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chromatografia wykluczania (ang. Size Exclusion Chromatography)
faza smektyczna

homopolimer PVP o topologii trojramiennej gwiazdy
temperatura (ang. temperature)

temperatura krystalizacji (ang. crystallization temperature)
temperatura zeszklenia (ang. glass transition temperature)
temperatura topnienia (ang. melting temperature)
temperatura przejscia z fazy nematycznej do izotropowe;j
temperatura przejscia z fazy smektycznej do nematycznej
stosunek wagowy (ang. weight/weight)

dyfrakcja rentgenowska (ang. X-Ray Diffraction)

stopien krystalizacji

lepkos¢

tempo grzania/chlodzenia



Wykaz rycin

Rysunek 1. Struktura chemiczna N-winylopirolidonu wraz z zaznaczong nieskoniugowana grupg winylows.

......................................................................................................................................................................... 13
Rysunek 2. Uproszczony schemat mechanizmu polimeryzacji typu RAFT ... 16
Rysunek 3. Podziat substancji aktywnych wedtug systemu klasyfikacji BCS. .........ccccoovivinininininenenn 17
Rysunek 4. Schemat prezentujacy (a) ciato amorficzne oraz (b) ciato krystaliczne...........c.ccocvvvrvinivnenennnn 18
Rysunek 5. Struktury chemiczne substancji aktywnych badanych w rozprawie doktorskigj...........cc.ccceveuee. 19
Rysunek 6. Schematyczne porownanie uporzadkowania molekularnego w fazie krystalicznej, wybranych
fazach ciektokrystalicznych oraz fazie cieklej wraz ze wzrostem temperatury. .......c.cccoevvereereseenenieennennenn. 21
Rysunek 7. Reakcje chemiczne przedstawiajace sposdb otrzymywania: (a) liniowego PVP; (b)
trojfunkcyjnego CTA; (c) gwiazdziSteg0 PVP. ..o 28

Rysunek 8. Widma *H NMR wykonane w CDCl; dla: (a) trojfunkcyjnego CTA; (b) gwiazdzistego PVP; (¢)
liniowego PVP, a takze (d) chromatogramy uzyskanych makroczasteczek oraz komercyjnego polimeru PVP
B0, e R R e R R Rttt R e n e 29
Rysunek 9. Struktury chemiczne substancji aktywnej oraz makroczasteczek wykorzystanych w publikacji P1.

Rysunek 10. Widma FTIR dla obszaru grupy karbonylowej dla mieszanin binarnych: (a) MTZ-PVP K30; (b)
MTZ-IINPVP 0raz (C) MTZ-SEAIPVP. ......iiiiiiiieieeieee ettt 32
Rysunek 11. (a) Termogramy DSC pomiaréw izotermicznych (T = 295 K) dla mieszanin MTZ-PVP 75:25
w/w; (b) Przebieg procesu krystalizacji przeprowadzonego dla badanych uktadow MTZ-PVP. Linie ciagle
przedstawiaja dopasowania modelem Avramiego; (c) State szybkosci krystalizacji (k) MTZ w zaleznos$ci od

zastosowanego PVP w uktadach binarnych. ..o 34
Rysunek 12. Czasowe pomiary dyfrakcyjne dla $wiezo przygotowanych probek MTZ-PVP 50:50 w/w: (a)
MTZ-PVP K30; (b) PVP-IINPVP; (C) PVP-SLAIPVP......cociiiiiiiiiiisiee et 35
Rysunek 13. Dyfraktogram $wiezo przygotowanej mieszaniny MTZ-starPVP 30:70 w/w i przechowywanej
L0 | T TSP T TSSOSO 36
Rysunek 14. Struktury chemiczne substancji aktywnej oraz makroczasteczek wykorzystanych w publikacji
OSSP PSPPSR 38

Rysunek 15. Termogramy DSC (¢ = 10 K/min) (a) czystego NAP i (b) ASD NAP-PVP w takim samym
stosunku wagowym (80:20 w/w) obu sktadnikéw, a takze termogramy DSC (c) NAP-linPVP14k i (d)

mieszanin NAP-starPVP w roznych stosunkach wagowych (90:10, 80:20, 70:30, 60:40 W/W). ........cccvene.. 39
Rysunek 16. Porownanie przebiegu procesu krystalizacji dla wszystkich badanych mieszanin NAP-PVP
(80:20 W/W) W EEMPETATUIZE 314 K. ..ottt bbbttt 40

Rysunek 17. Widma FTIR amorficznych mieszanin binarnych NAP-starPVP w roznych stosunkach
wagowych, oraz stopionego NAP i czystego starPVP zmierzone w zakresie 1800-1520 cm™. Wzrost

intensywnosci piku zaznaczono odpowiednio na czerwono, a spadek na niebiesko..........ccccovvvriiiinieiinnnn. 41
Rysunek 18. Diagramy przedstawiajace liczbe wigzan wodorowych dla badanych uktadow NAP-PVP w
dwoch stosunkach 80:20 0raz 60:40 WIW. ........ccuiuiiiiiiiiiiieieie et 43
Rysunek 19. Struktury chemiczne substancji aktywnej oraz makroczasteczek wykorzystanych w publikacji
P 3 R R R R R R R Rttt R n e 45
Rysunek 20. Termogramy ITZ i mieszanin binarnych ITZ-PVP. .......ccccoooiiiiiiiiiieieieseee s 45

Rysunek 21. Dyfraktogramy (a) szkta ITZ i oznaczonych ASD, (b) ITZ-PVP K30 95:5 w/w; (c) ITZ-linPVP
95:5 wiw; (d) ITZ-starPVP 95:5 w/w; (e) ITZ-starPVP 90:10 w/w; oraz (f) ITZ-starPVP 85:15 w/w. Pierwsza
wstawka (na panelu a) przedstawia powigkszony widok poréwnywanych dyfraktograméw w zakresie matych
warto$ci Q, natomiast druga wstawka (na panelu d) przedstawia porownanie amplitudy gtownego piku

(0N AT €103/ 11T o TSP 47
Rysunek 22. Kinetyka rozpuszczania ITZ i ITZ w mieszaninach z r6znymi PVP (95:51 85:15 w/w) w 0.1 M
[ (O PSS TP PO U PO TR PEOR PR PPR 48

8


file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448718
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448718
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448720
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448721
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448722
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448723
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448723
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448728
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448728
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448728
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448728
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448730
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448730
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448733
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448733
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448734
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448734
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448734
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448737
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448738
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448738
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448738
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448738
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448738

Rysunek 23. Struktury chemiczne substancji aktywnej oraz makroczasteczek wykorzystanych w publikacji
P R R R R R e R AR R R R e R R e R e Rt R b b n e ne s 51
Rysunek 24. Termogramy DSC uzyskane z pomiar6w nicizotermicznych (a) PBD oraz r6éznych mieszanin
binarnych: (b) PBD-Soluplus 90:10 w/w, (c) PBD-Soluplus 80:20 w/w, (d) PBD-IlinPVP 90:10 w/w (we
wstawce przedstawiono termogram uktadu PBD-starPVP 90:10 w/w zarejestrowany przy ¢ = 2 K/min). ....53
Rysunek 25. Dyfraktogramy dtugoterminowych pomiarow strukturalnych dla (a, d, g, j) PBD-Soluplus, (b, e,
h, k) PBD-linPVP oraz (c, f, i, I) PBD-starPVP w réznych stosunkach wagowych 90:10, 80:20, 70:30 and

BOIA0 WIW. . 54
Rysunek 26. Zalezno$¢ czasowa znormalizowanych strat dielektrycznych (e,”) dla PBD i mieszanin
binarnych API-polimer w réznych proporcjach (90:10 i 80:20 W/W).......ccvivirierieieieieiiisesese e 55


file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448741
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448741
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448741
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448742
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448742
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448742
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448743
file:///H:/Zakład%20Biofizyki%20i%20Fizyki%20Molekularnej/Praca%20doktorska/PRACA%20DOKTORSKA.docx%23_Toc228448743

1.  Wprowadzenie

1.1. Polimery w naukach chemicznych i1 farmaceutycznych — wiasciwosci,
wymagania i znaczenie aplikacyjne

W ostatnich dekadach polimery staty si¢ jedng z kluczowych grup materiatow
wykorzystywanych zar6wno w nauce, przemysle, jak i w zyciu codziennym. Ich szczegdlna wartos¢
wynika z mozliwosci precyzyjnego projektowania struktury chemicznej, a tym samym
dostosowywania wtasciwosci fizykochemicznych do konkretnych zastosowan. Dzigki tej
wszechstronnosci  polimery znalazly zastosowanie nie tylko w klasycznych obszarach
technologicznych, lecz takze w nowoczesnych i wysoko wyspecjalizowanych rozwigzaniach
medycznych.! Szczegdlnie dynamiczny rozwoj materialdéw polimerowych obserwuje si¢ w naukach
biomedycznych, gdzie stanowig one podstawe wielu funkcjonalnych systemow wykorzystywanych
w diagnostyce, terapii oraz regeneracji tkanek. Polimery stosuje si¢ m.in. do wytwarzania implantow
i elementow wyroboéw medycznych, takich jak stenty naczyniowe, cewniki, protezy czy komponenty
wziernikow medycznych. Wazng grupe ich zastosowan stanowig réwniez specjalistyczne opatrunki,
rusztowania wspomagajace odbudowe tkanek oraz nosniki substancji aktywnych (API, ang. Active
Pharmaceutical Ingredient).? Nalezy jednak podkresli¢, ze polimery przeznaczone do zastosowan
biomedycznych musza spelniaé znacznie bardziej rygorystyczne wymagania niz materiaty
wykorzystywane w typowych aplikacjach technicznych. Przede wszystkim powinny cechowac si¢
biokompatybilno$cig, rozumiang jako brak dzialania toksycznego, immunogennego
1 kancerogennego. W zaleznosci od przeznaczenia materiatu istotna moze by¢ takze jego bioinertnosé¢
lub przeciwnie - kontrolowana bioaktywnos¢, umozliwiajaca pozadang interakcje z otaczajacymi
tkankami. W wielu zastosowaniach kluczowe znaczenie ma roéwniez biodegradowalnosc,
pozwalajaca na stopniowy rozktad materiatlu w organizmie bez powstawania szkodliwych produktéw
ubocznych 1 bez konieczno$ci jego poOzniejszego usuwania po spetnieniu odpowiedniej funkcji
w organizmie (np. jak ma to miejsce w przypadku nici chirurgicznych). Ponadto polimery
biomedyczne powinny charakteryzowa¢ si¢ odpowiednimi wlasciwosciami mechanicznymi,
stabilno$cia chemiczng w warunkach fizjologicznych oraz mozliwo$cig sterylizacji bez utraty swojej

funkcjonalnosci.®*

Do grupy polimeréow dopuszczonych do kontaktu z tkankami ludzkimi nalezg zaréwno
materiaty naturalne, jak i syntetyczne. Wsr6d makroczasteczek naturalnych szczegodlne znaczenie

maja polisacharydy i bialka, takie jak celuloza, chitozan czy kolagen. Z kolei do szeroko stosowanych
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polimerow syntetycznych zalicza si¢ m.in. poli(kwas mlekowy), poli(kwas glikolowy), ich
kopolimery, a takze poliuretany oraz polietylen o wysokiej gestoéci.® Dobér odpowiedniego
materiatu jest kazdorazowo uzalezniony od konkretnego zastosowania oraz wymaganych
wlasciwosci  biologicznych, mechanicznych 1 fizykochemicznych. Szczegolnie interesujaca,
a zarazem wymagajaca grupe stanowig polimery wykorzystywane w doustnych systemach
dostarczania lekow (DDS, ang. Drug Delivery Systems). W tym przypadku material polimerowy musi
nie tylko pozostawac bezpieczny dla organizmu, lecz takze spelnia¢ dodatkowe wymagania zwigzane
z kontrolg uwalniania substancji czynnej. Polimery stosowane w tego typu formulacjach powinny
by¢ odporne na zmienne warunki panujagce w przewodzie pokarmowym, w tym réznice pH oraz
obecno$¢ enzymow trawiennych. Jednocze$nie powinny umozliwiaé precyzyjne sterowanie kinetyka
uwalniania API, zapewniajac odpowiednig biodostgpnos¢ 1 stabilnos¢ leku. Istotna jest rowniez ich
zdolno$¢ do tworzenia pozadanych form farmaceutycznych, takich jak tabletki, kapsutki, mikrosfery
czy hydrozele. Kluczowe znaczenie dla funkcjonalno$ci polimeréw w zastosowaniach
farmaceutycznych ma ich struktura. Zaréwno sktad chemiczny, jak i architektura makroczasteczek
wplywaja na szereg parametrow fizykochemicznych, takich jak stopien krystalicznosci, mieszalnos¢,
przejscia fazowe, promien hydrodynamiczny czy elastyczno§¢ tancuchéw polimerowych.
Wiasciwoséci te determinuja z kolei cechy reologiczne 1 mechaniczne materiatu, jego
rozpuszczalnosé, zdolnos¢ do pecznienia oraz tempo biodegradacji. W konteks$cie systemow DDS
szczegolnie istotne sg rowniez parametry makrostrukturalne, topologia, porowatos¢, powierzchnia
wlasciwa, zdolno$¢ do tworzenia sieci przestrzennych oraz wlasciwosci transportowe. Ich
odpowiednia kontrola umozliwia projektowanie materiatbw o pozadanej kinetyce uwalniania API.
Przyktadowo, zwigkszenie porowato$ci moze przyspiesza¢ dyfuzje leku, podczas gdy wyzszy stopien

usieciowania zwykle prowadzi do jej spowolnienia.

Pomimo znaczacego postgpu w obszarze projektowania polimerowych systemow
dostarczania lekow, nadal istnieje wiele wyzwan wymagajacych rozwigzania. Liczba materialow
polimerowych dopuszczonych do zastosowan farmaceutycznych 1 zaakceptowanych przez
amerykanska Agencje Zywnoséci i Lekéw (FDA, ang. Food and Drug Administration) pozostaje
relatywnie ograniczona. Jednocze$nie rosngce wymagania regulacyjne oraz konieczno$¢ zapewnienia
wysokiego poziomu bezpieczenstwa sprawiajg, ze proces wprowadzania nowych polimerow do
zastosowan medycznych i farmaceutycznych jest dlugotrwaty, kosztowny i obarczony licznymi
ograniczeniami. Z tego wzgledu szczegolnie istotne staje si¢ petniejsze zrozumienie, w jaki sposob
wlasciwosci fizykochemiczne oraz parametry powszechnie stosowanych materiatow polimerowych

wplywaja na biodostgpnos¢ API. Naleza do nich m.in. masa czasteczkowa (Mn), dyspersyjnos¢ (D),
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architektura i1 topologia makroczasteczki, zdolnos¢ do samoorganizacji, taktyczno$¢ tancucha
polimerowego oraz charakter oddzialywan miedzyczasteczkowych. Takie podej$cie pozwala nie
tylko lepiej wykorzysta¢ potencjat istniejacych juz polimerdow, lecz takze ograniczy¢ koniecznos¢
poszukiwania catkowicie nowych materiatéw funkcjonalnych, ktérych wdrozenie wymagaloby
czasochtonnych 1 kosztownych badan bezpieczenstwa oraz skuteczno$ci. W tym kontekscie
szczegolnego znaczenia nabiera ponowna analiza znanych makroczasteczek pod katem aspektow ich
struktury 1 funkcjonalnosci, ktore dotychczas nie zostaty w petni rozpoznane. Dotyczy to zwlaszcza
wptywu architektury polimeru na oddzialywania z API, stabilno$¢ fizyczng formulacji, kontrolg
krystalizacji, kinetyke uwalniania oraz poprawe¢ rozpuszczalnosci i biodostgpnosci substancji

czynnych.

1.2. Poli(N-winylopirolidon) jako no$nik w systemach dostarczania lekow —
wlasciwosci, ograniczenia i wyzwania syntetyczne

Wsrdd polimerow o ugruntowanym znaczeniu biomedycznym szczegdlnie istotne miejsce
zajmuje poli(N-winylopirolidon) (PVP). Wynika to z szeregu jego korzystnych wiasciwosci
fizykochemicznych i biologicznych. Polimer ten charakteryzuje si¢ wysoka rozpuszczalnoscig
W wodzie oraz wielu rozpuszczalnikach organicznych, zdolnos$cig do tworzenia komplekséw
z substancjami czynnymi, a takze wtasciwo$ciami stabilizujagcymi i powlokotworczymi. Dodatkowo
wykazuje petng biokompatybilnos¢, nietoksycznos¢ oraz zdolnos¢ do poprawy biodostgpnosci lekow
poprzez zwigkszenie ich rozpuszczalnosci 1 stabilno$ci w srodowisku biologicznym. Z tego wzgledu
PVP zostal dopuszczony do zastosowan medycznych oraz farmaceutycznych przez organizacje FDA
i od wielu lat znajduje szerokie zastosowanie jako nosnik w amorficznych statych dyspersjach (ASD,
ang. Amorphous Solid Disspersion), stabilizator w nanosystemach oraz sktadnik matryc

umozliwiajacych kontrolowane uwalnianie AP1.6-°

W praktyce farmaceutycznej stosowane sa przede wszystkim komercyjnie dostepne zwiazki
PVP o liniowej topologii tancucha polimerowego. W konsekwencji w literaturze naukowej brakuje
systematycznych badan dotyczacych wptywu bardziej ztozonej architektury makroczasteczek (takich
jak struktury rozgat¢zione, gwiazdziste czy sieciowane) na wilasciwosci farmakokinetyczne
I biofarmaceutyczne konkretnych substancji czynnych. Jest to istotne, poniewaz polimery liniowe
moga znaczaco roézni¢ si¢ wlasciwosciami od polimerow o takim samym sktadzie chemicznym, lecz
odmiennej, nieliniowej topologii. Szczegbdlne zainteresowanie badaczy budza polimery gwiazdziste

i hiperrozgat¢zione (dendrymeryczne), ktore w poroéwnaniu ze swoimi liniowymi analogami
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o zblizonej masie czasteczkowej posiadajg unikalne wlasciwosci, takie jak: (i) lepsza rozpuszczalno$é
wynikajaca ze zredukowanego stopnia splatan tancuchow; (ii) mniejszy promien hydrodynamiczny;
(iii) nizsza lepko$¢ roztworow; (iv) nizsze temperatury przejs¢ fazowych, tj. topnienia (Tm),
zeszKklenia (Tg) i krystalizacji (T¢) oraz (v) wigksza liczba funkcyjnych grup koncowych tancucha,
otwierajaca liczne $ciezki do dalszych modyfikacji makroczasteczek.!® Majac na uwadze, ze
topologia polimeru istotnie wplywa na jego wtasciwosci fizykochemiczne, mozna przypuszczac, ze
bedzie ona rowniez determinowac sposob oddziatywania polimeru z substancjg czynng w formulacji.
Architektura makroczgsteczki moze wptywa¢ m.in. na zdolno$¢ do enkapsulacji leku, szybkos¢ jego
uwalniania, biodostgpno$¢ oraz stabilno$¢ fizyczng uktadu. Pomimo tej pozornie oczywistej
zalezno$ci, zagadnienie wplywu architektury makroczasteczek na ich interakcje z lekami,
a w konsekwencji takze na mozliwo$¢ zwigkszania biodostgpnosci API, pozostaje w literaturze

naukowej wcigz niedostatecznie rozpoznane.

Jedng z glownych przyczyn tego stanu rzeczy s3 trudnosci syntetyczne zwigzane
z otrzymywaniem PVP o dobrze zdefiniowanej strukturze. Monomer, N-winylopirolidon (VP) jest
zwigzkiem zawierajagcym tzw. nieskoniugowang grupe winylows, co oznacza, ze grupa winylowa nie

H c - nieskoniugowana jESt sprze¢zona z grupg kal‘bonylowq (Rysunek 1). Z tego
2 ,!.:ru]:-:l L} III:\'JU'I'H.'«

wzgledu VP zaliczany jest do monomerow ,, mniej
aktywowanych” (LAMSs, ang. Less Activated Monomers),

N

ktorych polimeryzacja w warunkach kontrolowanych jest
O szczegoblnie utrudniona. Obecno$¢é wigzania podwojnego
w sgsiedztwie atomu azotu, bedacego silnym donorem

Rysunek 1. Struktura chemiczna N-winylopirolidonu elektronow, sprzyja wysokiej reaktywnosci utworzonego
\,W\,irﬁszﬂoqul zammaczong. _ mieskoniugowang - grupa centrum rodnikowego, ktore nie jest efektywnie
stabilizowane rezonansowo. Cecha ta istotnie odrdznia

monomery N-winylowe od monomerow zawierajacych sprzezone grupy winylowe (np. akrylany czy
akrylamidy) oraz w bezposredni sposob determinuje przebieg ich polimeryzacji. W rezultacie wzrasta
podatnos$¢ uktadu na reakcje uboczne, przede wszystkim przeniesienie tancucha do monomeru lub
rozpuszczalnika, co ogranicza kontrole nad wzrostem makroczasteczki i sprzyja powstawaniu
produktow o szerokim rozkladzie mas molowych. W konsekwencji kontrolowana synteza PVP,
mimo dynamicznego rozwoju chemii polimeréw w ostatnich latach, nadal stanowi istotne wyzwanie.
Dotyczy to zwlaszcza otrzymania materiatow o Scisle okreslonej Mn, niskiej P oraz zlozonej

architekturze makroczasteczkowej, co jest szczegolnie wazne w kontekscie zastosowan w sektorze

farmaceutycznym.
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Z technologicznego punktu widzenia podstawowa i nadal najcze$ciej stosowana metoda
otrzymywania PVP pozostaje klasyczna polimeryzacja wolnorodnikowa (FRP, ang. Free Radical
Polymerization) prowadzona w roztworze. W skali przemystowej wysokoczasteczkowe zwigzki PVP
otrzymuje si¢ gtownie w §rodowisku wodnym, czesto z zastosowaniem nadtlenku wodoru jako
inicjatora.}*?® Metoda ta jest relatywnie prosta, wydajna i dobrze dostosowana zaréwno do
reaktywnosci VP, jak i do wymagan procesu przemystowego. Jej zasadniczym ograniczeniem
pozostaje jednak niewielka kontrola nad parametrami otrzymywanego polimeru. Cho¢ poprzez
regulacje stezenia nadtlenku wodoru w uktadzie mozna w pewnym stopniu modulowa¢ mas¢ molowa
finalnego produktu, FRP nie pozwala na precyzyjne kontrolowanie wzrostu tancuchow
makroczasteczkowych. W efekcie, charakterystyczng cechg komercyjnie dostgpnego PVP jest
szeroki rozktad Mn, wynikajacy m.in. z reakcji przeniesienia tancucha oraz ograniczonej kontroli nad
przebiegiem procesu. Zjawisko to moze by¢ niekorzystne z punktu widzenia wybranych zastosowan
biomedycznych, szczegdlnie w projektowaniu nowych systeméw DDS o kontrolowanym profilu
uwalniania substancji czynnej. Ponadto PVP otrzymywany klasyczna droga wolnorodnikowa nie
zawiera aktywnych grup koncowych, co istotnie ogranicza mozliwos¢ jego dalszej funkcjonalizacji,
na przyklad poprzez synteze kopolimerow blokowych. W rezultacie mozliwosci modyfikowania
wiasciwosci PVP poprzez swiadome projektowanie jego struktury makroczasteczkowej pozostaja

w duzej mierze niewykorzystane.

W celu zwigkszenia kontroli nad przebiegiem procesu polimeryzacji mozna stosowa¢ rozne
techniki kontrolowanej polimeryzacji rodnikowej (CRP, ang. Controlled Radical Polymerization).
Metody te polegaja na szybkim ustaleniu rownowagi migdzy aktywnym, propagujacym tancuchem
polimerowym a jego uspiong forma. Niestety, alternatywne techniki CRP, takie jak polimeryzacja
z przeniesieniem atomu (ATRP, ang. Atom Transfer Radical Polymerization), ktore z powodzeniem
stosuje si¢ w przypadku monomeréw bardziej aktywowanych (MAMs, ang. More Activated
Monomers), nie mogg byé w prosty sposéb przeniesione na uktad N-winylopirolidonowy.'" Wynika
to przede wszystkim z niekorzystnej rownowagi pomigdzy formami aktywnymi i nieaktywnymi
tancuchow, ograniczonej stabilnosci odpowiednich komplekséw katalitycznych oraz trudnosci
w kontrolowaniu reakcji propagacji i terminacji. Dodatkowo obecnos¢ ugrupowania laktamowego
w strukturze monomeru moze wptywac na przebieg reakcji poprzez oddziatywania z inicjatorem i/lub
katalizatorem, co prowadzi do jego dezaktywacji (zatrucia) i znaczaco komplikuje proces
polimeryzacji.!’'® W efekcie uzyskanie PVP o waskim rozkladzie M, i dobrze zdefiniowanych
koncach tancuchéw przy uzyciu ATRP jest bardzo mato efektywne. Dotychczas w literaturze
odnotowano tylko jedng udang probe otrzymania PVP przy zastosowaniu tej strategii syntetycznej,
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uzyskujagc makromolekuly o M,=18 600 i P=1.26.1° Z kolei, proby zwickszenia masy molowej
otrzymywanych polimerow prowadza do znacznego pogorszenia kontroli nad przebiegiem
polimeryzacji, a tym samym nad parametrami makroczgsteczkowymi produktu. W praktyce oznacza
to, ze synteza PVP metoda ATRP jest mozliwa, wymaga jednak niezwykle starannego doboru
katalizatora, ligandu i warunkoéw reakcji oraz pozwala na otrzymywanie polimeréw tylko w waskim
zakresie M. Z tego wzgledu nie Stanowi ona najprostszej ani najbardziej naturalnej techniki
kontrolowanej syntezy PVP. Dodatkowym ograniczeniem tej metody jest konieczno$¢ stosowania
zwigzkow kompleksowych metali przejsciowych, co w przypadku materialdéw przeznaczonych do
zastosowan biomedycznych wigze si¢ z konieczno$cig bardzo doktadnego oczyszczania produktu
koncowego z pozostatosci katalizatora. Moze to istotnie komplikowa¢ proces technologiczny oraz

ogranicza¢ atrakcyjnos¢ tej metody w kontekscie potencjalnych zastosowan farmaceutycznych.

Znacznie wicksze znaczenie w kontrolowanej syntezie PVP, zwlaszcza w przypadku
materiatdéw o dobrze zdefiniowanej budowie, takich jak kopolimery blokowe czy uktady o bardziej
zlozonej, rozgalezionej architekturze, zyskata polimeryzacja z odwracalnym addycyjno-
fragmentacyjnym przeniesieniem tancucha (RAFT, ang. Reversible Addition-Fragmentation Chain-
Transfer Polymerization). W przypadku monomerow N-winylowych szczegolnie istotne okazaty si¢
strategic wykorzystujace odpowiednio dobrane ksantogeniany lub ditiokarbaminiany, okreslane
rowniez jako MADIX (ang. Macromolecular Design by Interchange of Xanthate).’®? Techniki te
umozliwiajg otrzymywanie polimerow o precyzyjnie kontrolowanych parametrach strukturalnych.
Do istotnych zalet polimeryzacji RAFT nalezy takze mozliwo$¢ prowadzenia reakcji w szerokim
zakresie warunkoéw oraz w réznych srodowiskach reakcyjnych. Kluczowa role w tym rodzaju
polimeryzacji odgrywaja czynniki przeniesienia tancucha (CTA, ang. Chain Transfer Agents),
odpowiedzialne za ustanowienie odwracalnej rownowagi addycji i fragmentacji (Rysunek 2).
W pierwszym etapie reakcji generowany jest rodnik inicjujacy, ktory zapoczatkowuje wzrost
tancucha polimerowego. Propagujacy tancuch reaguje nastepnie z czynnikiem RAFT, co prowadzi
do funkcjonalizacji jego konca odpowiednim ugrupowaniem stabilizujacym (grupa Z) oraz przejscia
makroczasteczki w forme¢ uspiong. Jednoczesnie fragment opuszczajacy (grupa R) czasteczke
pierwotnego czynnika RAFT inicjuje wzrost kolejnego tancucha polimerowego. W dalszym
przebiegu reakcji dochodzi do dynamicznej wymiany pomiedzy formami aktywnymi i uspionymi,
dzigki czemu poszczegodlne tancuchy polimerowe rosng w zblizonym tempie (Rysunek 2). W efekcie
mozliwe jest otrzymywanie makroczasteczek o porownywalnej dtugosci, a tym samym o wezszym
rozktadzie mas molowych.?2?? Nalezy jednak podkresli¢, ze skuteczno$¢ tego typu polimeryzacji

w duzym stopniu zalezy od wlasciwego dopasowania CTA do rodzaju zastosowanego monomeru.
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W przypadku monomeréw N-winylowych dostepne sa dobrze dopasowane, komercyjne czynniki
RAFT umozliwiajace otrzymywanie liniowych homopolimeréw PVP. Nadal jednak ograniczona
pozostaje dostepnos¢ wielofunkcyjnych CTA, ktére pozwalatyby na bezposredniag synteze bardziej

ztozonych architektur makroczasteczkowych.

propagujacy latcuach podredni produkn akoywny
polimerowy RAFT roginik
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Rysunek 2. Uproszczony schemat mechanizmu polimeryzacji typu RAFT.

Podsumowujac, dobdér metody syntezy PVP powinien by¢ $cisle uzalezniony od
oczekiwanych wtasciwosci koncowego materiatu. W przypadku konwencjonalnego PVP,
przeznaczonego do standardowych zastosowan uzytkowych, najbardziej odpowiednig metoda
pozostaje klasyczna polimeryzacja wolnorodnikowa. Jezeli jednak celem jest otrzymanie polimeru
do zastosowan specjalnych, charakteryzujacego si¢ kontrolowang My, niskg P oraz precyzyjnie
zaprojektowang architekturg, niezbgdne staje si¢ zastosowanie wyspecjalizowanych strategii
kontrolowanej polimeryzacji rodnikowej, przede wszystkim RAFT/MADIX. Ma to szczegodlne
znaczenie w kontek$cie zastosowan biomedycznych i farmaceutycznych, w ktorych wymagane sa nie
tylko wysoka czysto$¢ 1 biokompatybilno$¢ materiatu, lecz takze Scista kontrola jego struktury.
Dotyczy to zwlaszcza polimeréow o ztozonej architekturze, takich jak uklady gwiazdziste,
rozgalezione czy szczotkowe, ktorych otrzymywanie jest znacznie bardziej wymagajace niz synteza
klasycznych makroczasteczek liniowych. Z tego wzgledu rozwdj kontrolowanych strategii syntezy
PVP oraz innych polimeréw przeznaczonych do zastosowan biomedycznych, a takze nowych
wielofunkcyjnych uktadow Kkatalityczno-inicjujgcych, nalezy uznaé za jeden z kluczowych
kierunkow wspodtczesnej chemii polimerow, warunkujacy dalszy postgp w projektowaniu

nowoczesnych materiatéw medycznych i farmaceutycznych.
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1.3. Amorficzne formy substancji leczniczych — stabilnos$é¢ fizyczna
i rola uktadéw API-polimer

Zapotrzebowanie na precyzyjnie zaprojektowane biokompatybilne makroczasteczki wynika
bezposrednio z wyzwan stojacych przed wspotczesnym sektorem farmaceutycznym. Jednym
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Rysunek 3)_2324 Ograniczona Rysunek 3. Podziat substancji aktywnych wedhug systemu klasyfikacji BCS.

rozpuszczalnosé tych substancji

prowadzi do stabego wchianiania w organizmie, a w konsekwencji do niskiej biodostgpnosci po
podaniu doustnym. Aby pokona¢ ten problem, opracowano szereg roéznych strategii. Jako jedna
z nich mozna wymieni¢ tworzenie soli, jednak metoda ta wymaga modyfikacji struktury chemicznej
czasteczki API, co wigze si¢ z koniecznoscig przeprowadzenia na po6zniejszym etapie dodatkowych,
kosztownych badan bezpieczefistwa i skutecznosci.?>? Z kolei jednym z bardziej uniwersalnych
i powszechnie stosowanych rozwigzan, niewymagajacych ingerencji w strukture chemiczng API jest
amorfizacja.?®%" Proces ten polega na przeksztalceniu formy krystalicznej w forme amorficzna,
charakteryzujaca si¢ brakiem uporzadkowania dalekiego zasiegu (Rysunek 4). Dzigki temu
substancje czynne w formie amorficznej wykazuja znacznie wigkszg rozpuszczalnosé
1 biodostepnos¢, jednak ich praktyczne zastosowanie ogranicza niska stabilno$¢ termodynamiczna,
prowadzaca do niepozadanego procesu rekrystalizacji podczas przechowywania.?®?® Wspomniane
ograniczenia sprawiajg, ze wiele obiecujgcych substancji nie trafia do pacjentow, gdyz ich formulacja
nie gwarantuje wystarczajacej trwatosci. Z tego powodu kluczowym zagadnieniem badawczym staje

si¢ skuteczna stabilizacja stanu amorficznego API.
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Jedng z najcz¢sciej stosowanych strategii w tym zakresie jest tworzenie amorficznych statych
dyspersji (ASD)/mieszanin binarnych APl-polimer, w ktoérych obecnos¢ makroczasteczek ogranicza
mobilnoéé API oraz hamuje proces nukleacji i wzrostu krysztatow.*=2 W tym kontekscie kluczowa,
cho¢ czesto niedoceniang rol¢ odgrywaja parametry fizykochemiczne substancji pomocniczych.
To one w duzej mierze determinujg prawidtowe dziatanie leku, wplywaja na jego biodostepnosé,
kontrolowane uwalnianie, stabilno$¢ i trwato§¢ produktu, a tym samym na realng skutecznosé
terapeutyczng. Wsrdd substancji pomocniczych stosowanych w formulacjach farmaceutycznych
szczegblne znaczenie zyskaly w ostatnich latach polimery. Mimo ich duzego potencjatu liczba

komercyjnie dostgpnych makroczasteczek przeznaczonych do zastosowan farmaceutycznych

@ 4 o (b) pozostaje ograniczona. Wynika to

o o ° Rl by ) o =
s ‘se ° . ’ ° przede wszystkim z szeregu
o e ° W : . . . restrykcyjnych wymagan

. ? * B © ° °
- ot o4 s ! ! (prawnych 1 jakosciowych), ktére
e '. 2 1 ? Y musza zostaé spelione przed
wprowadzeniem danego polimeru

cialo amorficzne/bezpostaciowe krysztal

do formulacji z API. Jednoczes$nie
Rysunek 4. Schemat prezentujacy (a) ciato amorficzne oraz (b) ciato krystaliczne.

polimery  obecnie  stosowane
w formulacjach farmaceutycznych zazwyczaj nie charakteryzuja si¢ $cisle kontrolowang strukturg
1 nie sg projektowane z mys$la o konkretnych substancjach aktywnych. Moze to prowadzi¢ do
wyciagania zbyt daleko idacych wnioskow dotyczacych korelacji miedzy parametrami
makrostrukturalnymi polimeru a stabilnosciag API. W przypadku makromolekut 0 niejednorodnej
budowie, wynikajacej m.in. z szerokiego rozrzutu dhugosci tancuchoéw polimerowych, a tym samym
wysokiej dyspersyjnosci, jednoznaczne powigzanie zachowania APl z wlasciwosciami matrycy
polimerowej jest szczegolnie trudne. Tymczasem pelne zrozumienie zaleznosci migdzy architektura
polimeru a zachowaniem substancji aktywnej ma kluczowe znaczenie dla racjonalnego
projektowania  zaawansowanych ukladéow binarnych o ulepszonych  wlasciwosciach
fizykochemicznych i farmakokinetycznych. W tym konteks$cie zaskakujace pozostaje, ze sektor
farmaceutyczny wcigz w duzej mierze opiera si¢ na komercyjnie dostgpnych polimerach o stabo
zdefiniowanych parametrach makromolekularnych. Jest to tym bardziej istotne, ze wspolczesna
inzynieria polimerowa oferuje szerokie mozliwosci precyzyjnego sterowania topologia,
taktyczno$cig, masg molowa, dyspersyjnoscig oraz funkcjonalnoscig tancucha polimerowego.
Parametry te moga z kolei znaczaco wplywac na wlasciwosci finalnego produktu farmaceutycznego.
W tym aspekcie, szczegélnie interesujacym rozwigzaniem wydaje si¢ zastosowanie

poli(N-winylopirolidonu) (PVP), omoéwionego szczegétowo w poprzednim podrozdziale.
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Makroczasteczka ta taczy szereg korzystnych cech (takich jak wysoka temperatura zeszklenia (Tg),
biokompatybilnos¢ oraz dobra rozpuszczalno$é), ktore czynia ja atrakcyjng matryca do stabilizacji
amorficznych form substancji aktywnych.”3* Jednoczesnie, ze wzgledu na trudnoéci syntetyczne
zwigzane z otrzymywaniem PVP o kontrolowanej architekturze, wptyw topologii tego polimeru na

stabilnos¢ fizyczng uktadow amorficznych pozostaje zagadnieniem praktycznie nierozpoznanym.

1.4. Charakterystyka ~modeli substancji aktywnych  wykorzystanych
W rozprawie

W kontekscie przedstawionych powyzej zagadnien zasadne jest systematyczne zbadanie
wptywu architektury PVP na zachowanie substancji leczniczych o zrdznicowanej strukturze
chemicznej oraz odmiennych wilasciwosciach fizykochemicznych. W niniejszej rozprawie jako
zwigzki modelowe wybrano cztery substancje aktywne: metronidazol (MTZ), naproksen (NAP),
itrakonazol (ITZ) oraz pirybedyl (PBD). Struktury chemiczne niniejszych API zaprezentowano na
Rysunku 5. Dobor ten pozwala na wszechstronne poroéwnanie, poniewaz kazdy z wymienionych
zwigzkoéw reprezentuje odmienny problem formulacyjny, co umozliwia analiz¢ r6éznych aspektow
naukowych.

Pierwsza grupe badanych substancji aktywnych stanowily zwiazki wykazujace wysoka
tendencj¢ do rekrystalizacji, tj. MTZ oraz NAP. Zostaly one wykorzystane jako modelowe API do
oceny wpltywu PVP o réznej

budowie na proces i =
. ] 1] =
krystalizacji ~w  ukfadach = "‘"@"‘“"‘1 wb""‘l‘-lr"{,-_Q_.;' '-.—Q—a C ﬁ,
binarnych typu API-polimer. i g d L:.' >j
. r‘-‘-
Jak szczegotowo opisano w0 lerakanazsl (M1 ":'—-?

poprzednim podrozdziale,

przeksztalcenie substancji e m H:::L.

aktywnej do postaci T m:ﬁ

amOI‘ﬁCZIlej naleZy do Wapraksed (NAT) Farvibedy] (PR

najskuteczniejszych strategii Rysunek 5. Struktury chemiczne substancji aktywnych badanych w rozprawie
doktorskiej.

poprawy jej rozpuszczalnos$ci, a

w konsekwencji rowniez biodostgpnosci. Nalezy jednak podkresli¢, ze ze wzgledu na brak

uporzadkowania dalekiego zasiegu uktady amorficzne charakteryzuja si¢ podwyzszong energia

swobodna Gibbsa, co czyni je termodynamicznie niestabilnymi.?® W przypadku substancji o wysokiej
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sklonnos$ci do krystalizacji spontaniczne przejScie z fazy amorficznej do stabilniejszej fazy
krystalicznej moze zachodzi¢ bardzo szybko zar6wno na etapie wytwarzania i przechowywania

formulacji, jak i in vivo, podczas rozpuszczania leku w ptynach ustrojowych.

Konsekwencja tego zjawiska moze by¢ szybka precypitacja API w przewodzie pokarmowym,
prowadzaca do istotnego obnizenia jego stezenia w miejscu wchtaniania. W rezultacie korzysci
wynikajgce z amorfizacji mogg zosta¢ znaczaco ograniczone lub catkowicie utracone, co przektada
si¢ na nieprzewidywalny profil farmakokinetyczny oraz zwickszone ryzyko niepowodzenia terapii.
Z tego wzgledu jednym z kluczowych wyzwan technologicznych pozostaje stabilizacja ukladoéw
amorficznych poprzez hamowanie nukleacji oraz wzrostu krysztatow, najczgsciej z wykorzystaniem
odpowiednio dobranych lub zaprojektowanych matryc polimerowych. Do rzetelnej oceny
skuteczno$ci nowych strategii stabilizacji niezbedny jest dobor takich API, ktore ze wzgledu na swoje
wlasciwosci fizykochemiczne stanowia szczegélnie wymagajacy model badawczy. W tym
kontekscie MTZ i NAP (Rysunek 5) stanowig warto$ciowe zwigzki modelowe, poniewaz wykazuja
silng tendencje do szybkiej krystalizacji ze stanu przechtodzonej cieczy.®®*" Otrzymanie tych
substancji w postaci amorficznej bez udziatu efektywnych inhibitoréw krystalizacji jest praktycznie
niemozliwe, poniewaz wymagatoby zastosowania bardzo duzych szybkosci chtodzenia, rzedu setek
tysigcy K/s, co pozostaje poza zakresem typowych warunkow laboratoryjnych. Zastosowanie MTZ
1 NAP w badaniach formulacyjnych pozwala podda¢ badane polimery PVP rygorystycznej ocenie
pod katem ich zdolno$ci do hamowania niepozadanego procesu rekrystalizacji. Umozliwia to nie
tylko porownanie skutecznosci poszczegdlnych topologii PVP w stabilizacji uktadow amorficznych,
lecz takze lepsze zrozumienie mechanizmow oddziatywan APIl—-polimer, ktore determinujg stabilno$¢

nowoczesnych postaci leku.

Kolejng niezwykle interesujaca grupe substancji aktywnych stanowig zwiazki wykazujace
wlasciwosci ciektokrystaliczne. Ciekte krysztaty (LC, ang. Liquid Crystal) definiuje si¢ jako fazy
posrednie pomiedzy stanem ciektym a statym. L3cza one cechy obu tych stanéw: z jednej strony
charakteryzuja si¢ czgsciowym uporzadkowaniem molekularnym, typowym dla ciat statych, z drugiej
za$§ zachowuja pewien stopief ruchliwosci czasteczek, whasciwy cieczom (Rysunek 6).%8 Nalezy przy
tym zaznaczy¢, ze zdolno$¢ do tworzenia faz cieklokrystalicznych nie jest cecha wszystkich
zwigzkow chemicznych. Wystepuje ona przede wszystkim w przypadku czasteczek o anizotropowym
ksztalcie, najczesciej wydhuzonych struktur pretopodobnych lub ukladéow dyskopodobnych.3940
Wykorzystanie wtasciwosci ciektokrystalicznych niektérych substancji aktywnych moze stanowic
jedng ze strategii modulowania szybkos$ci ich uwalniania, a tym samym poprawy biodostepnosci.
Dotychczas zidentyfikowano i opisano kilka APl zdolnych do tworzenia faz ciektokrystalicznych,
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uwzgledniajac zaréwno rodzaje generowanych przez nie mezofaz, jak i metody ich otrzymywania.
W zaleznosci od mechanizmu powstawania fazy ciektokrystalicznej LC dzieli si¢ na dwie gtowne
grupy: (i) ciekle krysztaly termotropowe, w ktérych mezofaza pojawia si¢ wskutek zmiany
temperatury (podczas ogrzewania lub chlodzenia) oraz (ii) cickte krysztaty liotropowe, w ktorych
powstanie mezofazy zalezy od osiggnigcia okre§lonego stezenia molekul, czyli mezogendw,
w rozpuszczalniku, przy danej temperaturze.** Badania ukierunkowane na szczegdlowa
charakterystyke farmaceutykéw tworzacych fazy cieklokrystaliczne sa w pelni uzasadnione.
Odmienna organizacja przestrzenna czasteczek oraz wyzsza energia swobodna Gibbsa substancji
aktywnej w mezofazie mogg bowiem prowadzi¢ do zwigkszenia szybkosci rozpuszczania,

a w konsekwencji do poprawy biodostepnoéci w poréwnaniu z jej krystalicznym odpowiednikiem.*?

W ciggu ostatnich dwoch
dekad szczegblnym
zainteresowaniem w konteks$cie
badan nad fazami
cieklokrystalicznymi oraz stanem
amorficznym/szklistym cieszy si¢

krysanal Faza sekiycrns  fazasmekiyerna  fars nematycens chece

tSem C) (Sem A) ™) itrakonazol  (ITZ). Jest to

substancja aktywna z grupy

femperatura

Rysunek 6. Schematyczne poréwnanie uporzadkowania molekularnego w fazie azolowych lekow
krystalicznej, wybranych fazach ciektokrystalicznych oraz fazie cieklej wraz ze . ]
wzrostem temperatury. przeciwgrzybiczych, nalezaca do

I klasy wedtug systemu BCS (Rysunek 5), charakteryzujaca si¢ wyjatkowo niskg rozpuszczalnoscia
w wodzie, wynoszacg zaledwie 1 ng/mL.** Liczne badania dotyczace ITZ wykazaly, Ze jego
uporzadkowanie ciektokrystaliczne mozna modulowaé za pomoca réznych metod fizycznych
1 chemicznych, co stwarza mozliwos$¢ kontrolowania wybranych wlasciwosci tej substancji aktywne;.
Przyktadowo, osadzanie par ITZ, ograniczenie przestrzenne, a takze kontrola szybkosci chlodzenia
tego zwiazku z fazy cieklej umozliwiaja otrzymywanie materialdow o odmiennym stopniu
uporzadkowania ciektokrystalicznego.***® Jednoczesnie wcigz brakuje badan koncentrujacych sig na
wptywie struktury wysokoczasteczkowych substancji pomocniczych na organizacj¢ molekularng
modelowej czasteczki ITZ, a w konsekwencji rdwniez na jej rozpuszczalno$¢ i potencjalng
biodostgpnos¢. Zagadnienie to wydaje si¢ szczegolnie istotne w konteks$cie projektowania formulacji,
w ktorych odpowiednio dobrana matryca polimerowa mogtaby nie tylko stabilizowa¢ wybrang forme

fizyczng tej API, lecz takze wpltywac na jej uporzadkowanie molekularne i wlasciwosci uzytkowe.

21



Ponadto, interesujagcymi substancjami aktywnymi do badan nad wpltywem topologii
makroczasteczek w ASD s3a zwiazki, ktorych zastosowanie terapeutyczne wigze si¢ z istotnymi
ograniczeniami biodostepno$ci. W tym konteksScie szczegdlng uwage zwraca pirybedyl (PBD) - API
stosowana w terapii choroby Parkinsona. Jego skuteczno$¢ kliniczna po podaniu doustnym jest
istotnie ograniczona ze wzgledu na bardzo niskg biodostepnosé, wynoszaca ponizej 10%. Wynika
ona przede wszystkim z intensywnego metabolizmu pierwszego przej$cia przez watrobe oraz
krétkiego biologicznego okresu péttrwania. W konsekwencji PBD wymaga czgstego dawkowania,
zwykle w zakresie 3-5 tabletek na dobe.**® Nalezy jednak podkresli¢, ze choé metabolizm
pierwszego przej$cia stanowi gtdéwna przyczyne niskiej biodostepnosci tej API, istotne znaczenie
moze mie¢ rowniez ograniczona ilo$¢ leku dostgpna do wchtonigcia w przewodzie pokarmowym.
Okoto 50% podanej dawki jest eliminowane z organizmu w ciggu 24 godzin, co dodatkowo wskazuje
na nieefektywnos$¢ obecnej doustnej drogi podania. W zwigzku z tym poprawa rozpuszczalnosci PBD
przy zastosowaniu odpowiednio dobranych substancji pomocniczych moglaby potencjalnie
zwigkszy¢ ilo§¢ API wchlanianej w jelitach, a nastepnie przedostajgcego si¢ do krazenia ogdlnego.
Wigksza ilos¢ zaabsorbowanej substancji mogtaby z kolei przetozy¢ si¢ na poprawe skutecznosci
terapeutycznej, mimo utrzymujgcego si¢ wptywu metabolizmu watrobowego. Co istotne, badania
prowadzone w ciggu ostatnich dwoch dekad wykazaty, ze oprécz fagodzenia objawdéw motorycznych
choroby Parkinsona, PBD moze réwniez korzystnie wptywa¢ na objawy niemotoryczne, takie jak
apatia czy zaburzenia funkcji poznawczych. Obserwacje te przyczynity si¢ do ponownego wzrostu
zainteresowania ta API i mogg w przysztosci zwiekszy¢ zakres jego zastosowania klinicznego.>0-%2
Z uwagi na niskg efektywno$¢é obecnie stosowanej doustnej drogi podawania PBD, poszukiwanie
nowych matryc polimerowych oraz ich wykorzystanie w nowoczesnych systemach DDS stanowig
wazne i perspektywiczne kierunki badan.®® W tym kontekécie PBD moze by¢ traktowany jako
warto$ciowy model do oceny, czy odpowiednio zaprojektowana architektura polimeru jest w stanie
poprawi¢ wlasciwosci formulacyjne substancji aktywnych o szczegdlnie niekorzystnym profilu

farmakokinetycznym.

Podsumowujac, pomimo  dynamicznego rozwoju badan nad  amorficznymi
wielosktadnikowymi uktadami farmaceutycznymi, nadal istnieje istotna luka poznawcza dotyczaca
relacji migdzy architekturg polimeru a jego rzeczywista funkcja stabilizujacg 1 modulujaca
w odniesieniu do réznych API. W literaturze szeroko opisano pozytywny wpltyw polimeréw na
hamowanie krystalizacji, jednak znacznie rzadziej podejmowano systematyczng analizg tego, jak
topologia makroczasteczek wplywaja na przebieg przemian fazowych, mobilno$¢ molekularng,

porzadek mezomorficzny (cieklokrystaliczny) czy koncowe wlasciwosci biofarmaceutyczne uktadu.
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Wypehienie tej luki jest istotne zaréwno z punktu widzenia badan podstawowych, jak
I projektowania formulacji farmaceutycznych opartych na racjonalnym doborze nos$nikow
polimerowych. Nalezy podkresli¢, ze cho¢ wptyw dlugosci tancucha polimerowego na zachowanie
API byt juz przedmiotem badan literaturowych, dotychczas analizowane polimery cechowaty sie
wysoka B, co ogranicza mozliwos$¢ jednoznacznej interpretacji uzyskanych wynikow. Natomiast w
niniejszej pracy podjeto probe systematycznego zbadania wptywu dhugosci tancucha (My) polimerow
0 niskiej/lumiarkowanej P przy jednoczesnym uwzglednieniu roli topologii makroczgsteczek na
stabilnos¢ fizyczna, przejscia fazowe czy biodostepnos¢ API w mieszaninach binarnych. Tym samym
praca ta moze stanowi¢ podstawe¢ do bardziej racjonalnego projektowania uktadow polimer—
substancja czynna oraz wyznacza¢ kierunek dalszych badan nad zalezno$ciami mig¢dzy strukturg

makroczasteczki a wlasciwosciami API.
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2.  Cele i zalozenia pracy

W $wietle zagadnien przedstawionych w Rozdziale 1 gtownym celem niniejszej rozprawy
doktorskiej bylo otrzymanie dobrze zdefiniowanych makroczasteczek poli(N-winylopirolidonu)
(PVP) o zréznicowanej topologii oraz okreslenie, w jaki sposob ich architektura i parametry
makrostrukturalne wptywaja na wlasciwosci fizyczne i biofarmaceutyczne wybranych substancji
aktywnych. Polimery o $cisle kontrolowanych parametrach, takich jak dobrze zdefiniowana My oraz
niska D, stwarzaja wyjatkowa mozliwos¢ opracowania bardziej uniwersalnego obrazu zachowania
API w matrycy polimerowej. Pozwala to lepiej zrozumie¢ wptyw wiasciwosci polimeru na stabilnos¢
fizyczna, rozpuszczalno$¢ oraz ogdlne zachowanie APl w formulacjach farmaceutycznych.

W zwiazku z powyzszym glowne zatozenia badawcze niniejszej pracy obejmowaty:

e opracowanie nowych drog syntezy dobrze zdefiniowanych homopolimerow PVP
o zroznicowanej topologii oraz $cisle kontrolowanych parametrach makrostrukturalnych;

e okreSlenie zalezno$ci miedzy topologia, dhlugoscia tancucha polimerowego oraz
dyspersyjnoscia PVP a zdolno$cig tych makroczasteczek do hamowania rekrystalizacji
wybranych substancji aktywnych w postaci amorficznej;

e ocen¢ wplywu topologii polimeru na charakter oddzialtywan migdzyczasteczkowych
determinujacych stabilnos¢ fizyczna formulacji typu APIl—-polimer;

e zbadanie mozliwo$ci modulowania uporzagdkowania molekularnego oraz temperatur przejs$¢
fazowych API poprzez zastosowanie polimerow PVP o odpowiednio dobranej architekturze,
ze szczegolnym uwzglednieniem uktadow ciektokrystalicznych;

e ocen¢ wplywu architektury oraz charakteru chemicznego polimeréw, w tym ich
hydrofilowosci lub amfifilowosci, na rozpuszczalno$¢, stabilnos¢ fizyczng oraz parametry
farmakokinetyczne wybranych API;

e okreslenie, czy topologia polimeréw moze wplywaé na selektywne faworyzowanie oraz

stabilizacj¢ okreslonych form polimorficznych substancji aktywnych.

Zatem, niniejsza rozprawa ma charakter interdyscyplinarny 1 taczy elementy chemii
polimerow, chemii fizycznej, nauki o materiatach, technologii farmaceutycznej oraz biofarmacji. Jej
istota polega nie tylko na opisaniu wptywu wybranych polimeréw na konkretne substancje czynne,
lecz przede wszystkim na wykazaniu, ze wlasciwosci makroczgsteczek moga by¢ traktowane jako
narzedzie $§wiadomego projektowania ukladow farmaceutycznych o kontrolowanej stabilnosci
1 ulepszonych wiasciwosciach uzytkowych. Przedstawione wyniki wpisuja si¢ tym samym

w aktualny nurt badan nad racjonalnym projektowaniem formulacji dla substancji stabo
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rozpuszczalnych 1 niestabilnych fizycznie, a zarazem wskazuja kierunki dalszych prac nad

wykorzystaniem architektury polimeréw w technologii postaci leku.

Rezultaty = wszystkich  przeprowadzonych eksperymentéw  zostaly  opublikowane

w mig¢dzynarodowych czasopismach naukowych z listy filadelfijskiej o lacznej punktacji Impact

Factor (IF)=18.1 oraz tacznej punktacji MNiSW=480 pkt.:
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Pelne teksty powyzszych artykutow wraz z materiatami uzupetniajagcymi zataczono w Rozdziale 4
., Tresci publikacji stanowigcych podstawe rozprawy doktorskiej”.
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3. Omowienie i dyskusja otrzymanych wynikow

3.1. Synteza PVP o réznej architekturze i $ciSle kontrolowanych parametrach
makrostrukturalnych

Jak wskazano w podrozdziale 1.2 ,, Poli(N-winylopirolidon) jako nosnik w systemach
dostarczania lekow — wiasciwosci, ograniczenia i wyzwania syntetyczne”’, makroczasteczki PVP
nalezg do grupy zwigzkow stosunkowo trudnych do otrzymania w sposob $cisle kontrolowany, to
znaczy o precyzyjnie zaprojektowanej budowie i korzystnych parametrach makrostrukturalnych. Na
skale przemystowa poli(N-winylopirolidon) jest powszechnie wytwarzany metoda FRP. Warto w tym
miejscu przypomnieé, ze komercyjnie dostgpne polimery PVP, oferowane m.in. pod nazwami
handlowymi Kollidon® i/lub Povidon®, majg wylacznie liniowg architekture i roznig si¢ przede
wszystkim masg czgsteczkowa, czego przyktad stanowig Kollidon® 12 (PVP K12, M, ~ 3 000),
Kollidon® 30 (PVP K30, My ~ 40 000) oraz Kollidon® 90 (PVP K90, M, ~ 360 000). Nalezy jednak
podkresli¢, ze ze wzgledu na zastosowanie polimeryzacji typu FRP otrzymywane produkty
charakteryzuja si¢ wysoka dyspersyjnoscia (P > 2). W praktyce oznacza to, ze handlowo dostgpne
PVP charakteryzuja si¢ szerokim rozktadem mas molowych i stanowia mieszaning makroczasteczek
o zroznicowanej dlugoséci tancucha. Tym samym nie wykazuja one S$cisle zdefiniowanych
parametrow makroczasteczkowych. Mimo to, wigkszos¢ dotychczas opublikowanych prac
koncentrowala si¢ gldwnie na ocenie, ktory z preparatow handlowych PVP wykazuje najwyzsza
skuteczno$§¢ w poprawie parametrow farmakokinetycznych stabo rozpuszczalnych substancji
czynnych. W licznych doniesieniach naukowych podkreslano przede wszystkim wpltyw My
komercyjnych polimeréw PVP na poprawe biodostepnosci produktéw farmaceutycznych,>

pomijajac przy tym istotny problem szerokiego rozktadu mas molowych tych makroczasteczek.

Uwzgledniajagc wskazang luke badawcza, w pierwszym etapie realizacji niniejszej pracy
doktorskiej opracowano skuteczne metody otrzymywania innowacyjnych materiatow polimerowych
PVP o budowie liniowej (linPVP) oraz trojramiennej gwiazdy (starPVP), z wykorzystaniem
polimeryzacji typu RAFT. Zastosowanie tej techniki polimeryzacji umozliwito uzyskanie dobrze
zdefiniowanych polimerdéw juz w jednym etapie syntezy, tj. materiatow o niskiej D, dobrze okreslonej
Mn oraz aktywnych grupach koncowych tancucha, ktore moga stanowi¢ punkt wyjscia do dalszych

modyfikacji chemicznych (Rysunek 7).

Szczegodlnie istotnym elementem tej czg$ci badan byto takze opracowanie $ciezki syntezy

trojfunkcyjnego CTA, dostosowanego do polimeryzacji monomeréw N-winylowych metoda RAFT.
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Pozwolito to na uzyskanie nowego typu materialu polimerowego, czyli gwiazdzistego PVP
o trojramiennej architekturze. Nalezy podkresli¢, ze zdecydowana wigkszo$¢ komercyjnie
dostgpnych CTA stosowanych w procesach RAFT ma charakter jednofunkcyjny, a tym samym

umozliwia synteze przede wszystkim makroczasteczek liniowych.

Zgodnie z danymi literaturowymi, do polimeryzacji monomeréw N-winylowych szczeg6lnie
odpowiednie sg czynniki CTA nalezace do grupy ksantogeniandw oraz ditiokarbaminianow. Wsrod
tych klas zwigzkéw nie sg jednak dostepne komercyjnie wielofunkcyjne CTA przeznaczone do
kontrolowanej polimeryzacji monomeréw N-winylowych. Dotychczas jedynie w jednej pracy
opisano udang synteze czteroramiennego gwiazdzistego PVP metoda RAFT.>” Warto jednak
zauwazyc¢, ze autorzy wykorzystali w tym celu komercyjnie dostepny czterofunkcyjny CTA z grupy
tritiowgglanéw, ktéry nie jest uznawany za czynnik optymalny do kontroli polimeryzacji
monomeréw N-winylowych.*®*® W konsekwencji prowadzenie polimeryzacji RAFT w ci$nieniu
atmosferycznym z uzyciem tego CTA prowadzito do otrzymania polimerow gwiazdzistych
o wysokiej dyspersyjnosci (do D = 2.45). Z kolei zastosowanie podwyzszonego cisnienia (250 MPa)
w roli czynnika kontrolujagcego przebieg procesu, umozliwito uzyskanie czteroramiennego

gwiazdzistego PVP o umiarkowanie nizszej dyspersyjnosci (P = 1.80).%7

W oparciu o powyzsze przestanki opracowano i otrzymano trojfunkcyjny CTA z grupy
ditiokarbaminianow (Rysunek 7b). Nastepnie zastosowano go do syntezy dobrze zdefiniowanego
trojramiennego gwiazdzistego PVP zgodnie ze strategig do rdzenia (ang. core-first) (Rysunek 7c).
Z kolei komercyjnie dostepny jednofunkcyjny CTA, rowniez nalezacy do grupy ditiokarbaminiandw,
wykorzystano do otrzymania liniowego PVP, uzyskujac homopolimer o korzystnych parametrach
makrostrukturalnych (Rysunek 7a). Szczegdétowy opis syntezy trojfunkcyjnego CTA oraz
homopolimeréw PVP, tj. linPVP i starPVP, przedstawiono w materiatach uzupetniajacych (SI) do
publikacji P1 i P3.
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Rysunek 7. Reakcje chemiczne przedstawiajace sposOb otrzymywania: (a) liniowego PVP; (b) trojfunkcyjnego CTA;
(c) gwiazdzistego PVP.

Uzyskane homopolimery PVP o zréznicowanej topologii poddano nastepnie charakterystyce
spektroskopowej z wykorzystaniem techniki jagdrowego rezonansu magnetycznego (NMR, ang.
Nuclear Magnetic Resonance) oraz analizie metoda chromatografii wykluczania (SEC, ang. Size
Exclusion Chromatography). Celem tych badan byto potwierdzenie budowy chemicznej
otrzymanych makroczasteczek oraz wyznaczenie ich parametréw makrostrukturalnych (M,, D).
Widma H NMR, potwierdzajace strukture samodzielnie zsyntezowanego czynnika CTA oraz
homopolimerow PVP o zréznicowanej topologii, a takze chromatogramy otrzymanych
makroczasteczek, przedstawiono na Rysunku 4. Z kolei analiza wynikow SEC wskazata, ze
uzyskane makroczasteczki PVP charakteryzujg si¢ dobrze zdefiniowang strukturg, o czym swiadczy
symetryczny i monomodalny charakter zarejestrowanych sygnatéw. Dodatkowo widma *C NMR
otrzymanych polimeré6w zamieszczono w materialach uzupeniajacych do publikacji P1 (Fig. S3
I S6) oraz P3 (Fig. S4 i S6). Ponadto, ze wzgledu na fakt, ze otrzymane homopolimery PVP zostaty

zsyntezowane z wykorzystaniem czynnikow CTA zawierajgcych atomy siarki, przeprowadzono
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rowniez badania cytotoksyczno$ci. Ich celem byta ocena mozliwosci zastosowania uzyskanych
makroczasteczek w obszarze biomedycznym i farmaceutycznym. Jako probke referencyjna
w badaniach biologicznych zastosowano handlowy PVP K30, dopuszczony przez FDA do
zastosowan formulacyjnych. Badania cytotoksycznos$ci przeprowadzone na liniach komoérkowych
ludzkiej skory potwierdzity neutralny charakter biologiczny otrzymanych makroczasteczek,

wskazujac na ich potencjalng przydatnos¢ w aplikacjach biomedycznych i farmaceutycznych.
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Rysunek 8. Widma 'H NMR wykonane w CDCls dla: (a) trojfunkcyjnego CTA; (b) gwiazdzistego PVP; (c) liniowego PVP, a takze
(d) chromatogramy uzyskanych makroczasteczek oraz komercyjnego polimeru PVP K30.

29

29:9782029236



3.2. Wplyw topologii i dlugosci lancucha polimerowego na stabilno$¢ fizyczna

silnie rekrystalizujacych API (artykul P1 i P2)

Artykul Pl

The Impact of Various Poly(vinylpyrrolidone) Polymers
on the Crystallization Process of Metronidazole

Pharmaceutics, 2024, 16 (1), 136
DOI: 10.3390/pharmaceutics16010136

BINARY MAXIMUM | RECRYSTALLIZATION |
MIXTURES MISCIBILITY . TIME

Vo7
AV AV —y I - .):‘ﬁl! after 3 days
i o -

PP T
LT linearPVP:MTZ = 50:50 wiw

AN
-f"t‘ . % ] after 1 mont
+@—. iy e

Abstrakt graficzny

Link prowadzacy do artykutu:

30

30:1153320191



Substancja

: Makroczasteczki
aktywna
! Mun~40 500 - Mn 87 600 N, Mn-38 200
' D205 D-1L22 2 Do Las
B A
O.N )\cu, ‘ H Q
' H
n }
' N r
H go %.O
metronidazol | PVP K30 linPVP starPVP
(MTZ) :

Rysunek 9. Struktury chemiczne substancji aktywnej oraz makroczasteczek wykorzystanych w publikacji P1.

W ramach pierwszej pracy (P1) wchodzacej w cykl rozprawy doktorskiej szczegdlng uwage
po$wigcono badaniom wpltywu topologii makroczasteczek PVP na zdolno$¢ do hamowania
krystalizacji metronidazolu (MTZ). Gtéwnym celem badan byto okreslenie, czy architektura
polimeru i/lub parametry makrostrukturalne (D), a takze zawarto$¢ PVP w mieszaninach binarnych,
wplywaja na charakter oddziatywan miedzyczasteczkowych, stabilnos¢ fizyczng i szybkosé
rekrystalizacji MTZ. W tym miejscu nalezy przypomnie¢, ze MTZ stanowi modelowe API
w badaniach procesu rekrystalizacji. Wynika to z faktu, ze zwigzek ten wykazuje bardzo duza
sktonno$¢ do krystalizacji, a uzyskanie jego formy amorficznej przy zastosowaniu klasycznej metody
witryfikacji (tj. bardzo szybkim schtodzeniu cieczy) nie jest mozliwe. Struktury chemiczne API oraz
zastosowanych substancji pomocniczych przedstawiono na Rysunku 9. W tym miejscu nalezy
réwniez podkresli¢, ze jedna z uzytych matryc, tj. PVP K30, jest komercyjnie dostgpnym polimerem
0 Mn =40 500. Z tego wzgledu, aby na dalszym etapie badan mozliwe byto poréwnanie wytacznie
wplywu architektury polimeru, zsyntezowano makroczasteczki linPVP oraz starPVP o zblizonych
wartos$ciach Mp (Rysunek 9).

Co ciekawe, interesujgce roznice ujawnily si¢ juz na etapie przygotowywania systemow
binarnych, kiedy zaobserwowano, ze mieszalno$¢ uktadu MTZ-PVP zalezy od rodzaju zastosowanej
matrycy polimerowej. Mianowice stwierdzono, ze PVP o topologii liniowej (tj. PVP K30 oraz
linPVVP) wykazujg maksymalng mieszalnos¢ z MTZ przy stosunku wagowym 50:50, podczas gdy
polimer o architekturze trojramiennej gwiazdy (starPVP) miesza si¢ homogenicznie z APl nawet
przy stosunku 30:70 w/w. Aby wyjasni¢ te obserwacje, przeprowadzono kompleksowe badania
formulacji MTZ-PVP o rdéznej zawartosci obu skladnikéw, wykorzystujac spektroskopie
w podczerwieni z transformacjg Fouriera (FTIR), roznicowa kalorymetri¢ skaningowa (DSC) oraz

dyfrakcje rentgenowska (XRD).
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W celu uzyskania wgladu w mozliwe specyficzne oddziatywania migdzyczasteczkowe
pomig¢dzy badanymi makroczasteczkami PVP a APl w pierwszej kolejnosci przeprowadzono badania
spektroskopowe FTIR. Poczatkowo zarejestrowano widma dla wszystkich substanciji, tj. MTZ, PVP
K30, linPVP oraz starPVP, ktore przedstawiono w Sl do publikacji P1 (Fig. S7). Nast¢pnie
przystapiono do badan ASD w catym zakresie spektralnym, tj. 4000-400 cm™. Najistotniejsze zmiany
w widmach uktadow MTZ-PVP zaobserwowano w obrebie pasma pochodzacego od drgan
rozciagajacych grupy karbonylowej vc=o. Jak pokazano na Rysunku 10a, sygnat vc=0 matrycy PVP
K30, zlokalizowany przy 1645 cm™, wykazywat przesuniccie w kierunku wyzszych liczb falowych
(tzw. ,, blue-shift”) wraz ze wzrostem zawartosci MTZ w mieszaninach binarnych. Obserwacja ta
sugerowata, ze oddziatywania pomigdzy MTZ a PVP K30 maja gldwnie charakter dipol—dipol, a ich
znaczenie wzrasta wraz ze zwigkszaniem stezenia APL. Analogiczne zachowanie zaobserwowano dla
uktadéw binarnych MTZ z zsyntezowanym linPVP, co rowniez wskazywato na dominujacy udziat
oddziatywan dipolowo-dipolowych pomigdzy API a linPVP (Rysunek 10b). Odmienny charakter
zmian spektralnych stwierdzono natomiast w przypadku ASD zawierajacych starPVP.
Wprowadzenie MTZ do matrycy o topologii trdjramiennej gwiazdy prowadzito do wyraznego
przesunigcia pasma vc=o W kierunku nizszych liczb falowych, tzw. ,red-shift” (z 1661 cm™ dla
starPVP do 1651 cm™ dla mieszaniny 30:70 w/w). Tego typu przesunigciec mozna powigzac
z tworzeniem wigzan wodorowych pomiedzy grupa hydroksylowa MTZ a grupa karbonylowa PVP
(Rysunek 10c).

=— MTZ-starPVP 75:25
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— MTZ-PVP K30 75:25 = MTZ-linPVP 75:25 m— M TZ-starPVP 50:50
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Rysunek 10. Widma FTIR dla obszaru grupy karbonylowej dla mieszanin binarnych: (a) MTZ-PVP K30; (b) MTZ-1inPVP oraz (c)
MTZ-starPVP.
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Na podstawie uzyskanych wynikow FTIR stwierdzono, ze topologia PVP istotnie wptywa na
mechanizm oddzialywan API-polimer, a w konsekwencji réwniez na mieszalno$¢ sktadnikow
w uktadach binarnych. W przypadku liniowych matryc PVP, tj. PVP K30 oraz linPVP, dominujg
oddzialywania dipol-dipol, czego przejawem jest przesunigcie pasma vc=o ku wyzszym liczbom
falowym. Taki charakter interakcji moze thumaczy¢ ograniczong mieszalno$¢ MTZ z liniowymi
makroczasteczkami PVP. Z kolei w ukladach zawierajacych starPVP gléwnym mechanizmem
oddziatywan jest tworzenie wigzan wodorowych, co znajduje odzwierciedlenie w przesunig¢ciu pasma
vc=o ku nizszym liczbom falowym. Silniejsze oddziatywania pomiedzy MTZ a starPVP moga
odpowiadac¢ za wigksza mieszalno$¢ tych sktadnikow w szerszym zakresie st¢zen. Biorge pod uwage
zblizone warto$ci Mn badanych matryc PVP, mozna zalozy¢, ze roznice w mieszalnosci MTZ

z poszczegdlnymi polimerami sg determinowane glownie odmienng topologia makroczasteczek.

W kolejnym etapie, w celu okre$lenia wptywu PVP na wiasciwosci termiczne, przej$cia
fazowe oraz szybkos¢ krystalizacji MTZ, przeprowadzono pomiary DSC przygotowanych formulacji
binarnych. Gtéwnym celem tych badan byto ustalenie, w jaki sposob dodatek PVP o r6znej topologii
oraz zroznicowanym udziale wagowym w ASD wplywa na zdolnos¢ MTZ do tworzenia formy
amorficznej, jego stabilno$¢ fizyczna i szybko$¢ rekrystalizacji. Badania kalorymetryczne rozpoczgto
od pomiaréow dla MTZ (Fig. 4a w P1). Podczas ogrzewania krystalicznego API (przy ¢ = 10 K/min)
na termogramie zaobserwowano proces endotermiczny przy T = 437 K. Nastepnie, po schtodzeniu
stopionej probki (przy tej samej ¢) zarejestrowano intensywny, pojedynczy pik egzotermiczny
z maksimum przy T = 326 K zwigzany z krystalizacjg probki. W tym miejscu warto wspomnie¢, ze
szybkos$¢ chtodzenia probki znaczaco wptywa na przemiany fazowe i umozliwia transformacje
krystalicznego APl do formy amorficznej.®% W zwigzku z tym podjeto proby
przechtodzenia/zeszklenia MTZ przy zastosowaniu roéznych szybko$ci chtodzenia. Wszystkie
przeprowadzone testy zakonczyly si¢ jednak niepowodzeniem. Wyniki te potwierdzily wyjatkowo
niska zdolno§¢ MTZ do tworzenia szkla oraz wskazaly, ze uzyskanie tego zwigzku w formie

amorficznej za pomocg standardowej metody witryfikacji nie jest mozliwe.

Nastepnie, przystapiono do badan amorficznych mieszanin binarnych API-PVP z r6znym
udzialem wagowym obu sktadnikéw. Ze wzgledu na réznice w mieszalnosci analizowano uktady
MTZ-PVP K30 oraz MTZ-linPVP w stosunkach 75:25, 60:40 oraz 50:50 w/w. W przypadku
systemow MTZ-starPVP badania rozszerzono dodatkowo o formulacje o wigkszej zawartoSci
polimeru, tj. 40:60 oraz 30:70 w/w. Zgodnie w przypuszczeniami, wraz ze wzrostem zawartosci
polimeru w ASD obserwowano wzrost wartosci Tg, podczas gdy sygnaty odpowiadajace procesom

krystalizacji i topnienia stopniowo malaty/zanikaty (Fig. 4b w P1). Szczegdlnie interesujace wyniki
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uzyskano dla uktadow MTZ-starPVP, w ktorych przy stosunkach 40:60 i 30:70 w/w zaobserwowano
catkowite sttumienie procesow topnienia i krystalizacji. Na termogramach tych formulacji widoczny
byt jedynie skok ciepta wlasciwego zwigzanego z przej$ciem szklistym. Dodatkowo analiza danych
kalorymetrycznych wykazata, ze w zalezno$ci od zawartosci PVP w ASD wartosci temperatur
topnienia zmieniajg si¢ znaczgco, nawet o okoto 20 K. Moze to wskazywac na obecnos¢ istotnych
oddziatywan miedzy MTZ a zastosowanymi matrycami polimerowymi. Co wazne, wniosek ten

pozostaje w bardzo dobrej zgodnosci z wynikami analizy FTIR opisanymi powyzej.

Ostatni etap badan kalorymetrycznych obejmowal pomiary krystalizacji izotermicznej
w temperaturze pokojowej (295 K) dla mieszanin binarnych MTZ-PVP o stosunku wagowym 75:25.
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Rysunek 11. (a) Termogramy DSC pomiarow izotermicznych (T = 295 K) dla mieszanin MTZ-
PVP 75:25 wiw; (b) Przebieg procesu krystalizacji przeprowadzonego dla badanych uktadéw
MTZ-PVP. Linie ciggte przedstawiaja dopasowania modelem Avramiego; (c) State szybkosci
krystalizacji (k) MTZ w zalezno$ci od zastosowanego PVP w uktadach binarnych.

nie zostaly one
uwzglednione w tym etapie
badan. Zmiany strumienia
ciepta zarejestrowane dla mieszanin MTZ-PVP podczas izotermicznych pomiarow DSC
przedstawiono na Rysunku 1la (Fig. 7a w P1). Jak mozna zaobserwowac, proces krystalizacji
zachodzit najszybciej w ukladzie zawierajacym polimer starPVP, natomiast najwolniej dla ASD
z matrycg PVP K30. Stanowito to pierwszg przestanke wskazujaca, ze komercyjny polimer PVP
najskuteczniej hamuje krystalizacj¢ API. W kolejnym etapie dane izotermiczne poddano bardziej
szczegdtowej analizie, wyznaczajac zmiane stopnia krystalizacji (a) w funkcji czasu (Rysunek 11b,
Fig. 7b w P1). Otrzymane krzywe dopasowano nastgpnie za pomocg rownania Avramiego, co
pozwolito na wyznaczenie statych szybkos$ci krystalizacji (K) w zaleznosci od rodzaju zastosowanej
matrycy polimerowej (Rysunek 11c, Fig. 7c w P1l). Pelna analiza danych izotermicznych

jednoznacznie wykazata, ze komercyjny PVP K30 najefektywniej ograniczal krystalizacj¢ APIL
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Najszybszy przebieg tego procesu odnotowano natomiast dla uktadu zawierajacego gwiazdzisty PVP,
co potwierdza istotny wpltyw topologii matrycy polimerowej na stabilno$¢ fizyczng badanych

formulacji (Rysunek 11).

Ponadto przeprowadzono czasowe badania XRD dyspersji statych MTZ-PVP w stosunku
50:50 w/w, rozpoczynajac pomiary dla §wiezo przygotowanych uktadéw amorficznych. Rejestracja
dyfraktogramow amorficznych dla mieszanin 75:25 w/w byta niemozliwa ze wzgl¢du na szybka
rekrystalizacj¢ MTZ. Wyniki przedstawione na Rysunku 12 (Fig. 9 w P1) wskazaly, Ze na stabilno$¢
fizyczng MTZ w tych mieszaninach wptywa topologia PVP. W przypadku uktadu zawierajacego
starPVP catkowita rekrystalizacjg MTZ zaobserwowano juz po 15 godzinach, na co wskazywato
pojawienie si¢ ostrych refleksow Braggowskich (Rysunek 12c). W matrycy binarnej z dodatkiem
linPVP proces rekrystalizacji rozpoczat si¢ pdzniej, tj. po 35 godzinach. Natomiast w formulacji
zawierajacej komercyjny PVP K30 MTZ pozostawal stabilny w formie amorficznej nawet po 35
godzinach (Rysunek 12a). Uzyskane wyniki jednoznacznie wykazaty, ze topologia polimeru
odgrywa istotng rolg w hamowaniu rekrystalizacji MTZ, co jest catkowicie spojne z uzyskanymi
wynikami kalorymetrycznymi. Ponadto, zarowno wyniki badan FTIR jak i XRD pokazaty, ze
topologia zastosowanego PVP nie determinuje powstajacej formy polimorficznej, tj. we wszystkich
analizowanych uktadach binarnych MTZ rekrystalizowat do tej samej odmiany krystalicznej.

(a) MTZ-PVP K30 50:50) —————— (b) MTZ-linPVP 50:50[ ————————— (C) MTZ-starPVP 50:50| —— 97—
po35h po35h

S s S

s po 20 h s po 20 h 5

32 32 2

E S 2

g po 15 h £ po 15 h g

> z Z

& = £

7] 05h 7]
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Swieza Swieza Swieza
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Rysunek 12. Czasowe pomiary dyfrakcyjne dla §wiezo przygotowanych probek MTZ-PVP 50:50 w/w: (a) MTZ-PVP K30; (b) PVP-
linPVP; (c) PVP-starPVP.
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Szczegdlnie istotnym 1 zarazem zaskakujacym
wynikiem bylo wykazanie, ze starPVP skutecznie hamuje
rekrystalizacj¢ MTZ w mieszaninie zawierajacej az 70% wag.
polimeru. Tak wysoka zawarto$¢ PVP nie byla mozliwa do
osiagnigcia w przypadku ASD zawierajacych liniowe
materiaty polimerowe. W uktadzie MTZ-starPVP 30:70 w/w
amorficzny MTZ zachowywal stabilnos¢ fizyczng przez
ponad miesigc, na co wskazywaty identyczne dyfraktogramy
zarejestrowane dla probki §wiezo przygotowanej oraz probki
przechowywanej przez ponad miesigc (Rysunek 13, Fig. 10
w P1). Obserwacja ta wskazuje na duzy potencjat tej
makroczasteczki jako skutecznej matrycy stabilizujacej ASD

0 wysokiej zawarto$ci polimeru.
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Artykut P2

Inhibition of naproxen crystallization by polymers: The role of topology
and chain length of polyvinylpyrrolidone macromolecules
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Rysunek 14. Struktury chemiczne substancji aktywnej oraz makroczasteczek wykorzystanych w publikacji P2.

Publikacja P2 stanowi kontynuacje i rozwini¢cie badan zaprezentowanych w artykule P1.
W odrdznieniu od publikacji P1, ktorej celem byta wylgcznie weryfikacja wplywu topologii
makroczasteczek PVP narodzaj oddziatywan miedzyczasteczkowych, stabilnos¢ fizyczng i tendencje
do rekrystalizacji MTZ, w niniejszych badaniach skupiono si¢ na zbadaniu wptywu nie tylko samej
architektury makroczasteczek, ale takze dtugo$ci tancucha polimerowego na stabilno$¢ amorficznej
formy API. W tym celu oprocz trzech matryc uzytych w badaniach P1, ktore charakteryzowaty sie
odmienng topologia, ale podobnym/zblizonym ci¢zarem czasteczkowym, na potrzeby tej pracy
zsyntezowano rowniez liniowy PVP (linPVP14k) o Mn odpowiadajacej dtugosci jednego ramienia
polimeru gwiazdzistego (Rysunek 14). Aby utatwi¢ rozréznienie obu polimerow liniowych w dalszej
czesci pracy, wprowadzono dla nich odrgbne oznaczenia. Polimer liniowy o parametrach My=13 800
oraz P=1.22 oznaczono jako linPVVP14k, natomiast polimer o parametrach M,=37 600 oraz P=1.17
jako linPVP38k. Tak wyselekcjonowane matryce polimerowe zastosowano jako innowacyjne dodatki

do wytworzenia ASD z NAP, czyli silnie rekrystalizujacym API.

W ramach pracy P2 przeprowadzono badania roznicowej kalorymetrii skaningowej (DSC),
dyfrakcji rentgenowskiej (XRD) 1 spektroskopii w podczerwieni (FTIR), a takze symulacje dynamiki
molekularnej, aby uzyska¢ kompleksowy wglad w witasciwosci termiczne 1 strukturalne, a takze
oddziatywania mig¢dzyczgsteczkowe w ukladach NAP-PVP. Gtownym celem wszystkich
przeprowadzonych eksperymentéw byla doglebna ocena wptywu struktury makroczasteczki
(topologia, M, a takze D) na kinetyke krystalizacji NAP.
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Rysunek 15. Termogramy DSC (¢ = 10 K/min) (a) czystego NAP oraz (b) ASD NAP-PVP w takim samym stosunku wagowym (80:20
w/w) obu sktadnikow, a takze termogramy DSC (c) NAP-linPVVP14k i (d) mieszanin NAP-starPVP w r6znych stosunkach wagowych
(90:10, 80:20, 70:30, 60:40 w/w).

W pierwszym etapie prowadzonych badan ustalono, ze NAP miesza si¢ z kazda matryca
polimerowg w maksymalnym stosunku wagowym 60:40. Na tej podstawie do dalszych badan
wybrano uktady NAP-PVP o nastepujgcych proporcjach: 95:5, 90:10, 85:15, 80:20, 70:30 i 60:40
w/w. Nastepnie przeprowadzono szczegétowe pomiary kalorymetryczne, ktorych celem bylo
scharakteryzowanie wlasciwosci termicznych i przemian fazowych dla NAP oraz uktadéw binarnych
NAP-PVP. Podobnie jak w przypadku MTZ analizowanego w pracy P1, ustalono, ze amorficznego
NAP nie mozna uzyska¢ wytacznie za pomocg klasycznej techniki witryfikacji (Rysunek 15a, Fig.
2a w P2). Co wigcej, badania przeprowadzone dla kazdego uktadu binarnego wykazaty, ze dodatek

polimeru do okoto 15% wag. nie hamuje skutecznie procesu rekrystalizacji. Trzy pierwsze
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analizowane systemy, tj. 95:5, 90:10 oraz 85:15 w/w, charakteryzowaty si¢ bardzo podobnymi
wlasciwo$ciami termicznymi i nie mogly zosta¢ otrzymane w postaci szklistej z zastosowaniem
standardowej metody witryfikacji. Dopiero w przypadku uktadéw NAP-PVP w stosunku 80:20 w/w
mozliwe bylo uzyskanie formulacji amorficznych, cho¢ nadal wykazywaty one stosunkowo silng
tendencje do krystalizacji (Rysunek 15b, Fig. 2b w P2). Z kolei systemy NAP-PVP w stosunkach
wagowych 70:30 i 60:40 wykazywaty catkowita amorficzno$¢ i bardzo silne zahamowanie
krystalizacji API. Dla tych formulacji na termogramach obserwowano wylacznie przejscie szkliste,
bez oznak rekrystalizacji. Warto$ci temperatury zeszklenia wynosity odpowiednio Tg~302-306 K
dla uktadéw 70:30 w/w oraz Tg~315-322 K dla systemow 60:40 w/w (Rysunek 15cd, Fig. 2cd
w P2). Wyniki te ujawnity, ze skuteczna stabilizacja amorficznego NAP w matrycach PVP wymaga
co najmniej 20% wag. polimeru, natomiast pelne zahamowanie krystalizacji obserwowane jest

dopiero przy wigkszej zawartosci PVP, tj. 30-40% wag.

Nastepnie, aby zaobserwowaé wptyw rodzaju matrycy polimerowej na skalg czasu krystalizacji,

przeprowadzono izotermiczne

1.0
pomiary DSC dla uktadow
0.8/ NAP-PVP 80:20  wiw,
w temperaturze 314 K, tj.
(N3 =314 K . .
= w temperaturze zblizonej do
2 NAP-PVP K30 o _
0.41 @ NAPaPVPL4K Tg. W tym miejscu nalezy
N AP-fin PV P38k o »
N AP-srarPV P zaznaczy¢, ze lepkos¢ (1)
0.2}
badanych mieszanin
0.0 binarnych ma istotny wptyw
Y 100 00 00 400 500 00 T S0 W0 na przebieg procesu
Cras [min| . .. .
krystalizacji. Aby mozliwe
Rysunek 16. Pordéwnanie przebiegu procesu krystalizacji dla wszystkich badanych
mieszanin NAP-PVP (80:20 w/w) w temperaturze 314 K. bylo wyodrebnienie wptywu

zastosowanych matryc
polimerowych, do izotermicznych badan DSC wybrano temperaturg, w ktorej analizowane uklady
wykazywaty zblizong 7. Jak przedstawiono na Rysunku 16 (Fig. 5e w P2), na podstawie uzyskanych
danych kalorymetrycznych wyznaczono zmiang stopnia krystalizacji (a) w funkcji czasu. Analiza
otrzymanych krzywych, dopasowanych z wykorzystaniem réwnania Avramiego, wykazala, ze
matryca linPVP38k najskuteczniej hamowata krystalizacje API. Z kolei NAP w mieszaninach
z trzema pozostatymi matrycami (PVP K30, linPVP14k, starPVP) wykazywatl zblizong skale

czasowa rekrystalizacji. Na podstawie tych wyniko6w mozna wnioskowac, ze polimer PVP o budowie
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gwiazdy wplywa na zachowanie krystalizacji NAP bardzo podobnie jak polimer liniowy o My
odpowiadajacej pojedynczemu ramieniu makroczasteczki gwiazdzistej. Szczegoblnie interesujace jest
jednak to, ze dostepny komercyjnic PVP K30 (pomimo S$redniej Mn wynoszacej ~ 40 000) nie
wykazywat podobienstwa do swojego zsyntetyzowanego odpowiednika (linPVP38k). Zamiast tego
hamowat krystalizacj¢ API w skali czasowej zblizonej do linPVP14k oraz starPVP. Najbardziej
prawdopodobng przyczyng tej obserwacji jest wysoka dyspersyjnos¢ PVP K30 w poréwnaniu
z samodzielnie zsyntetyzowanymi makroczgsteczkami. Komercyjny PVP charakteryzuje si¢
szerokim rozktadem mas molowych tancuchow polimerowych, co oznacza, ze zawiera zar6wno
frakcje o nizszym, jak i wyzszym Mn. Mozna zatem przypuszczaé, ze obecnos$¢ frakcji o nizszych
warto$ciach Mp w matrycy polimerowej w istotnym stopniu determinuje szybkos¢ krystalizacji NAP

w formulacjach API-polimer.

Badania XRD wykazaly natomiast, ze niezaleznie od topologii oraz warto$ci Mn zastosowanej
makroczasteczki, NAP krystalizuje do tej samej formy polimorficznej (Fig. S5 w P2). Ze wzgledu na
szybka krystalizacje uktadow NAP-PVP 80:20 w/w nie bylo jednak mozliwe jednoznaczne
okreslenie za pomocy tej techniki, ktdra z analizowanych makroczasteczek najskuteczniej hamuje

proces krystalizacji API.

Z kolei, badania w podczerwieni ujawnity bardzo subtelne réznice miedzy widmami

w zaleznosci od M 1 topologii uzytego PVP co sugeruje brak istotnych réznic w oddziatywaniach
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cm 1) i makroczasteczki (1655 cm ™) oraz drganiom rozciagajacym C=C NAP (1630 i 1602 cm™?)
(Rysunek 17, Fig. 9 w P2). Mozna zauwazy¢, ze pasmo vc=o stopionego NAP sktada si¢ z dwoch
pikow: (i) piku o wysokiej liczbie falowej (1741 cm™), wynikajacego z drgan rozciagajacych
swobodnych grup C=0, oraz (ii) piku o niskiej liczbie falowej (1706 cm™), przypisanego do drgan
rozciagajacych grupy C=0 wigzanej z wodorem (dimery).®?® Jak mozna zaobserwowaé na Rysunku
17, dla probki NAP-starPVP wraz ze wzrostem udziatu polimeru w mieszaninie binarnej wzrasta
intensywno$¢ pikow zlokalizowanych przy 1722 i 1630 cm™* oraz zmniejsza si¢ intensywno$¢
sygnatow przy 1702 i 1605 cm L. Wyniki te wyraznie wskazuja, ze przy niskim stezeniu PVP (20%
wag.), NAP wystepuje jako kombinacja dimerdéw (intensywne pasmo przy ~ 1702 cm™t). Natomiast
wraz ze zwigkszaniem udziatu makroczasteczki intensywno$¢ tego pasma drastycznie maleje, co
sugeruje rozpad wigzan wodorowych NAP-NAP, a faworyzowanie tworzenia wigzan pomig¢dzy
grupa hydroksylowa AP, a grupa karbonylowa PVP. Nalezy zauwazy¢, ze NAP z innymi matrycami
(PVP K30, linPVP14k i linPVP38k), wykazuja takie same efekty spektralne po dodaniu polimeru do
API, jak w przypadku NAP-starPVP (Fig. S15 w P2).

Dodatkowo, na podstawie wynikoéw z dtugoterminowych badan FTIR ustalono, ze najwigksza
(nawet czteromiesi¢czna) stabilno$¢ fizyczna mieszanin NAP-PVP w stosunku 60:40 w/w wynika
gléwnie z tworzenia wigzan wodorowych miedzy czasteczkami API i PVP, poniewaz wysoka
zawarto$¢ polimeru zapobiega samoasocjacji czasteczek NAP, co znaczaco wptywa na kinetyke

rekrystalizacji i skutecznie hamuje ten proces.

W ostatnim etapie badan, wykonano symulacje dynamiki molekularnej dla czystego uktadu
NAP oraz mieszanin API z r6znymi PVP w stosunku wagowym 80:20 i 60:40, ktére potwierdzity
wyniki badan w podczerwieni — tj. im wiecej] PVP uzyto, tym wigce] wystepujacych wigzan
wodorowych pomiedzy NAP a PVP i mniej dimeréw NAP-NAP; w konsekwencji, wyzsza stabilnosc¢
ASD przy wigkszej ilo$ci polimeru. Ponadto wykazano niewielkie roznice w oddzialywaniach wigzan
wodorowych w zaleznosci od rodzaju polimeru PVP w uktadzie (Rysunek 18), a takze najwieksza
jednorodnos$¢ uktadu NAP-linPVP38k (Fig. 10 w P2), co wyjasnia najskuteczniejsze hamowanie
krystalizacji APl przez polimer o $cisle zdefiniowanej My i niskiej D, co rowniez wywnioskowano
z analizy izotermicznych danych DSC. Nalezy zatem zauwazy¢, ze wyniki obliczen teoretycznych sa
zgodne z wynikami badan eksperymentalnych. Uzyskane dane mozna zatem uzna¢ za niezwykle
istotne z perspektywy projektowania nowych formulacji farmaceutycznych zawierajacych polimery

o dobrze zdefiniowanych parametrach makroczasteczkowych 1 architekturze.
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Podsumowujac, przeprowadzone badania wyraznie wykazaty, ze najskuteczniejsza matryca
w hamowaniu krystalizacji NAP jest liniowy, zsyntetyzowany PVP o wyzszej Mn podobnej do
komercyjnego PVP, ale o niskiej, $ci$le kontrolowanej dyspersyjno$ci. Ponadto, zaobserwowano, ze
NAP w mieszaninie z gwiazdzistym PVP wykazuje podobne zachowanie krystalizacyjne jak
w polaczeniu z polimerem liniowym, w ktorym M, odpowiada M, jednego ramienia gwiazdzistej
makroczasteczki. Uzyskane dane podkreslaja kluczowa role struktury polimeru w projektowaniu

nowych formulacji farmaceutycznych.
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Rysunek 18. Diagramy przedstawiajace liczb¢ wigzan wodorowych dla badanych uktadow NAP-PVP w dwoch stosunkach 80:20 oraz
60:40 wiw.
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3.3. Wplyw  architektury  polimeréw PVP na  uporzadkowanie
cieklokrystaliczne APl w ukladach binarnych (artykul P3)

Artykut P3

The Influence of PVP Polymer Topology on the Liquid Crystalline
Order of Itraconazole in Binary Systems

Molecular Pharmaceutics, 2024, 21 (6), 3027-3039
DOI: 10.1021/acs.molpharmaceut.4c00215

g -"v—x__\.
_:.\_Thlr\-k e L

Tully e phdisg! -

Together. we afe |
I,-"-'i._.-*"'_""rlj () . @ J‘LHLJ\a ﬂ;lb‘\._,«.__} -

T
PYP TOPOLOGY MATTERS BTy, W'

den 1 i Isgelher. F'm |
-\.\Hll"'l:uﬂ:rflll]_' 4

e r
=7 oLt U

.’"‘ﬁ : I-'." rJ_ ':'-1r '-"I-\—qll"l“':.
Qi 5-‘1"*5-) oy

1 II|I E I|

A ———, |'|

[ -'f1 |I| |I
&7 v JL -

Abstrakt graficzny

Link prowadzacy do artykutu:

@

44



Mln= 40 504K H Mn-57 &0
=205 LER &'

Makroczasteczki

&~

FVP K | linFVEP

CHy o

Substancja
aktywna

lirakonazal (ITE)

“X\fk "w
H g,
| o n

starPVP

]

L ,.:.
5-0-O-0~

Q0

Rysunek 19. Struktury chemiczne substancji aktywnej oraz makroczasteczek wykorzystanych w publikacji P3.

W kolejnej pracy (P3), zsyntezowane matryce polimerowe o zroznicowanej architekturze -

liniowej (linPVP) i gwiazdzistej (starPVP) oraz probke handlows jako referencyjng (PVP K30)

o podobnych masach czasteczkowych, ale wyraznie rdznej topologii przetestowano jako substancje

pomocnicze w formulacjach binarnych z cieckawa API - itrakonazolem (ITZ) (Rysunek 19). Jest to

substancja lecznicza bardzo trudno rozpuszczalna w wodzie (zaledwie 1 ng/mL),*® ale wykazujaca

ciekawe ciektokrystaliczne uporzadkowanie molekularne, ktorego modulacja moze potencjalnie

przyczyni¢ si¢ do poprawy biodostepnosci leku. Zatem na tym etapie szczegdlng uwage badawcza

— | TZ
ITZ-PVP K30 95:5
ITZ-linPVP 95:5
Ty =364K | | TZ-starPVP 95:5
e | TZ-starPVP 90:10
ITZ-starPVP 85:15

Tonn=348K

Toma=339K T, =359K
T,=333K,

Przeplyw ciepla [a.u.]

TS\W—N:SSIK

T,=336K

320 330 340 350 360 370 380
Temperatura [K]

Rysunek 20. Termogramy ITZ i mieszanin binarnych ITZ-PVP.
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polimerowej. Doktadniej, makroczasteczki liniowe (PVP K30, linPVP) wykazaly mieszalnos$¢ z API
jedynie na poziomie 5% wag., natomiast PVP gwiazdzisty posiadal mieszalno$¢ z ITZ az na poziomie
15% wag. Pomiary kalorymetryczne wykazaty, ze kazda matryca polimerowa silnie wplywa na
temperatury przejsé¢ ciektokrystalicznych w ITZ (Rysunek 20, Fig. 2 w P3). Jak widaé¢, podczas
ogrzewania APl widoczne sa trzy endotermiczne przejécia fazowe. Pierwsze wystepujace
W najnizszej temperaturze zwigzane jest z przejsciem szklistym (Tg=332 K). Natomiast dwa pozostate
sygnaty endotermiczne przy wyzszych wartosciach T sg powigzane z uporzagdkowaniem
ciektokrystalicznym ITZ. Dokladniej, przejscie w T=348 K odpowiada przejsciu API z fazy
smektycznej (Sm) do nematycznej (N) (Tsm-n), Natomiast to wystgpujace w T=364 K jest zwigzane
z przej$ciem z fazy N do fazy izotropowej (1) (Tn-1). Warto zauwazy¢, ze uzyskany termogram 1TZ
oraz wyznaczone przejscia fazowe byly catkowicie zgodne z danymi przedstawianymi w innych
pracach. Nastepnie zarejestrowano termogramy ASD ITZ-PVP 95:5 w/w. Zauwazono (Rysunek 20),
ze niezaleznie od rodzaju polimeru zastosowanego w uktadzie binarnym, warto$¢ temperatury Tg
pozostaje niezmieniona w odniesieniu do czystej API, podczas gdy temperatury obu przemian
ciektokrystalicznych przesuwajg si¢ w kierunku nizszych wartosci T: do 339 K (Tsm-n) 1 359 K (Tn.1).
Nalezy rowniez zauwazy¢, ze w porownaniu z czysta APL, intensywnos$ci pikow reprezentujacych
przemiany ciektokrystaliczne ulegly zmniejszeniu, przy czym najbardziej znaczaca redukcje
intensywnos$ci sposrod badanych ukladow zaobserwowano dla mieszaniny ITZ-starPVP. Jak
wspomniano powyzej, ze wzgledu na mozliwos¢ uzyskania jednorodnych uktadéw ITZ-starPVP
0 wyzszej zawartosci polimeru, przeprowadzono rdwniez badania kalorymetryczne ASD, w ktorych
stosunki wagowe API do PVP wynosity odpowiednio 90:10 i 85:15. Analiza uzyskanych
termogramoéw wykazata, ze w przypadku mieszaniny ITZ-starPVP 90:10 w/w wystepuje wyrazne
przejscie szkliste, ale jest ono nieco przesunigte w kierunku wyzszych wartosci Tg (336 K) ze wzgledu
na wyzsze stgzenie polimeru w probcee. Co szczegdlnie interesujace, przemiana Sm—N byta catkowicie
sttumiona, podczas gdy przemiana N-I miata bardzo niska intensywnos$¢ i byta silnie przesunigta
w kierunku Tg (Tn-1 =351 K). Z kolei, dla uktadu ITZ-starPVP 85:15 w/w widoczny byt tylko jeden
endotermiczny skok ciepta wiasciwego odpowiadajacy przejsciu szklistemu przy 340 K. Natomiast
oba przejscia ciektokrystaliczne (Sm-N oraz N-1) w tej probce byty catkowicie sthtumione. Oznaczato
to, ze otrzymana mieszanina ITZ-starPVP 85:15 w/w byta w pelni amorficzna, co nie bylo mozliwe

do osiagniecia w przypadku uktadéw binarnych zawierajacych polimery liniowe (PVP K301 linPVP).
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Wiyniki dalszych badan strukturalnych pozostawaly spojne z obserwacjami uzyskanymi na

podstawie danych kalorymetrycznych. Jak pokazano na Rysunku 21, zaréwno dyfraktogramy ITZ,

—i—— MZ-swarPVP 984 ———=—xr—1 jak 1 jego mieszanin

L .-[\\_ I | binarnych  z  réznymi

v_/ ~ probkami PVP (95:5 w/w)

d wykazywaty

T P ITZ-PVF K30 #5:.5—* : b [ T Z-star PV P 910101 o

i [m = poes charakterystyczne  piki

§ w  zakresie  niskich

E

) ’ — warto$ci wektora

E ITZ-lin PV P 255 + ¥ ITZ-starPV P 85 15—+ rozpraszania (Q)
ich L1 . .

zwigzane z porzadkiem

LC. Ogolnie rzecz biorac,

e ] w przypadku czasteczek

85 10 15 10 25 3p Bs 10 15 20 25 30 : h

Wektor rospraseanks 0 A Wektor rerpraseania Q A API wystepujacyc

Rysunek 21. Dyfraktogramy (a) szkta ITZ i oznaczonych ASD, (b) ITZ-PVP K30 95:5 wiw; (c) W fazie Sm (tj. utozonych
ITZ-linPVP 95:5 w/w; (d) ITZ-starPVP 95:5 wiw; (e) ITZ-starPVP 90:10 w/w; oraz (f) ITZ-
starPVP 85:15 w/w. Pierwsza wstawka (na panelu a) przedstawia powigkszony widok Warstwowo, Rysunek 6),
poréwnywanych dyfraktograméw w zakresie matych wartosci Q, natomiast druga wstawka (na
panelu d) przedstawia poréwnanie amplitudy gléwnego piku dyfrakcyjnego. zwykle podaje si¢
sekwencje pikow
dyfrakcyjnych przy Q ~ 0,2, 0,4 i 0,6 A1,*%* natomiast dla fazy N piki te sa silnie sttumione. Jak
wida¢ na wstawce na Rysunku 21a, znacznie wyzsze amplitudy pikéw przy niskich wartosciach Q
byty widoczne dla probki ITZ w poréwnaniu z ASD, co $wiadczyto o thumieniu uporzadkowania LC
w uktadach binarnych. Z kolei wstawka na Rysunku 21d pokazata, ze rowniez glowny pik
dyfrakcyjny ITZ zmniejsza si¢ wraz z obecno$cig matrycy PVP, co oznaczato, Zze organizacja
czasteczek w najblizszym sasiedztwie jest bardziej nieuporzadkowana. Nie zaobserwowano jednak
duzych réznic na dyfraktogramach dla roznych uktadéw ITZ-PVP 95:5 w/w. Niemniej jednak dane
dla systemu API-starPVP o roznej zawartosci matrycy polimerowej pokazaty, ze wraz ze wzrostem
zawartos$ci polimeru nastepuje wyrazne ttumienie 1 lekkie przesunigcie gtdownego piku dyfrakcyjnego
w kierunku nizszych wartosci Q, co wskazuje na silniejsze zaburzenie struktury
miedzyczasteczkowej ITZ. Co wigcej, piki przy niskim Q byty mniejsze w ASD 90:10 w/w, co
sugerowato, ze w tym ukladzie zachowane jest jedynie uporzadkowanie N, podczas gdy
w mieszaninie 85:15 w/w piki o niskim Q praktycznie calkowicie zanikaja, wigc struktura ITZ
przypomina strukture cieczy izotropowej. Co wiecej, dlugoterminowe eksperymenty XRD wykazaty

najwicksza stabilnos$¢ uktadow ITZ-starPVP (Fig. 4 w P3).
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W ostatnim etapie pracy przeprowadzono badania rozpuszczalnosci I1TZ, a takze API
zdyspergowanego w trzech réznych matrycach polimerowych (PVP K30, linPVP i starPVP). Testy
rozpuszczania APl wykonano z uzyciem roztworu kwasu solnego o pH=1, stanowigcego medium
symulujace srodowisko zotgdka cztowieka na czczo. Poniewaz przyjmuje sie, ze czas oprozniania
zoladka na czczo wynosi zazwyczaj okoto 0,5-2 h, czas pomiaru w badaniach rozpuszczalnosci
ustalono na 120 min. Wyniki przeprowadzonych eksperymentow przedstawiono na Rysunku 22
(Fig. 8 w P3). Zauwazono, ze krystaliczny ITZ charakteryzuje si¢ bardzo niska rozpuszczalnos¢
w $rodowisku kwasnym, wynoszaca okoto 5 pg/mL, co jest w pelni zgodne z danymi
opublikowanymi w literaturze.*®* Amorfizacja ITZ prowadzi natomiast do wyraznego zwickszenia
rozpuszczalnosci API (~100 pg/mL po okoto 30 minutach). W tym czasie substancja lecznicza ulega
szybkiemu rozpuszczeniu, prowadzac do powstania stanu przesycenia. Po okoto 60 minutach
obserwuje si¢ jednak niewielki spadek ilo$ci rozpuszczonego amorficznego ITZ, co moze wskazywaé

na poczatek procesu precypitacji substancji z roztworu.
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Rysunek 22. Kinetyka rozpuszczania ITZ i ITZ w mieszaninach z réznymi PVP (95:5 1 85:15 w/w) w 0.1 M HCI.

Z kolei, w kazdym z testowanych uktadow ITZ-PVP zaobserwowano znaczny wzrost
rozpuszczalnosci substancji leczniczej w pordwnaniu z czysta formg krystaliczng ITZ (Rysunek 22).
Ponadto, w przeciwienstwie do amorficznego 1TZ, szybko$¢ rozpuszczania byla mniejsza we
wszystkich systemach binarnych. W ciggu 120 minut widoczny byt staly wzrost stezenia

rozpuszczonego API bez oznak precypitacji. Co cickawe, w przypadku uktadéow ITZ-PVP 95:5 w/w
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najwigksza poprawe rozpuszczalnosci odnotowano dla API zdyspergowanego w liInPVP. Po okoto
120 minutach eksperymentu uwolnione API z matryc PVP K30, linPVP i starPVP osiagnetly stezenia
odpowiednio 70, 90 i 75 ug/mL. Co wiecej, mimo ze tylko starPVP wykazuje zdolnos$¢ tworzenia
jednorodnej mieszaniny o zawartosci polimeru 15% wag., zdecydowano przygotowaé do pomiaréw
rozpuszczalnoséci formulacje binarne 85:15 w/w zawierajace kazdy badany polimer. Co istotne, jak
pokazano na Rysunku 22, dla uktadow ITZ-PVP K30 i PVP—IIinPVP, niezaleznie od stosunku API-
polimer, krzywe rozpuszczalnosci miaty bardzo podobny przebieg. Jednak sytuacja byta zupetie
odmienna w przypadku uktadu ITZ-starPVP. Doktadniej, rozpuszczalnos¢ ITZ-starPVP 85:5 wiw
ulegta znacznej poprawie (100 pg/mL) w poréwnaniu z uktadem zawierajagcym 5% wag. polimeru
(75 pg/mL). Obserwacje te wynikajg z faktu, ze API nie tworzy faz LC w ASD z 15% wag. starPV/P,
co zostalo potwierdzone wczes$niej na podstawie wynikow badan DSC i XRD. Zatem badania
rozpuszczalno$ci wyraznie wykazaly, ze wybdr rodzaju polimeru ma kluczowe znaczenie dla
poprawy rozpuszczalnosci substancji leczniczej. Sposrdéd wszystkich testowanych ASD, najnizszy
wzrost rozpuszczalno$ci odnotowano dla uktadéow ITZ-PVP K30 (95:5 i 85:15 w/w), natomiast
najlepszy dla mieszaniny APl-starPVP 85:15 w/w. Prawdopodobng przyczyng najwyzszej szybkosci
rozpuszczania APl wymieszanego z gwiazdzistg matrycg PVP w poroéwnaniu z liniowymi matrycami
polimerowymi jest catkowita amorfizacja uktadu ITZ-starPVP 85:15 w/w (brak uporzadkowania
LC).
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Wplyw charakteru hydrofilowo-hydrofobowego polimeréw na stabilnosé

fizyczna i biodostepnosé pirybedylu (artykul P4)

Artykul P4

Hydrophilic and Amphiphilic Macromolecules as Modulators
of the Physical Stability and Bioavailability of Piribedil:
A Study on Binary Mixtures and Micellar Systems

Molecular Pharmaceutics, 2025, 22 (8), 4708—4730
DOI: 10.1021/acs.molpharmaceut.5c00276
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Rysunek 23. Struktury chemiczne substancji aktywnej oraz makroczasteczek wykorzystanych w publikacji P4.

Celem kolejnej pracy (P4) byto kompleksowe zbadanie ASD, a takze uktadow micelarnych
ztozonych z trudno rozpuszczalnej w wodzie 1 charakteryzujacej si¢ ograniczong biodostepnoscia
substancji aktywnej — pirybedylu (PBD) — oraz trzech matryc polimerowych réznigcych si¢ budows
i wlasciwosciami: (i) komercyjnie dostepnego amfifilowego kopolimeru o nazwie handlowej
Soluplus®, (ii) zsyntetyzowanego linPVP oraz (iii) trojramiennego polimeru PVP o architekturze
gwiazdzistej (starPVP). Struktury chemiczne zwigzkow wykorzystanych na potrzeby pracy P4
zaprezentowano na Rysunku 23. W tym miejscu nalezy zwréci¢ uwage, ze zastosowany komercyjny
kopolimer posiadat M, = 108 500. Dlatego, analogicznie jak w przypadku prac P1-P3, na potrzeby
pracy P4 zsyntezowano homopolimery PVP o r6znych topologiach, ale o zblizonych warto$ciach M.
Takie podejscie umozliwito szczegotowa analizg wptywu architektury i charakteru makroczasteczek
(tj. amfifilowosci lub hydrofilowosci) na zdolno$¢ hamowania rekrystalizacji PBD z ASD, zmiany

temperatur przejs¢ fazowych, a takze mozliwos¢ poprawy wtasciwosci farmakokinetycznych API.

Podczas prob formulacyjnych prowadzonych z wykorzystaniem metody witryfikacji
wykazano, ze PBD moze tworzy¢ jednorodne mieszaniny z substancjami pomocniczymi do
maksymalnego stosunku wagowego 60:40. W celu eksperymentalnego potwierdzenia mieszalnos$ci
API z makroczasteczkami przeprowadzono analiz¢ Flory’ego-Hugginsa. W ramach tego podejscia
przeanalizowano zmian¢ temperatur topnienia (Tm) w funkcji udzialu matrycy polimerowe;,

a nast¢pnie wyznaczono parametry oddziatywan (x). Otrzymane ujemne wartosci y wskazaty na
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korzystne oddziatywania migdzy sktadnikami oraz potwierdzity mozliwo$¢ jednorodnego mieszania
PBD z zastosowanymi polimerami, tj. Soluplus i PVP, w stosunku do 60:40 w/w (Fig. S7 i S8 w P4).
W zwiagzku z tym do dalszych badan wybrano amorficzne uktady PBD-Soluplus oraz PBD-PVP
0 proporcjach 90:10, 80:20, 70:30 i 60:40 w/w.

W pierwszym etapie wykonano pomiary kalorymetryczne APl (Fig. 2a w P4). Podczas
ogrzewania krystalicznego PBD (¢ = 10 K/min) na termogramie zaobserwowano intensywny pik
endotermiczny przy T =370 K, odpowiadajgcy topnieniu substancji. Po schtodzeniu stopionej probki
1 jej ponownym ogrzaniu zidentyfikowano cztery przejscia fazowe. Pierwsze z nich, wystepujace
W nizszej temperaturze, przypisano przejsciu szklistemu przy Tg = 260 K. W wyzszym zakresie
temperatur obserwowano natomiast procesy egzo- i endotermiczne, odpowiadajace odpowiednio
krystalizacji przy Tc = 327 K oraz topnieniu przy Tmay = 371 K i Tmaiy = 364 K. Te dwa zarejestrowane
endotermiczne sygnaty zwigzane z procesem topnienia stanowily interesujacg i nieoczekiwang
obserwacje, wskazujaca na obecnos¢ dodatkowej formy polimorficznej PBD, ktora dotychczas nie

byta opisywana w literaturze.

Nastepnie przeprowadzono dodatkowe badania DSC dla uktadow PBD—polimer, roéwniez
przy standardowej szybkos$ci grzania (¢ = 10 K/min), w celu okreslenia wptywu dodatku réznych
makroczasteczek na proces krystalizacji API oraz powstawanie jego form polimorficznych. Analiza
zebranych danych wykazatla, ze PBD w kazdej mieszaninie, nawet przy niewielkim udziale substancji
pomocniczej wynoszacym 10% wag., ulegat zeszkleniu niezaleznie od rodzaju zastosowanej matrycy
polimerowej. We wszystkich przypadkach préby otrzymania ASD zakonczyty si¢ powodzeniem,
a krzywe DSC uzyskanych formulacji wykazywaty wylacznie jeden skok ciepta wiasciwego,
odpowiadajacy Tg, bez zadnych oznak rekrystalizacji (Fig. 2bcd w P4). Wyniki te potwierdzity
amorficzny charakter badanych uktadow oraz skuteczne zahamowanie krystalizacji PBD przez

zastosowane matryce polimerowe.

Nieizotermiczne pomiary DSC wykazaly, ze PBD charakteryzuje si¢ silng tendencja do
rekrystalizacji. Jednoczes$nie stwierdzono, ze poprzez zmian¢ szybkoSci ogrzewania ¢ tej API
mozliwe jest modulowanie proporcji dwdch form polimorficznych, tj. formy 11 11, obecnych w probee
(Rysunek 24a, Fig. 4a w P4). Co ciekawe, w przeciwienstwie do czystej substancji aktywnej,
w mieszaninach binarnych 90:10 w/w preferowana/faworyzowana byta rekrystalizacja do formy
polimorficznej II, charakteryzujgcej si¢ nizszg temperaturg topnienia. Ponadto udziat formy I,
0 wyzszej temperaturze topnienia Tm(), Stopniowo malal wraz ze wzrostem ¢ (Rysunek 24b, Fig. 4b

w P4). Kolejng istotng obserwacja byto to, ze wigksza zawartos¢ kopolimeru Soluplus w mieszaninie,
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wynoszaca 20% wag., prowadzita do rekrystalizacji PBD wylacznie do formy polimorficznej II,
0 Tma1y) = 362 K, co przedstawiono na Rysunku 24c (Fig. 4c w P4). Z kolei linPVP okazat si¢ bardziej
skuteczng matrycg w thumieniu rekrystalizacji PBD. W szczeg6lnosci termogram uktadu PBD—
linPVP 90:10 w/w wykazywal szeroki, czeSciowo rozdzielony pik egzotermiczny, przypisany
krystalizacji, jedynie przy najnizszych szybko$ciach ogrzewania, tj. ¢ = 2 i 4 K/min. Przy nieco
wyzszej szybko$ci ogrzewania, wynoszacej ¢ = 6 K/min, obserwowano juz wylacznie przejscie
szkliste, co wskazywato na catkowicie amorficzny charakter materiatu (Rysunek 24d, Fig. 4d w P4).
W przypadku uktadu PBD-starPVP juz dodatek zaledwie 10% wag. polimeru znaczaco hamowat
krystalizacje leku nawet przy najnizszej szybkosci ogrzewania, tj. ¢ = 2 K/min. Potwierdza to
obecno$¢ jedynie skoku ciepla wiasciwego przy Tg = 259 K na krzywej DSC, widocznego we

wstawce na Rysunku 24d.

2 K/mi
— K PBD ____ [PBD-Soluplus 90:10wiw|
(a) w3 K/min (b) 2 K/m?n
s 20 K/min 4 K/min
w6 K/min
; Tm(l):371 K : w3 K/min
= T,=258 K Trnan=364 K =
= . Ve =
£ T.=317K T =371 K )
3} ¢ 3}
_% T,=260 K Tmay=365 K ;
3 § —
& T,=326 K Tmp=372K & Tima=365 K]
T,=263 K Tmy=367 K T =370 K
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T T T T T T T T T T T T T T T T T T T T T
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Temperatura [K] Temperatura [K]

Rysunek 24. Termogramy DSC uzyskane z pomiaréw nieizotermicznych (a) PBD oraz r6znych mieszanin binarnych: (b) PBD-
Soluplus 90:10 w/w, (c) PBD-Soluplus 80:20 w/w, (d) PBD-linPVVP 90:10 w/w (we wstawce przedstawiono termogram uktadu

PBD-starPVP 90:10 w/w zarejestrowany przy ¢ = 2 K/min).
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Istnienie Il formy polimorficznej PBD zostato potwierdzone badaniami XRD, ktére wykazaty
obecno$¢ odmiennych sygnatow dyfrakcyjnych po rekrystalizacji PBD z mieszanin binarnych
w pordéwnaniu z jego forma wyjsciowg (Rysunek 25, Fig. 6 w P4). Odkrycie to stato si¢ podstawg
do stworzenia dwoch zgloszen patentowych dotyczacych otrzymywania i stabilizacji nowej formy
polimorficznej API. Ponadto

(b) © analiza danych z

@)

Soluplus N . y,
dhugoterminowych pomiaréw
po 1 dniu
po 1 dniu

XRD ujawnita, ze hydrofilowe

90:10 wiw
Intensywno$¢ [a. u.]

polimery PVP  skutecznigj

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 140 2 4 6 8 10 12 14 tabilizuia amorficzn tad
@ SR O] M S ab ujg amoriiczng postac
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/M— podstawie samych danych
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>’ /\& w kolejnym etapie
) ‘ przeprowadzono badania
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Kat rozpraszania 20 [°] Kat rozpraszania 20 [°] Kat rozpraszania 20 [°] d e I ektryCZ ne (B DS) ' kt()re
Rysunek 25. Dyfraktogramy dtugoterminowych pomiaréw strukturalnych dla (a, d, g, j)
PBD-Soluplus, (b, e, h, k) PBD-1inPVP oraz (c, f, i, I) PBD-starPVP w r6znych stosunkach
wagowych 90:10, 80:20, 70:30 i 60:40 w/w.

pozwolity ustali¢ temperatury,
w  ktorych 1 badanych
mieszanin binarnych 90:10 oraz 80:20 w/w byta zblizona (Fig. 10 i S13 w P4). Zabieg ten pozwolit
w nastgpnym kroku przeprowadzi¢ izotermiczne pomiary BDS w wyznaczonych T, aby ustali¢ w jaki
sposob charakter i topologia stosowanych matryc polimerowych wptywa na zachowanie procesu
rekrystalizacji. Uzyskane dielektryczne dane izotermiczne przeanalizowano pod katem zmiany strat
dielektrycznych (&,,) w funkcji czasu. Nastepnie znormalizowane &, (t) zostaty opisane réwnaniem
Avramiego, co pozwolito wyznaczy¢ state szybkosci krystalizacji (Rysunek 26, Fig. 12 w P4).
Analiza ta jasno wskazata, ze amorficzny PBD wykazuje najwyzszg stabilno$¢ fizyczng w uktadach
ASD zawierajacych hydrofilowe, samodzielnie otrzymane makroczasteczki PVP. Sposrod badanych

matryc PVP nieco wieksza skuteczno$¢ w hamowaniu rekrystalizacji pirybedylu z fazy amorficzne;j
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wykazywat jednak polimer o topologii gwiazdzistej w porownaniu z jego liniowym odpowiednikiem.
Jednocze$nie badania FTIR oraz BDS potwierdzity brak specyficznych oddziatywan API-polimer,
jak rowniez brak istotnych zmian lepkosci uktadu, ktore mogtyby ttumaczy¢ obserwowane réznice

w zachowaniu

krystalizacyjnym

10 . .“{ ‘1;‘._.? -------------------------------------------------------------------------------- amOfﬁCZHyCh mieszanln
05 PBD-PVP i PBD-Soluplus.
Na tej podstawie
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: : : : — — : architektura, a doktadniej
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polimerowych. Wykazano

Rysunek 26. Zalezno$¢ czasowa znormalizowanych strat dielektrycznych (en”) dla PBD

i mieszanin binarnych API-polimer w r6znych proporcjach (90:10 i 80:20 w/w). rowniez, ze komercyjnie

dostepny amfifilowy
kopolimer Soluplus jest natomiast bardziej odpowiedni do tworzenia uktadow micelarnych niz
badane homopolimery PVP. Jedynie dla miceli PBD-Soluplus zaobserwowano niski i jednorodny
rozktad wielkosci czastek (Fig. 13, 14, S18 w P4).

Koncowym etapem pracy P4 byla ocena profilu uwalniania substancji aktywnej. Pomiary
wykazaty, ze ilos¢ PBD uwalnianego ze wszystkich badanych formulacji (ASD i systemow
micelarnych) w srodowisku stabo kwasnym (medium FaSSIF, pH = 6.5) byta wyraznie wigksza niz
w przypadku czystej, Kkrystalicznej postaci APl (~30%). Najbardziej znaczaca poprawe
rozpuszczalnosci odnotowano dla ASD PBD-Soluplus 60:40 w/w (~50%) oraz dla ukfadu
micelarnego PBD-starPVP (~99%). Co istotne, w przypadku tej drugiej formulacji uzyskano
rowniez najbardziej pozadany profil uwalniania, polegajacy na stopniowym uwalnianiu API przez
okoto 20 godzin, zamiast szybkiego uwalniania w ciggu pierwszych 1-3,5 godziny (Fig. 16 i 17
w P4).

Podsumowujac, uzyskane wyniki wskazaty, ze zastosowanie roznorodnych matryc
polimerowych jako nowoczesnych nosnikdéw substancji czynnych w odmiennych typach formulacji

stanowi obiecujacy kierunek badan. Uzyskane wyniki wskazuja, ze w pelni hydrofilowe
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makroczasteczki polimerowe sg bardziej odpowiednimi kandydatami na inhibitory krystalizacji PBD,
przy czym szczegdlnie skuteczne wydaja si¢ uktady o topologii rozgalezionej. Z kolei kopolimery
amfifilowe mozna uzna¢ za bardziej pozadane makroczasteczki do projektowania systemow
micelarnych. Opracowane uktady mogg zatem istotnie przyczynia¢ si¢ do poprawy rozpuszczalnosci
pirybedylu oraz innych stabo rozpuszczalnych API, a w konsekwencji do zwigkszenia ich
biodostepnosci. Z punktu widzenia nauk farmaceutycznych przedstawione rezultaty maja duze
znaczenie poznawcze 1 aplikacyjne. Otwierajg one nowe perspektywy badawcze dotyczace zarowno
poszukiwania nowych form polimorficznych substancji leczniczych, jak i oceny wplywu rodzaju

polimeru, jego topologii oraz typu formulacji na poprawe biodostgpnosci wielu lekow.
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Corvesy

Abstract: In this paper, we propose one-step synthetic stradegies for obtaining well-defined lincar
andd star-shaped polyvinylpyrrolidone (ImPVP and starl’VI'). The produced macromaolecules and 2
commercial PV K30 with linear topology were investigated as potential matrices for suppressing
mutronadazole (MTZ) crystallization. Interestingly, during the formation of birary mixtures (BMa)
containing different polymers and MTZ, we found that limear I'VI's exhibit maximum miscbility
with the drug at a 5050 woaght ratio (@ /s), while the starshaped polymwer mives with MTZ even at 2
3000 w/w. To explain these observatsons, comprehensive studics of MTZPVE formulations with
various contents of both components were performed using Fourior-transform infrared spectroscopy,
differential scanning calorimetry, and X-ray diffraction. The obtained results clearly showed that
the polyewr's topology plays a significant role in the type of interactions occurring between the
matrix and MTZ. Additionally, we established that for MTZ-PVE S0:50 and 7525 s/ BMs, linear
polymers have the most substansial impact on inhibiting the crystallization of APL The starsbaped
macromolecule turmed out 1o be the least effective in stabilizing amorphous MTZ at these polymer
concentrations. Nevertheless, loogSorm stroctural investigations of the MTZsterPVP 30:70 w/we
system {which is not achievable for linear PVIs) demorstrated its complete amoephousness for over
ane month.

Keywords: metronidasole;, polyvinyipyrrolidone; topology; starsbaped polymers; amorphoss solid
dispersion; bimary mixtures
1. Introduction

For several decades, the pharmaceutical sector has faced a significant challenge in
improving the solubility and bioavailability of tradibonal, Le., crystalline, drugs, aiming to
enhance the effective delivery of medications. Unfortunately, a hrgv peroentage of dmp
available on the market (approximately 407%) and those in the research and
phase (approximately %0%) still exhibit pooe water solubility, which significantly lumpcrs
their absorption and consequently leads to Jess effectiveness in the human body [1-4),
Therefore, in recent years, the use of amorphous active pharmaceutical ingredients (APls)
is gaining increasing interest, as they often provide better solubility, dissolution rate, and
bioavailability compared to their crystalline counterparts. On the other hand, due to high
free energy, APls in this form reveal a high risk of recrystallization over time, leading to
a potential Joss of therapeutic efficacy |5-5]. Hence, timproving physical stability during

hrps: / [ www mdpioom/jowenal /Muauhu-n
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processing and storage is crucial for the development of effective pharmaceuticals. A
commaonly employed method for stabilizing amorphous APs is the formation of binary
mixtures (BMs) with polymeric excipients (EXCs), referred to as amorphous solid disper-
sions (ASDs) [9]. In the literature, several mechanisms have been proposed to interpret
the impact of macromolecules on the stability of drugs in ASDs [10,11]. For example, it
has been demonstrated that hydrogen bonds formed between polymeric matrices and
APls enhance the physical stability of amorphous pharmaceuticals by reducing molecular
mobility [12,13]. There are also reports showing that other types of interactions, such
as donic, dipole-dipole, and van der Waals interactions, inhibit the recrystallization of
AFls from the amorphous binary systems [ 14,15 Moneover, one can mention the volume
fraction effect [16-19], as well as the increase in the glass transition temperature (T;) and
consequently, the reduced molecular mobility of the system, due to the addition of the
polymer [12,20]. The crucial role of high-molecular-weight systems prompts scientists
to conduct further In-depth studies on the ASDs of active substances with variowus kinds
of

Herein, it should be pointed out that polymeric EXCs used in ASDs are subject
to high requirements. These compounds must exhibit non-toxicity, compatibility with
human tissues, and bave a well-defined structure [21]. The most commonly applied
macromolecules in amorphous BMs belong to three dlasses [22]: (i) cellulose derivatives
(5., hydroxypropyl methylcellulose, hydroxypropyl methyleellulose acetate succinate,
hydroxypropy] methylcellulose phthalkate) [23-26], (H) polyvinylpyrrolidone (PVP) and
its copolymers (e.g., polyvinylpyrrolidone /vinyl acetate copolymer, PVEP/VA) [27-31],
and (1) methacrylic acd and methacrylate esters (e.g., Eudragit® 1100, S100) [32-34),
Undoubtedly, among the listed polymers widely wsed in the pharmaceutical industry,
PVP stands out for its particularly advantageous properties. This macromolecule is non-
toxic, inert, temperature-resistant, pH-stable, and biocompatible [21]. Moreover, it shows
a complex affinity for hydrophilic and hydrophobic drugs, which is espedally desirable
in the formulation of BMs [35-38]. As shown in the literature, the majority of studies
primarily focus on the impact of commercially available PVP on the crystallization of APls
in ASDs [35-42]. For example, Balani et al. reported that the addition of 33% of PVP K30
significantly suppresses the recrystallization of amorphous salbutamol sulfate, while an 0%
polymer content completely stabilizes the amorphous form of the drug (even after a storage
period) [39), Herein, it should be noted that the large-scale production of PV occurs
through uncontrolled radical polymerization, allowing only for the attainment of poorly
defined macromolecules (2 broad range of molecular weights M., and hence, high dispersity
D) [43,44]. Meanwhile, the most desirable polymers in the pharmaceutical industry are
macromolecules with precisely tailored parameters, characterized by the tanget My, low-
to-moderate B (preferably not exceeding a value of 1.5), and possessing active chain
ends enabling further modifications according to specific requirements. Unfortunately,
ressarchers in numerous papers have still only considered the influence of molecular
weight and concentration of PVP (e, Kollidon™ K10, K30, K90) an the physical stability
of drug-polymer blends [28,42,45,46]. On the other hand, aside from one paper devoted
to PVP mixed with flutamide [37], the impact of microstructure/tacticity, as well as the
dispersity and topology of this polymer, on the physico-chemical and pharmacokinetic
properties of APEs is almost completely overlooked, creating an exceptionally intriguing
research gap.

Hence, it seems relevant to perform more systematic studies to verify whether the
microstructure, dispersity, or importantly topology of the polymer affect the crystallization
kinetics and physical stability of a given pharmaceutical. In this context, metronidazole
(MTZ), the antibacterial and antiprosozoal medication [47,45], is looming as an ideal candi-
date for such investigations. Briefly, one can stress that the amorphization of this active
substance ks a difficult task. For example, it is not possible to obtain it in the glassy form us-
ing the standard vitrification method due to its immediate crystallization after melting [49),
So far, ealy one successful attempt to produce a stable amorphous MTZ in ASDs has been
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reported. Minecka et al, have demonstrated that acetylated cyclodextrins {especially the
form) can effectively inhibit the recrystallization of MTZ from the glassy state [49], There-
fore, further exploration of novel EXCs (both low- and high-molecular-weight) effectively
stabilizing amorphous MTZ appears fully justified.

In this paper, we examine BMs of MTZ with throe polymers, i.e., (i) commercial linear
PVF (with high D), (ii) seif-synthesized well-defined lincar PVP (with low D), and (i)
self-synthesized well-defined star-shaped PVP (with low/moderate D). Herein, one can
add that the latter two macromoleciles are not available on the market. The main aim of our
stiadies, carried out using differential scanning calorimetry (DSC), X-ray diffraction (NRD),
as well as infraned spectroscopy (FTIR) techmigues, is to explain bow the addition of PVP
with different topologies and well-defined structures (M., D) influences the recrystallization
tendency of MTZ. Understanding the impact of polymer structure on the crystallization
rate of APls is of paramount importance in the rational design of amorphous formulations
with excellent physical stability.

2, Materials and Methods
2.1. Materials

I-vinyl-2-pyrrolidone (VE, >997%, Sigma Aldrich, Poznan, Poland) was passed through
an alumina column before use to remove the inhibitor. 2,2 -azobis(2-methylpropionitrile)
solution (AIBN, 0.2 M in toluene, Sigma Aldrich), cyanomethyl methyl(4-pyridyl) car-
bamodithioate (CTAL, 98%, Sigma Aldrich), 1,3,5tris(bromomethyl)benzene (7%, Sigma
Aldrich), sodium diethyldithiocarbamate trihydrate (Sigma Aldrich), diethyl ether (pure
for analysis, Chempur, Pickary Slaskie, Poland), methanol (99.85%, Pureland, Stargard,
Poland), dichloromethane (DCM, 9%, Karpinex, Warszawa, Poland), chloroform-d (99.5%
D, contains 0.03% /0 TMS, Sigma Aldrich), PVP K30 (M, = 40,000 g/mal, D = 205, Sigma
Aldrich), and crystalline MTZ (TUPAC name 2-(2-Methyl-5-nitro-1H-imidazol-1-yljethanol,
99%, Sigma Aldrich) were used as received.

2.2, The Procedure of Preparing Amorphous MTZ-PVP BMs

Amorphous binary mixtures composed of MTZ and PVT polymers, induding a com-
mercial PVP K30, and synthesized linear and star-shaped PVP samples were obtaired using
the melt-cooling method. The MTZ-PVP systems were prepared at different weight ratios
of A to polymer, i.c., 7525, 60:40, 50:50. In the case of MTZ-starPVT, it was also possible
to prepare 40:60 and 3070 w/w systems. To obtaln a homogeneous mixture, appropriate
amounts of crystalline MTZ and PVP woere weighed, cancfully transfereed to a metal plate,
and preliminanily mixved using a spatula. Subsequently, the plate with the APL-polymer
mixture was transferred to a hot plate heated to a temperature of 438 K. After a while,
MTZ began to melt and the entire BM was stirred until the complete dissolution of PV
in the APL After determining o homogencous system, the sample was vitrified by rapidly
transferring it to a pre-cooled copper plate.
2.3. Nuckear Magnetic Resomance (NMR)

TH and "3C NMR spectra for the samples dissotved in chloroform-d (with tetramethyl-
silane internal standard) were collected using a Bruker Ascend 600 MHz spectrometer,

For measurements, standard experimental conditions and the standard Bruker program
were applied.

2.4. Seze Exclusion Chrowartography (SEC)

M, and D of lincar and star-shaped PVP homopolymers were determined by size
exclusion chromatography (SEC). For data collection, we used a Viscotek GPC Max VE 2001
{(Malvemn, UK) and a Viscotek TDA 305 (Malvern, UK) triple detection system (refractometer,
viscosimeter, and low-angle laser light scattering). The OmniSec 5.12 was applied for data
processing. The separation was carried oul using two TH0OM general mixed columns, The
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measurements were performed in DMF/LiBr (0.01 M) as an eluent at T = 33 K, with a flow
rate of 0.7 mL/min,

2.5, Cell Curldwere

Normal human dermal fibroblasts (NHDFs) were purchased from PromoCell. The cell
line was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
15% noa-inactivated FBS (Sigma Aldrich) and penicillin/ streptomycin antibiotics (1% /o
Gibeo, Waltham, MA, USA). The cells were kept under standard conditions a1 37 “C in a
humid atmosphere with 5% CO; and passed as required by the manufacturer. Addition-
ally, cells were tested against Mycoplasma contamination using the PCR technigue with
specific primers.

2.6. Cytotoxicity Stinties

The cells were seeded in 96-well transparent plates (Nunc, Waltham, MA, USA) ata
dersity of 4000 cells per well and incubated for 24 h at 37 "C. Approximately 24 h after
seeding, the medium was removed from wells and 200 pL of various concentrations (from
0.05 to 0.001 mg/mL) of tested compounds (dissolved in DMEM) were added 1o the plate
and incubated for 72 h at 37 “C. Next, compound solutions were exchanged with 100 gL
of DMEM without phenol red and 20 ul. of CellTiter 9%6% AQueous One Solution-MTS
(Promega, Madison, W1, USA) and incubated for one bour at 37 “C. After that time, the
absorbance of the samples was measured at 490 nm using a multi-plate reader (Varioskan
LUX, Thermo Scientific, Waltham, MA, USA). The results were normalized to a control
consisting of untreated cells. Compounds were tested in triplicate in a single experiment,
cach repeated three times.

2.7. Fourier-Transform Infrarad (FTIR) Spectroscopy

FTIR spectra were collected on a Nicolet iS5 FTIR spectrometer (Thermo Scientific)
with a built-in diamond 550 ATR sampling station in the MIR range of 4000400 cm . Each
spectrum was recorded from 16 scans with a resolution of 4 em ', The high-temperature
FTIR spectrum of MTZ (at the melting point of 438 K) was measured using a GladiATR
accessory (Pike Technologies, Madison, WI, USA) coupled with an FTIR spectrometer in
the range 4000400 cm ' (16 scans; spectral resolution of 2cm '),

2.8 Differential Scanning Calortmetry (DSC)

Calorimetric measurements of MTZ, various PVPs (Le., PVP K30, lin-PVF, and star-
PVT), and their BMs were performed using a Mettler-Toledo DSC system, which is equipped
with a liquid nitrogen cooling accessory and an HSSS ceramic sensor. Temperature and
enthalpy were calibrated using indium and zine standards. Samples were placed in alu-
minum crucibles (40 uL). DSC measurements were carried out in a temperature range of
250 to 480 K. The heating/cooling rate (¢) during experiments was equal to 10 K/min.

Additionally, for all studied MTZ-PVP BMs, non-isothermal DSC measurements were
performed over a temperature range of 230 to 460 K. They were made at a ¢ from 2.5 to
15 K/min.

2.9. X-ray Diffraction {(XRD)

X-ray diffraction measurements were conducted employing a D/Max Rapid I diffrac-
tometer (Rigaku Corporation, Akishima-shi, Japan) equipped with an image plate detector,
a rotating silver anode, and an incident beam ((02) graphite monochromator. The wave-
length (A) of the incdent beam was 0.56 . Samples were measured in borosilicate glass
capillaties in the Debye-Scherrer geometry. The diffraction pattems were collected as
functions of the scattering angle (26) in a single shot using a 2D curved image plate detector
and transformed to functions of the scattering vectoe Q = 47 sin(f) /A, Samples containing
recrystallized MTZ were subjected to measurements over | h. The measurement time for
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freshly prepared ASDs was limited to 15 min due to their high recrystallization rate, The
temperature during all measurements was 295 K,

3. Results and Discussion

In the first stage of our studies, we developed procedures for obtaining well-defined
linear (finPVP) and three-arm star-shaped PVP (starPVEP) homopolymers, which are ther-
modynamically stable amorphous macromolecules. Herein, it should be noted that despite
PVP being a widely used polymser in the pharmaceutical and cosmetic industries [S0], only
linear PVP (with various molecular weights) and its copolymers are curnently available in
the commercial market. In contrast, other topologies of this polymer are entirely unavail-
able on a large scale. Therefore, the search for synthetic methods enabling the production of
well-defined non-linear PVP polymers is an extremely interesting and ambitious rescarch
topic. A promising technique for producing complex macromolecular structures appears
to be Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization, whene
a crucial role is played by a suitably selected Chain Transfer Agent (CTA) for a specific
type of monomer [51]. As indicated in the literature, suitable CTAS for N-vinyl monomers
(including VI") are compounds from the xanthate and dithiocarbamate groups [52,53] It
should also be emphasized that a significant majority of commercially available CTAs are
single-functional compounds, allowing for the formation of lincar macramolecules. In fact,

one paper describes the successful synthesis of a four-amm starshaped PVP wsing the RAFT
method [54]. However, it s worth noting that the article’s authoes utilized a commencially
available tetrafunctional CTA from the trithiocarbonate group, which is not considered to
control the polymerization of N-vinyl monomers [52,53]. As a consequence, attempts to
conduct RAFT polymerization at ambient pressure and using the discussed CTA led to
the production of star polymers with high dispersitics, D (up to 2.45). Interestingly, RAFT
polymerization at higher pressure (p = 250 MPa) yields a four-arm star-shaped PVP with a
moderate D « 1.80.

Based on the information presented above and noting the lack of commercially avail-
able multifunctional CTAs tailoeed for N-vinyl monomers, we decided to independently
obtain a trifunctional CTA from the dithiocarbamate group. Subsequently, it was used
to synthesize a well-defined three-arm star-shaped VP (M, = 38700 g/mol; D = 1.48)
using a “core-first” strategy. In tum, a commercial CTA also from the dithiocarbamate
group was applied to synthesize lincar PV, resulting in a homopolymer with favorable
macrostructural parameters (M, « 37,600 g/mol; D « 1.22) (sew Figure 1). The description
of the synthesis of the tnfunctional CTA and PVP homopolymers (ImPVP and starPVP) is
included in the Supplementary Materials (SMs),

3.1. Cytotoxicity Stindies

Since both synthesized lnPVP and starPVFP are new materials, we decided to perform
cytotonicity tests on normal human deemal fibeoblasts (NHDFs) first and compare the
results with the data obtained for the commercially available PVP K30, which s thoroughly
used in pharmaceutical formulations, Herein, it should be briefly mentioned that we carried
out measurements with a PVP concentration no higher than 005 mg/mL as is usually
conducted for macromolecules [55-55]. Figure 2 presents a graph of the dependence of
cell survival on the concentration of the examined compounds. As illustrated, the tested
polymers show no cytotoxicity against the normal human dermal fibroblast line. The
survival fraction in all cases did not fall bebow 85%, which indicates the neutral effect of
the samples on the proliferation of the tested ccll line. The studies revealed that end groups
with a CTA moiety in the structure of the synthesized polymer as well as the presence of
a star initiator do not affect their cytotoxicity with respect to PV K30, Such a result is
extremely promising in the context of the potential use of these materials as excipients in
binary formulations.
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Macrostructural parameters

Polymer M, [g/mol] D

PVP K30 PVPK30 40500 205
LmPVP 37600 122
starPVP 38700 148

starPVP

-~

Figure 1. The chemical structuses of metroradarole (MTZ) and the employed PVT polymess (K30,
InPVE, starPVF) along with a table prosenting their macrostructural paranwters.
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100
oo B reference (PVP K30)
l sorPvP
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concentration [mg/mi|

coll ‘dabitty m

Figure 2. Cell viability sevdod onto various PVP samples,
3.2. Preparation of Amorphaons Binary Mixtures of MTZ woith PVP

Having cytotoxicity data at hand, we proceeded to prepare amorphous BMs of three
different PVPs with similar molecular welghts (M, = 40,000 g /mol) but different disper-
sities and topologies with MTZ—a pharmaceutical with a high tendency to crystallize.
Hereln, it ks worth pointing out that PVP K30 exhibits nelatively high dispersity (D « 2.065)
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compared to the synthesized inPVE and starfP'VE. It implies that this polymer consists of
both short and long macromolecular chains, most likely due to an uncontrolled synthesis
procedure on a lange/industrial scalke [59). It should also be noted that cach macromolecule
was fully amorphous and thermodynamically stable.

Importantly, during the samples’ preparation, it was found that <erPVT mixes much
better with MTZ than the other two lincar macromolecules (PVI K30, [inPVE). Conse-
quently; it was possible to prepare homogencous (verified further by DSC studies) mixtures
up 10 30 wit of MTZ, while in other cases, 50 wi was a limiting drug concentration.
Such a result was quite surprising for us since we expected similar miscbility properties
of various PVPs and MTZ To understand this peculiar finding, FTIR investigations on all

prepared samples were carried out.

3.3. Fourifer-Transform Infraral Spectroscopy (FTIR) Data

To gain insight into the intermolecular interactions between given macromolecules andd
AP Attenuasted Total Reflection (ATR)-FTTR measurements for the individual
(MTZ, PVPs) and their binary systems were performed at room temperature (T = 205 K) in
the spectral range from 4000 to 400 ¢m ', As it is impossible to obtain amorphous MTZ
using the standard vitrification method due to its rapid crystallization after melting, we
collected the FTIR spectrum of the molten MTZ to detect spectral differences between the
crystalline and Bquid samples. The spectra of the crystalline and molten MTZ, as well as
theve PVP samples, together with the assignment of characteristic bands to the appropriate
mobecular vibrations [49,60-63], are given in the SMs {see Figune S7), whereas the spectra of
MTZ- PVT' BMs in the supercooled liquid/or glassy and crystalline states, recorded in the
regions of 3800-2400 and 1800400 cm !, are shown in Figures S8-S10. It is worth mention-
ing that in the arystal, MTZ molecules are linked through O—H---N hydrogen bonds and
stabilized by C—~H O weak interactions, forming chains propagating /extending along
the c-axis direction [64]. These interactions are reflected in the higher frequency range of
the IR spectrum in the form of an interse and broad band located at 3204 om ! associated
with the stretching vibration of the OH group, oy (Figure S7). In the case of molten
MTZ, the 104¢ band is shifted towards higher wavenumbers (blue shift, 3228 cm ). The
detailed assignment of other spectral bands of the MTZ sample and the peaks occurring
in the spectra of three PV samples is presented in the SMs. It is worth noting that the
analyzed PVP spectra (PVP-K30, IinPVE, starPVT) essentially differ in the position of the
vioys band originating from water adsorbed into the polymer (PVP-K30 10gg = 3409 cm ™',
TinPVP tiosp » 3436 cm ™", starPVP 1ogq = 3470 ecm ), and the ton of the band related
to the C=0 stretching vibrations (PVP-K30 1.0 = 1645 em ™", inPVP s = 1651 em ',
sMrPVP veo = 1661 em 1) (Figure 57),

We started the analysis of possible interactions between neat AP and PVP samples
from MTZ-PVP K30 BMs. As shown in Figure S8, MTZ in the solid dispersion shows a
difference In spectral behavior compared to the molten state. It can be observed that the
voss band of MTZ in all binary systems (3700-3100 cm ~ ') is shifted to higher frequencics as
well as considerably broadened and blurred relative to that in the liquid MTZ (3228 cm ™).
The band originating from the C-H stretching vibrations of the H-C=C group located at
3108 em ! in the molten MTZ also shifts toward higher wavenumbers after mixing with
PV K30 (~3130 em 1), which probably suggests the lack of C-H-- O interactions involving
a H-C=C moiety in the mixture. Moreover, other MTZ bands occurring at lower frequency
ranges of BMs are also slightly shifted compared to those in neat APL All these facts confirm
complete destruction of the crystal structure of the APLin these mixtures. However, the
most interesting feature of the studied MTZ-PVP K30 spectra is the behavior of the 1c.o
band of the polymer when mixved with APL As shown in Figure 3a, the 1¢ o peak of
meat PVP-K30 located at 1645 em ™! exhibits a blue shift (shift to higher wavenumbers)
with the increasing content of MTZ in BMs (50:50 i/ 1654 cm ™ ; 60:40 1 /w 1655 cm ™7,
75:25 to/t0 1657 cmn ') This fact suggests that the interaction between MTZ and PVP is a
dipole-dipole intermolecular interaction, which intensifies with a higher amount of APL A
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skmilar interaction mechanism was observed for the ketoconazale-PVE and MK-0591/PVP
systems [62,65,06], In the case of the ketoconazole-PVP mixture, molecular calculations
confirmed that ketoconazole has a dipole moment that is quite large in magnitude and may,
therefore, interact strongly with other polar molecules such & PVP [62,65), Since MTZ isa
polar substance, one can expect a similar pattern of behavior.

Ablsorbance [a )

—Mn
— MTZPVP K30 TE26 — NTZ AP TR N v
— TPV N0 G040 — T APP W04 —MM:
——NTZAVE N W —NTZ P W e MTZ aar PP 3878
. v e o
I(a) et () 168 {(e)

]
]

Whnl
Absarbance [» »)

1 : : |
e 9”0 "we "o "we e rres "ws AL e 7w e “ws AL 19"
Waverumber fom ') Wavenumber [om ) Wavenumber (cm )

Figure 3. FTIR spectra of the carbonyl stretching region of (a) MTZPVE K30, (b) MTZAmPVE, and
(€) MTZ-starP'VT' bisary minturos a1 different AP-polymer ratios and that of the reat polymens,
measured in the supercooled liquid /or glassy states,

Analyzing the measured for MTZ-PVP KX mixtures after the recrystallization
process, it can be soen that the peaks related to the MTZ molecule show very similar
perameters (position, width, and intensity) in all studied BMs compared to these for neat
crystalline APls (Figure S9a). 1t indicates that MTZ occurs in the same crystalline form
in the commercial sample and when mixed with PVPs. 1t should alse be mentioned that
the spectra of MTZ-IinPVP systems are very similar to those of MTZ-PVP K30 and reveal
the same spectral effect for disordered and crystallized systems (Figurnes S8b and S9). The
1¢ .0 band of #nPVP also shifts towand higher wavenumbers (blue shift) after mixing with
polymers (50:50 wo/ar 1653 cm ', 6040 /10 1654 cm 1, 7525 w/ w0 1656 cm '), indicating
the dipole-dipole nature of intermolecular interactions betwoen APLand liPVP (Figure 3b).

During further analysis, we compand the IR spectra of MTZ-aarPVI' (75:25, 60:40,
50:50, 40560, H70 w/w) systems in the supercooled liquid/glassy states with those of
neat components. As shown in Figure S5¢, the sy band of MTZ in solid dispersions is
blue-shifted (3700-3100 cm ') redative to that in the molten MTZ (3228 cm '), Moreover,
with the increase in API content in these systems, the 1oy band is located close to that
of neat MTZ. Similar to lincar PV samples, the peak associated with the C-H stretching
vibrations of the H-C=C group occurs at a higher frequency value than that of neat APL
Surprisingly, the introduction of MTZ in the starPVP matrix causes a considerable red
shift of the ve.o band (shift to lower wavenumbers from 1661 om™" for neat starPVP
to 1651 ¢m ' for 3020 w/w mixtures) due to the formation of hydrogen bonding (HB)
between the hydroxyl group of MTZ and the carboryl group of PVP (Figure 3¢). It is worth
noting that HB interactions are typically detected between APEs and polymers in BMs, as
reported extensively, for example, between ibuprofen and PVI [67,65], indomethacin and
PVP [9], esomeprazole and hydroxypropyl methyleellulose (HPMC) [70], flurbiprofen
and poly(ethylene oxide) [71], and nifedipine and Eudragit™ [72], indicating that this
Is @ key mechanism in the sucoessful formation of amorphows o semi-crystalline solid
dispersiors | 73], It can also be mentioned that similar spectral effects related to the influence
of PVP on AP behavior were detected for MTZ-starP'VP BMs in the recrystallized samples
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(Figure $9%), Also, in these birary systems, MTZ occurred in the same crystalline form as
the neat initial sample.

In the next step, the IR spectra measured for BMs of MTZ with different PVPs, K30,
I PVE, and starPVP (75225, 6040, and 30:50 0/ w), in the supercooled liquid and crystalline
states were compared (Figares S10 and S11). As can be seen, no differences were essentially
obscrved for these spectra, e, the subtle vaniations in the vy band region may result from
varipas water contents (always present in PVP) in the analyzed samples. It suggests that
despite the difference in API-polymer interaction mechanksms in the mixtures, Le., dipole-
dipole (linear PVP) vs. HB forces (starPVP), the average interaction strength between MTZ
arcl PVP samples is nearly the same,

Overall, based on the above FTIR spectroscopy findings, it can be concluded that
the topology of PVP, linear or star-shaped, can significantly impact the drug-polymer
interaction mechanism and then the APEEXC miscibility. For linear PVP samples (K30,
ImPVP), dipole-dipole interactions coour/prevall, as was suggested by the blue shift of the
te-o band for BMs. Therefore, there ks a weaker miscibility of PV K30 and inPVP with
MTZ. In the case of starPVE, hydrogen bonding is the prime mechanisen for the ingeraction
of APl and a polymer As a result, MTZ is miscible with starPVE in a wider range of
concentration, which s demorstrated by the red shift of the 1 .o band in the FTIR spectra
of solid dispersions. It should be noted that due to the similar M, (=40,000 g /mol) of the
PVPs used, one can suppose that the observed differences in solubility /miscibility with
MTZ are associated with the topology of macromolecules.

Noticing variations in the interactions between the APLand the polymwer matrix, we
deckled to condudt further investigations of binary systems. To study the influence of the
given PVP on the thermal properties, phase or glass transitions, and the arystallization
rate of MTZ, systematic DSC measurements were performed on the prepared binary
formulations characterized by varying contents of APL

3.4, Differential Scamning Calorimetry (DSC) data

We started with DSC experiments of ieat MTZ, and the obtained results ane presented
in Figure 4a. As can be seen, during the heating of crystalline AP1 {at ¢ = 10 K/min),
an endothermic peak at T = 4373 K occurs in the thermogram {a dark blue line). Upon
cooling the molten sample (with the same ¢ = 10 K/min), a single exothermic peak with a
maximum at T « 3263 K is observed (a lght blue line). According to previous literature
reports [44,74-76], the endothermic event at higher T corresponds to the melting of the
APL while the exothermic one at lower T s attributed to the erystallization of MTZ. At
this poind, it is worth mentioning that inspired by studies demonstrating that the cooling
rate of a sample significantly influences the phase transitions and makes it possible to
transform the crystalline APLinto the amorphous form [77-791 we have made attempts
to supercool /vitrify MTZ at various ¢. Unfortunately, our efforts were unsuccessful. This
implies that MTZ has an exceptionally low glass-forming ability, and it is not feasible
to obtain it in the amorphous form using the standard vitrification method. However,
in the system with two newly synthesized PVP polymwers, linear and starshaped, and
a commercial sample PVP K30 (75:25, 60:40, 50:50 w/w), MTZ formed homogeneous
amorphous mixtures, Therefore, we performed DSC measurements on these systems,
Moreover, because starP'VP has the ability to mix with the APLin a higher range companed
to PVPs with linear topology (PVP K30, linPVP), which was mentioned in the previous
section, we conducted DSC experiments on two additional MTZ-aturP'VE systems with
the predominance of the polymer, Le., 40:60 and 3040 w/w. The main purpose of these
investigations was to check how the addition of PYP with different topologies and weight
percents will affect the glass-forming ability of MTZ, its physical stability, and the rate
of recrystallization.
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Figure 4. (a) DSC thermogram (¢ » 10 K/min) of neat MTZ; (b) DSC thermograms (¢ » 10 K/ min)
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In Figure 4b, representative thermograms collected during the heating of amorphous
APLstarPVP ASDs with a rate of 10 K/min are presented. As can be seen, with increasing
polymer content in solid dispersions, the T, value increases. On the other hand, the peaks
cormsponding to the arystallization and melting processes gradually diminish/disappear,
Interestingly, in the case of MTZ-2wrPVT in 40:60 and 3070 1w/ formulations, a complete
suppression of the melting and crystallization processes is visible (only a thermal event
connexted to the glass transition can be detected). The values of Ty and Ty, obtained
for all examined systems (those determined for two other BMs, Le, MTZ-PVP K30 and
MTZ-IPVE, have been given in Tables ST and S2 in the SMs) are presented versus the
weight fraction of MTZ (Xygrz) in Figure 4¢. Analyzing the obtained data, one can con-
clude that depending on the content of PV in ASDs, the Tays change significantly (up to
20 K). This may indicate substantial interactions between MTZ and the used polymeric
matrices. Importantly, this conclusion agrees very well with the outcome of the FTIR
analysis described above, Furthermore, other publications also suggest that the most likely
explanation for the cbserved differences in Ty, values of BMs appears 10 be the interactions
occurring between the APLand the polymer. For example, Kozyra et al, proposed such a
scenario for BMs of itraconazole with three polymers, Eudragit L100, Carbopaol 981, and
hypromellose acetate succinate |30], while Chmiel et al. did so for nimesulide-Kollidon
VAG4 solid disperssons [S1].

Furthermore, we can notice that the values of both T and Ty, are independent of the
type of PVP applied in a binary system. To characterize Ty vs. Xyrz plots determined for
cach ASD and simubtaneously estimate the Ty of MTZ, the Gordon-Taylor equation was
applied [52)

T‘ - x'Tx, . kxlTﬂ n

1 v kX

where Ty and Tea are the glass transition temperatures (the subscript 1 refers to the
component of the mixture with the lower T,), X, is the weight fraction of component 1,
while K is the constant, which represents a fitting parameter characterizing the curvature
of the Ty vs. X; evolution. In our studies, the data presented in Figure dc (Tg vs. Xanrz
plots) were analyzed using Equation (1) with the T, of APl being a fitting parameter. As
illustrated, the value of k determined for the MTZ-starPVE system (k = (0.48) Is greater
companed to the ane obtained for MTZ-PVE K30 and MTZ-limPVE ASDs (k = 0.21). There is
also a slight difference (<5 K) in the Ty of MTZ estimated from this analysés. The cbserved
difference might be due to the fact that for the BM with the starshaped polymer, we added
two additional points at a higher polymer concentration. For other systems studied herein,
it was not possible.

Noticing that MTZ-PVP 75:25, 60:40, and 5050 v/ ASDs crystallize, we subsequently
decided to perform non-isothesmal DSC measurements to determine the activation energy
(E,) for the crvstallization of AP1 i formulations with different PVPs.

Figure 5 shows representative theemograms for the freshly prepared mixtuses that
crystallize most rapidly, be, MTZ-PVP 7525 w/w. Note that the same measurements
(with various ¢ ranging from 2.5 to 15 K/min) were performed for other APEPVP systems,
i.e, 60:40 and 50:50 w/w. The values of crystallization temperatures (T,) for all studied
BMs, prepared at various weight ratios, are presented in tabular form in the SMs (see
Tables S3-55). As can be observed in Figure 5, three thermal events are visible during
each scan. Except for two endothermic peaks occurring at the lowest andd highest T
(aztributed to the glass transition and the melting, respectively), there is an exothermic peak
carresponding to the crystallization of MTZ. It &s visible that in the case of each MTZ-PVP
system, the T, values (the peak temperature of crystallization) increase with increasing
¢ In turn, the Ts and Teys do not significantly vary depending on the heating rate. The
analysis of non-isothermal DSC data obtained for all studied systems (Figure 6a) used the

Kissinger method [S3): .
() = gz @
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where Cy is a fitting parameter and R is a gas constant, enabling us to calculate the activation
energy (E,) of the crystallization of MTZ in various ASDs.
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Figure 5. DSC thermograms for noa isothermal measarements of 7525 w/ e binary méstures: (a) MTZ-
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Figure 6. (a) Kissinger plots for the exothermic crystallization peaks in the repeesentative MTZPVP
7525 w/w ASDs, The solsd red lines represent linear fits; (b) The dependency of E, versas wesght
percent of MTZ in the examined binary systems.

It is well observed that for the MTZ-PVP 75:25 /1w BMs, the values of the E, for
the API crystallization are very similar (65.6-71.5 kJ/mol). The lowest E; (656 k] /mol}
was determined for the mixture with commercial PVP (PVE K30). However, as the poly-
mer content Increases in the system, the differences in crystallization energies become
greater, Interestingly, in the case of MTZ-PVP 50:50 w/w BMs, E, changes as follows:
Eavrzevixn > Bz > Eaarzaervr.

In the last step of calorimetric studies, we conducted isothermal crystallization mea-
surements at T = 295 K for MTZ-PVFP 75:25 w/w binary mixtures. Herein, it should be
mentioned that we selected only systems with such content of both components because
they crystallized quickly at this temperature. In other BMs, the crystallization was much
longer. Therefore, such stisdies were not

In Figure 7a, we plotted the heat released duthg the crystallization process versus
time. At first sight, it can be seen that the time scale of crystallization of MTZ in various
PVP matrices is different. To quantify this observation, the following formula was applied:

_ AH(n
AD8C = A et

where apsc is the progress of crystallization, while AH(!) aned AH 0 mean the enthalpy
variation at different times and the total heat of the crystallization, respectively. With the
crystallization kinetic curves constructed (see Figure 7b), we described them using the
Avrami model:

(3)

aft) = 1 - exp(~kt") (4)

where £ is the rate constant of crystallization and 1 is the Avrami exponent, which is
generally assigned to a dimension of growing crystals, As can be deduced from Fgure 7¢,
there is a dear variation in the constant rate of MTZ crystallization in the studied systems,
Importantly, a commercial PVP K30 turned out to be the most effective polymer in slowing
down API crystallization. On the other hand, this process was the fastest in the binary
system with starPVP. Herein, it & worth noting that although Figure tb shows very similar
(within the measuring erroe) values of the E; for the MTZ crystallization in all 75:25 w/w
BMs, isothermal DSC measurements (T = 295 K) foe the same binary systems revealed that
the crystallization rate constants (k) of AP vary significantly depending on the polymer
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used. According to literature reports, the crystallization rate has a clear correlation with
the activation energy of this process, Generally, k increases with a decrease in E, [84,55),
However, it should be emphasized that the crystallization rate is also significantly influ-
enced by the viscosity of the mixtures, molecular interactions, and the degree of cooling,
This may be the reason for the lack of corredation between both parameters in the case of

cxamined BMs.
(@) 19{(b) —
. 08
3 o8
.-_.q o4 = MYZPVP KO
3 & . MTZAAPVP
8, A MTZ-saPVP
3 00 the Avrami fit
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Figure 7. (a) DSC thermograms of isothermal measurements (T = 295 K) for MTZ-PVI' 7525 o/
mixtures; (b) The progress of the crystallization process carried out for the examined MTZ.PVP
systems, Solid lines ropresest Avrami fits; () Crystallization rate constants (k) of MTZ depending on
the applied PVI in BMs.

To explain the data presented and discussod above, one can suppose that the substan-
tial difference in the activation barrler and the constant rate of crystallization of MTZ from
BMs with varsous PVPs might be due to different intermolecular interactions occurring
between both components in solid dispersions, as concluded from FTIR measurements.
However, there & also another possibility that the API in binary systems crystallizes
into a different polymorphic form. Although the second scenario is less probable since
FTIR investigations indicated that, irrespective of the macromodecule, MTZ forms the
same crystals, we declded to verify this hypothesis as well. For that purpase, XRD stud-
ies on BMs composed of APLand thaee PVP polymers mixed in diffenent weight ratios

were performed,
3.5, X-ray Diffraction (XRD) Dabe

XRD patterns of MTZ-PVP BMs prepared in two weight ratios, 75:25 and 50:50, are
Hlustrated in Figure 5a and Figure &b, respectively. They were collected for systems in
which MTZ recrystallized (after around one day after preparation). For all cases, despite the
different PVT topologies, it can be seen that MTZ recrystallized to the same polymorphic
form as crystalline MTZ (the diffractogram of neat crystalline APl was set together for
comparison). The crystal structure of this MTZ form belongs to the monoclinic P2, /¢
space group with lattice parameters @ = 703, b = 873, ¢ = 1282, and cell angles
a = N5, f o= 945° 4 = 907 (CCDC number 1212679 in Cambridge Crystallographsc
Data Centre). Moroover, Figure S¢ demonstrates the XRD data collected foe freshly prepaned
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Diftracticn imtensity [arb. units)

APLPVE 5050 /o binary systems, They ane very similar to each other, exhibiting two
broad diffraction maxima at nearly the same positions, The recording of amorphous
diffractograms for 7525 w/w BMs was impossible due to the fast recrystallization of
MTZ Further, temporal XRD studies of the MTZ-PVP 50:50 w/w solid dispersions were
performed, starting from the freshly prepared amorphous systems. The results presented
in Figure 9 indicate that the physical stability of MTZ in these mixtures is affected by the
topology of PVE. MTZ in the BM with sarPVP recrystallized fully after 15 b; in the M
with UnPVE, MTZ started to recrystallize later—after 35 h; while in the system with PVP
K30, it was still stable in the amorphous form after 55 h

()

oS 1 15

Scatiering vector Q{A"] Scattering w:lwolt.h‘l

19 s s L2 15 os 1%

19 5 20
Scattering vector Q (A7)
Figure & XRD patterns of neat MTZ and its solid disperssons with different PVI® polymers: (a) in
7525 {w/w) ratso after recrystallization, (b) is 5050 (w/w) ratio after recrystallization, and (¢) in 5050
(/=) ratio for frosh amorphous systerms.

(a)

"
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ks o5
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Figure 9. The temporal evolution of the XRD pattemns for freshly prepared MTZPVP 5050 w/w
binary systems: (a) MTZ-PVI' K30, (b) MTZ-4'VE, and (¢} MTZ-slarPVE

Herein, it is worth emphasizing that we also conducted preliminary long-term XRD
studies for the MTZ-2arPVP systemn containing the highest possible amount of the matrix
(e, 70 wi'ss). This research showed that the recrystallization of AP1 was strongly inhibited,
and the amorphous form of MTZ was stable for over one month {see Figure 10). Thas is
evidenced by exactly the same pattern of diffractograms for both samples, ie., the fresh
BM measured immediately after preparation and the formalation stored for over a month
at room temperature.
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|MTZ-starPVP 30:7! v v

after 40 days

intensity [arb. units]

05 10 15 20 28
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Figure 10, XRD patterns of the MTZ-s2ar PVP 3020 i /50 binary mixture for a fresh sample (light bloe

line) and after 40 days of storage (dark blue line).

Thus, the obtained data indicated that with respect to the linear PVPs of similar M,,, the
starshaped macromobecule is the least effective in stabilizing amorphoss APls at a similar
range of concentrations (S0:50, 75:25 w/w). However, at a higher star-shaped polymer
content In BMs, which is not attainable for the linear PV due to weaker miscibility, the
crystallization of MTZ is strongly suppressed and not detectable for more than one month,

4. Condusions

To sum up, we successfully obtained novel PVF homopolymers with different ar-
chitectures (linear and three-arm star) using thermally initiated RAFT processes, Hence,
theee polymess, (1) PVE K30 (M, = 40,500 g/mol, D = 2.05), () InPVEP (M, = 37,600 g/mol,
D = 1.22), and (isi) strrPVP (M, = 38,700 g /mol, D = 1.48) with similar molecular weights but
varving dispersities and topologies were employed to create BMs with a fast-crystallizing
drug—MTZ. Our main goal was to investigate whether the polymer architecture and /or
macrostrsctural parameters (D), as well as the PVP content in the mixtures, influence
the intermolecular interactions, physical stability, and the rate of MTZ recrystallization.
The first remarkable effect observed during the samples’ preparation was the enhanced
miscibility of the AP1 with star-shaped polymers compared to the inear-synthesized and
commercial PVP. Interestingly, FTIR studies indicated that this may be refated to a different
interaction mechanism between various P'VPs and examined pharmaceutical. As demon-
strated, dipole-dipole interactions dominate between linear polymers (PVP K30, [inPVP)
and MTZ, while interactions between the starshaped macromolecule (sfarPVP) and the
AP primarily occur through hydrogen bonds. In tum, detailed isothermal DSC studies
on 75:25 w/w systems allowed us to conclude that among the tested polymer matrices,
PVP K30 most effectively netards the crystallization of MTZ, while the starPVP exhibits
the weakest ability to inhibit this process effectively. These results were also confirmed by
XRD studies performed on MTZ-PVP BMs with 50 wt™ of APL. Moreover, non-isothermal
DSC measurements revealed differences in the activation barrier for API crystallization
depending on the topology of the polymer and its content in solid dispersions. Addition-
ally, FTIR and XRD investigations indicated that in BMs with all examined 'VPs, MTZ
recrystallizes into the same polymorphic form. Surprisingly, the new polymer material,
starPVE, turned out to have the ability to strongly inhibit the recrystallization of MTZ in a
mixture containing a high percentage of the polymer (e, 70 wt™, which is impossible to
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achieve for linear PVIs). For this binary system (MTZ-star PVP 3070 w/10), we observed
the stability of amorphous MTZ for over one month.
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1. Experimental
1.1. Synthests of trifunctional chain transfer agent (CTA2)

Trifunctional chain transfer agent (1,3,5-benzyl tri({dicthyldithiocarbamate),
CTA2) was prepared in a single-step route by the reaction of 1,3,5-tribromomethyl
benzene with sodium diethyldithiocarbamate according to the following procedure.
In a 100 ml. two-neck round-bottom flask equipped with a magnetic stirrer, inlet-outlet
nitrogen, and dropping funnel, sodium diethyldithiocarbamate trihydrate (2 g, 888
mmol) was dissolved in methanol (40 mL) under a nitrogen atmosphere and cooled to
273 K. A solution of 1,3,5-tribromomethyl benzene (1 g, 2.80 mmol) in methanol (10
mL) was added dropwise over a 30 min period. The reaction was gradually warmed to
room temperature and remained under magnetic stirring for a further 72 h. Then, the
yellowish precipitate was filtered, washed with cold methanol, and left to dry to
constant mass. The structure of the obtained 1,3,5-benzyl tri{(diethyldithiocarbamate)
was confirmed by 'H NMR spectrum (see Figure S1).
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Figure S1. '"H NMR spectrum of trifunctional CTA2 in CDCh (500 MHz),

S2

80

80:5906305324



1.2, Synthests of PVP with lincar topology (linPVP)

Thermally-initiated Reversible Addition Fragmentation Chain Transfer (RAFT)
polymerization of N-vinylpyrrolidone (VP) using CTA1 as a chain transfer agent and
2,2 -azobis(2-methylpropionitrile) (AIBN) as an initiator with molar ratios
IVPWICTATWIAIBNE = 500/1/025) was carried out as follows, Prior to
polymerization, VP was passed through an alumina column to remove the inhibitor.
CTA1 (33.5 mg, 0.15 mmol) and VP (8 mL, 74.86 mmol) were placed in a Schlenk flask
with a magnetic stirring bar. The solution was purged under nitrogen and purified by
three freeze-pump-thaw cycles. Then, the solution of AIBN (187 L, 0.037 mmol) was
added to the reaction mixture and the flask was immersed in an oil bath thermostated
at 60 “C to start the reaction. The polymerization was quenched after a predetermined
time (t = 3.5 h) by cooling and exposing the reaction mixture to air. The product was
precipitated with cold diethyl ether and re-dissolved in chloroform and this cycle was
repeated twice, The polymer was isolated, filtered, and then dried under vacuum to a
constant mass. The structure of the obtained linear PVP was confirmed by 'H and "C
NMR spectra (see Figures S2 and $3). The molecular weight and dispersity of the
produced linPVP were determined by size exclusion chromatography (SEC) (see
Figure S4).
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Figure $3. "C NMR spectrum of linPVP in CDCL (600 MHz).

S4

82

82:8111401172



-
£

—— PVP K30 (M,=40 500 g/mol; D=2.05)
e [inPVP (M,=37 600 g/mol; D=1.22)
— starPVP (M,=38 700 g/mol; D=1.48)

-
Y]

-

-

o
i

=] o =)
~ kS ™

Normalized RI detection signal
o
™

o
-
o

3 4 S5 6 7 8 9 10 11 12 13
Elution volume [mL)]

Figure S4. SEC traces of PVP samples: commercial (PVP K30 - grey line) and self-
synthesized (linPVP - red line, starPVP - blue line).

1.3. Synthesis of PVP with star fopology (starPVP)

Thermally-initiated RAFT polymerization of VP using previously synthesized
CTA2 as a chain transfer agent and AIBN as an initiator with molar ratios
[VPHICTAZWAIBN] = 400/5/1) was carried out as follows. Before polymerization,
VP was passed through an alumina column to remove the inhibitor. CTA2 (0.13148 g,
0.23 mmol), VP (2 mL, 18.72 mmol) and DCM (4 mL, 200% v/v in relation to the
monomer) were placed in a Schlenk flask with a magnetic stirring bar. The solution
was purged under nitrogen and purified by three freeze-pump-thaw cycles. Then, the
solution of AIBN (234 ul, 0.047 mmol) was added to the reaction mixture and the flask
was immersed in an oil bath thermostated at 60 “C to start the reaction. The
polymerization was quenched after a predetermined time (t = 8 h) by cooling and
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exposing the reaction mixture to air. The product was precipitated with cold diethyl
ether and re-dissolved in chloroform, and this cycle was repeated twice. The polymer

was isolated, filtered, and then dried under vacuum to a constant mass. The structure
of the obtained three-arm star-shaped PVI” was confirmed by 'H and “C NMR spectra
(see Figures S5 and S6). The molecular weight and dispersity of the produced starPVP
were determined by SEC (see Figure S4).
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Figure S5. 'H NMR spectrum of starPVP in CDCls (600 MHz).
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Figure S6. "C NMR spectrum of starPVP in CDCl (600 MHz).
2. FTIR data

In the IR spectrum of crystalline MTZ, shown in Figure S7, one can see a sharp
peak at 3099 cm* assigned to the CH stretching vibrations of the H-C=C group. The
bands located from 3000 to 2800 ¢cm! correspond to the aliphatic CH stretching
vibrations of methyl and methylene groups. The absorption signals occurring at a
lower frequency region at 1534 and 1367 cm’ are related to the asymmetric and
symmetric stretching vibrations of the NO: group, respectively. The peaks detected at
1472 and 1427 cm* originate from the mixed C=C and C=N stretching vibrations as
well as the CH bending of methyl and methylene groups. At 1264 and 1185 cm !, there
are the bands asseciated with in-plane bending of the CH group (H-C=C) and the C-N
stretching (tertiary amine group) [1-3]. The peak due to the in-plane OH deformation
and CH: twisting out-of-plane vibration occurs at 1073 em. The scissoring in-plane
bending of NO: moiety gives rise to a band at 825 cm. A peak at 743 em”’ corresponds
to the NO: wagging vibration.
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IR spectra of PVP samples in the higher wavenumber range are characterized by
the bands originating from the stretching vibrations of OH groups, because PVP is
hygroscopic, (3700-3100 cm ) and CH groups (3100-2800 cm*). In more detail, the peak
at 2952 cm* corresponds to the asymmetric stretching vibrations of the CH: groups of
the pyrrole ring, whereas the signal at 2925 cm ! is related to the symmetric stretching
vibrations of the CH: groups of a chain [4]. The band located at about 1650 cm * (1645
cam’! for PVP K30, 1651 cm! for linPVP, 1661 cm for starPVP) is associated with the
stretching vibrations of C=O moiety (Figure 2 in the main manuscript), The signals
assigned to the bending vibrations of CH groups occur at 1461 and 1374 cm* |5]. The
peak observed at 1287 cm! originates from the wagging vibrations of CH: moieties and
the stretching vibrations of the C-N group [4]. At 1019 em', the band associated with
the CH: rocking vibrations and the stretching vibrations of C-C moieties is observed,
The peak at 934 cm' corresponds to the stretching vibrations of C-C groups, while that
at 845 em™ is related to the bending vibrations of CH: moieties. The signal at 572 cm”
is assigned to the bending vibrations of the N-C=0O group.
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Figure S7. Infrared spectra of crystalline and molten MTZ as well as PVP samples.
Data were presented in two spectral regions: (a) 3800-2400 cm 'and (b)1800-400 cm .
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Figure S8, Infrared spectra of (a) MTZ-PVP K30, (b) MTZ-1inPVP, and (¢) MTZ-starPVP

binary mixtures prepared in different weight ratios, measured at T=295 K (in the

supercooled liquid/or glassy states) together with the spectra registered for the molten

MTZ and neat PVP polymers, presented in the ranges of 3800-2400 cm! (left) and

1800400 cm ! (right).
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Figure S9. Infrared spectra of (a) MTZ-PVP K30, (b) MTZAimPVP, and (¢) MTZ-starPVP
binary mixtures (samples after recrystallization) prepared in different molar ratios
together with the spectra registered for the crystalline MTZ and neat PVP polymers,
presented in the ranges of 3800-2400 cm ' (left) and 1800400 cm ' (right).
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Figure $10. Infrared spectra of binary mixtures of MTZ with all PVP samples (K30,

linPVP and starPVP) ((a) 75:25, (b) 60:40, (¢) 50:50 w/w) measured in the supercooled

liquid state, presented in the ranges of 3800-2400 cm ! (left) and 1800-400 cm ' (right).
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Figure S11. Infrared spectra of binary mixtures of MTZ with all PVP samples (K30,
linPVP and slarPVP) ((a) 75:25, (b) 60:40, (c) 50:50 w/w) measured in the crystalline
state, presented in the ranges of 3800-2400 cm! (left) and 1800400 cm™' (right).
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3. DSC data

Table S1. The calorimetric glass transition temperature values (heating rate, ¢ =10
K/min) for neat PVPs and examined MTZ-PVP binary mixtures in various weight

ratios,

Binary Glass transition temperature, T, [K]

TN | MTZPVPK0 MTZ-linPVP MTZ-starPVP
75:25 261.3 260.3 258.7
60:40 269.1 267.9 268.5
50:50 277.1 278.5 280.4
40:60 - - 315.1
30:70 - - 339.4

neat PVP 395.6 4150 4334

Table S2. The calorimetric melting temperature values (¢ =10 K/min) for neat MTZ

and the examined MTZ-PVP binary mixtures in various weight ratios.

Binary Melting temperature, Ta [K]
M| MIZPVPK0 | MTZAnPVP | MTZstarPVP
neat MTZ 4373
75:25 4303 4308 4313
60:40 4220 4232 4234
50:50 417.0 4183 4164
Table S3. The crystallization temperature values for MTZ-PVP K30 mixtures
depending on the heating rate (¢).
MTZ-PVP K30
¢ |K/min] T |K]
7525 60:40 50:50
15 M17
125 336.7 389.7
10 333.6 3858 386.5
7.5 331.7 376.6 383.2
5 3269 3723 376.1
25 369.1

Table S4. The crystallization temperature values for MTZ-linPVP mixtures depending
on the heating rate (¢).
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MTZ-linPVP
T K]
¢ [Kimin] 7525 60:40 50:50
15 335.1
125 3333 3973
10 3303 3885 387.7
75 327.1 3826 385.2
5 3225 359.1 381.8
25 375.8

Table S5. The crystallization temperature values for MTZ-siarPVP mixtures
depending on the heating rate (¢).

MTZ-starPVP

. 1. K]
¢ (K/min] 7525 0:40 50-50

15 3236

125 3212 3945
10 3193 957 3865
75 3156 3876 385.1
5 A6 3545 3743
25 3643
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the boavallablity of crymalline APls, variows methods have been
dscovered, e g solt formation,| | microsisation, | 4] amorphization, )
the creaticn of cocrystals (6. 7] or differenst polymorphic Soema. 0]
Among them, the amorphization, Le., the formation of solid forms, in
which the APt & in the amorphoas form rather than in 2 crystaline state,
deserves specinl amention. (5.9 10] This relatively slmgle method
proerally leads & lnproved pharmacokinetic pocarneters of dregs from
11 and IV gooups of BCS, On the ocher hand, APfs in this form are char
acterised by a bigher Gibds free energy compazed to the crystaline stose,
therefore, ey a0e thermodynamically /physically unstable, Lo, they
tend 10 recrysallive (revaen 10 & moce stable crystalline form) durisg
morage, lodng thelr extiaccdinary propertios. [ 10 The great challonge
of medern phasmacy is o sabdize ancrpbous pharraceuticals losg
encugh aml & such & way @ to enalie thelr commescial fabrication,
dauidution, and in bowse stoeage | 10.11] The most populle ways 10
achieve chis Is e formation of amorphoss wlid dispersiom (ASDs)
composed of APL and difSevent low. and high melecular weights escip.
bents, o.g, modified saccharnides, amino and organic ackls, poly (e
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stability of NAP are closely refated to Its molecular sructure, makiag the
stindy of its amorphization and sebsequent conmol of the erystallization
process o critical aspect of i3 development sad peoduction. |27 23]
Additicoally, dcpendng oo the crystallization conditions and the type of
exciplents oc solvents used, NAP can exist b many polymesphic forms,
MMWMIM&IMW(DJHW

“weight npownds (eg, scetylated ssccharides) 92 03]
aad incressingly, polymeric materials, 74) have deen used 30 manipo-
late the crystallization Behavior of NAP. However, it should be clearly
emphonized that most pessarch efforts almed at examising the impact of
macromalecules on the sabilisation of unophous Srugs have focused
malnly en loear, commecially avalable polymers, while the aspect of
bezsched macromolecudar compounds has net yet boen well -caploced by
scientnts, What b wosth, this resssoch direction & highly justified
because the stimegic application nad strict selection of polyroer topel-
ogles to control crystallization can kead 10 S producticn of improved
bisary mixtures, ensuriag higher stability, bemer solubdlity, aml

£. polyvinylpsyrolidone (PVP), polvethylese glycod (PEG), Dydiren-
ypropy! methylcelluloae (HPMC), hydroxypeopyl methyloelludose ace-
tate succinate (MPMCAS)).(1215],

Accoeding 1o the lite data, compounds from the latier proup
mmd«ﬂwmhmmmmu
anorpbous phase (1415 Many macvoemolecules easly Sorms amor.
phoun/ glansy phase and have relatively high glas sansition tempera-
tutes | T, (heace, they increme the T, of a binary system). They et as
abdizecs malndy by redecing molecular mobility a5 well as interacting
with the active substaace (wually throsgh Bydeogen bonds)[14)
However, it should be noted that these systesss mee not frew of draw-
bocks. One of the most importaet i the lack of cootiol over the homo
proeity of APE polyrees bissry muixtures. (9],

Currently, there Is a guite lively discustion reganding the selection of
appecpriate macromolecules St would effectively stabilize easdy
aysalimng drugs, Heveln, it is lmportant to aote that st onldy the type
of polymmes used ks the ASD with APLs is crucial, but slso the architec-
ture/stroctere of these exciplents. It is widely known that even with the
same chemical composition and meleculsr weight (M), the structual
and dymamical properties of pelymers can be significantly changed by
verying their modocular archirectwre, Le., by wiing either o Mnear o
beanched structwe. [ 16.17] 1t should be secalled that In pelymer
chemistry, besides the commen linear compounds, mece advanced
polymer strectures soch 2a star-shaped, brnh, comb, hyperbrasched
systenis, aod dendeloeers o also be distinguished.| | 0] Theoeetical and
experimentsl studles have clearly shown that Sranching of polymer
sructires reswlts o omove coopadt o less deformed srcTones
cocnpared 10 Boesr chaims of e samie M, due 10 the high segment
density. As a veselr, significans changes in machaaical, thermodynamic,
and thealogical propesties maay occur.[ | 921 In pasticular, stacshaped
polymers Jave sttracted the attention of researchers because they
possens several usique featoses compared to els lineds comterparts: (1)
Improved sodability, (1) redaced hydrodynamic radies, (A1) Jow solesion
and et viscosity, (iv) lower phase tiassition teregeratures, (v) reduced
crystaliinity, and (v) lncreaned number of functional grosps at the chaln
ends allowing for futher woddications according 10 2pplication poeds.
(37,22 24| Theredace, the topology of polymers can significantly alter
their physicochemical properties, amd, consequendly, i can be expacied
that the of the paly wsed i ASDs will also have 2 signdf-
hoant impact on the behavior of APLs i bisary systems

Ia the cortext of such research, sagrones (NAP) appearn to be an
Meal comdidane for testing variows podymers as Inhiditon of the crys
tallizsarion process. It is & widely used pomteroddal sl leflarsmatory
g (NSAID) commenly prescribed 5o relieve paln and reduce fever
and ieflasmation. This AM eahiléss & very stiong crystallization ten-
deacy aad carnot be peepared in the glasyy state by cooling from a reedt
due 10 spoataseous crysialiention regardiess of the applied cooling rate.
(2506 Numeyoss reports indicate Sat the therapeutic ofScacy md

96

bicawailabllity of the druge, uisimately providing desirable benefits for
patients. Therefore, studying ASDs of NAP with macromelecales othey
than those commercially avadable & s bnportant tak that can
contribete 10 3 betser underzanding of the impact of polymes archi-
tectsse oo the APIl's cxystsllization process, sad comequestly, on its
therapewtic features.

In this paper, we exumined arsorpheus bisary mictures cotposed of
NAP asd foar dferent PVP homepolymers, (1) commercial PVP K30,
mad self synthesived macromoleceles, samely (i) linear PYP, (iF) thiee
s starshaped PVP, and (i) liseas PVP wirh M, similas 1o that of ene
arn of the starshaped polymer. At this pelat, it sheuld be menticaed
that commenercial MY (coe of the mest popular macromclecules saed in
the phatmaceutionl indusary) has a loeg history as & multifunctieoal
bdomaterial with 3 wide mage of applications, e g, in tinue sagiseesing
wad direg delivesy systems | 0, 0] Despine a sigaificant phanmaceatical

devance, it bs still produced on a commercial scale saing wncontrolied
radical methods 77,00 As a result, the peoducts ebtained have high
disperaity (D > 2), meaning that the moloculae weights provided ace
mwrely avevage valoes, whide, in reality, these P¥Px have 2 sathes broad
range of polyrser chain lengihs (with so stricely defined maciomoloculas
parnmmesers) Comsequently, many sceatific reports contise 1o empha-
sive primarily B lngact of the smder average modecalas weight of
such PVP polymens oo improving the bloavadabllity of pdanmaceutical
products, | 19.44] often everlosking important spects related 1o the
broad M, distnbution of these macromolecules. Recopaizing this mela-

mmdmﬁ.mmlmwm
methods for peoduciag | thve PVP poly rrial
o theee armed st shaged nopologies using mcnlbb -ldmo.
fragmentation chain tiassfer (RAFT) polymerization. These sierials
a0 serve a8 pew polymer matrices in pharmaceutical focmalations. M
worth notisg that the synthestaad macromelecules descrided above have
only been used twice 5o (o - Mo, 10 Investigase thelr Inpact on the
physical stability of asospbous metrorsdasole,[45] and secomd, 0
assess the effect of PVP polymer topology o the molecular ordering of
iraconazole (s ligeid crystalline drug) and the msaciated lrprovement
In AP1 sobubiicy, | 46 I the Sext case, It was found that haear polymens
better stabilize the amsorpbous foron of the APT, but the star shaped
polymser mizes with the diug b 3 Bigher weight ratio.[45] 1o the
vesearch o (raconanole PVP mbctures, a Meher mbscibiicy of the stan
shaped PVP with the AM was also chemved Purtbermece, € was
determined that the baanchad polymer has the ability to complecely
disnupt the liguid cryatalline ordex of the drug, remlting & a fully
snorphous matesial [ 40 Hereln, we continue exploring the influence of
PVP ca the kinetics of drug (NAP) erystallization, focusing net ealy ea
the polymeer topology but also on macromolecular pasameters (mojec:
ular welght, dispezsity). A phiysicochemical characterization of NAP-
PVP ASDs (prepared using the vitrification, L., mwdt cooling method )
e well a3 studying the NAF s crystallization Moetics wese caried out
ung diffevential scanning calocimetyy (DSC), X-cay diffraction (XRD),
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and Fourler-tramsform Infrared (FT-IR) spectioscopy. Additionally, we
performed compates sinmslations, which allowed us 10 gt & bemier

2T (00N) H1ewy
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W ov/r TMS, Sigme Aldrich), PVP K30 (M, « 40 300, D203, Signa
Aldrich), exysialine NAP (TUPAC namme (25) 2 (6 methony 2 naphadyl)

ackd, 99 W, TCI Barcpe) were used as recelved.

Inaight (oo L ing in the studied vy
and eucidate differences between them on the modeculas scale.

2. Materiaks and methods
2 1. Maceriols

1 vyl 2 pymrolidone (VP, >99 %, Sigwa Aldnich) was passed
Huough an aluning colusn before use 0 remove the lodibice. 2,2
2z0biel 2 metkylpropionitride) sobation (AIEN, 0.2 M in toleens, Sipwa
Aldrich), cyaneenethyl ety 4 pyridyl) cacbassoditdoate (CTA, 96 W,
Sigma Aldrick), 1,25 tralBromemetinl foencene (97 W, Sipaa Aldnch),
sodian diethyiditheocss bamate triliydiote (Sggme Aldrich), diethyl ether
(pure Sor analysis, Chevper), methanol (9955 W, Marelaad), dichloso-
methone (DOM, 99 %, Karphvex ), chiocofonm 4 (993 % D, contains 0.03

Lk 4

22 Mehods

22). Symheh of FVP mecromoleoule

The selfsynthesized PVP macromelecdles (Le, WnPVPLAL,
BaPVPNIk, sod serPVP) were cbtained vio thermally-initisted RAFT
polymerization of Nvinylpyrelidens (VP). Commercially avallable
chain tramfer agent, CTA (cymomethy] ssethyk & pyridyl) carbamnodi-
thicate) was used for the synchesis of linear macromolecules, while a
self develogad trifimetional CTA was enmployed for the syathesis of the
starshaped PVP polymer. In all reactions, 2.2-axobisi2 methyl
proplosiaile) (AIBN) served as the inivisior. The polyroerization pro-
cesses were cartied out at 60 'C Upon obeerviag significant thickening
of the reaction misbure, the reactions were bexmmiased, and the prodects
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were purified by repeated poecipitation In cold diethp! ether. The
sruetures of the otasined PVPs were confirmed by 'H and "'C NMR
techriques, while the molecslar weight (M,) and dispersity (D) of the
mavcromolecsles were detersiined by sive exclusion cheomatography
(SEC). Moce detalled descriptions of the macromolecsdes and trifunc-
tionad CTA agent synthesls, 'H and 'C NMR specura, SEC traces, sod
cytotoxiciy studies can be fousd in our previcus publications [ 45 4],

All stroctsres of the polymen used o this study, along with maoro-
molecular parameters (M, D) and highlighted &ffesences between the
Individual moleceles are lvatrated in Fig 1

222, The precedure of preparing amorphoas NAP-PVP formuslations
Amsorphous binary mistures (BMs) composed of NAP and FVP
polymers, clading a comumercial PYP K30, and synthestond laear snd
stag - shaped PVP semples, were obtained by el cooling wethed. The
NAP-PAP systemms were poepared at different weight raties of AP1 to
polymer, Le., 9010, 955, 5020, 85:15, 70030, amd 60:40 w/w. Herein,
it Is also worth noting that due to the melting termperature of neat NAP
Ty ~ 431 KL all biaary mistures were poepared dighdy above this
tempersture, Lo, To453 K To obtain a bosogeneoss maxtine, ppio-
pelate amownts of crystalline NAP and PYP were weighed, carefully
tamferyed o 2 metal plate, sad prefminuily mdced wing 2 spatula,
Subtsequently, the plate with the APS polymer mivture wis transserred to
2 ot plate heated 10 & 1etrperanure of €33 K. Afler & while, NAP began 1o
moels and the entire BM was stiimed until complete dismobution of PVP in
the APL After determising & homegencous system, eoch sarple was
vitrified by rapidly tramfecring it to 3 pre-cooled copper plate.

223 Dyfferensial scanning calarimetry (D5C)

Preliminuy calorimetiic measecements of BMs conmainieg NAP and
various PVPs (Le, PVP K30, InPVPIAk, InPVP3Sk, and sarPVP) with
Afferent weighes ratios (95:5, 90010, 8515, 8020, 70:30, 60040 w/w),
28 welll m neat NAP asd PVP polymens were perfoemnd wing 2 Mettler-
Toledo DSC system, which s equipped with a lgeid nitreges coolisg
accessory and an HSSS ceranic sernor, Temperatune and cathalpy were
caliteated udng indium and zine standands. Samples were placed in
slustinem crucibies (40 pl) The examined NAP PVP 8020, 7030, s
G40 w/w bimaay mistures were heated from 293 K to 460 K, then
cooled to 250 K, and reheatad to 460 K. An analegous proceduse (hea:
ting-cooling-hesting] was applied in the caw of the neat polymern (PVP
K30, BPVP 14k, SnPVPIGE, saarP VW), but within a different temperature
range (they were heated freem 293 0 400 K, thea cooled to 100m tem-
penaere, aad seheated 10 4580 K)o nun, sest NAP as well as 955,
V010, 8515 w/w NAP-PVP BM: wese heated from 250 to 460 K, and
sabsequently cosled 1o 250 K The heasisg/cooling rate (#) Juriog all
expetinents was equal to 10 K/min.

Additionaly, for all stadied NAP PVP D020 w/w BMs, Isoshermal
and noo- isothersal DEC meanuements with applying Netzsch DSC 214
Polyma calocknetey weve performad. All samples weve measured In
alustinem crecibles under 20 argon stucsphere. For othermal exper-
iments, we chose five dferent temmperatures (T o 314, 317, 1%, 121,
323 K\, while non sothermal studies a2 2 & from 5 10 40 K/'min were
carvied out over a temperature fange of 230 to 460 K. It shoukd be
mentioned that all described calorietric measiements for Be NAP.
PVP systomis were caried out lrsmediately after sample poeparation to
avold water abscaption by the hygeoscopic PVP.

224, Xray dffreccon (XRD)

XRD seeasuressents were conducted utilisiag o Rigaku D/Max Rapid
11 diffractomener eguipped with 2 rosating silves anode. A graphite (002)
onochaoaiater was used foe the iacident padiation, and Be waveleagth
of the Seam (4) was 0.5608 A, Fresh bisary mixtures of NAP and various
PVPs ot &fferent welght atics were probed in borosilicate ghua capil-
lares, In Sansmision Debye Schermer geometry. The difsaction pet-
terzs were collected in o single shot wing & 2D curved mage plate
detecton, The collected 2D &ffsaction patterns were tegiated and
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rescaled 10 the scatoering vector (Q) scalle 35 follows: Q « 4sunl(o) /4,
where 2 ¥ i 1he soattering angle. The backgrownd fiom an empey
capillary was also meamred and sbtracted from the data collected for
NAP sample. The NAP PVP binary systems were placed in capillaries
immediately aftes propacation and tightly closed just after packing the
sargles. The storage and measurenent Temperanire Sor all samples was
conatant, 296 X

225 Fourier wonuforn infrared (FTUR) spectroscopy

Infrased experimeats were carvied ost with a Therme Sclentific
Nicolet iS50 FTAR spectrometer wiing & dlamond amesussed total
peflection (ATR) accescory. The data were recooded [ the range of
A000-400 e ' by averaging 16 scans ot & resolution of 4 ez ',

All exumised Sinary mictures were measred mmediately aftes
poeparation, while e NAP PVP 6040 w/'w systens were addivonally
stored i tightly closed vials at 100m tes perature (290 K) for 4 menths.
Priot 2o FT-IR measecement, they were alse placed in a vacoum desie

cater for 24 hand d dlately afterward
226 Seelations

All the simslations carried out In this study were performed (n the
Gromacs 2024 pwograss package. [ 17 57 Motuees were equilibrated in

the NPT ensemble 2t T« 380 X and p ~ 1 bar conditions with the wee of
vaescale and ceescale thermostal asd barostat, respectively. The
equiibration time seeded 1o achbeve stable density was In the range of
50 - 100 ma. Afvey the equilibuation, the 40 m prodaction rum i e NPT
wneemble with T« 314 X and p « | bar were carried out. All the
snalyved parmsieters, such a8 partial dessities asd hydroges boods were
recocdied from the bt S ma of peoduction ren simulstion. The AMBER
GAFF joccefield winh BOC charges was isedd. Topalogy was peepared by
the astechamber package. [0 54] it MWP polymess weie coo-
structed by the HTPolyNet package | 20|, which enables polymes coring
fromn monomers. Theee diffesent poly Y were perpared, which
can be furthes relaned to AnPVP] 4k, NP VPRSK, and sarPVP syvtems. In
order 1o get linear sysecss with two different average cham lenga, a
curing parameter was set 10 99 % and 95 % for the pevparation of Jong
sead short chaito cespectively. In tirn, 10 get the stae system, the fow
center units of the sar were peacted with PYP moaomers, where the
ouing parsmeter was set 30 %3 % (the four peserated war stuchures
have beem presented & the Sepplementary Material (SM), see Fig. 51)
Obaainiag the BePYP3IEK system bry HTPolyNet woeld be difficul for the
reascrable system size for simmlation purposes, therefooe we have
decided 10 make msaller systems dut with peoportions reflecting
experimental yystema, which shoold be sufficient for qualitative anal
yois. In the case of the short chain systemn, which should be refated 1o the
InPVPIAk, we obtained the average site of the chals combstiag of 970
oo, which s related 10 appeoximanely 51 PYVP monomess with a mass
of 5.7 k. Fex the long chadn systers, which sbould be comparalde to
BaPVPIIk, we had s average chain cosshting of 2930 atoms, which s
velated 1o spprocissately 154 PVF wsits with a mas of 17 k. To prepace
PVP polymess with a stas sopology, oo has to mix a few central units (L
e, ehlec{ee(e) XCIONC unins In SMILES notatien) with the AP momo-
mers. By choosing the sumber of I wnits and the curing parametes
in HTPolyNet, &t was possidle 1o ebtain the system with the desited
average dde chain bemgth 20 well a2 overall star size. In 0w case, we
obtained an average star siagle chain composed of 1 364 smoms, which is
related to approsimately 71 PYP units with an sverage mass of 7.9 &,
with an avesage star mmass of 24 k. This win achieved by the use of fowr
central units (Le, foer total staes in the rystem) and & curing parsmeter
set 10 59 W,

Addmionally, & viscosity of Qeee differest NAP-PVP 8020 wi'w 333
tems was calevlated by evaluating the sos-equiliScism comlne accedes

lemsots. Tiese of the pon eguilibuius rens was sef 0 5 aa. For each
oviem, 3 differers acceleration values were ned aad then the
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calculated reciprocal viscosity valees were extragolated 10 Bhe O acoel
erathon in ocder 10 obmaln viscosy ot equildcium stte.

3. Resalts and discussion
21 DSC and XRD deva

The first step of our research lnvolved calorimetric roeasecenents.
Their parpose was to characterice the thermal propesties and phase
transitions In neat NAP, PVP polymers, and NAP PAP binary systems. As
shows i Tig Ja, the DSC curve of neat AP measwed on heating ex
hibits only cne endothermic process located at T« 431 K which s
asociated with the melting peocess. Upon cocling, the compound
tmmedately crystaliond, which 3 visible in the thermogram as an
(terse exothermie peuk at T~ 382 K These observation clealy show
that NAP i a drug with 3 strong tendeacy to crystallise, making # a good
model active sulstance for studying the Minetics of AP! erystallization In
binary systemis. In tum, the themograms of the neat PA'Ps, shown In
Fig. 52 the 5V, reveal onlly the presence of Zlass transition event a T,
w434 K (PVP K30), 435 K (BnlVP 14 k), 447 X (inPViask) asd 441 X
(marPVP)

Yo stody the effect of the topology mnd chals Seagth of WP homo-
polymen on the crysallization sendency of NAP, we prepaced BMs with

(a) et AP}

[—heeting T 431 K

Nevporm faewd of Ferve

v Naqdar 2T (XU 110w
varylng amoant of the exciplest. After many trials, It was decarmised
that NAP muives with each podymser mateis ar a muasionun weight ratio of
6040 wing the melt cooling medhod As a pesslt, NAP FVP 955, 90010,
0515, 80:20, 7030, and 60:40 w/'w systems were selected and subjected
to detadod studies (a description of the progocation of BMs can be found
in the Materials and Methods sectica). Prelimineey calovimenic mea
swemests conduciad oo each BM showed that Se first tuee syviens
(955, 90010, and 8515 w'w) exhidic very siolar thermal peoperties, |
., ey could not be obtaiand in the glassy form using the standard melt-
cooling method Thesefore, remults of DSC shadies were poeseatad fon
oaly NAP-PVP, 90:10 w/w mixtures, being cepresentative samples. As
caa be seen in Fig Aed) and Fig. S3(a,b) in e 530, API s each 90:10
w/'w systess caanot be vilrified regandiess of the type of pelymer matrix
usend. 1n every came, attEmpcs S0 prepane amorphowm mixteres resulied n
mmediste recrysialiiaation. Therefore, for ihese formulations, we
observed two thermal events i DSC curves. Specifically, during the
heating (¢ « 10 K/mia) of BMs with 10 wiss of the polymer, a strong
mdothermic tiamsition corresponding to the melting of AP in the
mixture {T,) can be observed, while duriag the cosling, a distinct
exothersic peak, attributed to the crystallization peocess (7)), & vissble.
Only for the D20 w/w systems, it was possible to obeain fully smor-
phows mivtures, albough they thowed a relatively stiong tesdency to
orywallization. In iz b, the compilation of DSC data foc ol glassy/

TRINIX

-
8 1amx A
T,%308 K T8 K

o Teiax

T30 K

2% 300 350 400 450
Temperature (K]

Fig. 2. DS thermmggranes (¢« 10 KAmin) of () ot SAF st (B) KAI AP AST with the sane st valbe (R0 wied of luh compunseritn, o swell as DSC

Oermmogranes (¢« 50 Kwin) of () NAP PP E G, st (@) NP etV siianires with dillonont welght svtion (90030, 8030, 70000, (0042 w,w). The the rmegtans

Sor et NAP snd NAR-FVE 9010 wo'w wyshemss wery colieoctiod on hewting sad sdsogont cooking, while @ (hermograess for ather basry systomms weme colboctod on

bewibng (fier peevions beuling snd cuoling). 7, wen & dned m 1he midipodal of the beal capuckty taesemeenl, while T, and T, - fven the mvcoseen of G
dheonsle and eadithns svnats. shwrly

.
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amorphous NAPPYP DX20 wiw mixcaoes & presented. As seen, the
thermogram of each sample shows thiee Dermal everms. The Sast,
cccurting at Jowes tepesatures (T)), & assigned o the glas transsion
phencmensa (T, ~ 290 K) Additieaally, at higher T, there are
exothermic and endothermic poocesses related 1o the crywallization (7,
~ 350 K) and melting (7, ~ 423 K) of NAP, respectively. On the other
hand, NAPPVP 70030 and 6040 wiw systems (see Fir led and
Fig. S3a,b @ the S\) exhibit complete amorphoumens 2 very styong
inhibision of the NAP crystallization. For these formulations, the ther
mogramas show oaly the ghass transition (at T, ~ 302306 K for 20030 w/
wasd T, « 315322 K for 60:40 w/w INs), with no signs of recrystal-
liatioes. It shoulkd be mentiooed that i Py Jed, and Fig S3ab, DSC
cwves meassred on beating and subsequent cooling were presenied
caly for e 9010 w/w systests 1o clearly indicate Dot only these mix
tures camnce be vissified (there b an exothermic prak vidbie oa cooling).
St calocimetric dala foe the NAP-PYP BMs ot other weight roties:
B0:20, 7030, and 60:40 w/w (the repersestative ones for APS-PVP K30
systess are Ghutraced in Fig. 54 in the S01), show a completely differem
bebavice, ie, 3 thernal event related %o the ghus formaticn during
cooling sl sebsaquent heatiag. It s also wordh noting e for these
BMs, the esdothermic peak sssociated with the glas tramition/
amarphization s obeerved only at lower T (290.322 K), wiidle o T
bigher than 430 K, which se clow o T, of neat PYPe, thece is 0o
addinonal endotherreic event. This means that fully hemegeneous NAP.
PVP binary mixtures were obeainad, with no signe of phase separation.

The values of 7, sad T, cbtmned for all lovestigaoed BMs ace pre
wated 2 2 function of the weight fraction of NAP (Xyu) In 1ig 0.
Addionally, they nee presented in tabalas form together with the values
of heat capacity changes at 7, [ AC, ) and melting enthalpies (AM,) inthe
SM (see Tables 51 and 52) As expected, it is oboerved that the lower
Xuur (the higher Xpp ) In the mistures, the Bighes T, of the system. The
obtained DSC dota abo reveals ot depending on the PVP conteat i the
ASD, the T, 3 do not chasge significantly (wp to 8 X), despoctantly, other
publications magpeat that dstinet differences in the T, values for BMs are
mos often msociaad with differess kiod or strength of imeractions
between the AP| ard the polymer |55 57| Thevefore, in the cae of NAP-
PVP muixveces, it can initially be assumed that regaediess of the type of
polymer matrix used and its amouat, no significant variations & intec-
moleciiar imeractions between e APT and macromolecules are
cheetved However, %o confitm owe peelisinary we con-
ducted Infrared studies supported by Molecular Dynamics (MD) smn-
lationa, which ace detailed i the following secticns of the marsscript.
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Addsionally, keeping In mind that ameag the stadied NAP-PVP BMs,
the H0.20 w/w formudations show the possibility of vitrification but also
a tendency for relatively mapid recrystallization from the supercocled
liquid, we decided % carry ot son dsothermal and Isothermal DSC
measscements o determiine the activation mergy for the crystaliization
process of the API i the mixtures with veeious PYP polymsess.

Fig A peesents repeesentative DEC curves foc freshly prepared NAP.
PVP D020 w/w BMs. Measureroents for these systems were condacted
with difSerent ¢ ranging from 5 10 40 K/min. As observed in Hip 4 ad,
each scan shows theee thermal events. Aside foom the two endathermic
peaks occerring ot the Jowest and highest T (auiduled to the glass
transtion and melting, sespectively), there Is an exothermic peak cos-
vesponding to the crystallizasion of NAP. The valees of T, foe all studied
D020 w/w BMs are presented In tabalar Socss & the S0 (see Table $3) 1
is evident 8 Fip 4 that for ench exansined NAP AP systern, ms the
heating vate lnceeases, the exothermic peak shifts towands Mgher T
(there In an incyesse in T.). Comversely, the 7, s sl T, 5 do not differ
significantly and do not show o clear dependence om the change in 4. In
the analysis of pon-lsothermal DSC data ebtalned for all mvestigated
mixtures, B Kissinger appooach, which is based on the variation of the
crystallization peak tempersture (T, ) with ¢, was wsed 10 caleudate the
acthvation Barrier for the NAP contallization | Ky we o In vacious ASDs
(sew iy Ge)k

n-({-,) -G - !‘-;—;;i' )

B

where €, Is a fiming paranseter and R s 2 gas constant. [ 50]

It sheuld be noted that B, . o i & kinetic pacameter comunonly
used 10 describe the crystallization phenomwson. It is defined as the
misioem amoust of eneryy tequired to Lniiate this process [ 59 00),

As cam bo observed n 7 ip de, the values of K, .. o 3¢ very similee
for all exarsined mixnues, rangisg feoen 67 10 77 W /mel. The changes in
activation barrier for the NAP contallization can be ordersd a follows:
B wrvrvn < Eonwr worvn < Epvr wewnai < Eonwr rvem.
Hente, one can conchade that M, mad topelogy of PVP polysser have
only a ssuall impact 00 £, oo - 12 the context of NAP, It should be
neted Bat the £, values we obtalned ace sicdlor or alightly lower
comparad to the data reported for BMs of this APt with low molecelas
weight eacipients, ey NAP ocetylated maliose (£, ., o = &4 k) mal),
NAPacesylated raffinese (K, o o « 199 Kl'mol), NAPacetylated
stachyose (K, o o = 99 L)/mal) systera. [ 13] In tum, regacding the
systern of other deugs with polyvinylpyrrolidone, sinily £, valees
were recorded for BMs of metronidazole with diffeent PYVPs, 7525 w/w
(B e 65715 W/med).[45] In turs, Sutamide PVP mixtures
(90:10 w/w) exhibited significantly higher X, o o 170-200 kJ/mol)
[60] It should be ermphasived that the discrepancies in B, .. for
variows bisary formulagons mest likely result foom varions concentns.
tioss of Bhe API in the examined systems 25 well as differences in the
lnteractions bevween the AP and the exciplent.

In e finzl stage of G calotimetric studes, we cooducted
Isathermal crwwtallization meassmements at selected T . 314, 317, 319,
321, snd 323 K for NAP- VP 80:20 w'w EMa. It should be mtentioaed
once again that we chose only the system with this composition dbecawse
it crysaliived quickly. la oher mivtures, due to the erysealiieation
process belng 100 long, such experiments were not performed. To estl:
male the titne scale secessary Soc NAP aysallisation st each T, the
following formela was used in the first sepc

o S300)
Al

where o Is o progress of crystallization, while AM(¢] 2nd AN, mesn
the enthalpy varlation at diffevent time and the totad heat of the cryy
tadlization, respectivedy.

Next, for each studied DO20 w/w symem, we plotied lsothermal
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crysaliization kinetics corves (e Fiz 5 a-d), which sebeaquently were
descrided iing the Avinml model

@) =1 expl-&*) »

where & a2 the rate comtant of ayuallaation md o s e Aviami
expeoent, which is geoerally assigned 1o & duneralon of growing crystals
[e2].

As can be seen, 0or all considerad sameples, a8 the temperarure in
creaues, the tisse of API arystallization gradwally shorsens. This chasge is
most commenly amribeted 1o Be temperature gradiess (T -T,). (43)
Specifically, for the higher sested 7 (Lo, closest 10 the value of T, ), the
T -7, value is the cmallest, resulting in the fastest arystalization.
Conversely, e lowest tested T gives 2 Mgher grodiest, and 3 boager
the scade Is visible due to slower cryssallization. Neaz, to observe the
effect of the polysses matrix oo the crystallizaion time scale, the bo-
therms for each examined NAP PVP 50:20 w/w systems obtakeed at 314
K {close to the T,) were compared. It c2n be clexly observed is 1y Ce
that EnPVP3ER moit strongly lshibies deug erystaliisation, while NAP in
the mistures with the other three matrices (K30, InPVPL &, starP\P)
shows o faly sioslor crystallizacion time scale. From this finding, we
can deduce that the starshaped PVP polymer affects the arystallization
bebavior of NAP similaly 10 the Mnear polymoer with a lengdh comre
spomding to cme arm of the star polymer. What is ceally ntesesting,
commercially availabie PVP [despite having an average M, of arowsd
40 000) does oot show sirsilasity 10 ity self syathetived cousterparnt
(IaPVPASK) but inhisits AP1 crystallization oo a similas time scade to
BaPVPL AL and s0arPVP. The mot likely cause of this observation is the
high dispersiy of PAP K30 compaced to the sell-symthedand macro-
molecudes. This meatns hat commercial PVP has o wide Ssudution of
chaln moleculsr weights — in other words, it contains both low- and
high modecular weight fractions. Hence, the presence of low M, frac.
tions in the polymer matrices detremnines the crystallization rate of NAP
in doug poldymer formudations. That is why there s no dgaificans dif
ference in the rate of copstallization between commercial PVP and
IPVPLA

Next, booed ca the sesults of Bothermal meassrersents, the balf
trmes (6, 40 of NAP aryssallization (¢, 5 Is the time requised %0 reach
50 % of the Soal crystalinity) i the 30:-20 w/'w ssixtures wete deler-
mined. The valoss of 1, , plotsed a5 & function of 7 are (Bustrated In
et As expectad, at the lowess 7 (314 K), the balf time of NAP
crystallisation in all systerss sce the losgest However, 20 the T in-
creases, ¢, peogressively decreass, and the differences between the
BMs with @ffevent polymer matsices decome snalles.

Additionally, the Aveamd equation wis used (o describe the data
poesensed In iz & and caloslade the constant races of crystallizatios (k).
The logacithes of & wes funther plotted va recipeocal 7 in Fir @& 10
evaluace Bhe activation energies for lsothermal crystallization of NAP
(E, ) in the examined Moary sysier fiom Bhe Archeniug equation:

tork) ~ lniks) - g5 “

Subsequently, determined £, 3 were compaced & 7ip ¢¢ with the
sctivatica barriers obtaised from son bothermal meanurements
important (o emphanize that cbservieg soch behavior & entively natual
becawe the aystallization under hothermal and son-bothwimal con-
doisns have diffesent coalridutions of the energy barviers related 1o
o loasion aed crystal groweh As it Is cosumenly known, crystallizasion
15 & typical fiost order phase tamition comisting of two mais steps ()
necleation (the focrmaticn of crystallise maclel) 2nd (1) crystal growth
(the Incvease In sive of crystallites). | 44.05 ) However, non sothermal
condition: can affect both stepn in o &fferent way than Bothermal
cooditens. More precisely, under Bothermal condinions, e cryssalli
zalion peocess s observed over time af 3 comtast T, sllowing for the
sow, time-degendens development of nucleation sites and sebsequent

T (N) 110wy
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aystal growth This can lead to encounteriag and measaring bigher
energy buriers. la contrast, son Bothemmal conditions, with contineows
temperatise changes, caa probe maisly arystal growth, reducing the
observed activation energy. Therefone, it Is often assussed that K, o o

B

provides infocrsation both about crystal growth asd sucleation - bence
the higher E, .. values 64 407 Thus, the observed mece than twofold
Increoas in activation energy for the NAP ayallization s Hkely oelated
10 the significant energy haurier of the nucieation stage in isothermal
meassreats.

It should also be added that e values of E, .. determined foe
stodied NAPPVP systesss vary s the raoge of 200 k/mel (NAP-
IMPVPI4K) 10 266 KJ/med (NAP sarPVP). Nearly the same E, ., (260
kJ/mol) wan obtaled for MMz of NAP with sterf'VP asd UniVP3tk,
Fir ob. On this basis, it can be conchaded thas as in the case of £, o o,
v values aie very smilar and depend only slightly en the polymes
topology. The wnpact of M, of PVP ca B, s somewhat greater.

To semmarize this part of the studies, the DSC esperiments demoo
strated that the polymes structeere plays 2 significant role in the effective
stabilization of NAP In the amorphous form. It was established that the
self synthestzand PVP with linear topology (BnPVP3K), characterised by
shighaly lower M, with respect to PVP K30 but relatively saiform chain
lengths (Jow D), ssont effectively sshibits API crystallization sround the
Te 1 was also shown that the sar shaped PVP has a sisullar effect on the
NAP bothermal aystallaation =a It loear am  cowmterparts
(BaPVP148). Moteover, commercially svailable PP exhibers siosiles
effectiveness In sppeessing APl aystallizasion as AnPVPI4k and
S PVP. It con be explained by the high dispersity of PVP K30 and the
corresponding peesence of low-molecularweight fractions, which
determine the time scade of the API recryssalization process.

To educidate whether scne slight differences in activation esecgios
for erystallization of NAP from BMs are actially due 10 the sopology /M,
of PVP, not the formation of different polyssorpla of this APL ferther X.
ray diffraction wadies were pesformed. 1a Fig. 55 in the S0, the XRD
patterns for neat crystalline NAP snd PYVP polymess sce presentad. In
rm, Fig. 56 in e SV thows the XRD patterns for varlows NAP-PVP BMs
(strietly the results of the Joog term physical suadility studies of these
nstera). The diffeaction data clearly indicate that all NAP-PVP 20:20
w/w BMs were amorphous just ofter the peeparation bt recoystiaiiiaed
after 16 days of sorage at 298 K 1o the sz polymorphic form of NAP,
regiediens of the type of PVP matrix wsed (Fig. Sta) The Mennfied
polyssorphic Sorm 1, according 1o the nomeaciatize used in Red [00],
tursed out 10 e the same s of the initial commercial NAP powder
(Fig. 55). Hesce, it can be stated Gt the observed dfferences in acti-
vation barciers (both £, o o a0d E, o, Fig 60) for all examined NAP-
PVP systesss are rather due [0 the topology foc molecular weight of the
polymer waed. B turm, the BMs with Jower content of NAP - 72030 and
6040 w/w did pot recrystallive 15 and even 30 days after the prepars.
ton (Fig- Sob and c), indicating they are more physically ssable than the
BMs with 50:20 w/'w cotepoaltion.

12 FTIR dats

As mentiozed in the sulnection describing DSC data, the lack of
significant Sffesences in T, for Minary systesus of NAP wich variows
PVPs initially sugpested that thero is & similar type of interssoloculas
loteractions besween the APl and ol the polymer matices wed. To
verify these ssppositions, detailed stadies ming the FTIR technique were
comdicted.

In the Sext step of the spectroscopic studies, the neat active substzoce
wan aralyeed (n both crystalline and molten states. Tig. 57 in the tM
peesents the FTIR spectium of crystallise NAP with band assipuroents
s Its compaciion with e molten NAP. Scboequently, infrared spectia
were (ecocdal for aeat polymer saaices, see Fig. S5 As i widely
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known, PVP ia a Mghly hygroscopic compound, which that binary
feiatres containing this polymes con be challesging 10 interpret waisg
FTIR spectroscapy due % wates 3bsorp which distssts the spectial
regions aroend 1650 and 3400 em . Howeves, a detalled discussion of
thiz aspect, along with 3 description of the wates content costzol in the
samples, is providad in the S0 please see abio Fig. 89

Next, we conducted FTIR mecnwremients o binary formulations
composed of the AP1 and PVPs with dffesent topologes. Fig 7 presents

NAP-PVP mixtures 60:40 wiw}

Novpovm Lo of Prerve ol N 2T (XU 110w
the infrased spectia of NAP-PVP (PVP K30, AuPvP1 4k, lePVP 30 k, and
W PVP) BMs ot 6040 w/'w, measered in the supercociead liguid/ glasy
states. The spectza of NAP-PVP Sormulations at other weight ratios,
7030 and 5020 w/'w, are shown (n Fig. 510 in the S0, For comparison,
the spectrum of molten NAP (due 10 the inablity so obtzin i in the

m‘u‘“‘ﬂHMMBMWHMMM

[il! the dod h two  wavenusber regions,
37002400 oo * aad 1500.400 cm , for the systems with the same
contest of AM and PVP (1ip 7 sad Fig. 510), are very similae to each

other, suzgesting no substantial influence of polymer topology on the
crystallization debavice of NAP. Addsooally, it can be noted thae the
amorphout APEPYP 60040 w/w BN weye stable even lor four monthe
adftes peeparation (see Fig. 511 ia the 50). In cootrme, the stability of all
NAP-PVP 80:20 w/w mixtures wiaa pelatively poor, since IR spectra
indicated e recrysallization of AP after 16 days of storage (note also
that NAPPVP 010 w/w systens pecrystalicond lmmedistely aftey
vierification - see Fig, 512 In the 53, witich agrees with DSC daza). It is
well seen &= Fig. 0 that NAP in all 50:20 w/w DM: cecrystaliized to the
sane crystalline form as NAP in a comummercial samiple despite the
diffecent PVP topologies, which s In accordance with the owtcemes of
XRD seuddies.

To determise the foctoes seaponstble for the stability Aastabiley of
the examined BMs, the FTIR spectia of amorphous NAP-PVP sysienn
with different smount of each polyrees wese compased. 1t was found that
these spectia are not just 2 sem/an acoumslation of the Individual
ancephow components, and significant differences between the mis
tures c2n be idertified i the two spectral rasages 3700-3100 ¢z | and
18001520 ¢m '.melmdM.&n
030, and 6040 w/w systers sce shown in Fig. 513 & the 0 file and
Fig 9. The higher wavernumbes region & atiributed 10 the suetching
vibratioas of the OH groups of NAP molecoles 25 well s the OH groupe
originatisg from water adsorbed 100 e polymer, wheseas the lower
wavenumbes cotrrponds (o the stretching vibeations ol e C « Oand C
« G groups of NAP and the € - O maobeties of swPVP. Thes, both regions
partislly overlap and exsentially pertain to groups that can engage in H-
bondiag iIntesactions. As ustrated in Fig. S10, 35 the concmtration of
w0 PVP ncreases in the misture, the inensity of the v,y band located in
ltnwdmilwc- ! decveases (highlghoed in blue) and that at
3600-3400 et ' increnses (highlighted in red) compared te rhe sane
hand in seat molien APL 2 can be mentioned that NAP ssolecules exist
o Hbooda! deners in the liquid phase, o referescad in the lderature.
(/0] Thua, the changes of the band istemities in thase spectral regiom
due 1o & higher amount of 2rPVP oy seggest the reduction of H.
bonded dimers (3400-3100 cm ') and the increane of nos H-booded OH
groups of NAP o their participation in the geseration of weak H boods
with cacbonyl groups of AM o palymes,

3000 330 IS 3060 BN 00 3400 eI 10 06 130 6 B0 We 4%
Wavenumber [om ")

Warvenumber [om ']

Fig. 7. TTI0 e
oemt molten NAP.

of bvinnary

tndeg NAF st PVT of diffenent topesiogion st (0080 w/w, measarrd in the saperooolod Sapsid /or glhewy satos, sod thut of
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Fig. & PTIN spevtrn of NAFFYP MU0 w/w Inary systems NAFPVE K00, NS SIVP 14 K SAP RSP, and NAP aw WV, messared after reonysradlisarion is
two wasensanbey raages of () MO0-2400 s (B) 1800400 am ', The spectrem of sest erpstaline AP was dowwn for compurisn

Log (1/R)

1700 1650 1600
Wavenumber [em™)

Mg 9 FTI specton of amorphons NAFawrf%T B0 with dffonmt weight
telion, mensared in (he noghon 19001520 cre . The specttn of selien NAF sod
ot StVE e also dewwn B comrgueibson, As Bcrrase i peakk [ofermity o
e commvntration of QPP boveases i the sation bs Sighlighood in ivd and o
“ & M, hvely. (For of the pefl 0 coloe In

iy NN, L)

Ohis Migmrr bepond, e prader is referred o e welbs vorvion of this artick )

155

Much moce triguieg spectial changes are olderved in the mage
16001520 cm ', in which the bands 1o & C « O stoviching
vibuntions of NAP (1741 e, 1706 cm ') and soarPVP (1656 con ') as
well 23 the C « € stretching vibeations of NAP (1630 2nd 1602 an ')
ooour (Fie 50 Ircan be noted that the se. band of molten NAP conssts
of two peaks: the high wavensmber coe due to the stretching vibeation
of the pon M doaded (free) € « O groups and the low: wavesumber
componest maigned o e stretching vileation of the H-bonded €~ O
mobeties |71 ] At sz Zlance, It can be seen that the intensity of peaks
Jecated at ca 1720 sod 1630 en ' grows with incresing polymer
coatent In She mixture. Meaamwhile, Seve Is a sediction & the mensity
of signalé ar 1700 and 1600 cm ', and the weak peak at 1670 e '
appear. However, it shoald be mentionnad that the peak of PVP carbanyl
vibrations (v o) may colacide with that of the C « O and € « C of NAP,
making # difficult to sudy, For this recnon, we have decided to mubtrace

this band from the spectra of BMs. As (Dustrated &s Fig. $14, after pev-
fonnieg Ods poecedure, the chasges in FTIR spectza of BMs with
different PVP cantest 20w much more visible, Moseover, one can obeerve
the growth is Be peak lntensities located a2 1722 aad 1630 em ' and
the diminuticn of signal intensities at 1702 and 1605 cn * These re-
solts clenaly indicate that m low PVP concestration (8020 w/w), NAP
occwrs 33 3 combination of dimess (1702 cm ') 3nd noa-H boaded O-H
units {1722 cm ). Moce precisely, the peak at 1722 cm ' Is assigned to
the son-H Sended carbotry] streteh of the acid grosp of a NAP mobecule,
which s H-bonded thesagh the hydionyl group 10 2 PVP molenule. A
sistilar pesk position of the C = O growp of cauboxylic acid (1726 e ¥)
wan reported foe NAPPAYP K23 171 and iadomethacin PVP systems
[77] On the other hand, the peak positson of H bosded PP cardonyl in
the referenced mixture was 1636 cm ', In the case of NAP-PVP systems,
it can be asurned that soame past of e ve o PYP band oy shift towands
a lower wavesumber due to the formation of Hbonds with hydvoxyl
Eroups of NAP. This fact may be conflamed by the istensity growth
well as the broadening in e sgnal width located at 1630 an ',
Meoceover, the appessance of ca. 20 am ' shift in the vidbeational fre.
quency of C « O grovps of NAP (1630 em ') reflects the sssociation of
carbonyl groups in other kinds of M bonded aggregates rather San di
mery in e mixtmes. It should be noted that BMs of NAP with other
PYPs, Le., PAP K30, InPVP L4k, and DnPVP3IE, exhibit the same spectral
effocts after the addition of polymer 10 APL o in the case of NAF-
B PYP, see Fig. 515 Theredore, the incensities of peuks Jocased at ca
1720, 1675, asd 1630 em ' | with | ing MWVP
whereas thoee 3t ca. 1705 and 1605 cm | decrecse. This soggests that
the mechasiss of intermolecular interoctions detwees NAP and PVP in
the examined BM: with vawying content of the excipient is independent
of the polymoer sechinecture (liaear of brasched ).

The above-mentioned Sadings clearly indicate that the additica of
PYP 10 molten NAP results in the degradamion/destruction of NAP di
mwes (the highes the VP cosceatration, the fewer NAP dunery, and the
moce H booding lneioctions between NAP and PYP). As & result, the
combisation of different stractural units n the studied BMs occurs, Le.,
the free OM groups, the free € < O groups of NAP and PVP, the H banded
dissers of NAP, the H booding aggregales with stother ssrangetwst of
NAP modecules, and the H-booded aggregates of NAP and PAP.
Purthermere, noticeabde differences s istermeolecular interactions be
twewn APT and macromolecules are observed depending on the polymes
contest (6040, 70.30, and $0.20 w/'w), regardies of its topology (Kness
or stasshaped). Thus, bosed on the results of FTIL studies, cor can
conchude thae the stabdicy of NAP PVP mixtwes s mainly associated
with the foematicn of K boads betwees AP sad PVP molecules as PVP
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may Influence the awstallization Koetics by preventing e wlf
amociation of NAP molecules. Combining varsous kinds of H bonds
better stabilizes the API-polymer systemns; thus, It Is sot surpeidng thae
the amosphos systems with higher coacentrations of PVP inhining the
crystallization of NAP (7030 and 60:40 w/w) scv more stable.

23 Molecsler &y (o) 2
After conducting XD and FTIN stodies, which showed that (() NAP
mmﬁwmulnlnmm and (M)
there ace no sigaificat differ Ia i L sons be-
manunmm&wduummmm
architecturestopologies, we decided 1o undesiak P y MD
Eatons
The seves variows binery formndstions have been slmalatsed, Le.:
NAP bulk sywem, two shortchaln systean (equivalest to NAP
EnPVPLEL miviures), two long chals systens (equivalest 1o NAP
AnPVPALE midxtures), aod two star systems (equivalmt to NAP sarPVP
mixteres) in 6040 and S020 w/iw. mmwmw
cated comiderable diffevences in the crystallizats y b
NAP PP BMs, prepaced in both mentiooed weight ratios. A 8020 w/w
taixtoees weve fully crymallioe after 16 days of stocage a2 smbdeat T,
m*woowummmmﬁub-mhsd
To lain %is p we have compared MD

w -~

lWMl

Fig. 10. The 2D denmiry plots of ¢ d NV

hovpovn Laevs of P

Ay 2T (M) 110wy
simalations of two oypes of mixteres contalning NePVPRIK and
PVPIAK Fir 10 shows the 2D densicy plots in the vy dmensions foe
both NAP-PYP systems with differest of AP! azd polysaer (80:20
and G040 wiw). In panels b and d of this Bgweee, which presents the daga
for D020 wy'w mixteres, the phase separation is well visible, Theye a2
central area, approximately 6x6 nm in size, where the polymers ae
coscenirated and NAP is separsted (o the box bocders. In the 60.90 w/'w
systems, NAP-NAP lurge clusser focmathon Is effectively suppoessed by
the pelysier setweek, while is the 5020 w/ w stixrures, It bs bo loages
possble. To look closely at e NAP NAP clustess, M- bonds (HRs) were
saalyred in both bissry formulstions, see Fig | 1. One can odserve that
In the NAP-PVP 6040 w/w BN, the sumber of 14 3oads between API
melecules i reduced by more Ban 50 %, while (o the $020 w/w mis-
tures, it s seduosd by appeoximately 10 W On the other basd, in the
GO 40 w/w system, extensive HEs aee foomed between NAP and PAP. The
amount of Hbs between NAP and &ePY P05k exceads sven e number of
HBs i peat NAP. This effect is a0t visitde for the B020 w.'w mixtures,
where NAP-PVP Hille cosatitute only about 20 % of all HEs in the o3
temns. The NAPNAP M bonds can be viewnd a5 2 crocial parametes
indicating Se crystallization sbility of APt 2a & ls selated 1o the fou-
mation of krger NAP chusters. This analysis explalos the yesules of

exper frmentad < e, the tendency of the § AN o
this phase tansition in the 5020 w/'w binacy system
Mocooves, o Blustrated in 1 e 11, in the cise of doth NAP-PVP 8020

- ]
2 long (nem)

n The demalty of AP bs covered by the pod color. In prewds (8) snet (d) he ME20 w/w BV she NAF

segrepation bs evident. (For inferprristion of the refervmees o color s this ligore egrad, fhe ronder is referoed %0 Se web vershon of this articke. )
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(a) wmu-zoml

. : ~ decrease of NAP-SYP HEs

1200 . >
S .

f .

= N T
ol EE N 3 K 3| 3
200 4
¢ neat NAP GrPVP ISk AnPYPidk PV
.'(b) NAP-PVP 60:40 wiw

e decrease of NAP-PVP HEs

NPV tén SaPVP

Fig 15, Ve Sugrooms megresenting e mernber of 1 lns (1) for sl stoadt NAR PV systomm, pwvpeared (s Do wrkght istios () 3020 aoet (B) 4040 w /v,

and GOAD w/w BMs systerns, soine differences in the insermadecular
lrteractions depending os the type of PVP polymoer in the sixtere, can
be observed. Note that previows DSC studies revealed differences be.
tween bothermal crystallization cates in the 80:20 w/w misture con-
taining PVPs with various topologies and lengths. The orystallizasion
peocess ol T - 334 K was the slowest for the Jorg<hain system
(BaPVPIaK) aad the fastest for the branched system (RarPVP) As Hie
have a major lmpect on the aystallization phenomencn, we anadysed
the Mo rumbers in the mixtures of NAP with different PYPx
(Fie 11 b was fousd that the amoust of HBs betweent NAP molecules
in 8090 w/w (and also 6040 w/w) miztares rises & the line from
AnPVPASK 10 sawP VP (aPVPISLE < AePVP 14K < sarPVPL On the other
hand, the amount of NAP-PVP Wil increcses in the reverse codes, Lo,
from sorPVP 50 SnPYPRSK. Although the cbsarved varlations in HBs are
not large, they can explain the differeat crystallization behavior in EMs
of NAP with PVPs of diffevent togolegies and M,

R Fig 12, NAP peetial demsity fluctuations (3 difference betwoen
actual sad average densiny) are peesensad in the one dinsension of the
strvallation Box Soe the 6040 w/w mistures. As cas be seen, for the
chaln (MPVPIOE) system, the ditfereaces are sall, up %0 015 giom ',
e fof two ather systems, they can be twice s high, up 10 0.30 g/em .
It means that for the €0:40 w/w BMs, the mixture with AnPVPank has
higher bomogeneity compared 10 those with AnPVPL& and swPVP,
Thin fact sogether with the analysis of H-bond rumber show that the
loag chains with the highest sverage mass (RePYP3SK) ace the best for

the statilization of NAP in the amocphows phase. Therefore, NAP shoukd
exhibit the smallest crystallization sendency from the BM composed of
IPVPISK with respect 00 the other stodied polymers. On the other
hand, both serP'VP sod UnfVPL 8k sheould be lems effective in mppeessing
the cryssallization of AP a2 the same thermodynamic conditions during
long term storsge. This tesuk is comsistemt with the ottcome of
Issthermal crymallization soadies casried cut around e T, for 5020 w/
w systems. Unfoetusately, we were not able to verily expesimentally if
the same conclalons may be spplied to other BMs (with bigher poly e
contest) since they did sot revesl any crystallisation tendescy over coe
meath of stocage at room trmperatsoe,

Farthermoore, all e sirnlasion deta indicased that the dysamics of
warPVP i closes to the APVP] 4k than to the BPVPISK Bt mseccs that
the dynamics of the dranched polymer, which has the highest average
masm from all studied self syrehetized rystoms, reflects the dysamics of
short chaing (APVPLAL) with a mass comparable 10 Se one arm of the
star polyroer.

Addmionally, keeping In mind that the copallization of APls de
pends on the visconlty of BMy, we performed funther sloalations o
caloulate this physical quantity Sor NAP-PYP D20 wy'w systens at 314
K The analysis of the ebiained data showed that NAP s0orPVP and NAP-
InPVPI0k méxtures are characterioed by a viscoscy of arcund 4.2 1 03
o 4.5 = 0.5 Pas, respectively. On the other hand, the NAP 4nPVP1 &
systern bas a lower viscoalty, ie, 1.1 ¢ 0.1 Pas Hence, computations
indicoed Bt the viscosity of Be studind systeres close 10 e T, &

107

107:2839556457



B iinPVP38k

3 -
box length [nm]
Fip 12 NP pertiad fesniny (nctoetbon s Suree SAPIY 00099 o' sysions.

Dty Doptoantionmn is defloed as alsiboe valor foom dilerenve betwern stnal
and mvrege Bevwiny.

stmilar. This Sading agrees with the experimental calocimetsic dogs that
demsoastroned simmilar T, of dinury suynures. Consegquently, o the vi.
clnity of e 7, solid dispersions of the same AP concensrasion should
have simibe viscosities krespective of the polymer topolegy. Newver-
theless, MD sloolations sevealed an imteresting bsoe. If the NAP crys-
tallization was go d by the y of the smystem, the BM
coalsining SPYP14 should erystallize faster compared 10 the BM with
werPVP macromelecule. Mesawhile, the Bothermal DSC eaperizents
showed o differess scenario, Le, the faster crystallizacion of NAP in the
mixtoer with :0orPVP than & the nystem with el VP 4k or AaPVPask.
Such observations indicare hat the crystallization process s more
affected by So polymen’ topology thas by the symem's viscosity,
Mence, one can state thae the molecular architectiee of the polymers
wsed 10 produce binuy Seemulations plays a key role in inkibiting NAP
crysallization

4. Conclusions

1 this acticke, amorphous TiMs composed of NAP and four VP ho-
opolyroers (with Eness asd star tepologies) wing DSC. XRD, and FTIR
methods were lnvestigated. Thiee of the matrices wwed (PVP 530,
MaPVP3EL, and serPVP) hod similar M, (~40 000), while M, of the
fourth one (RaPVIP14K) was close to M, of ot arm of e stas polysser
M, — 14 000). Such selection of macrosolecules allowed us 10 thao
cughly examine the impact of sepology, melecular masy, and dispenaity
of PVPs o0 the crystallization kinetics of NAP. In the flrst step of the
study, it weas determioed that NAP mives with each polyres matrix ina
maxiomm weight ratho of G040 « hence, the fallowing APEPVP systems
were selectenl for the lnvestigations: 955, 90:10, $5:15, 50.20, 7030,
and GOA0 w/w Detalied lsethermal DSC stodies of the 50120 w/w BMs
allowed us 1o determuine thal anong the tested polymers, nPYP3sk
most effectively slows down the crpstallization of NAP, whille the other
three matrices exhibit o similar, weakes aldlity o it this process.
The obtatned results adwo twvealed St 2PV shows very similar
crystallization ishiletion effectivesess (o the lisear PVP with M, coc
responding %o one arm of the star palymes. XD stadies indicated thae
regardiess of the wopology /M, of the macromolecule usal, NAP ey
tallizes lnto the same polymotphie form. Usfortenately, doe to the 1apid
aysaliization of the 5020 w/w systems, it was noc possible 10

T (00N 1ewr

Novpovn Saevwd of Pivrve

Baad
vt Ny

determine using this technique, which macromolecule most effectively
inhidits the arystallizarion of the APL However, loag term strocoenal
stodies howed that the 60:40 w/'w mixtuees ace the most stable (Shey
were Mnorphous even afer a moath of storage) dafrared studies
revealed cleas spectral differences for each NAP-PVP misture charac-
terized by dfferent polymes content. ks turm, the variations between the
spectin depenuding om M, and the togolegy of PV ssed were very subile,
suggesting no significant differences in the ntermolecular intesactions
between the drug and individual sacromoliecsles. Based on the FTIR
vesults, It was determined that the greasess (even fows monch) stability of
the G090 w/w NAP-PAT mixtures is malaly due 10 the formation of H-
bonds between the APT and PVP melecules, 28 the high polymer content
prevents the sell sssocistion of NAP melecules, thus sigraficantdy
affecting the arystallization Mnetica. In the final step of the study, MD
simulatioas performed for nest NAP systess sad 50.20 and 6040 w/w
mitstures of API with varioss PVPr confiamed the outcomes of infrared
studies - Le_ the more PAP wed, the more NAP PVP H bonding in
tevactions and Sewer H-bosded NAP-NAP dimers; conmqumtly, 2 bigher
stability of ASDs with a greater amownt of the palymer. Addcionally,
they showed slight differences in the H-bonding isteractions depending
on the type of PYP polymer in the BM, ax well s the greatest homoge-
oeity of the NAP-BaPVIISk system, eapliising the most effective ishi
bition of the API crystallization by the podymer with M, smilar to M, of
& commencial PVP, bt relatively usifourn chain lengihs, Le., low &
persity (which was also deduced from DSC data analysis). Thus, & choukd
be soted that the ostcomes of theotetical caleulations wete i good
agreessent with e residts of experimental studies. The obtalned data
mumawmmmwuuw
new {aty contaising polymens with well
Mu‘m"mmmumw
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Molecular Dynamics Simulations data

Fig. S1 The structures of simulated starshaped PVPs. The green areas indicate the centers of

the star-shaped macromolecules.
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DSC data
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Fig. S2 DSC thermograms (heating rate, ¢ =10 K/min) collected for neat amorphous PVPs. T,
was determined as the midpoint of the heat capacity increment.

(a) AP PVP K30 | o)
— 00 Nty T 28 K
[ B e cooling
f—0 20w
[— T =
ooy 8 e -
3 |#=10min _ 2
) a
il ’ |}
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Fig. $3 DSC thermograms (¢ = 10 K/min) of (a) NAP-PVP K30, and (b) NAP-linPVP3&K
mixtures with different weight ratios (90:10, 80:20, 70:30, 60:40 w/w). The thermograms for
NAP-PVP 90:10 w/w systems were collected on heating and subsequent cooling, while the
thermograms for other BMs were collected on heating (after previous heating and cooling).
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Fig. S4 DSC thermograms (¢ =10 K/min) coliected for NAP-PVP K30, 80:20, 70:30 and 60:40
w'w mixtures duning the heating and cooling procedures.

Table S1. The values of the calorimetric glass transition temperature (¢ =10 K/min) as well as
heat capacity changes at T, (AC;) for the examined NAP-PVP binary mixtures in various weight

ratios and neat PVPs.
NAP- NAP- NAP- NAP-
Binary mixture, PVP K30 linPVP 14k LinPVP3sk starPVP
whn T AC, Ty AC, T, AC, T AC,
[K) | [VeK]| [K] |[/gK]! (K] |[¥gK]| [K] |[¥gK]
w: lo - - - - - - - -
80:20 290 | 0.31 290 | 0.35 291 032 | 290 | 035
T70:30 303 | 035 | 305 | 031 06 | 024 | 302 | 034
60:40 316 | 0.31 315 | 024 | 322 | 025 | 318 | 0.29
neat polymer 434 | 026 | 435 | 028 | 447 | 025 | 441 0.30
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Table S2. Values of the calonmetric melting temperatures, T, and melting enthalpies, AH,,
(determined upon ¢ =10 K/min) for neat NAP and the examined NAP-PVP binary mixtures in
vanous weight ratios.

NAP- NAP- NAP- NAP-

Binary | meatNAP | pupian | liPVPISK | linPVP3SK | starPVP

"":,:',"' To | 8Ha | To | 8Hn | Tu | 8Ha | Tu | &Hm | Tw | AHa
(K]_| [vg] | (K} | Dvg] | (K] | [¥g)l | (K] | (Vg] | [K] | [vg]

100:0 431 142.8 - - - - - - - -
955 o] o LA =~ L =l A -
90:10 T - T 428 | 959 | 427 | 885 | 4290 | 1016 ] 428 | 919
85:15 - - 427 - 427 - 428 - 428 -
$0:20 T2 52 a2 |sia a2 | 570 | 423 | 556
70:30 el T el el el sl = 5[=~T:%
6040 e - - - - - - - - -

Table S3. The crystallization temperature values for NAP-PVP 80:20 w/w mixtures depending
on the heating rate ().

NAP-PVP 80:20 w/w mixtures
. T, [K]
¢ (Kiln) NAP-PVP K30 | NAP-IinPVP14k | NAP-linPVP38k NAP-starPVP
5 3388 3414 3411 3382
75 3428 3464 346.6 3436
10 3456 3500 3502 3472
125 3482 3530 3538 3502
15 3508 3552 356.6 3528
17.5 3528 3572 3588 3552
20 3544 3588 3608 3572
25 3574 3618 3638 3602
30 3598 3642 366.6 3628
35 362.0 366.8 368.6 365.2
40 364.0 3692 iTo 3674
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XRD data
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Fig. S5 Comparnison of XRD patterns obtained for neat crystalline NAP and neat PVP polymers,
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Fig. S6 The temporal evolution of diffraction pattems for NAP-PVP mixtures at different

weight ratios (a) 80:20, (b) 70:30 and (¢) 60:40.

117

s7

117:2036667783



ol =K B 2 2z 8 g
] e 1) |
E W\ '

- £ S B

v - v v v
2600 3400 300 3000 200 2000
Wavenumber [em ')

Fig. S7 FTIR spectra of molten NAP and neat erystalline NAP, measured in two wavenumber
ranges of (a) 3600-2500 and (b) 1800-400 cm'.

As reported in the literature, erystalline NAP molecules are connected through O-H--O
H-bonds involving the oxygen atoms from the carboxylic groups, leading to the creation of a
one-dimensional helix chain.[1] Consequently, the stretching vibration band of H-bonded OH
groups (vour) in this AP form, occurmnng from 3450 to 2700 em”', is broad and intense. In
contrast, the vosr band of molten NAP is even further widened towards the higher wavenumbers,
and the intensity of its higher-wavenumber component (3550-3100 cm') is more prominent.
Morcover, the weak band contour assigned to the stretching vibrations of non-H-bonded
("frec”) OH groups is detected in the 3550-3400 cm'' range. These facts clearly indicate the
existence of completely different types of H-bonding interactions between AP molecules in
both phases, molten and erystalline. It should be noted that the spectrum of molten NAP mimics
that of NAP diluted in a CCly liquid mixture, showing that NAP molecules exist as H-bonded
dimers in the liquid phase.[2] The difference in the association process of erystalline and molten
phases is also reflected in the lower wavenumber region connected with the stretching
vibrations of the carbonyl group (ve.o). For crystalline NAP, the vo.o signal involves two
overlapping peaks located at 1725 cm™ and 1679 cm™’, whereas, in the case of the molten NAP,
the ve-o band exhibits two peaks at 1741 and 1706 cm™ with inverse intensity ratio, The other
bands located in the lower wavenumber range of 1800-400 cm™' exhibit similar positions for
both studied forms: however, for molten NAP. the signals are broadened and blurred compared
to the sharper and split peaks of crystalline NAP. Thus, the signal located at 1603 cm™ for
crystalline NAP is assigned to symmetric ring stretch, while that at 1452 cm™' comesponds 1o
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the CHy asymmetric bend 3] The C-C-OH antisymmetric bend/stretch occurs at 1394 em™', and
the C-C-O antisymmetric bend/stretch is observed at 1263 em™ [3] A peak at 1227 em™ is
related to the C-O-C asymmetric stretch of the methoxy group, whereas a signal located at
1028 cm”’ is connected with the C-O-C symmetric stretch of the methoxy group.[3]
A1926 e, the band assigned 1o the out-of-plane OH bending vibration is found,

o] (@) . (b)
o LM

e i3

s} B 3

b— E
S‘M- ,
30 e M0 290 e Ieee 160 1D 1M 140 10 WO 80 0 4

Warvenumber fem') Wavernmber [om ]

Fig. S8 FTIR spectra of neat PVP K30, linPVP14k, linPVP38k, and starPVP, measured in two
wavenumber ranges of (a) 3750-2500 and (b) 1800400 cm'.

-'?
Log (1R
s, e e NV

(@) - neat PVP K30 before heating
002t PVP K30 after heating

Log (1R}

3000 300 30 3300 3300 1000 2600 2430 1990 GO0 1400 1100 1008 M0 00 40
Wavenumber fom ') Wavenumber fom '}
Fig. S9 FTIR spectra of ncat PVP K30, measured before and after heating at 393 K for 20 hours
in two wavenumber ranges of (a) 3800-2600 and (b) 1800400 cm ™.

As mentioned in the main manuscript, PVP is a highly hygroscopic polymer, hence the
analysis of FT-IR data for binary mixtures can be difficult, especially in the anges of 1650 and
3400 em”. As can be observed in Fig. $9 for the exemplary PVP K30 polymer. PVP
macromolecules have a lot of absorbed water (see light violet line) - about 13 wit%, as shown
by independent TGA measurements, However, after sample anncaling (dark grey line), a
significant amount of water is Jost from the system, and its content is then 2-3%, Considering
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that the samples were prepared at T=433 K (see section 2.2, “The procedure of preparing
amorphous NAP-PVP formulations™ in the main manuscript), it can be assumed that the share
of water in the studied BMs is small, as evidenced by the very low intensity of the band around
3400 ¢cm’ in the presented spectra (for example, see Fig. S10). In addition, it is worth noting
that the thermograms recorded for NAP-PVP systems also do not show an endothermic peak
that could indicate water evaporation from the sample during measurement (see Fig. 2 in the
main manuscript and Fig. S3). Based on the above, it can be assumed that neat polymers
certainly contain a significant amount of water, but the method used to prepare binary mixtures
(melt-cooling) allows for the majority of water to be removed from macromolecules and thus
does not interfere with the interpretation of FT-IR spectra. It should also be recalled that,
according to the literature, PVP is a material that is extremely difficult to completely dry and

the amount of water contained in samples usually oscillates around 5%.[4,5)

NAP-PVP mixtures 70:30 w/w}

Legiim)
Leglim)

}

T L Ll L Ll Al LS L L4 L L L4
600 3400 3200 3000 B0 I600 2400 1MO0 1600 W00 1300 1000 0 @) w:
Wavenember fom™] Wavenumber jcm ]

Fig. S10 FTIR spectra of binary mixtures containing NAP and PVP of different topologics at
two APl-polymer weight ratios: 70:30 w/w, and 80:20 w'w, measured in the supercooled
liquid/or glassy states, and that of neat molten NAP,
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) o NAP moRen (b)
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— AP NP V1O 6040 whw et 4 montis
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w—NAP-aarPYP G040 wiw afler 4 months
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MO0 3400 3200 3000 2000 2600 2400 1800 1600 1400 1200 1080 890 600
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Fig. S11 FTIR spectra of NAP-PVP 60:40 w/w BMs: NAP-PVP K30, NAP-/inPVP14k, NAP-

HinPVP38K and NAP-starPVP, measured after 4 months of storage in two wavenumber ranges

of (a) 3700-2400 and (b) 1800400 cm'. The spectrum of molten NAP was drawn for

comparison,

(a) e NAPPVP K30 92:10 wiw [y
— NAP-APYPILK 9010 i
e NAP-APPISR 9010
e NAP PP 10 wiw

Leg (1R)
Log (VR)

MO8 e MM 3000 JES MO0 M) 1930 o0 1480 100 00 M0 Mo 4
Wavesamber [cm '] Wavenumber fem ')

Fig. S12 FTIR spectra of NAP-PVP 90:10 w/w BMs: NAP-PVP K30, NAP-/inPVP 14k, NAP-

finPVP38k, and NAP-starPVP, measured immediately after prepartion/vitrification in two

wavenumber ranges of (a) 3700-2400 and (b) 1500400 cm',

s11

121

121:1311449883



Log (1/R)

—_— . T — |
3600 3400 3200 3000 2800 2600 2400
Wavenumber [cm™]
Fig. S13 FTIR spectra of amorphous NAP-srarPVP BMs with different weight ratios, measured
in the region 3700-2300 cm''. The spectra of molten NAP and neat siarPVP were also drawn

for comparison. An increase in peak intensity as the concentration of sfarPVP increases in the
mixture is highlighted in red and a decrease in blue, respectively.

w— NAP-52rPYP 8020 w'w

Log (1/R)

Ll

1800 1750 1700 1650 1600 1550
Wavenumber fem™

Fig. S14 FTIR spectra of amorphous NAP-srarPVP BMs with different weight ratios, measured
in the region 18001520 em™’ after subtracting the C+<O band of neat sfarPVP. An increase in
peak intensity as the concentration of starPVP icreases in the mixture is highlighted in red and
a decrease in blue, respectively.

512

122

122:6596640487



Log (1/R)

173 ~ —

wn

L ’3{ NAFPYVH K30

| TR ."!/ 70
/"\_/’ 1648 :

—

Log (1/R)

Log (1/R)

1800 1750 1700 1650 1600 1550
Wavenumber [cm™] s13

123

123:9246144918



Fig. S15 FTIR spectra of amorphous BMs of NAP with (a) PVP K30, (b) linPVP14k, and (¢)
linPVP38k, with different weight ratios, measured in the region 1800-1520 em''. The spectra
of molten NAP and neat PVP samples were also drawn for companson. An increase in peak
intensity as the concentration of PVP increases in the mixture is highlighted in red and a
decrease in blue, respectively.

References:

(1]

(4]

(5]

B. Hachula, The nature of hydrogen-bonding imeractions in nonsteroidal anti-
inflammatory drugs revealed by polanzed IR spectroscopy., Spectrochim. Acta. A, Mol.
Biomol. Spectrose. 188 (2018) 189-196. hups://doi.org/10.1016/].522.2017.07.008.

A. Apcliblat, Dimerization and continuous association including formation of cyclic
dimers, Can. J. Chem. 69 (1991) 638-647. https://doi.org/10. 11399 1-097.

L. Lin, H. Gao, Quantum chemistry study of molecular structure and vibrational
spectrum of naproxen, Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 86 (2012) 131-
138. https//doi.org/https://doi.org/10.1016/j.532.2011.10.018.

T.L. Lebedeva, MM, Feldstein, S.A. Kuptsov, N.A, Plate, Structure of stable H-linked
complexes of poly-N-vinylpyrrolidone with water, Polym. Sci. Ser. A 42 (2000) 989
1005,

S. V. Kurmaz, N. V. Fadeeva, VM, Ignat’ev, VA, Kurmaz, S.A. Kurochkin, N.S,
Emel’yanova, Structure and State of Water in Branched N-Vinylpymrolidone Copolymers
as Camiers of a Hydrophilic Biologically Active Compound, Molecules 25 (2020) 6015,
htps://doi.ong/10.3390MOLECULES25246015.

514

124

124:8713746013



4.3. The influence of PVP polymer topology on the liquid crystalline order of
itraconazole in binary systems (P3)
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The Influence of PVP Polymer Topology on the Liquid Crystalline
Order of Itraconazole in Binary Systems
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and Ewa Kaminska

ECI'M!U Fhommacestics 2004, 21, 30273033 M Online

ACCESSI I Metrics & Mose 88 Anticke Recommendations | @ Supporting Information

ABSTRACT: This study presesas a novel approach by utilizieg poly- (om0,

(vinylpyerclidone)s (FVI's) with various togologies as potential matrices for W oo

the Bquid crystalline (LC) active pharmacestical itraconazole (TZ). (z“{b o o

We examined amorphous sold dupersioess (ASDs) composed of ITZ and (1) T Do 50 1R

self synthesized lioear PVP, (if) selfsynthesized star-shaped PVP, and (&) A |

commeercal linear PVP K30, Differential scanning calorimetry, X-ray diffraction, «’ v 3 it s

and broad-band dielectric spectroscopy were employed to get a comprebensive [ yte N
into the thermal and sructanad propertios, ax well s global and Jocal =

dynamics of ITZ-PVP systems. The primary objoctive wis 10 assess 3 v"&@ﬁ

&Md%tmdhmmdﬁbuklcm C.F‘- = 5‘ %‘

changes i the temperature of transitions between mesophases, the rate of their N q’ £ |

restoeation, and fnally the solubility of ITZ in the prepared ASDs. Our rescarch [, AN ’L .}‘.

clearly showed that regardiess of the VI type, both LC transitions, from smectic

(Sm) to pematic (N) and from N to isotropic (1) phases, are effectively suppressed. Moceover, 2 significant diference in the

miscibility of different PVPs with the investigied APT was found. This phenomenca alo affected the solubiley of APL which was

the greatest, up t0 100 ug/mL in the case of darPVP 85:15 s/ miture i coosparison to neat crystalline API (S pg/mL), Obesined

data emphasize the crocal role of the polymer's topology in designing new pharmaceutical formalations.

KEYWORDS: #raconazole, podr{resylpyrrolidone), star-shaped polymer, bisiry mivtwres, amorphows sold dispersiens, nesatic phse,

sovectic phase, ligud crystalline order

B INTRODUCTION a high poasibiliey of spontaseons . crystaliizacion under storage
The pharmssceutical indestry is evolving sector of the and processing conditions.' ' Nevertheless, this example
u&MMmm&WW clearly shows that it Is quite easy to enhance both the
new phanmaceutical products to the market encounters several  physicochemical and pharmacalinetic peoperties of pharma-
serious problems. One of them is the very poor sobability of a ceuticals by a2 smple manipulation of the degree of molecular
wnumormmmw(am)m order/disoeder. Considering this fact, specal aention Is paid
comsoguently, their low bioavadability.' Heace, in recent years, to looking for materiah characterized by vacious kinds of
muny schentific groups have been working on various strategles  malecular ordering, which can be tuned by employing different
to morease the sobsbility and therapeutic efectiveness of  exrermal factoes, such as pressure, temperature, solvent, pH, etc.

APL ™ In this contest, cae can mension seversl methods, Among ol studied systems until now, liqud crystals (LCs) are

%ﬂwmee.mm or Jooming as the best candidates, satisfying the above criteria.’”’

dhmMmMemthMm’
umrplw)‘mu.hah'h!r research direction.” Rovobiodi """‘7’:”3‘
Numeroas experimental and Mukalanbuhmln&aud Revised: Moy 2, 2034
that amorphous pharmacesticals due to higher entropy and Acoopteds My ) 304
free encegy thas their copstalline counterparts exhibit greaser  TWblisheds May 17, 2024
solubility and bioavadabilty.” On the other hand, the

amorphous phase is thermodynamically enstable, which creates

. . © 20)e T Aston Absbad by . S o )
W ACS Publications b b A RS R
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dissolution rate and bloavailabilty of LC
optimized.'™" """ Hence, studies aimed
chancterization of phamssceuticsh
entirely pastified.

%
&

?

i ]
il

¢ b ogeal 10 20 K/s, the transstion from N to Sm phase is

suppressed, while a the standard ¢ (10 K/min),
phase & formed. Moreover, a recent study by Heczko
et al has shown that the rapd compression of APl has
-mm»u«w—mm%au
N-Ses tramsition.™ As a reselt, in both cases (rapid cooling
and comgeession), caly the nematkc onder was preserved in the

127

Kowalcuk et al"" and Micrsws ot 2l demonstrated tha
another external force, Le., mechanical sheasing, infhsences T2

algnment.
Herein, i & worth noting that apart from the
affecting the LC cederiag of 17, the role of

factors
the addtion of

tyye of poly(ethylene ghreol) med has 2 impact oo
the suppresdon or enbuncement of the Sm phase in APl
particles, thereby comtributing to the improvemest or
deterioration of the drug’s salubility, " It is alwo

partially seppeess the Sm and/oc N onder of ITZ but do not
ciuse ther complete and permanent disappearance. Only
DiNenzio et al. showed that the preparation of fully
amorphous binary mistures of ITZ with poly{vinyl acetate
phibalate) by wltrarapid freemng deadh to 2 wgnificant
improvement in ITZ ailabedity, Unforvesately, in this
work, the authors did mot discuss whether LC phases
reconstruct with time.

Furthermare, in the Btersture, there are no sepoets that show
directly how the polymer structure affects the solebility and LC
ordering of ITZ. There s also a gemeral interest In

g how other macromalecules (beyond commer-
<ial polymens) influence the formsation of mesophasws & thin
APL Thes, 10 cover this intriguing research
phoscering studies on the mpact of vinylpyrrolidone)
(PVP) topology oa the daruption/suppression of the LC
onder of ITZ, a possible recomsenuction of smectic of nematic
order, as well as the solubibty of thes active substance.

W MATERIALS AND METHODS

Materlals. 1-Vinyl-2-gyrrolidone (VP, >99%, Sigma-
AMdrich, Pozsan, Polind) was passed an alumina
column before use to remove the inhibitor. 2.2 Arcbis(2-
methylproplonsinle) solution (AIBN, 0.2 M in toksene, Sigma-
Adrich, Pornan, Poland), cyanomethyl methyd 4-qyrdyl)
carbamodihioate (CTAL, 98%, Sigma Abddch, Poenan, Po-
Land), 1,35 tris(bromsomethyl Jbenmene (97%, Sigma-Aldrich,
Posnas, Polind), sodium dethyldithiocarbamate trbydrate

L R i R
M P s

ot AT
N xr. ww
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B, Ohermcal structiure of (4) TTZ with marked motions being the somve of two relunstion processes (@ and o), (3) commercialy svalide

PVP K30, () selfsynthesieed aoriVE, sad (4) self synthesined SePVP,

(Sgma-Aldnch, Pornan, Poland), diethyl ether (pure for
analysis, Chempar, Pickary Slaskie, Poland), methanol
(99.85%, Pureland, Stargard, Poland), dichloromethane
(DCM, 9%, Warszawa, Poland), chlorofoem
(99.8% D, contains 003% v/v TMS, Sigma-Akdrich, Poznan,
Polend), PVP K30 (M, = 40 500, D = 2.05, Sigma AMrich,
Ponan, Poland), and neat ITZ (IUPAC name: (2845)- red 1.
(bwtan-2-y1)4-[4-{4-(4-{ [(2RAS)-2-{ 2. 4-dichlorophenyl ) -2-
(1H1,2 4-triazol-1-ylemethyl )-1,3-dioxolan 4yl Jmethoxy)-
pheayl )piperasin. 1. | phenyl] -4 5 dlpdro- 1 H-1,2 4-triaxol-$-
one, 9%, Sigma Aldrich, Posnan, Poland) were used as
recetved. The polymorphic form of the commercial 1TZ was

the stable form 1 (trclinic space groop PI with 4 molecules per
unit cell and lartice aa&&&bzﬂllskcu
mocA.a~ TI49, = W07, y = 778 The same
form weas observed after the recrystallization of

i
, and starshaped PVP amples (see Figeee 1), were
cbtamed vsing the melt<ooling method. The ITZ-PVP
systems were peepared at the same weight rath
polymer, Le, 95:5 w/w. In the cave of ITZ=atarPVP, the 50:10
and 55:15 w/w systems were also examined To determuing a

(Thermo Scientific) with 3 bultin diamond 8350 ATR
sampling station in the range of 4000-400 cm™" with &
resolution of 4 cm™', Siateen scans were averaged foe each
spectrum.

Differential Scanning Calorimetry (DSC). Differential
sanning calormetry mesurements were perfoemed wing &
Mettler—Toledo DSC apparates (Mettler—Toledo lnterna.
tional, Inc, Greifonsce, Switzerland) equipped with a biguid
mo;m:odqma‘um«mmm(hd

sesor with 120 thermocouples). Temperatare and
Malbmmlmﬁmd indiam and 2inc
Muwmtmmmﬂ
ITZ=PVP, 95:5 and 85:5 w/w systems) were scanmed at 4 rate
of 10 K/min over a temperature range from 298 to 480 K
Moreover, addtional DSC studies at heating rates of § and 20
K/ were conducted for ITZ=PVP 955 w/w mixtures,

X-ray Diffraction (XRD). X-ray diffraction esperiments
mmumamn/mwuuna(-m;
equ with a rotating Ag anode and an Incident beam (002
p;mdmm wavelength of the incident beam 4 »
0.56 A). Samples were meavered in borosilicate glass capillaries
with the Debye—Scherrer The defraction patterns
were collected i 2 ﬁm.mm(m)
mmumaamm»a.mmaw
scattering vector (@ « darsn 8/4, where 240 is the scanering
angle. The background mtensity
sebtracted from the data colected for the samples. The
tempenatare dering the measurements was 298 K. The samsgples
were closed and Joag term stoeed in capillanes at 323 K. Before
XRD measurements, exch ample was doed = 2 vacoum
Sesiccance for at least | h to remove any mobture,

Broad-Band Dielectric Spectroscopy (BDS). lswburic
mdmmmmuw
wsing the Novo-Control o diclectnc spectromseter (Novocon-
trol Technologies GmbH & Co, KG, Hendsangen, Germany)
over a frequency () range from 1 X 107 to 1 X 10° Hz. The
samples were placed between two stainless steel electrodes
(diameter; 15 mm, gapi 0052 mm) and mounted on 2

L R R
M P s

Cot AR
N xr. ww
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cryostat, During measuremsent, each sample win maintaised
under a dey nitrogen gas flow. The temperatare was controlied

by a Quatro System using a mitrogen gas cryostat, with stabdity
better than 0.1 K. The diclectnic measurements of all examimed

samples weee carned out s 4 wide o rasge {both
above and below the T) from 1753 1o 365 K
Wltysmdm. the dissolution tests, the sample

uing 3 moetar and pestke and the rewlting
mmmmummmm The stady
examined the disolution rate of wraconazole I a 0.1 M
Bydrochlons acid solution (pH = 1) a1 37 °C using a USP
pperates I PTWS 820D (PharmaTes AG,
Hawburg, Germasy). Aroand 300 mg of cach sample was
placed @ 300 mL of medium and stered at 150 rpwn for 120
min, The concentration of the dssalved substance was
determined by the ultraviolet/visible (UV/vis) method #t 255
am using 2 T70 UV/vis splubum spectrophotometer
equipped with flow length
dlomm(l\mT«AGHahbmp( r“
ments were taken every minate untll 10 min of the test, then
every $ min, and beyond 60 min every 18 min watil the end of
the test,

W RESULTS AND DISCUSSION

years, PVT has been widely used in the medical, cosmetic, and
food industries due 1o its unique chemical and heologscal

this polymser, scientists still coly examine the role of molecular
weights (M) of commerctally available PYP,*"*' while the
impact of other factoes, such & polymer topalogy oe dispersity
(D) on the pharmacokimetic properties of numerous
pharmacenticals, i sot described at @l Herein, #t shogld be
stressed that this is most likely because the scale PVP
syethesis is based on an uscontrelled free process.
As 2 result, the obtamed linear macromolecules consit of both
long and short chains, ultimately leadng 10 Dubu
(ssont often sbove 2, which messs poocly
mmww) Mwmr.ﬁnubalpobmmmh
mamly to produce H‘l‘. a potestial
theest of accumulation @ the LP"
u*“nwmummmmmw

applications (eg, in pharmacentical formukition designing),

129

topology on the physicochentical properties, spatial molocular
organizazion, and APl solobility In an amorphons sobid

MMJM&R&MM

(i) commercial PVP K30 (M, = mnuzns).(u)nu
syntheshed lineas PVP, BePVP (M, » 37,600, D = 1.22), and
(m)ﬂmwuwmm'r
(M, = 38,700, D = 148)." While ASDs, we noticed
an extremely intriguing relat) linear polymeric
m(n'rmmv)mm-umuawpa
amount of up 1o 5 wi %, whereas starl'VP exhibits a
with

P wm
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macromolecsles (so¢ Fagure 1), To better undentand this
phesomenon, infrared measarements were conducted for neat
active substance (ITZ) and polymers (FVI K30, lnPVP, and
starPVP), as well ax ITZ-PVP 955 w/w ASDs (see Fagure 59
in the SI). bmerestingly, o dfferences in the shape or position
of individual bands/peaks throughout the spectral range were
observed for neat macromolecules and binary fosmulations
with diffeeent FVPs. The obesined rewlts that, in this
case, the polymer topolegy does not affect the type of API~
VI intermolocalar iteractions. Thus, & can be assamed that
the obwerved differences in misciblity ace rather related to how
ITZ molecules are localized/disteibased the polymer
oy lead to
pharmacokinetic properties
of AP1 depending on the type aad amount of sacroesclocule
used in binary mixtuees.
Differential Scanning Calorimetry (DSC) Data. Sub.
sequently, we carmed out calorimetric meaverements to
chanacterize the thermal propenies and phuse transitioen of
both meat substances (ITZ, PVP K30, luPVP, garPVP) and
API-PVP binary systems. DSC collected for
neat polymers are shown in Figere 510 i the S1, whille the data
obtaised for amorpdous 1TZ and ITZ~PVP mistures were

compiled in a single graph (see Figure 2). As can be wen,

— vt 112 |
fos (T2 P99 530 W3

e TP 58
TIPS
e (Tl PVP 0%

r T r v v v T
¥ I W W W I W

Figure L DSC thermograms (@ = 10 K/min) collected for nent
ghassy/ TZ ol ITZ=PVP ASDs wih difievent
ramos (w/w) of both components,

during the heating of neat ITZ (the second scan after ineial

of the crystaline sample and supe at a rate of
10 K/mm, three distinct endothermic events are visible, The

- ;‘ndodmm':puhu
higher T arg kskad to the LC oedering of TTZ More precively,
the thermal evest at M8 K coresponds to the transmion of
APl from the smectic {Sm) to nematic (N) phase (T, ),
while that at 364 K is relsted to 2 tramsition from the
isoteopic (1) phase (Ty). Herein, it is worth sotiog that the
cbtated thermogram of neat ITZ and the determined phase
tramsitions are m £O with the data repocted in
hions s 1 gisd st

130

misture, there 1s a distinct glass transition, but it & shghtly
shifted towand higher T (T, -mx)dwwm
polymer concentration in t‘cunpk.htu i
interesting, the Sm~N transition & completely
while the N~1 transition has very low intensity and s
shifted voward Jower T (T = 351 K). For the ITZ~
£5:15 w/w system, only one tranution to the
ghss-mansition phenomenon Is visible at 7, « 340 K In tum,
both LC transitions are It means that

A

As
Figure 3, XRD patterns of ITZ and its ASDs with vasiows 'VP
(95:5 w/'w) sasples show characteristic peaks in the snall-Q
eclated e

i
i
i
¢
]
L
I
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Scattering vector Q [A"]

95 10 15 20 285 30
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Figure 3, Difiraction pattems of () nest ITZ ghios and indicased ASDy, (b) ITZ=PVP K30 948 w/es () TTZ=0aPVE 945 w/'mg (d) IT2-
PP 948 wvg (o) TTZ-2a VP 9010 w/wg and () ITZ—toPVP 3508 w/w, The fiest et (in paned 3) dhows the soomed-in view of the
compared i the wrmall-Q range, while the second inset (ia paned d) presents the comparieon of the main difraction peak amplitede.
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Figare 4. Temporal evclution of the difiaction putseems for (3) [TZ=PVI K10 a0d (b) ITZ-stark'VP 955 w/w systerma. The pesk 2t Q ~ 047 A"
the of the

Mdﬂn“'mﬂmh&ﬂmmd&&wd&-uku&t Pasel () p
for all wadicd samples.

bnude of the * wQ~ 047 A

<

the presence of PVP does mot practically influence the
difracon data of ASDs in thes umall @ range. Thas, the
suppression of Sm order in these binary systems wems to be
due to chunges in the ITZ stnucture caused by the polymer,
The invet = Figere 4 shows that sho the ssain diffraction
peak of ITZ gets smaller by the presence of PVP, indicating
that the nearest-neighbor erganization of molecules is also
moce disordered. However, no big diferences in the XRD
patterns foe vanous ITZ-PVP 955 w/w systems were noted.
Nevertheless, the data for ASDs of AP with varying wt % of
starPVP demonstrate that with Increasing polymer content,
there s an evident suppeession and a dight shift of the main
ditfraction peak toward lower Qvalues (see the inset In Fgure
3d), ssdcating & strosger dioedering of the intermolecular
structure of ITZ. Moreover, the low-Q pesks are smaller in
90:10 w/w ASD, that only the N onder is jroscrved
in this yyatem, while in the 8515 w/w mixture, the low-Q

peaks practically totally disappear, so the structere of ITZ in
this system resembles that of isotropic bgud
Herein, it should be mentioned that addeiceal XRD stadies
carnied out foe ITZ-PVP K30 and ITZ-MnPVP 2t 85:15 w/w
ASDs confemed the revelts of DSC measurements, indicating
that these benacy systems in contzast 80 PVP<gurPVP 85,5 w/
w ASD are nonhomogeneous. For more detaidy, see Fagure S13
and the descrption given in the S1
Additionally, the dfferences between 1TZ and vancus PVP
988 w/w systems wore observed for the samples stored at 323
K, which is sbightly below the T, Panels (a and b) i Figure 4
show the evolwion of the XRD patterns for the
sored ITZ-PVP K30 and ITZ-saPVP 955 wiw ASDs,
. Similar data were collected foe neat ITZ and the
ITZ=5nPVP 95:5 w/w system. The reselts of these loag-term
strectural stodies indicated a gradesd recovery of the Sm order
in time foe all samples, The dogree of this ceder was quantified

L R R T o L A e lY
Mt P v 2R 2\ W21 W
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Figure 5. Diclectric hone spectra of (a) oest ITZ'" and (b) ITZ=PVP K30, (¢) ITZ=4nPVE, () ITZ=waPVP 955 w/w binary ssisures.

based on the amplitade of the peak maximem located & Q ~
047 A" (marked with an asterisk *), and the changes in the
amplitude of this peak in time are presented in Figare 4¢. The
neat 1TZ receystallized after 2 days. Therefoee, the data points
for the neat AP were himited to 2 days. In taen, the ITZ-PVP
95:5 w/w ASDs exhibited & gradual recovery of the Sm ceder
with time, masdested by an increas in the amplitude of the *
peak aad 0o sign of recrystallization over 14 days. Interestingly,
the rate of this structural trandormation was different
it o0 the polynser—the ITZ~PVP K30 systess was
the leant stable, and after 14 dayy, it recovered almost the same
awplitude of the diffraction peak a8 neat ITZ after 2 days
Meamwhie, the ITZ=arPVP ASD was the most stable and
had 2 lower of this peak after 14 days compared to
the ITZ~PVP K30 and I'TZ~PVP systems. The varlations
n the peak amplitude with time were also accompansed by a
shift of the peak position toward Q ~ 0.45 A, so toward the
where this peak Is Jocated for neat ITZ. This
that the addwion of VP polymers may it the ITZ molecules
by an angle with respect to the Liyer normal. Howeves, the
ameciling cawses returning of molecules to a more paralkel
alignment to the layer soemal. Nevertheless, a shoeld be soted
that these results are related to the annealing of meat I'TZ and
Binsey maatures at 323 K. At room temperatuse, the rate of
eestocing Sen phase in APL & sgnificantly redoced and it takes
months of even years to reach the order characteristic for the
vitriSed ITZ sample,

Broad-Band Dielectric MM
the roults from DSC and XRD
umw«mnumdmpmm

mgdnlb&mhod.bnhmtdmb:ml\?lmm
from our previoas paper.” The measurements were conducted
at gmobient mankrnpdwmmbo&
above and the ansition tempersure (T,
mamumummui
pdynnr?&:&wfvmmpuxmhnl’guns.?imthl
BDS spectra were aho collected oo the ITZ~gar PV 85115
w/w mixtere (see Figare SIS in the S1). As can be observed in
Figure 8, at T > T, two wellviuble processes, which shift
towaed Jower [ with T, <an be Mentified in the
spectea of each examined . The first oo i the diect-
cumrent (dc) conductivity assoctated with the transpoet of loaic
imparities, which are ahways present in the higuid. Meanwhde,
the second process Jocated st tagher frequencies (/) is the
srecturad relvaton (o) onginating from Eaove-
ments of all molecules in the sample and respomsible foc the
ﬁum"«d&nn-ﬁmhnhmo‘
ITZ (a compound ;&wmm«).
aecdaation is associated complex floctuations of rotating
modecules around its Jong axis (see i3, Blue armow).
Meevover, in the spectra of neat APT (Figure Sa), at f lower
than those where the agrocess occumred, an additionad
dielectric respoase, called the a’ process oe fip~tlop rotation,
can be observed. to the literature data, this
relsation mode i cdowely reated 10 the rotational meticen
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. molecule around its dbort xds (see Figure 1o,
yellow arrow).”"'7 Unfortanately, t is not directly
discernible in the spectra of each studied ITZ-PVP 95:8 w/
w ASDs.
In van, the diclectric spectea of neas ITZ and ITZ-PVP
systems measured in the glassy state (T < 7)) revealed the
mdmwwmmuuh
slower § and the fater r. As demcastrated in our peevious
pipen conceming ITZ and its ASDs with varions Jow-
exciplents (Le, acetylated makvose and other
laﬁu-w koosrole groupn), the former one (called ¥) & a
~Goldatein {JG) process having an intermolecular
while the latter one (aur)u.mzcm
intramolecular character, ie. 2 nonJG type.'
As mentioned above, the a'-process is visible in dicloctric
spectra of seat ITZ, while for ITZ~IVP 955 w/w mixveres,
&mhmunrMMToomﬁmm&:
rotatiom (connected drectly with the LC in
.P-)bpmd«doomh!hmot wduhg
dnedc-omhmnty fuoxh
for ITZ2—garP\P 85:15 w/w system) and then
hmaaummMMm
in Figure 6 As can be seen, for meat AP'L the -

‘i

sEEEH

g

Eiii

Q-HEOCess

L.
955
955
955
85:15
10° 10° 100 10° 10° 10° 10
f[Hz)
6. < ric lows 4 for neant ITZ

dispersion is the aarrowest aad the a'-mode is
ram, for cach ITZ-PVP 95:5 w/w ASD, the @
broadened and the a'-process is
1o that of neat APL actly,
MMVN&ISUNM.MMM i
the o' 'mode is completely undetectable {see ¥ 6, light
Bue line). This indicates that in all binary
despite the kow polymser costent (aly §%), there is 3
dassging of the liquid crystalline onder of ITZ Furthermaore, a
complete of both LC phase transitions occurs in
the case of the ITZ-starf'VP S5.15 w/w system Thas, the
ebtained outcomes of dickectric meavmements  perfectly
correspoad to those determined from calodimetric and
structural expeniments. Heseln, it should be noted that a
similar wenario, ie, suppresion of LC oeder by other

for
the

F

H
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excipionts (acetylatod maltose and several APIx ketocoasncle,
flocomurole, voriconarcle), confirmed also by the decreased
amplitode/or even the absence of a'“mode In dielectric
spectea, bas heen reported i our previous woeks, "'
To get a complete overview of the relation processes
in al investigated samples (neat APl and API-PVP
ASDs) and characterize thesr molecular dynamics, the
dicleceric kna apectra were amabyred uung the Havrilisk~
Negami (HN) funcrsos with as additional tems describing the
de conductavity™”

pra— —
R TR T e

where o, is the docondectivity, £, is the vacuum permittivity,
Bkmuphrﬁw(—-uj) r.h&chlﬂb&w
lemit permittivity, &r o the delectric relaxation strength, 7,
the HN relxation tmse, and o, and fi,, ane the shupe
parameters representing the beeadth and asymmetry of the
wulmﬂoowb. respectively.
e a7 (7<) oo et b i
1 r(T< were Ty

the folkrwiag formula

R Ay %

T
fa %{“3*7‘%«[ -3"'”'«[ (2)

Figere Ta presents 7, and 7, plotted a5 Gactions of the
inverse temperature for neat AP1 and Investigated ITZ-PVP
ASDs. Interestongly, one can notice dlear
dependence of r, versan 1/, which are evident at
temgeratures chone to the two LC transitions (Sm=N
and N~-I; see dashed black hoes in Figere 72). It indicates 2
strong disreption of the molecalar order of ITZ, to which the
primary a-process i exceptionally sensitive, However,
regardiess of the type of polymer wsed, a-relauation times for
euch ITZ-IVP 955 w/w system and their temperature
dependences are very similar and difer only shightly from those
determined for neat APL This is im accordunce with
caloresetric data the same values of T, (« 332 K)
for neat TTZ and 95:8 w/w ASDs. It should also be observed
that there is 3 between 2, v 1/T plots Sor the 177
SarPVP 85:15 w/'w forsedation comgpared to other, Le, 955
w/w mixtures. The reason for that is a difference In T, (see
Figure 2, AT, = 8 K) for these samples.

MMW&MM“:::«H‘I
and s ASDs with vasious PVPs at T below T As sentioned
«ﬂammduymwﬂr)anbem«ih

@) -;#hz

(1)

of the boss spectra using eq 1, plotted vs 1/T, are shown in
Figure “b. To calcadate the activation energy bamer (E, )
theve relasations, the presented data were fitted to

Asrhenius equatioa

K,
we el =ty &

where R &5 a gas constast. The determined values are listed in
Table 1. As can be seen, E, for neat AP] is oqual to 938 &)/
mol, while for ITZ<PVP systerm, it r. from 76,1 1o 1038
k)/mel depending ca the type of matrx and its
content i ASDs. It indicates significant floctuations in the
molecular order of ITZ under the influence of variom

ot AT
N xr. ww

L R R
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Figare 7. Dependencies of (a) log,, 7, (half-Elled symboly) and log,, 7, (flled vymbels) as well s (B) bog, 7, and log, 7, verven 1/ T for nest T2
and IT2<PVT ASDx with diforeat waight ratios. Solid red Lines pepessent Arrbenias fite. The data for neat TTZ, shown in both paacle, were taken

from vef. V7
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Table 1, Values of Activation Encrgles of f- and y-
Secondary Refaxations Obtained froen Diclectric
Measurements for Neat API and 1TZ-PVP Binary Mixteres

e B (med] 0, (Nl }
ot T2 ik g 08 Mz
IVZ-TYP KR 955 w/w His e 5820
ITL-0aVE 953 win 0620 415203
WL -V 955 w'w w252 LALE R
IT2~wuPVP 5018 w'w T 240 Mo 20

“The deta were taken from sef, 37

macramolecules, which consequently atfects the dynamics of
the slower fFedaxation (a ]G type). On the other hand, the
activation barrier for the yprocess (2 soa |G relaxation) does
not show lirge variations i the stodied syvtems (ie, E, varies
from 35.8 to 4.6 k) /med, £, « 38.1 k] /mol for neart ITZ). It &
worth noting that in the case of ITZ<uarPVP midtures, the
calculated £, was the toghest. However, regardless of the
weight percentage of the stacahuped polymer in the
formulatson, # remained wnchanged (e, E, = 4456 K)/mol
for ASDs wigh 5 and 15 wt % of the poldymer). It implies that
the r-process is shghtly semsitive to the type of macromolecule
but not to #ts comtent in ASD. In summary, the sensutraty of

s (T2 ordirury gham

- TNV 518

e AtV 65

- M2APWW 95

o LAV K30 RSN

e LW K0 955

Amount of the drog substance Sasolved [ug/mt)
ovEGEUESBSERESTIuBRssET

e st rpstalioe (17

Figure K. Dissolation kinetics of [TZ 3nd ASDs of TT7 with varioss VP (95:5 and K018 w/w) @ 0.1 M HCL
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the fheclaation to the molecular of ITZ i bimary
systems ks greater compared to that of the yorelaxasion. Herein,
it should be recalled that in the case of ASDs of ITZ with other
konazoles = vanoss woight ratios, we also observed a
mm(u.uhummwm»
the dynamics of the Jprocess, not the y.mode).
Solubility Studies. In the final part of cwr work, we have
conducted solubdity stodies on nest ITZ, as well as AN
in theee Jditferem matrices (PVP K30,
AnPVP, and starPVP), The jon tests of Itracomascle
were performed wsing a hydeochlonic acd solation with a pH

of 1 as a3 medum representing the fasted hueman stomach. It is
punllyauudthutln emptying tene 0n &1 ¢mpty
stoasach i wically 0,52 h/ ‘l\mlcn in our

Mmh«mmdammmdw
120 min.

The outcomes of the experiments are hited in Figure 8 As
can be seen, meat crystaline ITZ eshibits very poor solubsity in
an ackdic medum, at 2 level of around $ g/l whach is fully
mmmumw-mum“"m
mmoephization, as aho indicated in our previous puper,’
rosulty in & clear improvement of APT sobebility (~100 prg/ml.
after arovnd 30 min). At this tme, the drug substance Is
rapidly dissolved wmtil a sopensaturated state is achieved.
However, after about 60 min of the test, the amount of
dissolved amorphous ITZ begine to deceease slightly,
L@umkznrdmm(&»ddm

For each of the ITZ-PVP systesm tested, a significant
increse in the solubdity of the drug sobstance coepared to
that of the neat crystaline form was observed. Moreovey, In
comtrast 10 amorphous ITZ, the dissolution rate s slower in all
binary systems. However, 2 steady increase in the concen-
tration of the dissolved API iy visible over 3 120 min period
with 0o signs of precipitation. This suppesition finds
coafiemation in the XRD pattern obcained for the representa
tive 95:5 w/w binary system recovered from dissolution
meavurements. Ay shown in Fagure 514 & the §1, in the toted
ASD, ITZ &d ot recrystalkre and, during the disolution
peocess, the smectic ceder was restored & the sample.

Interestingly, for ITZ~IVP 954 w/w ASDs, the greatest
impeovement i solubility was noted for the AP dopened in
InP'VP, After 120 min of the experiment, the
released AP from PVP K30, SaPVE, and starPVI enatrices
reached the following concentrations: 70, 90, and 75 pg/ml,
rospectively. Moreover, even though only itarPVP exhibits the
abdity to creste a mixteee with 2 polymer
comtent of 15 wt %, we decided to prepare 85:15 w/w banary
formulations comtaining each examined polymer for solebulity
meavisements. Interestiogly, as shown in Figere 8, for ITZ~
PVP K30 and PVP=LsPVP systems, segardiess of the APT 10
polymer ratio, the solubility curves bave a very sedar course,
However, the situation s entirely dferemt for the ITZ~
starPVP system. Namely, the solubility of ITZ-garPVP 85:4
wi/w (100 jrg/ml.) s significantly Empeoved in comparison o
the same binsry systems with 5 wt % of the podymer (75
ml). These observations are refated to the fact that the
does not form any LC phases @ the ASD with 15 wt % of
confirmed before based on cutcomes of

Setermined for the ITZ~PVP K30 systeers (95:5 and 8515 w/
w), while the best was obeained for the AP -starPVP 85:15 w/
wmAlemfonbeh’mdmbmmo(
APl s 4o a star-shaped PV compared with linear

mateices is the of the ITZ~
SarPVP 85:55 w/w system (the lack of LC ordening). Finally,
one should comment on the slowing down of the dissolution
rate of ITZ Gom binary matures with respect 1o meat
amorphous APL We seppose that it meght be related to the
occumence of some weak sstermolecular lnteractions between
beth Maorecreer, one ¢an alo asume that PVP
molecules well wluble in water may kesit acces
diffasion of solvent 10 ITZ. Alernatively, the change in the
malecular of AP1 molecules i the tested systoms
cannot be ruled oot as well, Howerer, these are just hypothoses
that should be clasified in the futere.

B CONCLUSIONS

In this work, calonmetri, diffraction, diclectric, and solubiley
stodies were carmied ost om ASDy composed of 2 biquid
crystilioe APl raconazole and three polymer matrices
difierng In (macro)structure: commercially avadable I'VP
K30, self-synthesiaed InPVP, and self-sysehesteed three-armed

arPVP, Spevial research attention was paid to examining the
ampact of polymer on charges i the LC ceder of
examied APl and the potential improvement of its
phamssacokinetic . In the initial step of our research,
we discovered 2 mngp Nasely, lincar
homopolymers (I'VI K30, lmI"VP) exhibred miscibility with

the AP1 oally at 2 bevel of § wt %, wiile the star-shaped VP
mised with ITZ gp to 15 wt %, Calordmetric memurements
revealed that each polymer matrix strongly infleences both LC
(Sm=N and N~1} trassition temperatures in ITZ, whie the
transition temperatune remained compared
gﬂ of neat APL lmgoetintly, btuc%%&n’u
awmmuuwwm
mobande.l‘thanwﬂlOudlsm
% of darPVP exhituned vippression and detruction of
LC oeder, respectively. Further structeral studies condemed
Moreoves, long term XRD demon:
st stabelity of ITZ-sarPVP systems,

changes i the of 7, I the viciny
of calonmetric T o, and Ty, which mesnt that the o -process
i moce sensitive 1o dnreptons in the LC onder than the a-one.
It was also demosstrated that the fluctuations in molecular

afiect the dynamics of the slower secondary f-process,
while huve practically no impact on the Bater pesode.
Finally, dissolution rate mseasuremests showed that the
solubility of all examined ITZ-PVI ASDs in an aodic
medium is s enhanced compared to neat crptalline
APL and, contrary to the amorphous sample, the dissolution

85:15 w/w, Le, approcceeunely 100 g/ mil—repecscnting 2 20-
fold Increase with respect to the neat crystalline APL

It cam be assumed that the use of new star-shaped polymeric
matrices av novel drug carriens i an
This may contribute 10 the improvement of
other poocly soluble APY” dissolution, ultimately increasing
the biovailabdity of thew drugs Theeefore, from the

ot AT
N xr. ww
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pharmaceutical sector's perspective, the results of the

drugs and the deswred improvement In their bloavallabdity,
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Experimental
Synthesis of trifunctional chain transfer agent (CTA2)

Trifunctional chain transfer agent (1,3,5-benzyl tri(dicthyldithiocarbamate), CTA2) was
prepared in a single-step route by the reaction of 1,3,5-tribromomethyl benzene with sodium
dicthyldithiocarbamate according to the following procedure, In a 100 mL two-neck round-
bottom flask equipped with a magnetic stirrer, inlet-outlet nitrogen, and dropping funnel,
sodium diethyldithiocarbamate trihydrate (2 g, 8.88 mmeol) was dissolved in methanof (40 mL)
under a nitrogen atmosphere and cooled to 273 K. A solution of 1,3,5-tnibromomethy] benzene
(1 g. 2.80 mmol) in methanol (10 mL) was added dropwise over & 30 min penod. The reaction
was gradually warmed to room temperature and remained under magnetic stirring for a further
72 h. Then, the yellowish precipitate was filtered, washed with cold methanol, and left to dry
to constant mass. The structure of the obtained 1.3.5-benzyl tn(dicthyldithiocarbamate) was
confirmed by '"H NMR spectrum (see Figure $2).

Synthesis of PVP with linear topology (inPVP)

Thermally-initiated  Reversible Addition  Fragmentation Chain  Transfer (RAFT)
polymenzation of N-vinylpyrrolidone (VP) using CTAI as a chain transfer agent and 2,2°-
azobis 2-methylpropionitrile) (AIBN) as an initiator with molar ratios [VPJo[CTAT/[AIBN}o
= 500/1/0.25) was carried out as follows. Prior to polymerization, VP was passed through an
alumina column to remove the inhibitor. CTAT (33.5 mg, 0.15 mmol) and VP (8 mL, 74.86
mmol) were placed i a Schlenk flask with a magnetic stirmng bar. The solution was purged
under nitrogen and purified by three freeze-pump-thaw cycles. Then, the solution of AIBN (187
pl, 0.037 mmol) was added 1o the reaction mixture and the fMask was immersed in an oil bath
thermostated at 60 °C to start the reaction. The polymerization was quenched after a
predetermined time (t = 3.5 h) by cooling and exposing the reaction mixture to air. The product
was precipitated with cold dicthyl ether and re-dissolved in chloroform and this cycle was
repeated twice. The polymer was isolated, filtered, and then dried under vacuum to a constant
mass. The structure of the obtained lincar PVP was confirmed by 'H and C NMR spectra (see
Figures S3 and S4). The molecular weight and dispersity of the produced /inPVP were
determined by size exclusion chromatography (SEC) (see Figure S7).

Synthesis of PVP with star topology (starPVP)

Thermally-initiated RAFT polymenzation of VP using previously synthesized CTA2 as
a chain transfer agent and AIBN as an initiator with molar matios [VP]o[CTA2]o[AIBN]o =
S2
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400v5/1) was carried out as follows. Before polymerization, VP was passed through an alumina
column to remove the inhibitor. CTA2 (013148 g, 0.23 mmol), VP (2 mL, 18.72 mmol) and
DCM (4 mL, 200% wv in relation to the monomer) were placed in a Schienk flask with a
magnetic stirring bar, The solution was purged under nitrogen and punified by three frecze-
pump-thaw cycles. Then, the solution of AIBN (234 pl, 0.047 mmol) was added to the reaction
mixture and the flask was immersed in an oil bath thermostated at 60 °C to start the reaction.
The polymerization was quenched after a predetermined time (t = 8 h) by cooling and exposing
the reaction maxture to air, The product was precipitated with cold dicthyl ether and re-dissolved
in chloroform, and this cycle was repeated twice. The polymer was isolated, filtered, and then
dried under vacuum to a constant mass. The structure of the obtained three-arm star-shaped
PVP was confirmed by 'H and *C NMR spectra (sce Figures S8 and $6). The molecular weight
and dispersity of the produced starPVP were determined by SEC (see Figure §7).

Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance ("H and "'C NMR) spectra were collected using a Bruker
Ascend 500 MHz spectrometer in CDCl; as a solvent. Standard experimental conditions and
the standard Bruker program were used,

Size Exclusion Chromatography (SEC)

Molecular weights (M,) and dispersity (D) of lincar and star-shaped PVP homopolymers
were determmed by size exclusion chromatography (SEC). Viscotek GPC Max VE 2001 and a
Viscotek TDA 305 triple detection system (refractometer, viscosimeter and low angle laser light
scattering) was used for data collection and OmniSec 5.12 for data processing. Two T600OM
general mixed columns were used for separation. The measurements were carmied out in
DMF/LiBr (0.01M) as an cluent at 303 K with a flow rate of 0.7 mL/min.

Cell ewlture

Normal human dermal fibroblasts (NHDF) were purchased from PromoCell. The cell
line was cultured in Dulbecco’s Modified Eagle's Medium (DMEM) supplemented with 15%
non-inactivated FBS (Sigma Aldrich) and pemicillin/streptomycin antibiotics (1% wv; Gibeo,
Waltham, MA USA). The cells were kept under standard conditions at 37 °C n a humid
atmosphbere with 5% CO; and passed as required by the manufacturer. Additionally, cells were
tested against Mycoplasara contamination using the PCR technique with specific primers.
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Cyrotoxietny studies

The cells were seeded in 96-well transparent plates (Nunc, Waltham, MA USA) at a
density of 4000 cells per well and incubated for 24 hat 37 °C. Approximately 24 h after seeding,
the medium was removed from wells and 200 pL of various concentrations (from 1 to 0.001
mg/'mL) of tested compounds (dissolved in DMEM) were added to the plate and incubated for
72 h at 37 °C. Next, compound solutions were exchanged with 100 pl. of DMEM without
phenol red and 20 uL of CellTiter 96% AQucous One Solution-MTS (Promega, Madison, USA)
and incubated for | hat 37 °C. After that time, the absorbance of the samples was measured at
490 nm using a multi-plate reader (Vanoskan LUX, Thermo Scientific, Waltham, MA USA),
The results were normalized to a control consisting of untreated cells. Compounds were tested
in triplicate in a single experiment, each repeated three times.
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Figure S1. Synthetic pathways for obtaining: (a) linPVP, (b) trifunctional CTA and (¢) starPVP.

S§

143

143:1382671990



-3
“m
a8
an
—a12e

o
A n0
B
c D
B
<Qa,
C O
o
C

_l AJL_A_L JLJ_

1 L Y

- Eel H
A i oh L¥ Y ) L) S0 a0 “~2 p Y ) 24 A0 PAY ) . 1.4

Alwm]
Figure S2. "H NMR spectrum of trifunctional CTA2 in CDCly (500 MHz).
A+F E
(o
] | “?
8
oy
C+6G
- 28
b

|
! /

- T - —~

85 88 25 28 65 &8 55 S0 45 40 35 20 25 20 1S 18
%iﬂl

Figure $3. 'H NMR spectrum of linPVP in CDCL (600 MHz).
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Figure S7. SEC traces of PVP samples: commercial (PVP K30 - orange line) and self-
synthesized (finPVP - green line, starPVP - blue line).
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Figure S8. Cell viablity seeded onto vanous PVP samples.

Cytotoxicity tests were conducted for the newly synthesized polymers (inPVP and starPVP)
prior to the preparation of binary mixtures, The collected data were then compared with the
results obtained for PVP K30 (as a reference sample) because it is a fully neutral
macromolecule, widely used in the pharmaceutical and cosmetic sectors. As shown in Figure
S8, the tested compounds exhibit no eytotoxicity towards NHDF cells. The survival fraction in
all cases did not drop below 90 %, except starPVP, for which a decrease not exceeding 75%
was recorded, indicating a neutral impact of the newly synthesized PVP homopolymers on the
proliferation of the selected celi line. Herein, it 1s worth mentioning that we initially selected
concentrations for testing that are commonly reported in the literature (.., below 0.05 mg/mL.).
However, upon noticing that the samples showed no cytotoxicity at these concentrations (see
our previous paper),! we decided to investigate higher concentrations (>0.05 mg/mL). It was
revealed that the newly synthesized polymeric matenals do not demonstrate harmful effects on
the NHDF cell line, even at a concentration of | mg/ml.,
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Figure S9. Infrared spectra of binary mixtures of ITZ with three PVP samples (K30, /inPVP
and starPVP) in the weight ratio of 95:5, in the amorphous state, presented in the ranges of (a)
3800-2600 cm ' and (b) 1800-400 cm ' as well as infrared spectra of neat PVP samples (K30,
HUnPVP and starPVP) in the ranges of (¢) 3800-2600 cm ' and (d) 1800400 ¢cm .
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DSC data
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Figure S10. DSC thermograms (¢ =10 K/min) collected for neat PVPs.
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Figure S11. DSC thermograms (¢ =10 K/min) collected for ITZ-PVP K30 and ITZ-/inPVP
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To confirm the limitation in the miscibility of linear polymer matrices with the drug,
DSC studies were also conducted for non-homogeneous API formulations with PVP K30 and
linPVP (85:15 w/w). The collected data were plotted on a single graph alongside their
homogencous counterparts, 1.¢., 95:5 w/v (see Figure S11). Analysis of the thermograms
obtained for ITZ-PVP K30 and ITZ-linPVP, 95:5 and 8515 w/w systems showed the same
glass transition temperatures T, =332 K regardless of the polymer content in ASDs. It is worth
recalling that for ITZ-starPVP mixtures, a clear change in phase transition temperatures was
detected with increasing polymer matnix content in the binary mixture (the higher the weight
fraction of starPVP polymer, the higher T, Figure 2 in the main manuscript). Such behavior
was not observed in the case of ITZ-PVP K30 and ITZ-/inPVP systems, which further
reinforces the conviction that there s a limitation in the miscibility of lincar polymers with the
tested drug at a § wi% level. Thus, amongst the tested macromolecules, only starPVP exhibits
exceptional behavior and miscibility with the APIat a 15 wt% level
s ITZPVP K30 955 5 Kimin

e (TZPVP K30 95:5 20 K/min
s MZAIPVP 955 5 Kimin

J o (TZAINPVP 955 20 Kimin
. T, ~M5K e (TZ-$tarPVP 955 5 Kimin
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Figure S$12, DSC thermograms collected for amorphous ITZ-PVP 95:5 w/w mixtures at vanous
heating rates (¢ =5 and 20 K/min).
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Neray diffraction data
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Figure S13. XRD paterns of (a) neat PVPs, (b) non-homogenous ITZ-PVP K30 8515 wiw
compared with its homogeneous counterpart ITZ-PVP K30 955 w/hv as well as I'TZ-starPVP
85:15 wiw, (¢) non-homogenous ITZ-JinPVP 8515 w/w compared with its homogeneous
counterpart ITZ-JinPVP 95.5 w/w, as well as ITZ-starPVP 85:15 w/w
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In addition to the calorimetric measurements conducted and presented above (see
Figure S11), we also performed structural investigations for heterogeneous ITZ-PVP K30 and
ITZ-linPVP 85:15 w/w systems (see Figure S13). It turmed out that the difference in miscibility
could also be successfully observed in the XRD patterns. First, we compared XRD data for neat
PVPs. As seen in Figure S13a, all utilized polymer matrices distinctly differ in the intensity of
the first diffraction peak (around Q = 05— 1.0A"") Subsequently, X-ray diffraction
measurements were cammed out for heterogencous ITZ-PVP K30 and ITZ-linPVP 85:15 ww
systems, and they were compared with their homogeneous counterparts (95:5 w/w), as well as
with a system showing the highest degree of homogencous mixing, i.e., [TZstarPVP 85:15
w/w (see Figure S13b.¢). As can be observed, for the weight ratio of 85:15, the obained XRD
patterns of the mixtures differ. It is especially noticeable in the range, where PVP exhibits the
first diffraction peaks. This peak in the ITZ-/inPVP system shows the highest intensity because
neat [inPVP polymer has the highest peak intensity, indscating that a part of the polymer is not
solved in this formulation, On the other hand, the ITZ.-PVP K30 85:5 w/w mixture exhibits
lower intensity in the range of Q = 0.5 - 1.0 A"* compared to the ITZ-linPVP 85:5 wiw
mixture but slightly higher than the ITZ-starPVP mixture because neat commercial PVP K30
has an intensity between linear and star-shaped PVP matrices in this @ range. However, for all
investigated mixtures in a ratio of 95:5 (see Figure 3 in the main manuscnpt). XRD data show
no difference in the analyzed range, confirming the hypothesis that PVP molecules are well
miscible with ITZ.

Results of XRD studies obiained for non-homogeneous systems perfectly match the data
determined from DSC measurements and additionally confirm the miscibility of ITZ with linear
matrices at a weight ratio of 95:5, while ITZ with sfarPVP demonstrates the maximum
miscibility at a ratio of 85:15 w/w,
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—— neat ITZ glass
s ITZ-PVP K30 95:5 (before dissolution process)
—T T ITZ-PVP K30 95:5 (atrer dissolution process)
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Figure S14, XRD patterns of neat ITZ glass (pink line), as well as ITZ-PVP K30 95:5 w/w
mixtures before (orange line) and after (yellow line) dissolution process

Si§

153

153:3754419091



Dielectric dara
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Figure S15. Diclectric loss spectra of ITZ-starPVP 85:15 w/w mixture.
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pozyskaniu finansowania w ramach kierowania grantem ,, Perty Nauki .
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Hydrophilic and Amphiphilic Macromolecules as Modulators of the
Physical Stability and Bioavailability of Piribedil: A Study on Binary
Mixtures and Micellar Systems

Luiza Orszubak,” Aldona Minecka, Roksana Bernat, Taoufik Lamrani, Karolina Jurkiewicz,
Barbara Hachula, Magdalena Tamacka, Monika Geppert-Rybezynska, Maciej Zubko,

Marcela Staniszewska, Michal Smolenski, Justyna Dobosz, Grzegorz Garbacz, Kamil Kaminski,
and Ewa Kaminska
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spectroscopy gain
oo the thermal and structeral peoperties, Intermolecualar interactions, global molecular dynamics, and

recrystalization of the APl from the amorpbous PED—polymer ASDs. The primary objective was to evaluate the impact of the
dwdopdm“wla|hmmdhmmmmhmmhﬁydmnm
amoephoos form, phase transition temperatures, the APEs recrystalkeation rate, and eltimasely, the release of in the peepaced
ASDs and mucelles. Most impoctantly, our research led to the discovery of new palymarphic form (1) of PBD has not been
previoushy described in the scientific Berature. We also revealed that ASDs contaimang hydrophilic PVP polymers exhibit the best
perfoemance in stabiliciog the amarphous foem of the APL with the starP'VI® systesss showing the highest stabilization effect. In
coatrast, for micellar systems, Soluplus turned cut to be the most sultable candidate in terms of forming the self assembles of the
lowest size distnbution among all systems. The long-term stabdlity of the amorphous drug in PBD-Soluplus micelles was higher
compared 10 PBD=utarF'VP ASD. Morcover, an improvement in the bioavadability of the API contained in all tested formalations
(bésary and micellar system) was observed, with PED—s2arPVP micelles exhibiting the most desirable deug relexse peofidle within the
polymer matrix, as well as the highest concentration of released drug, The obtamed data highlight the crucial role of the type and
topelogy/archetectare of the polymer i the design of novel pharmaceutical formmlations.
KEYWORDS: Solwples s pobywimyipyrelidenc, piribedil amorphous solkd dispersions, micellar systows, fopology of pelymers,
hﬂwmmm

1. INTRODUCTION leads to improved solubiity and bloawailability of APIL™
The ph cutical industry Is considered to be one of the However, amorphous substances are thermodynamically
Fastest-groming sectons of the ecomonny. However, despite this, it unstable, possens 2 high Gibbs free energy, and, as a ressle,
sull with a significant challenge—the pooe water s & bigh tendioncy to receystalieation, Le,, retam 1o their

solubiity (and consequently low bloavailabdity) of many active
ol (AP1s),/drugs available on the markes, whic i energetically favorable crystalline form during storage or use of

in their unsatisfactory therapeutic offiect.’ ™ Moeeover, patients
Mdm!ommrdmdﬁumm&.kdqm Recerved:  Manch |, 2028 '

undesirable side effects.” One way to overcome these problems Revised:  June 14, 2025

and improve the bioavailsbility of APIs is amorphization, Le., the Accepleds Jone 16, 2025

transfoemation of the initsal crystalline substances into Publiched: June 30, 2025
ones. The resolteng matenal is characterized by a

lack of long ramge order compared to the crystaline form, which

p . © 2005 Tow Awthon bhaned by . TR PRI - e SLY
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include: (1) 2 high gl tssition tespensure (T,), which
siguificantly increases T, of the entsre drog polymer system,””
(i) reduction of the molecular mobity of the dreg """ (1) an
increase in the activation energy of APl nodeation; ' (i) the
abdity o synehesize “wilor-enade” macromolecedes adapted o
speciic types of drupgs theough varioss controlied polysner-
wation methods, Le.,

targeted therapy and coatrol

drug
bioavailsbility by improvisg wettability, solubility, and dis-
solution rate. These systems may redoce or completely damp the

copolymer Soluplas, deserves attention. There are
frequent reports indicating its 10 enhance the
solubdity of hydeophobec AP it has been

peoposed &y:d-idwaﬁon.”‘”
ocular, ™" and topical applications,” ™ as well as imtravenous
ties, #t can self-assemble o micelles with a hydropdalic owter
thereby s dissodetion.’” Applying Soluplis in
micellar DDSs chosen APls has been reported In several
papens, " There are abo works that describe the impact of
tha polymer on the physical stability of APls
prepared by varsous ssethods,”™* sad even the liquid crystallse
ceder of some pharmaceuticals, g, ftraconazole.”' In tam,
among hydrophilic macromolecules, one cam mention poly-
visplpyrrolidone (PVP), which is Boquently wsed in varioos

158

iate selection of polymer carmiens—form the
foundation of modern, advanced ic systesen, which not
only enbance treatment efficacy bet also minimize side effects,
e N;i: that :w
It is important to weht e ing sves-
lwmmmwphm«:-ﬂ%w
tons, sciengits el foces on applying variom
polymer matrices withoat dedving into more aspects,
such as polymer topology (lnear and branched). However, it &
well-known that macromclecules with the same chemical
composition but Effering in architecture/structure cas exhibit
distinct properties (e.g., varkous phase transition temperatures,
bydrodynamic radius, degree of crystallinity, solubility, or
number of functicnal groups at the chain ends).'™"" This
that soch polymen might 2o cause varied cffects oo
the bioavallabdty of active substances i drug polymer

Preliminary studies on metronidazole PVP systems demon-
strated that the polymer topology inflsences drog-polymer
interactions and micibility (the branched polymer was mincible
with the actwve substance in 3 wider of concentratioens

compared to the linear macromolecules)."” . we
mﬂedtn!hedq!quhplrukauddh
stabdlizing amorpbous forms of AP Foe instance,
imvestigations oo ASDs of the eapidly

napeonen—and PVPs of varying t m.:'ﬁ
macromoliecules with tightly controlled (targeted

from

PVP with high D {containing both high. and low-molecular.
weight fractions) was the weakest inhibitor of the recrystalliza:
tion process.”” Meoreover, rescarch on ASDs busod on the
itraconxrole demonutrated

capralactim—polyvingl
vene ghycol PCL~PVAC-PEG), a5 well &
lnnovative, self synthesteed FVP matnces with knear (V1)
and three-arm star-shaped (#arPVP) topologres, were selected.
Applying PRD and the polymens descnbod above, we created
BMs and micellar systems s vanious AP1 10 EXC

weight natios, which were using
varions techniques. It should be dearly empha-
skred] that just & this paper, usng of very similar

L e e L Y
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weight and different

- i AUy
Dw(mm-ym:uu)wm&:’uumw

2.1. Materlals. 1-vingl-2-pyrrolidone (VP, > 9%, Sigma-
Aldnich) was passed through an alumina column before use to
remove the smiubitor. 2,2"-Anobis( 2-methylpropeoaitrile) sol-
stion (AIEN, 02 M in tolueme, Sigwa-Aldnck), cyanomethyl
methyl(4.pyndyl) carbamodithioate (CTAI, 98%, w
Aldrich), 13,5 tns{bromomethylJbenzene (97%,

drick), sodiom diethyldithiocarbamate trihydrate w
Aldrich), &ethyd ether amalysis, Chempur ), methanol
(99.85%, Pureland), (DCM, 99%, Honeywell),

chlocoformed (99.8% D, costains 003% w'y TMS, Sigma-
Aldrick), Soluplus (M_~118 000 g/med, D = 208 RASF),
cryvtaline PED (IUPAC same 2-[4-(benzo{ 1,3]diosol-5-
Mﬁml-ﬁ]m 98%, Asgene) were used

recerved. Acetonitrile for HPLC, ammonsum acetate, sodium

:

commerciad Solqbupal;mu mobuhdby mek cooling
method They were at different wesght ratios of AP1 to
, ey, 90010, 8020, 7030, and 60:40 w./w. To obtain a

dmhnmlyudmlm;aqmﬂa.‘lm&ephum&g
APl-polymer mature was moved to a hot plate heated 1o 2
temperatuee of 403 K After 4 while, PBD 1o melt and the
entire BM was stimed wntil complete of the
macromolecsle in the AL After determining 3 homogeneous
system, each sample wis vitrified by eapidly tramberring € to a

peecooled copper plate.
222, Drug Looding and Micele Preporation. I'VP or
Soluples and PRD were dissolved in chioroform CHCI, with the
APLpodymer weight rasion: 1:1 asd 1:2. Solutions

Biquid mitrogen for 10 min, then placed in a

Eeere-deyer (Lalvonco FreeZooe 4.5 L) aad lyophilized at 189
K and 0.1 mbar for 48 b

223 (TGA), The

Thermogravimernic Analysis
of the drug (PED) as well s the pure excipients (Soluphes,

470

159

plxced in Alemmum pans and heated in 3 fumace wnder a
nitrogen flow (30 ml./min) at 2 rate of 10 K/min, from

reom temperature up to T « 873 K Degradation temperatures

polymens (Le. InPVP, and sawrf'VP) with different
wetghts ratios (90:10, 80:20, 7030, 6040 w/w), as well as neat
PED wore performed using 3 Mettler-Toledo DSC system,
which is equipped with & liquid nitrogen cooling accesory and
emperature

and enthalpy were
clibrated inda—andncmnhnk were placed
in aleminum crocibles (40 uL). The PBD-Soluplas
S0:10, 80:20, 70:30, and 60:40 w/w binary misteres, a5 well
neat APL were heated from 293 1o 393 K, then cooled 10 222 K,
and rebeated to 393 K. An analogous peocedure (heating-
cooling~heating) was apphed in the case of PBD-FPVPs 90,10,
an.ﬁé&wvhhﬂmmmhw&a
different temperature range (they were heated in the T. of
193-381 K, then cooled to 250 K, and rebeated to 381
turm, neat polymens (Soluples, Ie'VP, and darPVP) were
heated from 293 10 483 K, neat cooled to 230 K, and hested
agam 10425 K (Soluplus ) or 483 K (PVPs). Meaverements were
performed at 2 constant heating/cooling rate (@) of 10 K/min.
I turm, nonisothermal stedies a8 2 ¢ from 2 8o 20 K/min were
wndeume-wmpmm of 220 to 410 K
, the and PBD-nPVP
Mym(»lo,mo.mmd&dow/w).uwduﬁu
molkten APL were left to recrystallice at room temperature, after
which each sample was scanned using 3 slow heating rate of 2 K/
min withis the temperature range of 298 1o 413 K. The duta
collected i this manser were wsed to condem the miscibily of
the systems. For one representative samgle, PBD-[nl'VP 6040
w/w, calonmsetns mesurements wene at a standard
heating rate (¢ = 10 K/min) over theee thersal cycles (heating
from 298 10 473 K, cooling 10 223 K, and reheating 10 473 K).
Furthermore, the PBD-Ral'VP 30:20 w/w foemaolation was
sebjected o Glocmetric analyvis both befors and after the
release peocess, with conducted from 298 1o 403 K at a
standard rate {10 K/min). Each measuremsent at 2 given ¢ wis
repeated 2 times. For each experiment, 2 new sample was
propared. 1t should be mentioned that all descnbed calorimetric
messurements for the PED=PVPs syatems were perfoemed
Mtd,anuwnpkwmmmldmw
by the
‘l'hcnlwnddnclawghu temperatuee
(T)hallunplum&mnmdu&md&vhw
capacty increment. In turn, the crystallizabon and melking
|m(f and T.)) were obtained from the maximem of
the exothermic and endothermac peaks in the thermograms,

respectively,

2.2.5. X-vay Diffraction (XRD). XRD panteens of neat PBD,
polymers, their BMs, and mucellar systems were collected ssing a
D/Max Rapid Il &fractometer (Rigaka, Tokyo, Japan)
mtmd%ammkMXranhu
Lw, amhm(wz)-omchmmm a two diserionad
Mmmmmdumm.m
sing of the collmmated incident X-ray beams on the probed sample
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wis 0.3 s, and the wavelcagth was 0.5608 A (Ag K, line). The
from empty capillary was ahw memured and
subtracted from the patterss collected for samples. All
measarements were performed at 3 temperature of 193 K
Before XRD measurements, each sample was vacoum-dnied in a
dedccator for a mirsmum of 1 b to eliminate any moisture.

226, Fowier-Transform Infrared (FT-IR) Spectroscopy.
FTIR spectra were measured on the Nicolet iS50 spectrometer
(Thermo Pisher Sciemtific, Massachasetts, USA) in the ATR
(artermated total reflectance) mode In the range of 4000—400
am " a2 293 K. The data were recorded at a spectral resolution of
4 om ™", taking 16 scans. The hagh-temperature FTIR spectrum
of PED (at 7 = 393 K) was messured siing 4 GLAIATR
accensoey (Pike Technologies) coupled with an FTIR
spectrometee in the rasge 4000400 cm™" (32 scans; spectral
resolition of 4 cm™' ). All cxamined binary mistores were
measured mmmediately after preparation to avosd water
absorption by hygrescopic PV polymers.

2.2.7. Broadband Diefectric (B05). Complex
diclectric permastivity messurements (e* (o) = ¢'(0)-i” ()
of bimary mixteres composed of PBD and various polymers
{90:10 and £0:20 w/w) were performed uing the Novocontrol
Alpha dieectric spectrometer (Novooauml T
GmbH & Co. KG, Hnldungux.canny) temperature
comtrol provided by a Quatro system, emgloying 2 nitroges gas
cryostst with a stabilty better thas 0.1 K The duta were
collected over a froquency rasge fom 107" to 10" Hx The
sample was placed between two stainless steel electrodes of a
capaciter (dumeter: 15 mm, gap: 0.15 mm) and mounted on 3

oryostat,

Molecslar dynamics stodies of PRD Soluplus BMs were
conducted within the T-range of 223-197 K In tum, PRD-
AnP\P and PBD-star PVP systemns were measared in the T range
of 175383 K

Crystallization kametics studies (neat PBD and PED-polymer
90:10 and $0.20 w/w systems) were performed at 2 frequency of
10* Hz, which coerespoaded 1o different temperatuses depend-
h‘oalhel)ﬂall(ﬂusem'r.lbklbd!mm)

Each sample, aer peeparation, was beated 1o T = 373 K (above
the melting point of the APL), subsequently cooled well below
the gliss transition emperature (approaismately 7= 173 K, and

Table 1, Parameters of the Avrami Formula Used to Describe
the Kinetics of Isothermal Crystallization Monstored Using
BDS for Neat PBD and PBD-Polymer Systems

Surmple  Welght rutie

No.  Sydem m:bw UK MY e b e

L scst IRD - L) s ox ot 258 4w

PO L e AR ST x 0t 100 Lo
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L m %0t 19 e
Ve

L o " 1 ™x0" AT s
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L =00 ALL) PSex 10 s 5o
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228 Critical Micelle Concentration (CMC). The surface
temsion (y) a1 25 °C + 0.1 “C was measured by the pendant drop
:wnhammmm“(mmm
software ). There s 2 drect method, in which 7 is determined by
fitting the Young-laplice equation (og 1) to the drop's

contour.

o
AP Ry = Vea -"[i: % R_:) (1)

where P, P, are pressures inside and ostsade of curved liquid
weeface imberface, respectively, 7 is the surface tersion, and R,
and R, are the main radii of curvatere.
The drop's sre and shape are related to the ligud's surface
!mﬂmthhphhmﬁub&whwdﬁn
oeedle (in oguilibium with the cobesive and gravitational
forces). The resolemson and the acceracy of the sarface tenston
measurements declared by the manufacturer are 001 and 0.3
mN/m, respectively. The critical sicelle concentration (CMC)
of the surfactants in aqueous solution can be closlated Bom the
analysis of the concentration (c) dependence of 7 (as 7 (c) ory
(bgt)).ll-dtur-ud“m;:'m-th dmw:o
repreweating lowes coecentration esof y
for the surbactant (before and after CMC). 1t is well-known that
for higher comcentrations, after CMC, the surface tension
only Iy smce A n
oy o bamprnty i e vy
229 Uv-Vis . All measurements were
performed using Agilent Techaologies Cary €0 UV-Vis
spectrophotometer and Cary WinUV software for data
processing PED solutions in ethasol of different concentration
were measured to determine caibration curve (see Figures S16
and $17 in the Suppostiog Infoemation, SI).
loading content

e L e

dissolved in ethanol and calculated froms the following egs (¢q 2)

and (eq 1)
DLE = 2% 100%
"y (2)

where sy, i the amount of drog s micelles, while 1, is the
amount of deag used foe preparing micellar systems,

DIC = —-lm
Mo (3

where mp,, is the amount of deuglosded micelles used for
measurement.

For drug release studies, AP-polymer micellar systems (10

mg) weee disolved in | sl of the Fated State Simmulsted
luuuml Flud (FaSSIF) solution, before use
accoeding to the procedure described = the HPLC section
The solation was introdoced into 2 dialysis celkalose membrane
bag (MWCO 3.5 kDa), which was placed into a gless vial with 30
mL of FaSSIF solution and stirred at 37 “C in an oll bath. The
dialysis was carried out for 24 h The solution samples {100 yL.)
were taken from the release medium 2 appeopriste time
inteevals (5, 15, 30, 60, 120, 150, 1200, and 1460 min) and
dissolved m ethanol (1 mL) to determine the comcentration of
rebeased drug by UV-Vis spectroscopy. Due to different DLC in
cach micollar system, the resudts were cakoulated lolhc
equivalest of APl used in HPLC stodies to enable
mmmmmumMmm
(UV=Vis spectroncogy and HPLC),
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2.2.10. Dynamic Light Scotrering (DUS). Hydrodymamic
dlameters (d,) and zeta porentials (22) of polymer particles
were measseed on Malvern Zetxizer Nano-ZS (4 mW Hesingle
boadNe e Liser, 4 = 633 nm) Sor sasnples in deionized water (1
mg/ml) at 25 °C 2 Q1 °C,

2.2.11, Transmiéssion Electron Microscopy (TEM). Micro-
structure analysis was carried oot using JEOL JEM-3010 high-
resoluthon transmission dectron mécroscope (TEM, JEOL Led,
Tokyo, Japan ) with 300 kV acceleration voltage, equipped with 2
Gatan 2k » 2k Ortus 833 SC200D CCD camers (Gatan lnc,
Fleasanton, CA, USA), The studiod micelies were suspended in
isopropanol and deposited o a Cu gnd with an amorphous
carbon flm standardized for TEM observations. Macelles’ size
distribation was characteraed based on the umage analysis
petformed usisg free-of charge, open lmage] sodtware (1.54k),

22.12 Prwcmon of FaSSiF Solution. Famed State
Simulated Intestingl Flaad (FaSSIF, baceclevantcom LTD,
United Kingdom) was prepared wsing 3F Powder (FFF-02)
according to the mstructions of the manafacturer. Briefly, 042 g
of sodium hydrowsde, 3438 g of anhydrous sodiems dibydrogen
phosphute, and 6.186 g of sodiems chlonde were weighed and
dissodved in 900 ml, of water. The pH was adpated to
6.5 with | M hydrochloric acid or | M sodium hydeoxide and the
volume was made up 10 1000 mL. Then 2.24 g of XF Powder was
added. For equilibration, the solution was keft at room
temperatuee foe 2 h

2213, HPLC Method. The determination of PBD conces-
teatson inn the micellar samples win determined using the RP-
HPLC (Reverse Phase — High-Performance uTnd Chouu-
tography) method adapeed from Uppulun et al”’ The
was performed on 2 Shimadzu LC-2050C system (Shnadu
USA Manaicuring Inc, Candy, OR, USA) with a DAD
detector, equipped with Phesomenes Kinetex EVO CIS (250 x
46 men, 5 ym) chromatographic column. The mobile phaw
comasisted of 10 mM ammonmem acetate, pH 4.0, and acetonitnle
(75:25) and the clution was isocratic. The flow rate was 1 S mL/
min. The column was thermostated at 40 “C. The retention time
was 1.6 e, while the was 286 nm. The method was
characterived by good lincarity (R7 = 0.9999),

2.2.14. Determination of Setwation Sofubility and
Solubivty Kinetics. Determsnation of the saturation concen-
tration and solubility kinetics of PBD was performed i 2 small-
scale dissolution systeen (Physiolution Poland). The device
consisted of a sterer with 2 peecise thermostat,
allowing the test to be carried owt simultaneowmly in nime 25 mL
ghass vessdls, An amosnt of sample equivalent to 28 mg of neat
PED wa 80 the vessel each tame, In the Pronoean
tablets vest (50 mg of PBD, Les Laboratoires Servier, France) it
was previousty crushed in a mortar. Then 28 mL of FaSSIF
prebeated to 37 °C was added The samples were stirred
constantly, and the temperature was maintained at 37 °C,

Sarmples were withdrawen at the time points: 5 min,
15 min, 30 min, 1, 2, 3, 4, 23, and 24 h The sample was
withdrawn throogh a 1| wm polyethylene cannula filter
(ProSense BV, WM):(MMGM
0 3 cen through filter (RC 02 pom, )T
)M«»Mq&mmmmhn
a k1 volume ratio sad analysed by HPLC.

3. RESULTS AND DISCUSSION

3.1. Results of Experimental Studies on ASDs
Composed of PBD and Different Polymers, At the outset,

hydrophilic topologies (linear vs.
branched) in déerest phasmaceutical foemulstions (binacy
systems and micelles) and compure them 10 2 commercial
amthﬂccopomna(&tqhs)mﬂncommdhm
on physical and pharmacokametic properties of a

drug, pinbedl (PAD) wsed in the treatment of Parkinson'’s
dicase, It = woeth that the detailed peocedures for
obtaining PVPs with vances topologies have been outlined in
our previous peblications. """ However, foe the purpose of this
work, we synthesized new linear PVP (Baf'VI') and star-shaped
PVP (#arPVP) macromolecules with M, to the
commercial Solupdes, using the same synthetic
procedures bet modifying the reagent ratios, temperature, and
reaction time ( please see the S1 ). Such an appeoach allowed us to
evalaate the influence of structure (dnear v branched) and
propertion (hydeophilic vs, amphiphilic) of the polymer
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M Meratia) 20T\ I3 APR AT

161

161:5732512827



Molecular Pharmaceutics pubis acs orgimotecularph | Accie |
| 38 Protng: | — 10
(@ e 3 40 YoM T 18K (®) _..:".
: 2 SR T
i 5 Ty ———
1 poon ’v_.-m-c l
2 o o ]‘-"._ mys
.‘\" g TR
TAaTw —_—
200 220 40 :0 200 338 230 30 33 23 400 00 20 240 290 30 30 10 3 MO M 40
Temperatere [X) Temperature [X]
AV} Py
(c) (d)
T
f—/ Tk
T -7
g ¢ % T
j| = 3| v
L
— 10 . — 0
s == ==
— e o -
A e —— &) e'w
MO IO IO M0 30 MO M0 M e 260 260 2T 30 230 ME M M 400
Temperature [%) Temperature [X]

2. DSC thermograns (# = 10 K/min) of (a) meat drog- PRD snd Nnscy micaoes with Sfioeent weight raios, (B) PRD-Sodeplos, (<) PRD-

Figure
ai'VP, and (d) PED-starfVP (90:10, 50.20, 7010, 6040 w/w).

on the physcal sabity and the selease (hence

weight ratio of 60,40 w/w, However, to verify this

experimentally, NMR spectra wore recorded for both phyvical
mistures and bissary systems at the highest tested s ratio (e,
6040 w/iw), As shown = Pigeres $4 aad S8 in the 53, both
physical mistuses and binary systems exhibit identical chemical
ahifts and comparable signal stensities, which confirmy that the
intended drug-to-polymer ratio was preserved dunng the
preparation of binary mivtures. Next, DSC measurements
were performed up to 473 K (ie, above the T, of the neat
pofymer) for a sdectod representative PBD=nl"VP 60,40 w/w
misture, As seen om the representative thermogram (Figure 56
in the S1), no signal corresponding to wnmaed /free polymer s
observed, suggestiog the formation of 4 homogeneous binary
misture.

Nevertheless, to further confiemn drog—polymer miscibility,
Flary=H analysis was caried out. According to this
approach, imeractions parameter (r) can quastitatively
describe mincibility from a therssodynamic penpective by using
the melting poist depression mwthod, ™ Typically, in miscible
syvenss, due 10 the exothemsic nature of miding, 3 docreass in
the malting point of the drug is expected, wheras the cpposite
trend indicstes immiscibilty, The detenmimad 7 valees were
negative, which indicates that the polyssers used (Soluplan snd
PVPs ) can be homogencousty mixed with the dreg up 10 2 60:40
weight ratio, Thin analysis is peosensed and in detail in
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the SI (Figures S7 and §8). As 2 resedt, amarphous PBD-
Soluples and PBD-FVPs systems at 90:10, 80:20, 70:30, and
Mw/wmnkudﬁnﬁmh«deﬂadanm
3.1.1, OSC Data. At the beginning, we performed
wmmmm(nskuu
SI)MMMMI!T:.‘.M heating of
crystalime PBD (¢ = 10 K/min), 2 strong endothermic peak at T
=30K to the melting of the substance, i visitle
in the thermograms (durk blue line). After coaling the molten
sample (a1 the same @ = 10 K/ min; navy blue bne) and reheating
it, $our thermal events can be detected (light blue kne ). The fiest,
at lower T, t be attributed to the transition
T = 250 K. Addriontty, 1 hghee ety evabermac
-deadodm-i: to the
N7 - mxldmhq(uf_‘,,-!ﬂx.ndr.m-w
K), respectrvely, are observed. The presence of the two melting
peaks i an interosting observation that sy indicate the
foemation of two polymorphic foems of PBD dering the second
heating run (Figure 2a bght blue dme). To the best of cur
oaly ooe lamofnb(‘wml)wdn
mokting point at Ty = 370 K™ has been repocted in the
literature o far, Theee are no mentions of the ather polymorpda.
This ssue will be elaborated in the further past of this paper.
Additionally, befoce proceeding wich the calorimetric studies of
the binary mixtures, it % smpoctast to highlight one crucial
aipect. During the of neat PBD from the molten state at
arate of ¢ » 10 K/min (Figure 2a, second scan, navy bloe line),
no signs of arystallzation were observed However, in the
wquo(rwammunwu)
recrystallieration of the API can be observed This observation is
imporeant for correctly classifying PBD withia the approgeiate
Glass Forming Abiley (GFA) group. The GFA clsefication
mmshndwhuudmyda“bmﬁdhedm
coeling and heating cydies” GFA class T refers 1o compounds
that of the melt at 3 rave of 20 K/min,
Class 1l do oot recrystalize during coolag at 20 K/
min but recrystallize during the ssbsequent heating cycle at 10
UmmMyGFAd-Hldeoummuh
a8 20 K/min ce reheating at 10 K/ein™

ether
The Adm(l.ll.nﬂm)wpou moderate, and
good glass formers, mm.&nduhch‘auomlh
studied drug should be o GFA class T1, indicating that
PBD exhibits moderate of its amorphous form upon
heating above its T

Intrigued by the above results, subsequent calonimetric
meavrensents were carmied out on PED-polymer systemns
(&oumamo-wwmm)ummum
of EXCs affects the arystalivation process of APl and the
formaticn of different polymorphs. As shown in Figure 2b~d,
PBD & each mixture, even with a small amosnt of the excipiont
{10 wt %), could be vitrified regasdless of the type of polymer
matrx used. In every case, attempts to prepare ASDs were
successful, and the DSC curves of these formulations showed
only 2 sege thermal event, Specifically, the thermograms of
APl-polymer systermns revead only the glas transition event
without any signs of receystallization, indica their
amoephous nature and the suppression of PBD
Values of T, determined for the indmidual BMs are presented in

JMWMMM(M-«
T.NeSlhlthl).

They were also plotted as a function of the weight fraction of
P'BD in Figure X As expected, the lower Xy, (and comsequently,
the greaker X, in the maxtures ), the bigher T, of the system,
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Figore ). Dependency of calommetric T, va. Xppo, for the cxamined
ASDs (¢ = 10 K/min).

Aﬂumtownupmnmmhdﬂoudto
vacious AFLEXC systemss, both :euunnﬁ
weight™ " and high-moleculsr-weight™ ‘”a&m
Mﬂlhere&oh&nd‘udnemmd
and PBD-lw/sarPVP BMs is not particelarly surpnising, but
another aspect should be noted. Namely, the :oyu-r
addizion of both PVP polymers (linear asd branched)
significantly imfuences the T, while mixing I'SD with Soluplus
(10-30 wt % of the polymer) ressits in 3 minor variation in the
T, (up 20 4 K; soe the purple squares in Figere 1), Only the lasger
mdﬂmm(wns)mnm
ed Imcrease in the glass transition temperature (up to
273 K), though still not as strang as i the case of the BMs with
vagious PVPs. The observed i mnont likedy related 1o the
ssgnificant differences in the T, valees of two PVPs and Soluples
(mmsm&.sr)mmmum
n interesting obwervation = namely, despite the
Mmmlhc’r values of the pure polymers
Soluplus and PVPx (appeaximately 100 K, see Figare $9 in the
S1), the binary mixtures (especially at the 90:10 /i ratio) do
oot exhibit such steiking disceepancies in 7, This phenomenoa
sepgests & lack of specific smtermolecular interactions between
the polymers and the AP, which was confirmed by mfrared
mm&a(&mhﬁ)ﬂmnmh
ditlerences between the T,
dm;vandyobmndabwl-dmupdyma
mm(wadn-c%)hmc.a&pm
contest increases, the T, values of individual ASDs begin to
dm-o«dw’rﬁémapodswdmdhm
in T, observed for the pure

Tiki mwchmmmao

heatieg rate of 10 K/més, which demomtrated rather
good physical stability and tack of crystalization of all tested
BMs during in the next we conducted non-
inothermal DSC =2, 4,8 a0 20 K/ min foe PBD and
at =2, 4,6 and 8 K/min for the seected PBI).polymer BMs
(Figure 4).

As shown in Fagure 4a, the DSC curve of neat APl reveals
three/or four thermal cvents oo the applicd ¢ As
previowsly mentioned, the heat capacity jump at the lowest T
corresponds to the glass transition (at T)). It is followed by 2
mmmmmmummno
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ats of () neat PED, 30 well 2x fferent BMa: (b) PBD - Soluplos 90210 w/'w, (<)

m&nlthn”-lw.(d)”‘)hm&”m(hdnm&cw PED-stoPVP 9010 w'w sywtem colloctod 28 ¢ » 2 K/min s

crystalleeation (2 7°), and an endothermic peak/ce peaks related
to the melting of APL In sgreement with other reports on the
nonisothermal stodies,” ™ & can be observed that at higher ¢,
T, and T_ shift to higher values. Importantly, even at the highest
O(JOK/u—).ammbmx (consisting of the two
wesponests) i well visble, cearly segpnts 4 great
tendency of PBD to recrystallizatson. Moreoves, at the sowest
rate (¢ « 2 K/min), only a single sharp and intense endothenmic
peak s noticeable at T, = 371 K Coaversely, as the ¢
ncreases (4, 8, and 20 K/min), an additional thermal event
begins to {and becomes moce pronounced in the

;au yhmT(Ta-\“-JﬂK).ﬁpm
um&adswthcmdm by the heating
rate of the neat PBD, it is relatively to alter the
proportion of the two polymorphic forms (1 and 1) presented in
the sam,

The outcomes of the monisothermal calorimetric measare-
ety for PBD-Soluphss, 90; 10 and 50:20 w/w mixtures, 5 well
& PED=PVP 90:10 w/w systems are shown in pasels b-d of
Figure 4. As can be observed, PBD Soloplus 90:10 w/w BM,
similar to the neat PBD, exhibits four distinct thermal events (at
T, T, Top30d T, Interestingly, unlike the neat APL, @ this
mixture, the recrystaliration to the polyssoephic foem 1 with the

lowet temperatere (T ) s favored Moreover, the
amount of 1 with the higher T_ , gradually decreases
with increasing . Another intri observation Is that a higher

Soluplus content in the mixture (20 wt %) results in
recrrstallization exclusively to the ic form 11 of
PBD with T, » 362 K, 25 s seen in Figore & [a tuen, 2 inP\VP
appeans to be a better candidate for etfective of PBD
recrypstallization. Specifically, the thermograns of PRD-haPVP
9000 w/w BM exubits a wide (double) exothermic peak
assgned 1o the crystallization onlly at the sowest ¢ = 2 and 4 K/
min, whereas at a dlightly greater ¢ (6 K/min), only 2 gl
transtion evest is obwerved, a fully discedered natuse
of the matedal (Figure 4d), In the case of PBD.2arPVP system,
even fust 3 10 wt % of the polymer a the slowest ¢ (2 K/min)
significantly suppresses the drug crystallaation, as evidenced by
the eccurrence of only heat capacaty jump at T, = 239 K= the
DSC curve (see the inset in Figure 4d), hsnwln&ingdmh
PBD-SnPVP 90:10 w/w BM, the AP recrystallined to both
polymorplic forms: | and 11 with the predomsssance of the bitter
one. The content of both polymornphs is cleasly reduced at ¢ « 4
K/men with respect to ¢ = 2 K/min. Note that the crystallization
temperatures for the studied samples are summarized in Table
$2in the SI, 1t showld also be mentioned that the thermal
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cakwimetric data foe the PBD-&al'VP and PED s PVT, 50:20
w/w BMs were ot presented n Figore 4 doe to the lack of
recrystalization tendency even at the slowest ¢ (=2 K/min).
All the above observations Jead to the concluson that PVP
matrices ssoee effectively (in comparion o Soluplus) inhibe
Parthermore, d*mmm‘wpdngy(lm
besides the type of polymer, its
and brasched) plays a crucial role in controlling the
crystallzation of PBD, 1t is also woeth stressing that, by selecting
an appeopriate polymer and the heating rate of the
system, it is possible to obtain (upon recrystalization) cee or
two polymorphic foems of APT of various content in the sample,
This peovides a smique opportesity 10 relatively easdy modulate
the stability of PED depending on the specific needs.
Subsequently, based on the obtained nonmsothermal DSC
dats, 3 Kissnger analyiis was performed to dotermine the
activation for the crysallization of the cxamined API
(). It should be added that in the case of APLFVP BMs, using
such an approach (which is based om the variation of T, Le,, the
orytallization pesk tomperature, with @) was not femible doe 2o
the absence of crystallation phenomenon i the collected
(this process was detected only for PED-fal'VP,
10 wiw systern at @ = 2 and 4 K/min - such data were
insutficient 1o accurate analysis). Moreover, the PED-staPVP
BM at any weight ratio of both compoments and beating rate
showed no signs of this Therefore, we applied the

method (e 4)" excluively for PBD-Soluplus
mixrures (see Figeee 5)
- -5-_
L{T’] a2 W
 E—— L
45 4 8 o0
0 PEO Sckuphun H:10 wie
A POOIehphe 1035 wie
FYe
i Ay
5 o IR
£ 0+ €, =720276 kimol
£, " 234222320 wJimol
084 | B, = 457.92 084 kiimol
"
410 4 A

285 290 288 300 305 310 A8 3
1000/, K}
Figure & Kusinger plots for the exothermic arptallation pesks in nest

PRD, s wel ax PAD - Solsplus 90 10 and 30-20 w/w syaterm (dhe sobd
lizex represent knese £ ).

where C, Is fitting parameter and R is gas constant.
As can be dearly observed in Figure &, the activation barrier
for the arpstallization of PED in BMs with increases
compared to the neat AP1(E, = 72 k]/mal). Even a
10 wt % of the leads to a substantial increase i the £
value (up to 224 kf/mol). For the PED Soluplus $0:20 w/w
mixture, E, reaches up 458 kJ/mol. Such results mdicate that

this polymer {and its amount i the BM) hus 2 significant irmpact
on the activation barrier for the noaisothermal crystallizasion of

PED. Mlln:plnl.lummanphﬂnﬂhn&m

of other APY- systems (with
mmuduc).w& E,, values determined from
the Kissinger amalysis are 1 npon«l The caloulated
actvation energies for the drug crystaliaation are usually at a
Jow/moderate bevel, e.g,: for napromen-various I'VPs (£, = 68—
77 k) mal),” for mm (E, » 6571 kJ/maol),"”
and for (E, = $1-68 kJ/mol)."’
Higher values were determined for naproven oligosaccharides
(L-ﬂ—l@lj/md)."adhunld&l’\'hwww/v“h
(E, = 170=200 k}/mol).”’ Importantly, & the ktter systems, in
contrast 1o PHD-polymer ooy, all macramalecules decreased
siightly the activation baerser for flutaside crystalieation in
comparison to the neat APL To the best of cur knowdedge, onl
aone study on the aspirin~poly(vinyl akohol-cv-cebyim‘
mu.mmnda.@sooumu)mm»
the seat drug (K, » 156 k] /mol)." ‘The authoes
inhgurdnaintbemmwmdu'laymlgvnhbem
strong interactions hetwoen aspirin chasters and the polymer
matrix,

In one of the further subsections, the outcomes of infrased
stodies, which were conducted to verfy whether PBD matrix
:mmm.mmmmmmma

3.0.2. XRD Data. To specify the navare of the PBD phase
strecture i the stodied bimary systems wath polymers as well as
ity stabdity and recrystallication bebavior, we perfosmed XRD

igare & presents the companison of the Jitfraction
patterns for PBD Soluplus (pasels a, d, g ), PRD-fnPVP
(pamels b, ¢, h, k), and PBD-starPVP (panels ¢, £, L 1) miatores
at different weight ratios: 90:10, 80:20, 70:30, and 6040 w/w,
measured as frah samples = just after preparation, and over
time = over the course of days. AR the experiments were carried
out at rooes temperature (7 « 293 K) and the samples were
stored daring this experiment in room conditions as well, in
closed glas capliarics, The XRD patterns of neat PBD and
polymers were alio peesented for reference. As one can see, the
diffraction patterns of all BMs collected just after their
preparation exhibit only a broad halo, confirming their
unotphvmch'm« However, i the case of the PED-Soluplas
syviees, the appearance of sharp peaks in the XRD data in
the tieme scale of days is noted PED in ASD wath the Jowest
concentration of Soluplas, 9010 w/w, recrystallized after | day
of stocage, while for the higher Saluplus concentrations, there
was & chear trend i the lncreawe of the physical suabiliey of the
amorphous state with the higher fractson of the polymer. For the
systems with the highest loading of Soluplus (60:%0 w/w), the
recrystallization of PBD proceedod only after 2 weeks,
the polymoephec kem of the PBD recrystallized
from PBD. ASDs, from the XRD patterns presented in
M&‘ﬂd%ﬂ&o&mmh&emmd&m
peaks for recrystalized misture & Sferent fom that
reponted for the seat PBD, Foe the 90:10 w/w system, the
patters for the system was composed of
peaks typical for polymaorphic form 1 of the neat PBD as well as
additional Bragg peaks (in the fraction ), which
confirm the Sormation of another polymoephic phase (fores 11),
Further calocumetric investsgations oo this BM recrystallized at
room ure condemed this. However, 2 much different
sewation was found for the bimary systems wath the lower AP1
contest. XRD investigations supported by the further DSC
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Scatiering angle 20 [1]
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Vigure & Temg of diffraction p
deferent wesght ratios 90:10, $0:20, 70:50 and 60:40 /s

Scattering anglo 20 [
foe (a, d, g |) 1D Sokuples, (b, €, b, k) PHD-LalVP 3nd {c, £, ), 1) PRO-carb¥' miatures at

2 0 32 4 6 8 W 12 W
Scattering angle 28 [1]

L |

studies on the reoytallied semgles with the amount of
Soluplus > 20wt %) indicated only coe meltiag at T, « 360~
361 K (see Figare S10 in the S1). Therefore, we could condade
that the diffraction patterns collected for the BMs with the
higher polymer content are strictly refated to the solie presence of
the polymarph [T of PBD sot descnibod before in the Merature,

166

To verify the stability of PAD in ASDs with PVP pelymens
(le'VP and starPVP) in room conditions, their dfiraction data
measured at different time points were analyred. As can be seen
from panels b and ¢ in Figure 6, the recrystallization of PED in
the systems with the lowest PVP content (SO10 w/w) was
wiible after | day of stoeage, regardlon of the PP sschitectures,
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oled, crystal, and molice PRD i well as nest Scluphis and PED. Schuphus 60-40 wi'w BM, peesered in the

ranges of (bt ) 33002400 cn ™" and (ryght) 1800 =400 con™". The spectral tegions characterntic for nest PED and seat polymer (ot overlipped by
the signals of the second compound ) see bighlightod in light piak and bght blue, respectively.
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similar to the behavior of the PBD in the system with Solaplus
polymer of the same weight ratio, Moecover, the recrytalieed
systems weee primarily comsposed of polymorphic form 11, which
agrecs with the results of caloaimetric joas. In contrast,
foe ASDs with higher PVP concentrations (80:20, 7030, and
60:40 w/w), no fmgerprints of PED recrystallization were
observed up to 44 days. Thus, compared to the mistures with
wth PED=PVP BMs were much moce physically
»

3.1.3. FTIR Data. The sext step of our research was FTIR
spectroscopy  mexsurements. Thelr purpose, as previously
mentioned, was to determine whether any specific interactions
exist between the APl and the polymers that coul influence the
different crpstalfization behavioes of PBD. The experiments were
petfoemed on the two representative BMs, samely PBD-

Soluples and PRD-E2PVP, at the highest ratio
of the APT and the polymes, Mw/r(thmcm“

greatest T ), fotMpomulmmndmdumm
should be most evident At this point, 1t should also be explained
that the PEDstard'VP 6040 w/w systom exhibits exactly the
wme spectral bund puttem a the PRD-SnPVP 60040 w/w

4T

1300 1000 00 W0 M
Wavenumber [cm ')

serd epodiens PRD o well as et SaPVP and PRD SaPVP G040 w/'w BM, presentod in the ranges of
pegons characternistic for neat PO and et polymer (st overlipped by the sigaals
d*m‘mw)mhmhlﬂl'u&dm% respectively.

wmwhthanbedudym-ﬂmﬂlmd!ﬂ
Therefore, in the following FTIR spectra figores, the
comparisons mainly foces on the PBD-Soly and PBD-
LaPVP 60:40 w/w BMs (a5 & reproseatative of the PBD-PVP
systemss ), ensuring good clasity and readalslity of the Sgures

First, spectroscopk were done on the meat
webstances (FBD, Soluplus, and InPVP), In Figure SI12 m the
\l.ﬂll-pmdﬂnwwmham

of the spectzal bunds, are peesented. To b«a
identify the istermaolecular interactions
md«uktlhemmadlbenlmmm
ie, the crystalline, glass (vitndied), mdhpd(moha).m
measured. These data, along with the spectra of APLAnPVT and
APE-Soluplus 60:40 »/w BMs in the supercooled bguid/or
ghassy states, were reconded at rooe tessperature (T = 293 K) in
the wavenumber segions of 35300=2400 and 1500-400 ca™",
see Figures 7 and &

As depicted in Figures ™ and &, the characteristic PBD peaks in
PBD—polymer (Soluplus, linPVP) mixtures exhibited only
mince shifts i both the high- and low wavenumber regioos
(highlighted & light pink), Specificaly, the CH stretching jeaks
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Figare 9., FTIR spectra of neat wapescooled PBD as well a¢ PBO Solophas and FED-LadVTP 60:40 w) B0 (fresh amorph din

the ranges of {loft) 3800~ 3300 am ™' aad (rght) 1R00-400 cn ™' mq«umme’mvm(uwwwwa

the palymer) are hghlighted in bght purk

(rc_u) of 1,3-dioxolune ring of the aeat PED, located at 2508
ad 2771 em™', are shifted 1o the higher wavenumbers (Nue-
M)bymmu&yldm"htbmmm
other PRD hands, located at lower wavesmmsber ranges of BMs,
showed only slight shifts {ca. 1 cm™') compared to those i neat
vitriied AP, s presented i Figure 9.

Notably, both Soleplus and dnPVP contain functional groups
capable of mteracting with the drug Soluplos mclodes both
peoton-donatisg (~OH) aad protos-accepting groups (ester
carbonyl and tertiary amade carbomyl), whie 'V contains a
ptoton-xcqnhg group (ester carbonyl). Therefore, the
changes in peak positives avociated with these fesctional
groups of polymens after mixing with the neat AP might veggest
MWMM!&&“&MWM
that in the <rymtal, the C~H wom of the PED molecule (from
the aliphatic = CH, and 13-diosolane and pyrimidise

) are mvolved in the weak C~H- :hydmbonds(l{h)
the pyrimidine and benuene rings as accepeors.™ These
intermolecalar interactions result in the bhue shifts of the C~H
bands of crystallee PBD compared to the commespondng CH
peak postions in the moken PED ample (Ar = ca « 20em™),

Figures 7 and &
To further verify this hypothess, we analyzed the spectra of
My, particularly i the regions to the

viteations of the C=0 groups (v of the stadied polymsers,
As shown ins Figure 7, the v bands of neat Jocated a
1732 g™ (the exter growp, see Figure $12 & the 51) and 1632

e’ (the torisry amide ) exhibn minimal blue abift
(dehi’nmwm in the examined BMs (1733
o™ Ar w4l om™ 1634 cm”', Ar w 42 cm "), Simiarly, &
mm(wﬁuu)NmMawhhmdh
Voo band in the APLII'VE system (from 1668 an~" to 1669
cam™’, Av = +1 an™'), Figere & These expermental facts
indicate a lack of specic interactions (Hbs oc significant
dipole—dpole Interactions) occuming between the carboeyl
groups of the stodied polymers and APL

Overall, the most prominest shifts in the IR spectra of the
BMs were observed for the C—H stretching bands of PBD (max
+4 cm” "), Ieterestingly, the C~H peak position valoes of the
APL i BMs were esentially cose to those detested in the IR

4ane

168

spectrum of molten or vitified PBD, in which wene of the HEs
wesk C=Ho-x isteractions were beoken/disrupted.
Thus, observation kmplies that, in the studed binary
systems, certain Ho-bonds between PBD molecales were
destroyed by the introduction of PVP or Soluphes moleceles
(the steric hindrance). However, at the accuncy of our
investigations, we can state that there ase no differences in the
intermolecular ineractions between the APl and the applied
polymers. Hence, an argument that the higher physical stabiley
of PBD in the BM composed of star or lincar PVP, as deduced
from DSC and XRD investigations, i related 10 the stronger
imtermolecular interactions between both composents with
respect to those ocowring in the solid dispersions foemed by
Soluplus, can be casly repected
314 B80S Dota. According 10 previows DSC and XRD
trvestigations, the sdf synthestzed PVP polymser matsices (both
Bnear and branched) more effectively inhiba the recrystalliza.
tion of PBD compared to the commercial Soduplus. As shows by
FTIR studies, such dferences i the orystalluation behavior ase
not related to significant or specific Interactions between the API
and three examined macromolecules. Consideriag the results of

XRD investigations, one can suppose that a greater physical
stability of APLPVP BMs at room temperature with respect to

M'I-Svhplw‘onmlmnpohb!yhlo vicosities
() redated to greater T,'s of these systoms (F 2). To
confine or exclude the mo(qonvmn of PBD-

polymer mistures, we decided to examing the moleoslar
dynassics of all comidered ASDy, epecially to ind such a 7,
at which the crystallization process will occur relatively st and
the viscosty of all systems will be comtant. For this purpose,
broadbaad diddectric spectroscopy (BDS) measurements in a
wide temperature range, both above and below the T, were
carned out.

The loss spectra obtained for APl-polymer
0:10 w/w ASDs are presented in Figure 10. Analogoas data for
PED $0.20 w/w binary systems are illntrated i Figure
$13in the S1. As shown i both figures, at T > T, two processes

mh%ﬁd-thmaofmw both
hifting toward lower () with decreming T. The
first ane s a direct<urreet () condactivity, associatod with the
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—w_ dzation. On the other hand, in the gawy state (T < T,), two

(a) i secondary redaations (# and 7) wich lower amplinades domimate

' e the spectra of ASDs. I all studied 90:10 and 80:20 w/w BMs, /¢
ATpransn e 4K and y- processes are Girly well from each other,

AT e 1K It should be that the primary goal of msolecedar

wt w' W W W W w

f[Hz)

w w

S LR LS
Tamsuncen

fu10'He < 333K
.

W 1 0 W 0w w

f[Hz)
Figure 10. Dicoctrc bow spectra of (3) PRD-Solephus, (b) FED-

BV, 30d (c) PRD cartVP 90:10 »/se bimary mextures collected 2t
amblert p and in e indicsted T-rangen.

"w w

tramsport of komic impurities that are always present in the liguid.
Meanwhie, the second process, located at higher £, is a structural
() seleaation, ofginating froes the motions of all
molecsles in the sample and for the glass transiticn.
At higher T, a decrease (subtle or more dear) in the amplitude of
the a-peak cam be detected, indicating the ongoing cryvtal-
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dynamics studies using BDS was not the in-depth analysis of the
relaxation processes detected i the boss spectra of PBRD-polymer
systems (e, the estimation of T, or activation barricr Sor both
secondary relaxaticns) but, as mentioned above, the determi.
nation of temperatures, at which ddferent BMs exbhobit simdlar
viscosities. Heovin, it i worth noting that acconding to Maxwell’s

ip, " b a constant swrecranld relaation time
(r, = 1/(2af,)), a system viscosity () cam be assumed.
Based on this, we chose T, at which the maxema of a-peaks occur
at f= 10" Hx (see Fagure 10 and $13 in the S1, black spectra and
black dash-dotted lines), heace 7, is nexly the same. Neat,
tothermal crystallization studies at these temperabares (given in
Table 1) and constant g/z, (isochoric conditions ) were carried
ot for the cxamined binary foemulations. Funthermore, it
should be emphasized that to ensure of
undercocling across ol mixtures and to allow the analysis of
crptallization kinetics based soliely oo the differences in the type
of polymser used, the ceystallaation temperatures (T,) of each
system bad 10 be appropriately selected. Table $3 in the SI
presents the T, valoes for the %0:10 and 80:20 w/w ASDs, a5
well 35 the T, values for the comasponding systems. The

Lo ratios were then calculated, and it was found that they fall

.

v:ulunammmlpoll.zo—l.nioulmdm‘l‘h
indicates that very similar of undercooling were
achieved. Thin is nent since all the crpstallization

be attributed to variatioos in the type and architecture of the
polymer used in the ASD.
It should be added that to measure the progress of
crystallization using the BDS method, we employed a standard
~ APL and BMs were melted = the m
s then rebeated to the appropeiste cryy :
tempenitures (7,). The diclectric loss spectra obtained dering
the isothermal crystallizatson of PBD from e 90:10
/v systems are peesensted in Figure |1, The same data foe PBD-
polymer 8020 w/w misteres ace given in Figare S14 in the 5L
As shown, in all cases, the ampleode of the o relaation process
systematically decreases over time. A reason foc this is the
freezing of q:._.mol«uhv mobility during the ongoing

To analyze the progress of this process in the studied BMs and
neat AL systom, we followed the timwe of the
imagioary part of the comples diddectric pesmittiviey (")
measured at the frequency comesponding to the madmeam of
the apeaak. Newt, ¢” was normalred wsing the following
equation
ey o £00) = £(0)

() e"(0) = ¢"(e)

where ¢*(0) is the «* 2t the of the
£ (00} ts the long time hmiting value, and " (1) Is the value at
the time, L

Iss Figure 12, the valaes of ¢] are prevented as 2 fusction of
time. To anadyze these data, the Aveami oguation was applied

=1 - apl-kt") (6)

(5)
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Figure 1L Time &pend of ahzed v, for nest
TR 20d AFl-polymer BMa in vanoss ratios {9010 and 8320 w/w ).
The solid losex represent Avrams ftn

whire k iy the rate contant of crystallization and n is the Avrami
exponent (it i generally assigned to a dimensices of growing
crystals). !

The solid ines in 12 repeesent the best fits of eq & 0
expersmental data, and as shown, the Avrami model describes
them satislictonily, The values of the parassetens L and n are
givem i Table 1. From the analysss of &, it can be determined that
the slowest swtems ace PRD-InPVT and PRD-
HarPVP 8020 w/w (£ = 637 x 107" aad 521 x 107" 47,
cespectively), while the fastest ASDsmPlll

30:20 w/w and PED-staPVP 90:10 wiw (k = 186 x
10 and 179 X 107 57, respectively). However, #t showld be
remembered that the parameter L gves information oa the
arystalization rate, whereas the time scale of this process & also

an otremely mportant aspect. To have msight mto the
property, we also analyzed the orystallzation half-time (1,..),
which is the tese roquined to reach 50% of the fisal cryytallinity.
Tt cam be soen ( Tabde 1) that the sboetet 1, oqual 80 3 400 5 wan
detenmined foe both PED-Soluplus sad PED-LaPVP 90: 10 w/'w
mietures. In contrast, PBDLaPVP and PED-tarPVP $0:20 w/'w
mistures were characterized by the longes ¢, ; (13 800and 17
7005, respectively), as well as the loogest crystal nucleation time.
The latrer result coeresponds well with those obtained from the
analysis of k parameter (eq 6) as well & the outcomes of
calonmetrc and structural

In sommury, the mdu"wm showed that the
differences observed & the stabillity of the smoephowm PBD-
polymer BMs sr¢ not related 1o the variations in the viscosity of
the systems bot cather 1o the architecture of the macro-
modecules. This conchasion is supported by dielectric stadies
performed at a2 constant ), which revealed entirely different
crystallization behaviors of PBD dependang oo the polymer
matrix used. Therefoee, it cam be stated that the type and
topology of the polymer pliy a crecial role in PRD
crpstallization, Notably, hydrophiic PV polymers, especially
those with branched t and controlied macromolocalar
parametens, seem 10 be the most effective inhabitons of sndesred
APE recrstallization from the amorphous form. However, it
ould be soted that cece crywtallizasion beging, it peocends
more npidly in the BM (80:20 w/w) containing starPVP,
evidenced by the amalysis of the arystallation rate comntant.

3.2. Results of Studies on Micelles
Composed of PBD and Various Polymers. Havng
comprehensively characterized the amorphous bimary mistures,
the neat step was to investigate in detail the impact of vanous
polymer matnices on the sability of PBD and its release,
which is directly 10 its Moavailsbiity snd therapeutic
etfectiveness, using micellie systesms.

3.2.1. Micelle Formation and the Determination of Their
Key Parameters. In the fest step, before the preparation of PBD.

Table 2. Parameters Describing the Tested Micellar Systems

No Museilar aptvme CMC [pgmt | mois)
L RO Soloples 111 (395) - e
b 1 VIO Sodoples 12 (595) T
a PRO-SATVY 118 (19%) 04 106
. PRO ATV 102 (1) ur
. PRO <wrPVP 1) (595) s .
a PED-2uPVT 122 (10.50) 7

an

170

oLE(s) & vy (o) Ay (o) P
1873 16241 oo 430
(AT 16470 " -723
LT 10407 s ~Mar
46 re0s War 1180
'R A0 1747 )
" re0 s 1440 1190
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polymer micelies, an important parameter - critical micele
coecentration (CMC) - was determined for each polymer
matree. The CMC meassrement s tradtionally performed
before micellar system formation to determine the exact
macromolecele concestration a8 which micelles begin to foem
In solution. This concestration is crucial, as it marks the
mmnwm:om
(micelles), which exhibit

mmhﬂm&mmh:ﬂumu
a fanction of solution concentration (sce Figure S1$ in the S1).
The detailed mesvarement procedure is descrbed i the
Marersahs and Methods section, while the determined CMC
valoes for each polymer matrix are presented i Table 2. At this
point, it Is also important to highlight the structural differences
uwmmmumm
quuhammlthhlk , contsining both
bydrophilc (PEG, WM)mdhrdrthc(l’CL]domumln
contrast, PVI' polymers are distinctly hydrophilic; however,
Mm-wu:wm-mm
buckbone is hydrophobic, the <yclic butyrolactam groups
(helo&epwofum-lm)dﬁm
Bydrophilic properties.’ ﬂndut,dupnnhelxkdlypd

(Lo, the absence of two distinet hydrophili and
mm )Mpdmmynﬂlbmn
podnndnqmbmmwmm determining the
CMC value &s an snportant and highly mteresting aspect, as its
valve can vary significantly depending oo factons such as
and chum length (due to sterss effiects ), as well

i the peesence of (soa)polar domains (structeral effects).™ As
presented m Table 2, the CMC valoes follow the trend: starPVP
< Soluplus < [wP'VP. Scientific data report that the CMC is

the hydrophilic block and water moleceles also increases,
resulting in greater water solubulity and a higher CMC value.
Thus, & should be noted that our data comespond well with
literature repoets. The mucrcanolecule SPVP (with the loogest
hydrophilic chain) exhibits a slightly higher CMC value

when comparing lncar and star
demonstrates a fower CMC value than its linear
counterpart. This i likely dwe to the of three shorter
hydrophikc arme/blocks, leading to a higher demsity of PVP
that facilitace the process. Therefore, it
has been concladed that star shaped polymers are more peone to
micelle and formation than lincar ones, which s also
comsistont with from other biterature reports.”
After determining the CMC passmeter, micelles were

peepared at two m(lldlz)M‘aM
described and used method = the lnerature.”’ The
procedure for micelar systems based on PRD and

mmmm(wpn EaPVP, sarPVP) is detailed
in the Materiale and Methods section, After soccessful

UV-Vis measarements were on the
neat APT (see Figures $16 and S17 in the SI) as a reference

wample. This step was enential 1o subseguently socs the

o
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section, are shown is Table 2, As can be seen, the valees of DLE
reenain eelagively low s all cases, r from 1.74% w0 16.21%.
mum«nmmw.awmm
not 10%. For instance, i the PBD-Soluplus and PBD).

ntems,

between the 151 (4.8&) ad 132 (9.76%) formdations.
Addsionally, the PBD-stePVE 12 yywtemn demonstrated the
highest DLE of 16%. Therefore, it wis concluded that the
micellar system the starshaped polymer matrix
eahibits the most Gvorable DLC and DLE parameters. It shoold
be noted that the inibal amounts of dreg and polymers used
differ signiicantly from the actoal amouet of drug encapsulated
in the polymeric matrie. Therefore, due to the comsiderable
discrepancies between the initial and fimal Tatxs
in the micellar systems, both the matial ratio aad (in brackets)
the actual content of AP and polysser in each foemulation ase
provided throughout the sections of ths study, These
two ratios are aho presented in Table 2 (outsde the brackets =
initial natio; i beackets ~ actual drug-polymer catio after the
micellization process ).

The obtained drugloaded micellar systems were forther
andymdm;bmldll&nm(bw).mw
s used to determine the hydrodynamic dameter (d) of
micelles, providey might anad
aggregation behardor in solation.” "’ As cbserved in Figure S18
in the 1, and based om the 4, vakies prosested in Table 2, the

observed in Figure 515, Soluplus seems to be the best candidate
to form micelles with PBD since the stze distnbution of the self.
assembles in this case was the lowest of all studied systems. In
contrast, i the remaining cases (PVIbased miceles), two
fractions of micellar systems with different sizes can be observed
(F‘gvrsmhc) Additionally, DS measurcmsents allowed for
the determsination of the Zeta Potential (ZP), which el aswes
the serface charge of micelles aad its impact on their colioidal
stability, A low negative ZP value indicates strong electrontatic
repadsion mmwm" Values
closer to zero suggest bower stability, as repalsive forces
increase the Meelihood of micelle coalescence oc
Thus, measunmg the ZP provides insight into the collodal
stabily and shelf life of micellar systems. Based on our data
analyss, the mont stable micellar systems were PED-&inPVP and
PEDstarfVP, ting dmilar ZP values of
=12 mV. In tumn, the PBD-Soluplus yystem was less stable and
exhibited 3 higher ZP valeg (<7.23 mV),
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Figure 13, TEM inages of (a) PED Soluphes muicelles 1:2(595), (b) PBD-Bal'VI' mocelles 1:2{258), and () PBD-star?'VP mmicelies 1:2( 10:90)
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Figure 14, Sue Sutnbetson of obtened micdles bused on collectod TEM duts for () PBD-Solepdus, (b) PBDAnF'VP, aad () PRD @ PYT sscellar
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Figure 15, XKD pattern of (a) frewkly prepased snd wiored by § weeks PED-Soluphes micellur syvtenm and PRD-Solophas 595 w)/'w amorphoos binary

micture 2 well 2x (b) FED <PV micellir npwtema

In this study, we also visualized the microstracture of the
mvestigated micellar sytoms using Transmission  Electron
Microscopy (TEM). As seen in Figure 13, the obtamed
structures are well defined and suggest that the drug migrates
nto the care of the foemed particles, surrounded by polymer
chains. The observed spherical structures further confirm the
micellar architectuse. It is worth noting that the three ditferent
migeller systerns vary in dy, a3 determined by TEM. Therefore, in
the next step, micelar particle sae statistics were conducted
(Figure 14), and the average d, values are presented in Table 2,
Based oo TEM mecasorcesents, 2 similar teend was observed s in
DLS measurements, ie, the PBD-BPVP system exbibited the
smallest d, values, while PED starPV'P — the largest. However, a
siguifican discrepancy in d, parameters was soted between the
two independent methods (DLS v TEM), Thin difference may

4728
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result froe the sample preparation peocess foe TEM measure.
menty, ladoed, solvent evaporation can coasiderably increase
the material concentration, potentially leading to aggregation or
forming of luger particles. It is smportant to highlight that
savilar phenomena have aho been observed in other micelle-
related studies.

3.2.2. XRD Dota. Subsequently, to charactenae the stability of
PBD in its amorphous forss when encapsulated in polymeric
micellar systems, stroctural (XRD) measurements were
performed. Figure 15, respectively, show the XRD patterns of
PBD-Soluples BMs and PBD-PVP macellar sysems (both
freshly prepared samples and thone stored for 21 dayy a8 room
temperature). Moreover, in Figwe 153 the structurd data
determined for the amorphous PED-Soluplus 595 w/w BM,
which containg approcsstely the same amosnt of loaded API

172:3278741534
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for 5040 wi'w B Each pasel coatalon two

polymer
refepence camplen neat crystaling MED and the AP Pronccan. The lovets in each panele proset the APl rebesse profiles over 3 shorter ime (wp to 300

[

in the rel

min ), which highlights the dife

the PBD-Soluples 1:2 micellar system, are As can be
seen, both PBD-Soluplus (1:1(395) and 1:2(595)) and PBD-
BnPVP (5:1(2:98) and 1:2(298)) were amorpbous jest after
peeparation and remsained stable in this foem after 3 weeks of
stoeage at 293 K. In tum, the active subntance & PED-soPVP
micellar systems (1:1(5:95)) eecrystalired imvemediately (1o the
polymoephic form 1), hence #t was snpossible to obtain it s the
stable amorphous form,

Moreover, whes we compare the ASD and the micellas system
with the uame PBD comtent (PBD-Seluphs 5:95 w/w and
1:2(5:95), respectively), one can state that (i) both fresh
samples were amarphous, (1) the more stable was the Litter, Le.,
the micellar system, () in the cave of 595 ASD, the
recrystalisration of PRD 3 weeks of stoeage was observed,
However, the recrystalized may be 3 sew polymoephic
foem since the systoms of Bragg peaks is different thas that for

i form 1,

3.3. Drug Release Studies. At the fnal age, we carried oot
the studies of PED relexie fom vacioss APLpolymer ASDs and
micelles. It is important to emphasize that such isvestigations
are cracial in the apect of developing new macroesclocedes 2
effective crnien and, conwguently, moee efficient DDSs. It
is abo noting the significant challenges related to the

4728
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bicuvailability of the pharmacestical, In this contex, it
sboald be seressed that the use of PBD is signibcantly limited by
ity very Jow (<10%) orad bioavadabdity dee to extesive Sewt-
pass hepatic metaboluss and 4 shoat halfbfe. As 2
m-lt.:h is prescribed with 1 high dning frequency of 3= 5
p:"‘-hy“‘“ Neverthedess, it sbould be clearly
wmwmwmmmu-uw
main factor contriluting to the poor bacurailability of PBD,
approximasely 0% of the drug s clsinated Eom the body
within 24 b (accordeg 10 Senvier ~ Summary of Prodoct
Characteristics for Pronoran). Therefore, impeoving the
solubility of PBD using appropeiste exciplents may potentially
increase the amount of APT absorbed in the intatnes and
welsequestly entering systemic circulation, A higher abwerbed
drug doe could endunce therapeutic efficacy, an heputic
enaymes would require more time 80 metabolise 3 langer
amount of the active sebatance, Mareover, revearch perfoemed
over the past two decades has sbown that, in addition
impeoving motor symptoms, PBD has the unique advantage of
alleviating noamotoe symptoms, such as apathy, oc :
inpuirment. This has renewed interest in this APL mmay
Mmmmmmm“‘“o-mw
highly inethciest cerrent oral roste Sor PED delivery,” the
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oogoing search foe sovel polymes matrices and thei applcation
in vasious DIYSs represents & very impoctast and intriguing ares
of research.

The PBD release tests were carned out using a special FaSSIF
medsam at pH = 6.5, At this point, # is smpoctant to justify the
sclection of the dnaolution medium. PBD eshibits pH-
thbduy it i highly solable under gastric (acadic)

paedymh&und«umﬂ (near-seutral)
mu&,-m) Howeves, the intestines are the
site of drug lon. Therefore, evaluating the
solubdity of PBD under mtestinal conditions appears to be a
ratweal foe properly assessing the potential smpeove
mont i drug The aim of the Essokutions studies was
peimanly to xsess bow vasrious excipients = the foemulations
nfluence both the drug release kinetics and the saturation
solubality. Since saturation solubdity must be determined under
stable condtions where the drug remains in equiibeiom, 2 24-h
time frame is commonly med, athough longer periods may be
spplied for drugs with dower disvodation rates. [n our stady, we
adopted 2 mexwrement time of up to 24 h Under these
coaditions, it was assemed that both the deog and the polymen
matrices were i a stable state. Accoeding to forced degradation
studies by Kumar et al, PBD & not susceptible to acid, base, oc
water hydrolysis."" Moreover, HPLC analysis (used to
determine the comcentration of released drug) did not reveal
sy addivional peaks that codd be attributed 1o degradation
peadocts of APL On the other hand, the appled PVP polymens
are not pH-sensitive, and the FaSSIF medium wsed for the
release studies is a batfered solution. This allows us to reasomably
asume that the pH of the medium romamed largely stable
throughout the dssolution process, with only misimal potestial
fuctastions.

The first tests involved the release of the AP1 from ASDs
(Figure 16). It showld be noted that the reease
presented in Figures 16 and 17 refer to the percentage of drug
released, whereas in the S, we showed the drug concestration
{mg/enl.) ws time (Figeares 519 a0d S20), As can be observed in
Fagure 16, neat orystaline PRD achieves a drog relexse level of
about 30% after 60 min of the test, and then the solebdlity

Amount of drug refeased [%)
* & s 2 § B §

v v v v v
0O B0 1000 200 40 1600

Time [min)
ﬂpnl" Drug ek avﬂn(, e of drag sedessed vs. tine)
muwlu fox the

MW“I'HD-JGHMQM

Lr-]

changes (incroases) andy alighely with time, Meecover, there ase
sovall differences in the reease prodles of crystaline PBD and
that wsed m the commercial formuelation (called Pronoran,
M-ﬂymhmmul'\wmﬂ
tlc). However, as dealy soen, for each APl
polymer ASD, a noticeable mpeovemsent i the API release from
the matrix compared to the neat oystaliee PED can be
the macromolecsles” content

Note that simmiar
conclissons were deawn in our peevious 00 ieraconxeoke-
PVP BMs"' It s also worth moting that all condected release
tests showed similar bebavior: for tedy 60— 100 min
(or ~ 200 min in the case of PRD-Sobsplus 8020 w/w), an

state, «ddmngaymlmm
effectively down the “fall” (precipitation ), This effect in
often consid highly beseficial as it can extend the

absorption window in the gastrointestinal tracy, thereby
increasing the onal bioavailsbdity of poordy water:
soluble drugs™ """ Addationally, Figure 16d compases the
release profles for the 6040 w/w ASDs difierent
polymer matrices. This comspusison cheardy indicated thar the
most favorable formelation ( the highest amount of
refeased drog, ~ $0%) is the PBD-Scluplus 60:40 w/w ASD.
Maoecover, keeping in mind the dncovery of 3 sew polymorphic
form of PBD, an interesting aspect wis 10 verify whether the

|

endothermix event ¢
form | of PBD (T, ,,-mx{
that mew

release 16t were then condactad for the 1:2 APL.
, despite the relatively small

(see DLC values in
Table 2), #t was possible to determine the AP1 rekease
profile; a5 shown in Figure 17, At this poing, it is worth adding
that ide the eacellar systesss, the PBD-Seluphus 5:95 w/w
M was also tested, which, as mentioned eardier, i terms of the
AP comtent, is similar/analogous to the PED-Soluplos micelar
spvtems, As can be obnerved, the mont deseableo relesso profile
exhibited by the PAD-starPVP 1:2 (10:90) micelle. In conteast
1o other systems, wheee a rapsd AP1 release (for arcund 200 min)
and then slow changes wp to the end of the test are observed,
hervin a gradual API release (up to 99%, ~ | mag/ml.) over 1200
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min/20 h, which sepeesents the most favoeable suatsined relesne
bebuvior, is visdle. On the other hand, # & importnt to
highlight the comparison between the micellar system and the
binary misture with the same APL content { ~5 wt
%). The motsceably dreg relexse (~99%, ~ 1 mg/ml.)
from the PBD- 595 w/w BM comspared to the PBED-
Soluples 12 ($95) micellar system (~70%, ~ 0.7 mg/ml)
clearly indicates better bioavadabelity of the API inthe
ASD. Such findings emphasize the very important aspect of
these studies, Le, the testing of mew polymeric drug carriess in
formalatoes.

vanous types of

the formation of all PBD.polymer ASIH
resulted in Improvisg API release in the FaSSIF medium with
respect to the aystallme substance {30%). The most visible
effect was obwerved for the BMs with Soluplos (an increase even
up 1o 50%). Moreover, the PBED-Soluples 1:2 (5:95) micellar
system was characterized by betrer solubiity in FaSSIF than the
ASD with the same content ($:95 w/w). Among all 1:2
micelies, the best/ mﬁv«aﬂen&ncr&(ag:dud
APl refease over 20 b up 1o 99%) was determined for the
formulation with sarPVP. In other cases, we observed a fast
dissclution of the sample (within the st 200 in of the tewt),
followed by small in the APl content, In the cawe of
PBRD . polymer (90:1 40 w/w) ASDs, 2 large amount of
PBD was released during the fist 60100 min of the

expersment.

4. CONCLUSIONS

In this paper, several experimental techniques were applied o
study ASDs and micellar systerms composed of the Jow water-
solpble and bicuvailable AP1 = pisbedil and three polymer
matrices dufering in structure and properties: the commerncially
avallable Soluples, self synthesiced linear #VE (MnPVP), and
sclf-synthesized theee-anm starshaped FVI' (warPVP). Partic-
ular attesion was deveted to eaamining the inflence of
polymer type, topology, and its amount i the system on
inhibiting the recrystalization of PBD from the amorphous
BMy, changes i phawe transition temperatures, and the potestial
enhancement of APL's phasmacokinetic properties.

A highly intriguing dscovery was made at the mnitid stage of
our research, Speci DSC and XRD studies revealed that in
PBD~polymer ASDy, the AP ires peimarly (APL-
FVP) or solely (APLSoluples BMs with the polymer content >
20) into a completely new form Il exbbiting T
~ 163 K, which is lower than the melting temperature of
polymoeph 1 (7, ~ 370 K). Funhermoee, XRD, son-
sothermal DSC and isothermal BDS measurements indicated
that the amorphous PBD is the most physically stable in ASDs
with hydrophilic self synthedred PVP macromolecules. How-
ever, among the PVP matrices, the starshaped polymer
demonstrated a slightly stroeger abiity to suppress the
recrystalisration of PRD from the amorphous
2o s knear commserpart. FTIR and BDS studies that
there are no specific AI'l-polymer lnteractions and variations in
the system viscosity which can influence the observed
ditherences In the erptallization behavior of PED=PVP and
PBD-Soluphas ASDs. It was stated that the factor affecting the

architecture/t of macrommolecules.
We also showed that the commercially available assphiphilic
copolymer Soloplus s more suitable for forming micellar

4726
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as revealed by XRD stofics, i these micellar systerms (and in
those with knPVP), PBD remained in the amorphous form for a
longer period than & the miceBes containing starPVI". What i
more, PBD-Soluplus 1:2(395) micelle in ison to PBD-
Sobuplus ASD with the same AP content (5:95 w/w) was moee
physically stable.

Finally, drug release measurements indicated that the amount
of PBD released from all tested Sormulations in 2 midly acidic
enviconment (FaSSIF medium, pH = 6.5) is dlearly enhanced
compared to the neat crystalline AE (~30%). Notably, the most
sgnificant im in sokability was observed for PRD-
Scluplus 60:40 w/we ASD (~50%) and the PED—starPVP 1:2
(1050) micellar system (~99%). Importantly, for the latter
formulation, the most desirable redease profile (2 gradoal API
rebease over 20 h instead of 3 st APT release within the fint 1~
3.5 h) wis odseeved Therefore, it can be assumed that the use of
different polymer matrices as novel drug canriess in varoes types

Macromolecales

of formulations 1s an perspective,

can contribute to improvisg the solabdity of PRD a
well as other poordy soluble APLs, witemately increasing their
tocavailability. From the pharmaceutical sectos’s perspective,
thdwmnWch&n
open 3 pew pathway in the discussion regarding the
search for new polymorphic forms of APIs and the impact of
polymer type, topalogy, as well as the kind of foemulation, in the
context of the enhuncement of the biouvailability of numerom
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Experimental
1. Synihette pathway of PVP with linear 1opology (linf’VP)

Thermally-initiasted  Reversible Addition Fragmentation Chain Transfer (RAFT)
polymenzation of N-vinylpymrolidone (VP) using CTAl (cyanomethyl methyl(4-pyridyl)
carbamodithicate) as a chain transfer agent and 2,2"-azobis(2-methylpropionitrile) (AIBN) as
an imitiator with molar ratios [VP o [CTA 1 Jo/[AIBN Jo = 130001/0,25) was carried out as follows,
Prior 1o polymerization, VP was passed through an alumina column 1o remove the inhibitor.
CTAI and VP were placed in a Schlenk flask with a magnetic stirring bar. The solution was
purged under nitrogen and purificd by three frecze-pump-thaw cycles. Then, the solution of
AIBN was added to the reaction mixture amd the flask was immersed in an oil bath thermostated
at 70 °C to start the reaction. The polymerization was quenched after a predetermined time (1=
21 h) by cooling and exposing the reaction mixture to air. The product was precipitated with
cold dicthyl ether and re-dissolved in chloroform and this cycle was repeated twice. The
polymer was isolated, filtered, and then dried under vacuum 1o a constant mass.

2. Symthetic pathway of PVEP with star topology (starP’VE')

Thermally-initiated RAFT polymenization of VP using previously synthesized 1,3,5-
benzyl n(dicthyldithiocarbamate), CTA2 (please see the synthetic pathway in our previous
papers'®) as a chain transfer agent, and AIBN as an initistor with molar ratios
[VPWICTA2 0 [AIBNy = 1200/5/1) was carried out as follows, Before polymernization, VP was
passed through an alumina column to remove the inhibitor. CTA2, VP, and dichloromethane
(DCM) were placed in a Schlenk flask with a magnetic stirring bar. The solution was purged
under nitrogen and purified by three freeze-pump-thaw cycles, Then, the solution of AIBN was
added to the reaction mixture and the flask was immersed in an oil bath thermostated at 70 °C
to start the reaction. The polymenization was quenched after a predetermined time (1= 10 h) by
cooling and exposing the reaction mixture to air. The product was precipitated with cold diethy!
cther and re-dissolved in chloroform, and this cycle was repeated twice. The polymer was
isolated, filtered, and then dricd under vacuum to a constant mass,

3. Size Exclusion Chromatography (SEC)

Molecular weights (M.) and dispersitics (£2) of linPVP and starPVP homopolymers were
determined by size exclusion chromatography (SEC). Viscotek GPC Max VE 2001 and a
Viscotek TDA 305 wriple detection system (refractometer, viscosimeter, and low angle laser
light scattering) were used for data collection, and OmniSec 5.12 for data processing. Two
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T6000M general mixed columns were apphied for separation, The measurements were carmed
out in DMF/LiBr (0.01M) as an eluent at 323 K with a flow rate of 0.5 ml/min.

4. Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance ('H NMR) spectra were collected using a Bruker Ascend 600
MHz spectrometer for the samples in CDCly as a solvent with TMS intemal standard. Standard
experimental conditions and the standard Bruker program were used.

1GA.d
TGA analysis
w— neat PBD
100 - ﬁ — ryeat SOMPIUS
£ 20-
3._ loss of water
o
)
§ 40 - PED = 537 K
- Soluplus = 575 K
£ nPVP =675K
[~} starPVP = 678 K
o 20+
ke
od

Temperature [K]

Figure S1. TGA traces of neat APl and polymers (Soluplus, linPVP, starPVP). The figure also
presents the precise degradation temperatures of the individual compounds.
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Figure S2. 'H NMR spectrum of /inPVP in CDCly (600 MHz).
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Figure S3. 'H NMR spectrum of starPVP in CDC (600 MHz).

The 'H NMR spectra confinm the structure of the synthesized macromolecules, ic.,
1inPVP (Figure S2) and starPVP (Figure S3). In both figures, the chemical structures of the
polymers are presented, and each signal is assigned to the corresponding proton group.
Moreover, it is worth noting that a large amount of dicthy] ether was used to purify the polymer
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matrices after the polymenzation process, However, as shown in Figures S2 and $3, no signal
is observed at the chemical shift of 1.21 ppm (which corresponds to the protons of diethyl
cther).” indicating effective drying of the polymers after purification and the absence of residual
solvents, Furthermore, Figure S6 below shows the thermogram of a binary mixture with a high
polymer content (40 wt¥s), where only the glass transition of the binary mixture is observed
(T, = 288 K), with no signs of solvent evaporation processes. A similar scenario was observed
during the calorimetric measurements of the pure polymers (Figure §9), where a single, clearly
visible signal corresponding to the glass transition of the polymers was detected, with no phase
transitions that could indicate the presence of residual solvents. Thus, the calorimetric studies
further confirm the punty of the obtained macromolecular compounds.

) PRD Seluphes 6040 =i
CHISICALMINIURE

L1l

e e e e e e e St e e -
L T R T S TR ) . ’ . s . » H ' .
Slows|

Figure $4. Comparison of 'H NMR spectra of the PBD-Soluplus 60:40 w/w system: (a) binary
and (b) physical mixtures.
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Figure S5. Comparison of 'H NMR spectra of the PBD-starPVP 60:40 w/w system: (a) binary
and (b) physical mixtures.
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DSC data

Table S1. The calonimetric glass transition temperature values (heating rate, ¢ =10 K/min) for
the examined PBD-polymer BMs in various weight ratios as well as neat polymers.

Binary Glass transition temperature, T, [K]
mixture, ww | PBD-Soluplus | PBD-/inPVP | PBD-starPVP
90:10 261 262 262
80:20 264 267 267
70:30 265 278 273
60:40 273 202 285
neat polymers 348 451 450

Table S2. The crystallization tempernture values for neat PBD and PBD-polymer 90:10 and
80:20 w/w mixtures depending on the ¢.

PBD-EXCs 90:10 and 80:20 w/w mixtures
T [K]
¢ [K/min] neat PBD PBD-Soluplus | PBD-Soluplus PBD-IinPVP
90: 10 w/w 80:20 w/iw 90: 10 wiw

2 313 345 348 336

4 317 347 349 345

6 - 349 350 -

8 326 LY 351 =
20 338 - - -
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Figure $6. DSC thermogram (¢ = 10 K/min) for PBD-/inPVP 60:40 w/w BM heated up to 473
K.
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Figure 87, DSC thermograms of binary mixtures: (a) PBD-Soluplus and (b) PBD-/inPVP at a
heating rate of 2 K/min. The data for neat PBD are also shown,

187

187:6192923374



* PEDSokphn (D)

o
@
°
)

} sl *® il Sty oy }u- . —— b Ancion
% o8 [ye-1.2344x+0 8971 % 088 y=1.2253x40 8O
=1.204¢ g Fe-1I3s
g“. Z"‘
f_ 075 4 - f_ oTe .
H H
'. 'I
:

000 002 004 D.OG 008 D10 012 .34 8.36 8.0
4 2 4 )
g 1 1 AN
Figure S8. Graphs of (-75‘7 = ?-m) (—_L;l") = InPyryg — [l - (%)] Ppotymer V5 Protymer 10
determine the y values for (a) PBD-Soluplus and (b) PBD-/inPVP systems.

To confirm the miscibality of PBD with vanous types of polymers (Soluplus and PVP),
the Flory-Huggins (F-H) theory was applied. This theory assumes that each molecule occupics
a single site in the lattice and that the segments are randomly distributed. It is widely used to
investigate the miscibility of a polymer with o solvent or another polymer by considening the
change in Gibbs free energy before and after mixing.* However, if the solvent is replaced with
another small molecule, such as a drug molecule, the F-H theory can also be employed to
describe the thermodynamics of drug-polymer systems.*

The miscibility assessment based on the F-H theory can be carried out using a relatively
simple method — namely, the melting point depression approach. It has been proposed that in a
well-miscible drug-polymer system, the chemical potential of the drug in the presence of a
polymenie carrier should be lower compared to its pure crystalline form, which results in a
reduction of both the melting temperature and the enthalpy of fusion. Conversely. in an
immiscible system, the chemical potential of the drug tends to remain constant, leading to
negligible melting point depression, Based on this rationale, the change in Gibbs free energy
can be expressed by the following equation:®

AG = pyiq = Msouia = RTIn(a) (S1)

where plyq and figyq are the chemical potentials of molten drug and solid crystalline drug,
respectively, and a refers to the activity coefficient of the species, which can be defined as:®
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nn(a)=-‘-"1-“-'(L = ) (S2)

R AT
where T'* is melting temperature of drug in the drug-polymer mixture, 5" " is the melting
point of pure crystalline drug, and 8Hj,,, is the heat of fusion of the drug. In turn, the calculation
of the F-H interaction parameter (¥) can be expressed by the following equation:®

1 1 -R 1
(T.R"-T = 'fzmt) = Y7 [l"¢m. + (l p ;;;) Ppotymer + x¢§oxym"] (S3)
where Py and Pogrymer are the volume of the drug and polymer, respectively, and m is the
ratio of the volume of the polymer to that of the drug. The value of ¥ can be determined from

the slope of the graph by plotting (é- s F.’.t'") (2222) — tn@arag — [1 = ()] Spotsmer
versus Ghorymer-

The melting pomt depression method has often been used as a means of evaluating the
miscibility of dispersion systems, in which miscible/homogenous mixtures exhibit significant
melting point depression with varying polymer concentrations, whereas in immiscible drug-
polymer systems, the depression would be negligible due to the endothermic nature of mixing,
Accordingly, the obtained y value (near the drug's melting point) may reflect miscibility of a
given system, where o positive value indicates immiscibility, while a negative y suggests
miscibility.”

Accordingly, 1o estimate the miscibility of the studied PBD-polymer systems, DSC
measurements were carmed out for the PBD-Soluplus andd PBD-/inPVP binary mixtures at
90:10, 80:20, 70:30, and 60:40 w/w, using a heating rate of 2 K/min. The results of the thermal
analysis are presented in Figure S7. As observed, the melting point of the drug gradually
decreases with increasing polymer content, which is a primary indication of system miscibility,
Furthenmore, the obtained melting point data were used to plot (_# i ?..é") (=) -

NP grug = ll - (,l")l Ppotymer VETSUS @y dependencics, with the resulting plots shown in
Figure S8. As previously mentioned. the interaction parameters were determined from the slope
values and were found to be <1.2344 and ~1.2395 for the PBD-Soluplus and PBD-/inPVP
systems, respectively. Thus, according to the F-H theory, the obtained negative y valucs suggest
that both the commercial copolymer Soluplus and the synthesized PVPs exhibit good
miscibility with the studied active pharmaceutical ingredient - PBD.
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Figure §9. DSC thermograms (¢ = 10 K/min) collected for neat polymers.
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Figure S10. DSC thermograms (¢ = 10 K/min) of PBD-Soluplus BMs (80:20 and 70:30 wiw)
after recrystallization at room temperature.
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Figure S11. FTIR spectra of PBD-LinPVP and PBD-starPVP 60:40 w/w BMs, presented in the
ranges of (left) 3800-2400 cm ' and (right) 1800-400 ¢m ™",
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Figure S12. FTIR spectra of crystalline PBD as well as Soluplus and /inPVP samples. Data
were presented in two spectral regions: (a,e,e) 3800-2400 cm ' and (b.d,f) 1800-400 cm ',

513

192

192:1319097961



The FTIR spectrum of neat crystalline PBD shows prominent absorption signals at
several wavenumbers: 3102 and 3024 e’ (aromatic C-H stretching), 2995 cmy” (asymmetric
and symmetric CH: stretching), 2929, 2888 and 2858 ¢m ' (C-H stretching), 2825, 2790 and
2776 em' (C-H stretching of 1.3-dioxolanc ring, i.c., C-H near oxygens), 1579 em™' (C=C and
C=N ring stretching), 1546 cm”' (conjugated C=C stretching), 1481 em' (C-N stretching), 1357
cm’' (additional conjugated C=C stretching), 1306 em’ (C-O streiching), 1251 cm’
(asymmetric C-O stretching), 1112 em™ (C-N-C stretching), 1037 cm™ (aromatic C-H
stretching), and 976-483 em” (C=C and C=N stretching, aromatic out-of-plane C-H
deformation) (Figure S12a,b).**

The FTIR spectrum of Soluplus displays the stretching bands at 3454 om’
(intermolecular H-bonded O-H groups) as well as a1 2924 and 2858 ¢m™* (the asymmetric and
symmetric C-H stretching) (Figure S12¢,d). The strong absorption peaks in this polymer reflect
the carbonyl stretching vibrations of the caprolactam ring (C(=O)N tertiary amide group, 1632
em’') and the ester group (OC(=O)CH3, 1732 em™). The C-O-C stretching can be visible ot
1476 con ™" and the C-H bending is detected at 1440 cm ™. The ester C-O stretching vibrations
are observed at 1233 and 1102 em™" """ In tum, PVP with lincar topology is characterized by
the IR peaks at 3456 cm™' (O-H stretching of residual water), 2951 em™' (asymmetric CH;
stretching of pyrrolidone ring), 2924 em' (symmetric CH; stretching of chain), and 2886 cm'”!
(C-H stretching), 1668 em™! (C=0O stretching), 1492, 1460, 1422 em™' (C-N stretching and CH;
scissoring), 1373 em ' (C-H bending), 1285, 1271, 1228 and 1167 em™ {C-N stretching and
CH; wagging), 1019 cm ' (C-C stretching and CH; rocking), 932 em™! (C-C ring breathing),
845 em ' (C-C ring stretching), 735 em” (C-C chain stretching), 648 and 572 em”! (N-C~O
bending, ring deformation) (Figure S12¢,0)."'4"*
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Figure S13. Diclectnic loss spectra of (a) PBD-Soluplus (b), PBD-linPVP, (c), and PBD-

StarPVP 80:20 w/w BMs.
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Figure S14. Time evolution of the imaginary (£”') part of the complex diclectric permittivity
plotted versus frequency during the isothermal crystallization of (a) PBD-Soluplus 80:20 w/w,
(b) PBD-linPVP 80:20 w/w, (¢) PBD-starPVP 80:20 w/w at indicated temperatures (f=10* Hz),

Table $3. Summary of Togps). Tosey (¢ = 10 K/min) and ;"1‘-:;-‘2 values for individual
90:10 and 80:20 w/'w binary systems,

Tewm
APLpolymer | Teqaos (K] | Tyose) (K] | 3"
"‘M“‘ §(bsc)
90:10 328 261 1.26
PBD-Soluplus £0:20 313 264 1.26
20:10 333 262 1.27
PED-NnFVP £0:20 145 27 1.20
20:10 333 262 1.27
PRD-starPVP 80:20 341 267 1.28
e o)~ ey starPVF
& " 24
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Figure S18, Determination of CMC by measuring the surface tension () at 25 °C of serial
dilutions of (a) Soluplus, (b) linPVP, and (c) starPVP, The dashed lines are the best lincar fits
in the two concentration ranges.
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Figure S16. UV-Vis spectra for PBD at different concentrations (in the range of 2-15 pg/'mlL;

solutions in ethanol solvent).
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Figure S17. The calibration curve for PBD in ethanol.
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Figure S18. Hydrodynamic diameters (dy) of obtained micellar systems: (a) PBD-Soluplus
1:2, (b) PBD-/inPVP 1:2, (¢) PBD-starPVP 1:2 (aqueous solutions with a concentration
of ¢ = I mg/mL).
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Figure S19. Drug release profile (drug concentration vs. time) from various polymer matrices
in (a) PBD-Soluplus; (b) PBD-linPVP; and (¢) PBD-starPVP BMs. Pancl (d) presents a
comparison of drug release profiles from various polymer matrices for 60:40 w/iw BMs. Each
pancl contains two reference samples: neat crystalline PBD and the APl Pronoran.

518

197

197:5631313245



Figure S20. Drug release profiles (drug concentration vs. time) for micellar systems with
various polymer matrices, as well as for the reference samples: neat PBD and the Pronoran
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Figure S21, DSC data (¢ = 10 K/min) for the PBD-/inPVP 80:20 w/w binary mixture before
(orange line) and after {red line) the release process.
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6. Podsumowanie i wnioski

Przedstawiona rozprawa doktorska wpisuje si¢ w aktualny 1 intensywnie rozwijajacy si¢ nurt
badan nad wykorzystaniem polimeréw jako nowoczesnych substancji pomocniczych w technologii
farmaceutycznej. Jej zasadniczym celem bylo opracowanie nowych strategii syntezy dobrze
zdefiniowanych polimerow PVP o zroéznicowanej topologii i $cisle kontrolowanych parametrach
makrostrukturalnych, a nastgpnie ocena ich przydatnosci w stabilizacji oraz modyfikowaniu
wlasciwos$ci wybranych substancji leczniczych. Podjeta tematyka odpowiada na istotng luke
badawczg, dotyczacag wplywu architektury makroczasteczek na zachowanie API w uktadach
farmaceutycznych, zwlaszcza w konteksScie stabilnosci fizycznej, hamowania rekrystalizacji,

zwigkszania rozpuszczalnosci oraz ksztattowania parametrow biofarmaceutycznych.

Cykl czterech publikacji sktadajacych si¢ na rozprawe dostarczyt oryginalnych i wzajemnie
uzupehiajacych si¢ danych eksperymentalnych, potwierdzajacych, ze topologia, dlugos¢ tancucha
oraz charakter chemiczny polimeru odgrywaja kluczowa role¢ w projektowaniu efektywnych
formulacji API. W badaniach wykazano, ze architektura makroczasteczek wptywa zaré6wno na
mieszalno$¢ uktadow API-polimer, jak i na charakter oddziatywan miedzyczasteczkowych, co
bezposrednio przektada si¢ na kinetyke rekrystalizacji substancji aktywnych w stanie amorficznym.
Udowodniono réwniez, ze odpowiednio dobrana topologia PVP moze skutecznie modulowaé
porzadek molekularny 1 temperatury przejs¢ fazowych cieklokrystalicznych API, umozliwiajac

uzyskanie materiatow w petni amorficznych oraz poprawe rozpuszczalnosci leku.

Szczegblne znaczenie majg wyniki dotyczace wpltywu charakteru chemicznego
makroczasteczek na stabilno$¢ fizyczng 1 wlasciwos$ci farmakokinetyczne badanych uktadow. W tym
obszarze wykazano, ze $wiadomy dobdr polimeru hydrofilowego lub amfifilowego moze prowadzi¢
do jednoczesnej poprawy stabilnosci formulacji 1 parametré4w uwalniania substancji aktywne;.
Istotnym osiggnieciem poznawczym byto takze odkrycie nowej, wczesniej nieopisanej formy

polimorficznej pirybedylu.
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Rozprawa wnosi zatem istotny wklad do rozwoju chemii i fizykochemii polimerow
stosowanych w farmacji. Jej nowatorstwo polega nie tylko na opracowaniu skutecznych metod
syntezy polimerow PVP o zaawansowanej architekturze, ale réwniez na wykazaniu, ze cechy
makrostrukturalne polimeréw moga by¢ swiadomie wykorzystywane jako narzedzie do sterowania
wlasciwosciami fizycznymi substancji aktywnych. Uzyskane rezultaty maja zaré6wno charakter
badan podstawowych, poszerzajacych wiedze o zaleznosciach struktura—funkcja w uktadach API-
polimer, jak i aplikacyjnych, otwierajagcych nowe mozliwosci racjonalnego projektowania

nowoczesnych uktadéw dostarczania lekow.
Podsumowujac, najwazniejsze osiggniecia naukowe to:

1. Opracowanie skutecznych strategii syntezy dobrze zdefiniowanych polimerow PVP

o zrdznicowanej topologii oraz kontrolowanych parametrach makrostrukturalnych;

2. Wykazanie, ze topologia oraz dtugos¢ tancucha polimerowego w istotny sposob wplywajag na

zdolno$¢ polimeru do hamowania rekrystalizacji API z fazy amorficznej;

3. Potwierdzenie, ze skutecznos$¢ polimeru jako inhibitora krystalizacji zalezy nie tylko od jego
stezenia w formulacji, ale rowniez od cech strukturalnych makroczasteczki, w szczego6lnosci

od jej architektury;

4. Udowodnienie, ze architektura polimeru wptywa na mieszalno$¢ uktadow API—polimer oraz
na charakter oddziatywan migdzyczasteczkowych, a tym samym na stabilno$¢ fizyczna

mieszanin binarnych;

5. Wykazanie, ze nieliniowe homopolimery PVP moga skuteczniej niz ich liniowe odpowiedniki
zaburza¢ porzadek cieklokrystaliczny API, prowadzac do zaniku mezofaz i uzyskania

materiatu w petni amorficznego;

6. Potwierdzenie, ze odpowiedni dobdr architektury matrycy polimerowej umozliwia
modulowanie porzadku molekularnego oraz temperatur przejs¢ fazowych substancji

leczniczych, co stwarza mozliwos¢ swiadomego ksztattowania ich wtasciwosci uzytkowych.

7. Stwierdzenie, ze charakter chemiczny makroczgsteczek (hydrofilowos¢ i amfifilowosc)
odgrywa istotng role w poprawie stabilnosci fizycznej formulacji oraz parametrow

decydujacych o efektywnos$ci farmaceutycznej API.
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8. Dokonanie identyfikacji nowej, wczesniej nieopisanej formy polimorficznej

piryibedyilu;

9. Udowaodnienie, ze parametry makroczgsteczkowe polimerow moga stanowi¢ wazne
narzgdzie racjonalnego projektowania nowoczesnych formulacji opartych na uktadach

amorficznych.

Wyniki rozprawy otwieraja nowe perspektywy badawcze i aplikacyjne w zakresie
projektowania biokompatybilnych no$nikéw polimerowych o zaawansowanej architekturze,
przeznaczonych do poprawy rozpuszczalno$ci, stabilnosci 1 biodostgpnosci substancji

aktywnych.
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Lista konferencji i seminariow naukowych o zasiegu krajowym i
zagranicznym

e V Seminarium Ogoélnoakademickie “Metody fizykochemiczne w badaniach naukowych”
w Sosnowcu (27 marca 2024) - komunikat posterowy pt. “The impact of PVP topology on
the crystallization of metronidazole — thermal, structural and spectroscopic studies”.

e 66. Zjazd Polskiego Towarzystwa Chemicznego (PTChem) w Poznaniu (15-20 wrze$nia
2024) - komunikat sekcyjny pt. ,,Poli(winylopirolidon) o zréznicowanych topologiach
jako skuteczne matryce polimerowe w dostrajaniu  pozgdanych wlasciwosci
ciektokrystalicznych lekow”.

¢ VI Seminarium Ogélnoakademickie “Metody fizykochemiczne w badaniach naukowych”
w Sosnowcu (16 kwietnia 2025) - komunikat posterowy pt. “Poly(vinylpyrrolidone) with
various topologies as effective polymer matrices for tuning the desired properties of liquid
crystalline drugs”.

e 10th International Discussion Meeting on Relaxations in Complex Systems
(10thIDMRCS) w Barcelonie (20-25 lipca 2025) - komunikat posterowy pt. “Hydrophilic
and amphiphilic macromolecules as modulators of the physical stability and
bioavailability of piribedil ”

e XXV Conference on Applied Crystallography (CAC) w Wisle (7-10 wrzesnia 2025) -
komunikat posterowy pt.“Polyvinylpyrrolidone with varied architectures as efficient
polymer matrices for tailoring the desired properties of liquid-crystalline
pharmaceuticals”.
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10.

Inne osiggniecia

Kierowanie projektami badawczymi

Perly Nauki (nr PN/01/0078/2022)

instytucja finansujgca: Ministerstwo Edukacji 1 Szkolnictwa Wyzszego

tytul projektu: Biozgodne polimery o kontrolowanej taktycznosci i ich wplyw na stabilnos¢
API w uktadach binarnych

okres trwania: maj 2023 — maj 2027

Grant Studencki (nr COS.1170.16.2021)

instytucja finansujaca: Uniwersytet Slaski w Katowicach

tytut projektu: Nowoczesne metody syntezy biodegradowalnych biokompatybilnych
materiatow polimerowych o roznej topologii przeznaczonych do celow biomedycznych

okres trwania: maj 2021 — listopad 2021

Uczestnictwo w projektach badawczych

07/2024-03/2025 — wykonawca Chemik w projekcie badawczym LIDER
pn. ,,Opracowanie innowacyjnych metod poprawy parametrow farmakokinetycznych i
farmakodynamicznych wybranych substancji farmaceutycznie aktywnych (APIs)” 0 numerze
LIDER/28/0152/L-12/20/NCBR/2021, finansowanym przez Narodowe Centrum Badan i
Rozwoju, (okres trwania: marzec 2022 — marzec 2025; dofinansowanie: 1 465 625,00 zt).

07/2021-04/2022 — wykonawca Chemik w projekcie badawczym Inkubator Innowacyjnosci
4.0 pn. , Nowoczesne metody otrzymywania ultra-czystych biodegradowalnych i
biokompatybilnych materiatow polimerowych o zroznicowanej topologii zawierajgcych
segmenty poli(y-butyrolaktonu). Ocena ich uzytkowalnosci do celow biomedycznych” 0
numerze MNISW/2020/335/DIR, finansowanym przez Ministerstwo Edukacji i Nauki, (okres
trwania: lipiec 2021 — czerwiec 2022; dofinansowanie: 76 655,52 zt).

05/2021 - wykonawca Chemik w projekcie badawczym SONATA 14
pn. ,, Innowacyjne metody polimeryzacji ,,mniej aktywowanych monomerow” (LAMs)” 0
numerze DEC-2018/31/D/ST5/03464, finansowanym przez Narodowe Centrum Nauki,
(okres trwania: lipiec 2019 — lipiec 2022; dofinansowanie: 984 900,00 zt).
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Uczestnictwo w projektach dydaktycznych

e METROPOLITALNY FUNDUSZ WSPIERANIA NAUKI
pozyskanie finansowania z Godrno$lasko-Zaglebiowskiej Metropolii (GZM) w ramach
konkursu “Metropolitalny Fundusz Wspierania Nauki: Studiuj w Metropolii”
lipiec-sierpien 2025
tytut projektu: Lato w Laboratorium: Zobacz, jak dziala nauka!
kwota dofinansowania: 44 910,00 zt

e Science SPARK — Szkota, Pasja, Aktywnos$¢, Rozwoj, Kreatywnosé

przygotowanie i wspotprowadzenie wykladéw popularnonaukowych dla uczniow w ramach
programu ,, Odkrywcy” finansowanego przez Ministerstwo Edukacji i Szkolnictwa Wyzszego

Patenty i zgloszenia patentowe

e Grazyna Szafraniec-Gorol, Stanistaw Krompiec, Marek Matussek, Luiza Orszulak, “Pi-
rozszerzona pochodna perylenu oraz sposob jej otrzymywania”, nr 238588 (patent

przyznany)

e Kamil Kaminski, Magdalena Tarnacka, Luiza Orszulak, Roksana Wygoda, Karolina
Jurkiewicz, Marian Paluch, Ewa Kaminska, Aldona Minecka, “Sposdb otrzymywania formy
polimorficznej (1) pirybedylu”, nr P.451342 (zgloszenie patentowe, w trakcie oceny)

e Kamil Kaminski, Magdalena Tarnacka, Luiza Orszulak, Roksana Wygoda, Karolina
Jurkiewicz, Marian Paluch, Ewa Kaminska, Aldona Minecka, ,, Sposob otrzymywania formy
polimorficznej (Il) pirybedylu w formulacji z poliwinylopirolidonem”, nr P.451344
(zgloszenie patentowe, w trakcie oceny)

e Roksana Wygoda, Luiza Orszulak, Paulina Maksym, Sylwia Golba, Kamil Kaminski,
Magdalena Tarnacka, Marian Paluch, Ewa Kaminska, Aldona Minecka, “Sposob
otrzymywania poli(y-butyrolaktonu) o topologii gwiazdzistej”, P.451633 (zgloszenie
patentowe, w trakcie oceny)
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Stypendia

e Stypendium dla najlepszych doktorantéw z dotacji projakosciowej w roku akademickim
2023/2024.

e Stypendium dla najlepszych doktorantéw z dotacji projakosciowej w roku akademickim
2024/2025.

e Stypendium dla najlepszych doktorantow z dotacji projakosciowej w roku akademickim
2025/2026.
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