanie plandw eksperymentow,
analize _ statystyezna.. wynikdw,  imterpretacie. i . dyskusie  wynikow, wspéltworzenie
manuskryptu oraz przyvgotowanie materiatdw uzupetniajaeych.

Liserytomy Ly .|_||I:-| wiladg b ..l.|:, g da Al W ot s lanie pislihik s ir ¥

Jednoczednie wyrazam zgode na wykorzystanie w/'w pracy jako czedé rozprawy doktorskiej
o ddin Gurby — Bryskiewiez

g | et iukn laanly Sarn iy mgesag)

(podpis odwiadczajacego)

*w szeregdinodci uwdziatu w preygotowaniu koncepeji, metodyki, wykonaniu badan, mterpretacii wynikdw
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13.4. Publikacja P4

ol Nowy, 12.01.2024

{migiscowosd, data)
{imig | nazwisko)
OSWIADCZENIE
Jako wspdlautor pracy pt. . "Development and optimization of & continuous flow ester

reduction with LiAlH4 in_the synthesis of a key intermediate for a PI3KE inhibitor

(CPLA0413).... & BT A AR E R
oswiadczam, iz ml!u whsny wklad meryioryceny w preygotowanie, przepmw&dzeme

i opracowanie badan oraz preedstawienie pracy w formie publikaci stanowi:
wapilopragowanie koneepcii. badan, pracprowadzenie 1 optymalizacie reakeji w._reaklorze
T pmwntt;gmq i ﬂprxmghmﬂﬂ reakell woreaklorze. ﬂkrﬂﬁuwm mlﬁ];rﬂ!m}.lg

Wkiad Lidii Gurby — Bryikiewicz _ w powstawanie publikacji okreélam jako 30 %,

b b AR LA Lokl E e D Rl

obejmowal on: __opracowanie koncepcii  DoE. wygencrowanie  plandw _eksperymenidw,
analize _statystyczna wynikdw, interpretacie i dyskusie  wynikdw, wspiitworzenic

manuskryptu oraz, preygotowanie materiabow uzupelmiaiaey . ..o
tnryianpceny ol wibadu Landvdals do dopnip wopes slassg pelbbil o 1%

Jednoczednie wyrazam zgode na wykorzystanie w'w pracy jako czesé rozprawy doktorskie)
mgr | Lidii Gurby, - Brydkiewiez .

| hviig 4w vk RSy clala i wliiniia)

SnseHan Michal§

(podpis odwiadczajacego)

*w secosgdlnodei wizinha w preygetowaniu kancepsii, metodyki, wykonaniu badad, interpretacji wynikéw
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Kazun Nowy, 19.01.2023

{micjscowodd, data)

_...4r hab. Anna Maria Maj

(imig | nazwiske)

OSWIADCZENIE

Jako wspdtautor pracy pt. _“Development and optimization.of a continuous flow ester
reduction. with, LiAlH4 in. the synthesis of a. key.intermediate for a PIIKE inhibitor
ofwiadczam, iz m-ﬁj wlasny wb:]ad merytorycany w preygolowanie, przeprowadzenie
i opracowanic badan oraz przedstawienie pracy w formie publikacji stanowi:
wspdlopracowanie kencepcii. badan, przeprowadzenie reakeji redukeii z wykorzystaniem
katalizatordw rutenowych w cidnieniowym reaktorze okresowym, interpretacie wynikow oraz
wapditworzenie manuskrypiu.,.... et
Mdj udzial procentowy w przygotowaniu puhhkan:.p nlueélamwku L
Whkiad Lidii Gurby — Bryskiewicz . w powstawanie publikacji ﬂkfﬂlﬂm,tﬂkﬂ e |1 T

g b sk K gy S ded st

obejmowal on: _opracowanie  koneepeii. Dok, wygenerowanie plandw eksperymentdw,
analize statystyczna  wynikow, interpretacie i dyskusie . wynikow, . wsipdliworzenie
manuskryptu oraz preyeotowanie materiatow wzupetnialfeyehe oo

Ermrylonycom oped whbadu L.J“I\.d i o s W e slnig paldelog, |i®

Jednoczednie wyrazam zgode na wykorzystanie w/w pracy jako czesé rozprawy doktorskie)
mgr . Lidii Gurby - Bryskiewicz,

Limig | mang ek Landy L do shigniag

%’ﬂ—@ﬂﬁ

(podpis oswiadczajgeego)

*w szczegdlnedei udzialy w preygotowaniv koocepcji, metodyki, wykonaniu badaf, interpretacji wynilbw
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e BBTAN Nowy, 1901 2024

(mbejscowodd, data)

[Imug i mazwisko)

OSWIADCZENIE

Jako wspélautor pracy pt. _ “Development and optimization of a continuous flow ester
reduction, with, LiAIH4 in_the synthesis of a key _intermediate for_a PI3KS inhibitor
(CPL302415)"
ofwiadczam, iz mdj whasny wl&nd meryloryczmy w przygotowanie, przeprowadzenie

i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:

wykonanie _analiz UHPLC, _interpretacie wynikow oraz  wspdltworzenie manuskrypty
i przygotowanie materialdw wzupeiniajacyeh......

Méj udzial procentowy w przygotowaniu pul:nl:lknn:_]l. nkreélﬂm_]ﬂkﬂ o N

Wkiad Lidii Gurby = Bryékiewicz _ w powstawanie publikacji okredlam jako 30

fumie | namwdska Lwly data do ﬂll-|1lli.'|b

obejmowat on: _opracowanie. koncepeii DoE. wygenerowanie plandw . sksperymentow,

imervlursdey opes whisdu Lesdydata do stopnia w powstmie pobldos g f®

Jednoczednie wyrazam zgode na wykorzystanie w/w pracy jako czgi¢ rozprawy doktorskiej
mgr . Lidii Gurby - Bryskiewicz...

ot | e v vk Kmndedad g clopanal

ffc’fiftfg

(podpis oéwiadezajgeego)

*w spczeglinodei udziahy w przygotowanio koncepscji, metodyki, wykonaniu badan, interpretacji wynikow
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oo o200 Nowy, 19.01.2024

{migjscowodé, data)

. drin&, Marcin Zagozda

(imbe | nazwisko)

OSWIADCZENIE

Jako wspdlautor pracy pt. _“Development and optimization of a continuous flow ester
reduction with LiAlH4 in_the synthesis of a kev intermediate for a PI3K4§. inhibitor
(CPL302413)"... .
ofwiadczam, iz mb; wla.-sn;r wklad merytoryczny w przygotowanie, pmtpmwadzeme
i opracowanie badafi oraz przedstawienie pracy w formie publikacii stanowi;
wspétopracowanic... koneepeii.. badad, interpretacig . wynikow  oraz  wspoltworzenie
Mﬂj udz:ml procentowy w przygotowaniu puhhkaql ::nlméla.m jaku . T
Whiad Lidii Gurby ~ Bryskiewicz . w powstawanie publikacji ﬂkrﬂ!ﬂmjﬂkﬂ LA

fimig § mazw ik hiraddata do sloguesal)

obejmowal on: __opracowanie koncepeii  DoE,  wygenerowanie  plandw  eksperymentow,
analize _statystyczna__wynikéw, . interpretacie i dyskusje . wynikéw, . wspdltworzenie
manuskrypiu oraz preveotowanie materialow wzupetnigiaeyeh.

gy oy canny apis wh Lah karedyelaln i shopnis wponsianie ekl iy®

Jednoczesnie wyrazam zgode na wykorzystanie wiw pracy jako cze¢éé rozprawy doktorskie]
megr . Lidii Gurby - Bryskiewicz

(g § maneda kandvdala @ sloge)

IILELT? 0 ﬂ,,ﬂ_r:.r G?d‘él.
{podpis uiwiadm;qncgﬂ}

*w szceegdlnodci udzinhy w preygotowaniu koncepeji, metodyki, wykonaniu badas, interpretacii wynikdw
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Warszawa, 22.01.2024 ...
{migjscowoss, data)

_.dr hab, inz, Zbignisw Qchal, prof. PW

{impg | nazwisko)

OSWIADCZENIE

iﬂPL&ﬂ}Hjj ___________________________________________________
odwiadczam, iz mdj whasny wklad mervtoryezny w przygotowanie, przepmwudzeme

i opracowanie badad oraz przedstawienie pracy w formie publikacji stanowi:

wapilopracowanie koncepeii_ . badan, _interprefacis . wynikdw  oraz  wspdltworzenie
manuskrypty,. .. . :

Maj udzial procentowy w preygotowaniu pul:lhka:.‘_;l nkreﬂamjaku = %
Wkiad Lidii ﬂu,rby - ﬂq.r#h.‘l_;ﬁm_ _w powstawanie publikacji okredlam jako 30 %,

i i s R BRSO
nbejmnwn!nn . oprasowanie. koneepeii Dol | wygenerowanie _plandw _eksperymentow,
analize _statystyczna  wynikow, . interpretacis... L. dyskusic.. . wynikow,,. wipoltworzenie
manuskrypiu oraz przygotowanie materiahow vzupemigiaeyehe. .o

eyt iy i whhadu kanadiplons do sagenls w paswioneg puldibuji)®
Jednoczednie wyrazam zgode na wykorzystanie wiw pracy jako czesé rozprawy doktorskiej

Lidii Gurby = Brovskiewics

(ke i i sbe Londudaty i gogeniy)
Lﬁ 1:;,{;;:}:;, Er ;:H n-'l':

{podpis oswiadczajacego)

v secregdlnedsl udzialu w preygoowanu koncepeii, metodyki, wykonaniv badad, interpreiaci wynikdw
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ez Nowy, 22.01,2024
(migjscowodd, data)

_____ mgr inz. Krzysztof Dubiel

(imig | nazwiska)

OSWIADCZENIE

Jako wspdlautor pracy pt. _“Development and optimization of a continuous flow ester
reduction. with LiAlH4 in_the synthesis of a key intermediate for a FI3KA. inhibitor
(CPL302413)"... g e e
odwiadczam, iz :mtr] wlaan;.r wkiad merytoryczny w prevgolowanie, [.'ﬂepmwadzme
i opracowanie badanh oraz przedstawienie pracy w formie publikacji stanowi:
nadzir oraz wspdhudzial w pozyskaniu finansowania,
Mdj udzial procentowy w przygotowaniu publikacji uk:reélamjaku coom
Whiad Lidii Gurby - Bryskiewicz _ w powstawanie publikacji ﬂkﬁﬂmjﬂkn et

kg i ma Lk keanadbydata do shopniag

obejmowal on: __opracowanie koncepeji . Dok, wygenerowanie  plandw  cksperymentow,
analize _statystyesna  wynikdw, interpretacie i dyskusie.  wynikow,  wspoltworzenie
manvsknypty oraz preygotowanie materiatdw uzupelniajgeyeh. e,

{scritonycomy opis whlahy koaalidain o shofemd W o glommg pulil ko J*

Jednoczednie wyrazam zgode na wykorzystanie w/w pracy jako czgsé rozprawy doktorskie)
. Jidii Gurby - Bryskiewicz

ik i mewisla 1..u||]:. die shigenia)

*w szczegdinodei udziaky w praygotowaniu koncepeji, metodyki, wykonaniu badad, imerpretacji wynikiw
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(migjscowodd, data)

- drinz, Macie] Wieczorek
(imig i nazwisko)

OSWIADCZENIE
Jako wspélautor pracy pt. . “Development and optimization.of 2 continugus flow ester

L o B LS o SO SO S PP UV
oswiadczam, iz mdj whasny wklad merytorycany w przvgolowanie, przeprowadzenie
i opracowanie badan oraz przedstawienie pracy w formie publikacji stanowi:

nadzor oraz ROZY SKanie LINANSAWANIR. .........ccovrveeemmrisssmsssesmssrmmassrsssssmsmsssssmsssssasssmsmssrsssssss e
Mdj udzial procentowy w przygotowaniu publikacji okredlam jako =1...%.

Wkiad Lidii Gurby — Bryskiewisz, . w powstawanie publikacji okreslam jake | 30 %%,

(e 1 g ek Reuidy s do sugmig)

obejmowal on: __opracowanie . kencepeli, Dok, wygensrowanie | plandw _eksperymentow,
analize _statystyczna  wynikow, interpretacie i dyskusje wynikdw, wspoltworzenie

manuskryptu oraz, preyeotowanic materigtow uzupelnigiaeyvch. e

(g toryceny pis widdabs kandwdsta do stopee w g Sanbe pulildit e ]®

Jednoczesnie wyrazam zgode na wykorzystanie wiw pracy jako czgsé rozprawy doktorskiej

(podpis odwiadezajacego)

mgr __Lidii Gurby - Bryskiewicz

bt = i R P o o Pl ' e N e P e S L ey o = e e

|_:r||.|.|i § .'.r.lq,_'d.\:: Lo e v

*w szczegilnoici udmaty w preygotowaniu kencepeji, metodyki, wykonaniu badant, interpretacji wynikdw
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13.5. Publikacja P5

tmrqunwnﬂ data]

..drinz. Stanistaw Michatek
(imie | maewisko)

OSWIADCZENIE

Jako wspolautor pracy pt. _ “Fast Claisen condensation reaction optimization in. 8

continuous flow reactor” o %
odwiadczam, iz mdj wlasny wklad merytoryczny w przygotowanie, przepmwadzeme

i opracowanie badafi oraz przedstawienie pracy w formie publikac]i stanowi:
wspdlopracowanie keneepsii badad, przeprowadzenie i optymalizacie, reakeji w. _reakiorze
preeplywowym, interpretacie wynikdw oraz wspdltworzenie manuskrypty i praygoiowanie
materialow uzupelniajacych. 4 O B S R

Méj udzial procentowy w przy gotowaniu pubhkar.:_u okredlam jHJ{EI . | S .

Wkiad Lidii Gurby — Bryskiewicz . w powstawanie publikacji nkreilam jako 30 %

fimig 1 magw vk Kandydlala do skopana)

nh:imﬂwai‘ on: ..ﬂprﬂwwaniﬁ Icqm:pcii Dﬂﬂ-..ﬂgqnmm_@.._plm...eh:mnmmmm

muskmtu.ﬂmg. pm&q!smmm-ma}snﬂw.w;:ﬁnrﬂu'aﬂﬁh-_---_.._....__...........

L RS .|-|1i5. ke b |||-d:| Wlata i s T R R [thl:ll-.n.j:]+

Jednoczednie -.-.rg.rmiam zgndr; na wykorzystanie w/w pracy jako czgdé rozprawy doktorskie]
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