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1. Wstep

Druga najczgséciej diagnozowana choroba nowotworowa wsréd mezczyzn jest rak
gruczolu krokowego. Wedtlug Swiatowej Organizacji Zdrowia (WHO — World Health
Organization) w 2018 roku na tg chorobe zmarto okoto 30% zdiagnozowanych m¢zczyzn na
catym $wiecie. Jedng z mozliwosci leczenia wspomnianej choroby jest chemioterapia
z wykorzystaniem leku o nazwie bikalutamid (BIC). Dziata on antagonistycznie na androgeny
produkowane przez gonady oraz kor¢ nadnerczy, co powoduje zahamowanie wzrostu
nowotworu gruczotu krokowego®. Bikalutamid jest mieszaning racemiczna, w ktorej
enancjomer R wykazuje wigksza aktywnos$¢ biologiczng oraz przypisuje si¢ mu dziatanie
antyandrogenowe?. Lek ten nalezy do II klasy systemu klasyfikacji biofarmaceutycznej (ang.
BCS - Biopharmaceutical Classification System), tzn. charakteryzuje si¢ niska
rozpuszczalno$cia w wodzie (<5Smg/L)® oraz mala biodostepnoscia. Oznacza to, iz ilo§¢
bikalutamidu, ktéra dostaje si¢ do krwioobiegu pacjenta, po podaniu leku, jest niewielka w
stosunku do przyjetej dawki. Powoduje to, iz dawka stosowana w Kkuracji musi by¢
odpowiednio wigksza, aby uzyska¢ oczekiwane rezultaty w leczeniu. Ponadto czes¢
farmaceutyku, ktora nie jest metabolizowana moze prowadzi¢ do podraznienia uktadu
pokarmowego lub innych narzadéw wewngtrznych, wywotujac niepozadane skutki uboczne.
Ograniczona rozpuszczalno$¢ lekow jest obecnie duzym problemem, z ktorym zmaga si¢
rynek farmaceutyczny, dlatego poszukiwane sg metody ktore pozwolg na polepszenie

wiasciwosci fizycznych farmaceutykow.

Jedng z efektywniejszych i szeroko dyskutowanych metod pozwalajacych na poprawe
rozpuszczalno$ci lekow jest amorfizacja, ktora polega na przemianie formy krystalicznej
badanej substancji w forme szklista*®. Powstaly material charakteryzuje si¢ brakiem
uporzadkowania dalekozasiegowego w poréownaniu do formy krystalicznej®, co powoduje
zwigkszenie rozpuszczalno$ci oraz biodostgpnosci substancji. Jednakze forma szklista
charakteryzuje si¢ rOwniez wyzsza energi¢ swobodng Gibbsa, w poréwnaniu do formy
krystalicznej, co sprawia, iz jest termodynamicznie niestabilna. Innymi stowy, materiat
w formie amorficznej zmierzajac do minimum energetycznego powraca do formy
krystalicznej. Jest to powazny problem w przypadku produktow leczniczych, poniewaz musza
one spetiaé szereg wymogoéw dotyczacych stabilno$ci, czyli okresu waznosci, zanim zostang
wprowadzone do obrotu. Kryteria, ktore musi spelni¢ dany lek opisane sg przez

Miedzynarodowa Rade Harmonizacji (ang. ICH — International Council on Harmonisation),



ktora wskazuje m.in. jak wykona¢ testy stabilno$ci dla badanych produktéw oraz jak diugi
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musi by¢ okres przydatnosci leku™™*. Przyjmuje si¢, iz minimalny czas, w ktorym

farmaceutyk jest stabilny w temperaturze pokojowej powinien by¢ nie mniejszy niz dwa lata.

Aby uzyska¢ lek w formie amorficznej, ktory bedzie spetnial powyzsze wymagania
nalezy otrzymang forme¢ szklista ustabilizowaé, czyli sprawi¢, aby badany material przez
odpowiednio dtugi czas nie powr6cit do formy krystalicznej. Do tego celu opracowano szereg
metod, ktore pozwalaja osiggnaé opisany powyzej efekt. Pierwsza mozliwoscig jest
sporzadzenie uktadow binarnych substancji czynnej (z ang. APl — Active Pharmaceutical
Ingridient) z dodatkami takimi jak cukry, aminokwasy czy krzemionki'?>*’. Innym sposobem,
ktory w ostatnich latach cieszy si¢ duzym zainteresowaniem, jest metoda tworzenia uktadow
lek-lek (z ang. co-amorphous)!®?%, Poza otrzymaniem stabilnej mieszaniny w formie
amorficznej, metoda ta pozwala na uzyskanie efektu synergicznego dziatania zastosowanych
lekow. W takim przypadku idealnym zestawem dwoch API sg farmaceutyki, ktore stosowane
sg razem podczas Kkuracji pacjenta, co skutkuje osiggni¢gciem wzmocnionego efektu
terapeutycznego. Kolejnym przyktadem metody stabilizacji lekow w postaci amorficznej jest
wykonanie tzw. statych rozproszen leku w matrycy polimerowej (z ang. ASD — Amorphous
Solid Dispersion?*-27). Jest to nic innego jak mieszanina lek-polimer, w ktorej czasteczki
substancji aktywnej sg rOwnomiernie rozproszone w polimerze. Do tego celu zazwyczaj
wykorzystywany jest polimer charakteryzujacy si¢ wyzsza temperatura przej$cia szklistego
niz jest to w przypadku stabilizowanego API. Zastosowanie takiej substancji powoduje
obnizenie objetosci swobodnej substancji aktywnej, zwigkszenie jej lepkosci oraz
spowolnienie jej dynamiki molekularnej, a co za tym idzie podwyzszenie temperatury
przejscia szklistego. W konsekwencji zazwyczaj otrzymywana jest stabilna mieszanina
amorficzna. Mechanizm ten nazywany jest efektem antyplastyfikujacym. Uktad
lek-polimer moze by¢ réwniez stabilizowany poprzez obecno$¢ specyficznych oddziatywan
pomiedzy czasteczkami, takimi jak np. wiazania wodorowe?®?° |ub przez ograniczenie przez

polimer mozliwo$ci tworzenia si¢ specyficznych wigzan pomigdzy czasteczkami leku.

Obecnie stale rozproszenia lekow w matrycach polimerowych sa intensywnie
dyskutowane na tamach wielu publikacji naukowych. Rozwazane jest dodawanie rdéznego
rodzaju polimeréow do amorficznych substancji aktywnych w celu ich stabilizacji. Co wigcej,
coraz czgsciej zwraca si¢ uUwage rowniez na to, iz wybierany polimer powinien
charakteryzowa¢ si¢ odpowiednimi wilasciwosciami fizycznymi dla otrzymania stabilnego

uktadu binarnego. Jednak temat ten pozostaje wcigz niedostatecznie zglebiony, dlatego



w niniejszej rozprawie doktorskiej skupiono si¢ na przeanalizowaniu amorficznych statych

rozproszen w matrycach polimerowych, majac na celu przyblizenie tego waznego aspektu.

Celem pracy doktorskiej pt. ,,Poprawa rozpuszczalnosci w wodzie oraz fizycznej
stabilnosci bikalutamidu w formie amorficznej - Stale rozproszenia w matrycach

polimerowych.” byto:

e poprawa rozpuszczalnosci bikalutamidu poprzez konwersje do formy amorficzne;j
a nastepnie ustabilizowanie formy szklistej tworzac state rozproszenia w matrycy
polimerowej,

e zbadanie wptywu dlugosci tancucha polimerowego na stabilno$¢ fizyczng uktadu
lek-polimer,

e poprawa stabilnosci amorficznej formy bikalutamidu przez stworzenie mieszaniny
binarnej z innym lekiem przeciwnowotworowym flutamidem, a nastgpnie

zmieszania powstatego uktadu z polimerem.

Wyniki prowadzonych badan zostaly opublikowane jako ciag tematycznie spojnych
artykutdow, w prestizowych czasopismach naukowych: Molecular Pharmaceutics oraz
European Journal of Pharmaceuticals Sciences, ktorych wspotczynniki oddziatywania (z ang.
Impact Factor ) wynosity w roku publikacji odpowiednio: 4.556, 4.396 i 3.352.

Al. J. Szczurek, M. Rams-Baron, J. Knapik-Kowalczuk, A. Antosik,

J. Szafraniec, W. Jamréz, M. Dulski, R. Jachowicz, M. Paluch, Molecular
Dynamics, Recrystallization Behavior, and Water Solubility of the Amorphous
Anticancer Agent Bicalutamide and Its Polyvinylpyrrolidone Mixtures, Mol.
Pharmaceutics 14 , (2017), 1071-1081.

A2. J. Pacutt (Szczurek), M. Rams-Baron, B. Chrzaszcz, R. Jachowicz, M. Paluch,

Effect of Polymer Chain Length on the Physical Stability of Amorphous
Drug—Polymer Blends at Ambient Pressure, Mol. Pharmaceutics, 15, (2018),
2807-2815.

A3. J. Pacult (Szczurek), M. Rams-Barona, K. Chmiel, K. Jurkiewicz, A. Antosik,

J. Szafraniec, M. Kurek, R. Jachowicz, M. Paluch, How can we improve the
physical stability of co-amorphous system containing flutamide and
bicalutamide? The case of ternary amorphous solid dispersions, Eur. J. Pharm.
Sci. 136, (2019), 104947.



Poza tematyka pracy doktorskiej pozostajg 2 wspotautorskie artykuty naukowe ktore,

pomimo iz nie zostaty wlaczone do rozprawy, §wiadcza o mojej aktywnosci naukowe;j:

B1. M. Rams-Baron, J. Pacult  (Szczurek), A. Jedrzejowska, J. Knapik-

Kowalczuk, M. Paluch, Changes in physical stability of supercooled etoricoxib
after compression, Mol. Pharm. 15(9), 2018, 3969-3978.
B2. J. Knapik-Kowalczuk, K. Chmiel, J. Pacult (Szczurek), K. Bialek, L. Tajber, M.

Paluch, Enhancement of the Physical Stability of Amorphous Sildenafil in a

Binary Mixture, with either a Plasticizing or Antiplasticizing Compound,
Pharmaceutics 12(5), 2020, 460.

Wyniki przeprowadzonych badan byly réwniez zaprezentowane na ponizej

wymienionych mi¢dzynarodowych konferencjach naukowych:

Cl. Silesian Cross-Border Workshop on Applied Physics (2016) Ostrawa,
Czechy.

C2. 8" International Discussion Meeting on Relaxations in Complex
Systems (2017) Wista, Polska

Cs. 1% Internetional Conference on Contemporary Pharmacy Challenges:

Amorphous Pharmaceuticals and Biopharmaceuticals (2018) Wista, Polska.

Badania przeprowadzone na potrzeby niniejszej pracy doktorskiej byty finansowane przez
Narodowego Centrum Nauki w ramach programu SYMFONIA 3 pt. Wphw procesow
fizycznych oraz substancji pomocniczych na charakterystyke wlasciwosci substancji

leczniczych trudno rozpuszczalnych w wodzie o numerze 2015/16/W/NZ7/00404.


https://pubmed.ncbi.nlm.nih.gov/?term=Rams-Baron+M&cauthor_id=30052449
https://pubmed.ncbi.nlm.nih.gov/?term=Pacu%C5%82t+J&cauthor_id=30052449
https://pubmed.ncbi.nlm.nih.gov/?term=J%C4%99drzejowska+A&cauthor_id=30052449
https://pubmed.ncbi.nlm.nih.gov/?term=Knapik-Kowalczuk+J&cauthor_id=30052449
https://pubmed.ncbi.nlm.nih.gov/?term=Knapik-Kowalczuk+J&cauthor_id=30052449
https://pubmed.ncbi.nlm.nih.gov/?term=Paluch+M&cauthor_id=30052449

2. Omowienie osiggnietych wynikow

2.1 Badanie dynamiki molekularnej i rozpuszczalnosci w wodzie
amorficznego bikalutamidu oraz jego stabilizacja z wykorzystaniem

poliwinylopirolidonu.

Celem niniejszej pracy byla poprawa rozpuszczalnosci w wodzie BIC oraz jego
biodostgpnosci. Aby tego dokonaé¢ lek zostat przekonwertowany do formy amorficznej

a nastepnie stabilizowany za pomoca polimeru poliwinylopirolidonu (PVP).

W pierwszym etapie badan scharakteryzowano amorficzng forme bikalutamidu, ktorg
otrzymano stosujgc metode witryfikacji, tzn. stopienia substancji krystalicznej i szybkiego jej
schtodzenia. Aby wyznaczy¢ temperaturg topnienia (Tm = 467 K) oraz przejscia szklistego
(Tg = 398 K) BIC, wykonano pomiary przy zastosowaniu techniki réznicowej kalorymetrii
skaningowej (ang. DSC — Differential Scanning Calorimetry) [Al rysunek 1]. Nast¢pnie aby
zbada¢ tendencje analizowanego materialu do Krystalizacji wykonano eksperymenty
nieizotermiczne oraz izotermiczne metoda szerokopasmowej spektroskopii dielektrycznej
(ang. BDS — Broadband Dielectric Spectroscopy) [Al ryunek 2,3]. Dzigki tej technice mozna
z powodzeniem analizowa¢ dynamike molekularng amorficznych uktadow w szerokim
zakresie czestotliwosci oOraz temperatur, zardwno ponizej jak 1 powyzej temperatury
zeszklenia. Na zarejestrowanych widmach dielektrycznych w cieczy przechtodzonej [Al
rysunek 2] mozna zaobserwowal pik pochodzacy od relaksacji strukturalnej o,
charakterystycznej dla ruchow kooperatywnych molekuty. W temperaturze powyzej Tk = 359
K zauwazono znaczny spadek intensywnosci krzywej absorpcji, co wskazuje na tzw. zimng
krystalizacje¢ probki. Wyznaczony zostat roéwniez czas krystalizacji probki w cieczy

przechtodzonej w T = 306 K, ktory wynidst ~16h.

Na podstawie otrzymanych danych dielektrycznych obliczono temperature przejscia
szklistego (dla 1, = 100 s) Tg = 325 K oraz parametr kruchosci (m), méwigcy o stopniu
odchylenia zaleznosci 1(T) od arrheniusowskiego przebiegu liniowego®. Biorac pod uwage
uzyskang warto$¢ parametru m mozliwe jest podzielenie substancji na tzw. kruche (m > 100)
oraz silne (m < 30). Ponadto krucho$¢ korelowana jest rowniez z tendencja do krystalizacji
substancji, co oznacza, ze silny material moze charakteryzowac si¢ mniejsza podatnoscia na
rekrystalizacje. Nalezy jednak zaznaczy¢, iz w literaturze znane sa réwniez przyklady nie
spetniajace tej zaleznosci®*=°. Uzyskana warto$¢ m = 84 wskazuje, iz bikalutamid mozna
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zaliczy¢ do substancji o umiarkowanej tendencji do tworzenia fazy szklistej. Ponadto
porownano ksztatt krzywej absorpcji w roznych temperaturach poprzez horyzontalne
natozenie widm strat dielektrycznych. Zaobserwowano, ze dla bikalutamidu warto$¢

temperatury nic ma wptywu na ksztatt zarejestrowanej krzywej absorpcji.
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Rysunek 1. Temperaturowa zalezno$¢ czasow relaksacji strukturalnej wyznaczona na
podstawie widm dielektrycznych (fioletowe punkty). Zielone punkty oraz przerywana linia
prezentujg oszacowane wartosci T, ponizej Ty, Otrzymane poprzez zastosowanie metod tzw.
,master plot” oraz modelu Adama-Gibbsa. Na dodatkowych panelach przedstawiono
termogram z uzyskanymi warto$ciami ciepta wiasciwego BIC (gorny panel) oraz widma

dielektryczne zarejestrowane powyzej Tg (dolny panel). [Al rysunek 7]

Ponizej temperatury zeszklenia kooperatywny ruch molekut jest bardzo spowolniony co
powoduje, iz proces relaksacji strukturalnej moze osiagaé¢ rzgdy wielkosci nawet kilku
miesiecy. Z tego wzgledu wyznaczenie czasoOw relaksacji w fazie szklistej jest kluczowe,
poniewaz uwaza si¢, iz mozna je powigza¢ z tendencja do krystalizacji. zarejestrowanie go
eksperymentalnie jest bardzo trudne badz niemozliwe. Jednak w literaturze opisano, iz
a-proces mozna powigza¢ z tendencja materiatu do krystalizacji ponizej Tq. Do przyblizenia
czasu, w ktérym materiat pozostanie stabilny w temperaturze pokojowej (ponizej Tg), mozna
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zatem wykorzysta¢ otrzymane eksperymentalnie wartosci 1,. Do tego celu wykorzystano
metod¢ polegajaca na horyzontalnym nasuwaniu krzywej absorpcji zarejestrowanej powyzej
Tg, na widma strat dielektrycznych, w ktérych zarejestrowane jest jedynie prawe zbocze
relaksacji strukturalnej (rys. 1). Metode tg jednak mozna zastosowaé jedynie gdy ksztatt
krzywej absorpcji nie jest wrazliwy na temperaturg, tak jak jest to w przypadku bikalutamidu.
Kolejng metoda oszacowania 1, ponizej temperatury zeszklenia jest zastosowanie
zmodyfikowanego modelu Adama-Gibbsa, ktory zostal zaproponowany przez Hodgea®
1 wyrazony jest nastepujgcym roéwnaniem:

7,(T.T) =1, eXIO[ (1)

b
TA-T,/T,)

gdzie 7., D i To to parametry otrzymane z rownania Vogel-Fuler-Taman, a Ts to fikcyjna

temperatura (ang. fictive temperature), definiowana jako:

1-
1_ e, N e, @)
T, T, T
Cliq _ Cglass
__ b p
Ye, = ng _C;ryst (3)
T=Tg

Gdzie ng, Cglass, C;rys, to ciepto wlasciwe otrzymane dla cieczy, formy szklistej oraz

krystalicznej probki.

Badania modulowanej temperaturowo réznicowej kalorymetrii skaningowej (goérny
panel rys. 1) pozwolily na wyznaczenie powyzszych wielko$ci w tym fikcyjng temperature,
ktéra wykorzystano do obliczenia teoretycznych warto$ci czaséw relaksacji (rownanie nr 1),
a nastgpnie temperaturowej zaleznosci T, bikalutamidu w fazie szklistej. Z obu
przedstawionych metod mozna wnioskowac, iz bikalutamid w formie amorficznej w T = 298

K bedzie stabilny przez jedynie okoto 5 dni.

Ze wzgledu na silng tendencje do krystalizacji amorficznej formy BIC, podjeto probe
ustabilizowania go poprzez zmieszanie z polimerem poliwinylopirolidonem. Jest to polimer
bardzo czgsto stosowany w przemys$le farmaceutycznym jako spoiwo tabletek. Ponadto
w mieszaninach z lekiem wykazuje wlasciwosci, ktore poprawiaja biodostgpnosé oraz
rozpuszczalno§¢ w wodzie substancji aktywnych poprzez tworzenie wigzan wodorowych.

Przygotowane mieszaniny BIC-PVP w stosunkach w wagowych 10-1, 5-1, 2-1, 1-2 zbadano

10



za pomocg roznicowej kalorymetrii skaningowej. Na otrzymanych termogramach [Al
rysunek 8] mozna zauwazy¢ schodkowy charakter zmiany ciepta wtasciwego, ktory wskazuje
na obecnos¢ przejscia szklistego w badanych mieszaninach. Brak procesu egzotermicznego
oraz endotermicznego w przypadku uktadow BIC-PVP 2-1 oraz 1-2 wskazuje, iz dodatek

okoto 30% polimeru hamuje krystalizacj¢ leku.

Stabilizacja  uktadéw  binarnych moze by¢é wynikiem obecnosci  efektu
antyplastyfikujacego, oddzialywaniami pomi¢dzy molekutami leku i polimeru lub sumg obu
tych mechanizmow. Aby okresli¢, jaki mechanizm jest odpowiedzialny za poprawg fizycznej
stabilno$ci leku w formie amorficznej poréwnano eksperymentalne wartosci temperatury
zeszklenia mieszanin z warto$ciami teoretycznymi otrzymanymi Z modelu Gordona — Taylora
[Al rysunek 8] oraz wykonano analize¢ za pomocg spektroskopii fourierowskiej
w podczerwieni (ang. FT-IR - Fourier Tranformer Infrared Spectroscopy) [Al rysunek 9].
Poniewaz pierwsza z wymienionych metod nie dala jednoznacznej odpowiedzi czy na
stabilizacje uktadu ma wplyw obecnos$¢ specyficznych oddzialywan, wykonano réwniez
pomiary FT-IR. Na zamieszczonych widmach IR [A1l rysunek 9] w zakresie 1400-1800 cm™
mozna zaobserwowaé¢ pasmo charakterystyczne dla drgan rozciagajacych grupy C=0. Wraz
ze zwigkszajaca si¢ 1loscig PVP w mieszaninie widoczne jest zwigkszanie si¢ intensywnosci
pasma przy 1670 cm-! co wskazuje na tworzenie sie wigzan wodorowych. Eksperymenty
wykazaty, iz za stabilizacje uktadu moze by¢ odpowiedzialne ztozenie dwoch czynnikow,

mianowicie efektu antyplastyfikujacego oraz obecno$ci wigzan wodorowych.

W koncowym etapie badan przeprowadzono rowniez analize¢ rozpuszczalnosci w wodzie
oraz uwalniania mieszanin BIC-PVP. Na podstawie otrzymanych wynikow DSC oraz
przewidywan stabilno$ci probek w temperaturze pokojowej, do analiz wybrano mieszaning
BIC-PVP (2-1), ktéra szacunkowo pozostataby w niezmiennej formie amorficznej przez
ponad 100 lat. Otrzymane wyniki potwierdzity, iz uklady dwusktadnikowe BIC-PVP
charakteryzuja si¢ znacznie lepsza kinetyka uwalniania substancji aktywnej oraz 37 razy

lepsza rozpuszczalnos$cia w wodzie w stosunku do krystalicznego bikalutamidu.
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2.2 Wplyw dhugosci tancucha polimerowego na stabilno$¢ fizyczng
amorficznych mieszanin lek-polimer.

W poprzedniej pracy z powodzeniem ustabilizowano bikalutamid w formie
amorficznej dzigki zastosowaniu polimeru poliwinylopirolidonu. Wykonywanie mieszanin
ASD w matrycy polimerowej jest obecnie che¢tnie wybierang metodg stabilizacji
farmaceutykow w fazie szklistej. Pomimo dobrze znanej procedury wykonywania uktadow
ASD wcigz wiele aspektow doboru polimeru pozostaje nie zbadane. Okazuje si¢ bowiem, iz
wybor optymalnego polimeru do sporzadzenia takiej mieszaniny nie jest trywialny. Nalezy
wzig¢ pod uwage nie tylko warto$¢ temperatury zeszklenia polimeru, ale réwniez jego
strukture, dlugo$¢, ulozenie w przestrzeni, a zatem réwniez jego splatanie, obecno$é
specyficznych grup funkcyjnych itp. Z tego wzgledu w niniejszej pracy skupiono si¢ na
zbadaniu wptywu dlugosci tancucha polimerowego na stabilno$¢ fizyczng amorficznych

mieszanin lek-polimer.

W pierwszym kroku wybrano polimer poliwinypirolidon, ktéry uprzednio wykazat
bardzo dobre wtasciwosci stabilizujagce bikalutamid w formie amorficznej. Nastepnie
wybrano trzy rozne dlugo$ci tancucha polimerowgo (w tekscie opisane odpowiednio od
najkrotszego do najdtuzszego jako: K10, K30, K90) i wykonano mieszaniny BIC-PVP 10%
(w/w). Do badania dynamiki molekularnej wykonanych uktadow zastosowano technik¢ BDS.
Na zamieszczonych widmach dielektrycznych [A2 rysunek 1] mozna zauwazy¢, iz poczatek
krystalizacji dla kazdej z mieszanin znajduje si¢ w tej samej temperaturze T = 373 K. Ponadto
wykreslenie temperaturowej zaleznos$ci czasOw relaksacji [A2 rysunek 3] pokazuje, iz
dynamika molekularna badanych uktadow jest identyczna dla kazdej badanej mieszaniny.
Potwierdzaja to rowniez otrzymane termogramy, na ktorych mozna zaobserwowac, ze probki
BIC-PVP charakteryzuja si¢ jednakowa temperaturg zeszklenia Tg = 331 K [A2 rysunek 5].
Otrzymane wyniki mogly by wskazywac, iz nie istnieje zadna korelacja pomiedzy dlugoscia
tancucha polimerowego a stabilnoscig uktadow lek-polimer w stanie amorficznym. Brak
r6éznic w dynamice molekularnej badanych uktadow moze wynikaé z faktu, iZ w mieszaninie
BIC-PVP ilos¢ zastosowanego polimeru jest niewielka. Aby finalnie zweryfikowa¢ tg tezg,
przeprowadzono eksperymenty izotermiczne technikg BDS. Zamieszczone Kkinetyki
krystalizacji na rysunku [A2 rysunek 6] wyraznie pokazujg, iz w zalezno$ci od zastosowanej
dhugoséci polimeru w probkach BIC-PVP obserwujemy znaczne réznice w tendencji do

krystalizacji. Mieszanina API z polimerem o najdluzszym tancuchu krystalizuje najszybcie;j,
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natomiast najlepiej stabilizuje uktad binarny PVP K30. Na podstawie powyzszych wynikow
zapostulowano, ze mechanizmem odpowiedzialnym za otrzymane rdznice w stabilno$ci
fizycznej badanych mieszanin moze by¢ ulozenie lancucha polimerowego w przestrzeni.
Z tym aspektem bezposrednio powigzane jest zagadnienie wolnej objetosci (ang. free
volume), ktora charakteryzuje obecno$¢ wolnych przestrzeni pomigdzy tancuchami
polimerowymi. W przypadku zaproponowanej tezy, wnioskujemy, iz polimer w zalezno$ci od
dlugos$ci tancucha bedzie przyjmowat rézne ulozenie w mieszaninie i w ten sposéb beda
mogly powstawa¢ mniejsze badz wigksze przestrzenie pomiedzy czasteczkami polimeru i
leku, co spowoduje zaobserwowanie r6znic w badanej wolnej objetosci probek. Odpowiednig
technikg do zbadania tych efektow jest spektroskopia czasow zycia pozytonow (ang. PALS —
Positron Annihilation Lifetime Spectroscopy). Uzyskane wyniki PALS potwierdzity
obserwowang zalezno$¢, wynikajacg z badan dielektrycznych. Najwieksza warto§¢ wolnej
objetosci zostata zarejestrowana dla probki BIC-PVP K90, ktora w eksperymentach
izotermicznych wykazata najwicksza tendencje¢ do krystalizacji. Sadzimy, iz wynika to
z faktu, iz polimer w mieszaninie uklada si¢ w taki sposob, ze tancuch polimerowy nie
wypetnia wolnych przestrzeni, co utatwia proces krystalizacji. W przypadku krotszych
tancuchow, tak jak jest to w zastosowanym PVP K10, zwigksza si¢ upakowanie polimeru w
mieszaninie, co powoduje stabilizacj¢ ukladu. Co réwniez warte podkreslenia,
zaobserwowana zaleznos$¢ nie jest tendencjg monotoniczng. Istnieje pewna optymalna dlugos¢
tancucha polimerowego, ktora w najkorzystniejszy sposob bedzie polepszaé stabilno$é
fizyczng mieszaniny. Otrzymane wyniki wykazaly, zZe polimerem o najlepszych

wiasciwos$ciach stabilizujgcych uktad BIC-PVP jest PVP K30.

Uzyskane rezultaty pokazuja jak wazne jest badanie wptywu wilasciwosci fizycznych
polimerow na zahamowanie Krystalizacji mieszanin amorficznych lek-polimer, aby wybrac¢

najlepsza forme¢ polimeru do wykonania stabilnych uktadéw amorficznych.

2.3 Jak poprawi¢ fizyczng stabilno$¢ amorficznego uktadu bikalutamid —
flutamid? Badania trojsktadnikowych amorficzne statych rozproszen.

W ostatnich latach duzym zainteresowaniem w$rod naukowcow cieszy si¢ metoda
prowadzaca do poprawy rozpuszczalnosci W wodzie oraz fizyczng stabilnos¢ uktadow
amorficznych polegajgca na zmieszaniu dwoch substancji aktywnych. Wynika to z faktu, ze
do tej pory najczegstszym podejsciem do API charakteryzujacej si¢ ograniczong

rozpuszczalnoscig oraz tendencja do krystalizacji, byto zmieszanie jej np. z polimerem.
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Koncentrowano si¢ bowiem tylko na jednej konkretnej substancji, aby polepszy¢ jej
wlasciwosci fizyczne. Jednakze zaczeto zastanawia¢ si¢ nad wykorzystaniem innych
substancji aktywnych w procesie stabilizacji, ktore wykorzystywane sg np. razem podczas
terapii lub gdy w przypadku leczenia pacjenta przepisywany jest mu wigcej niz jeden lek. Jest
to bardzo interesujacy aspekt, poniewaz stosujac dwa API jednocze$nie mozliwe jest

otrzymanie efektu synergicznego.

W niniejszej pracy sporzadzono amorficzng mieszaning bikalutamidu i flutamidu (FL),
ktére wykorzystywane sga w terapii nowotworu gruczotu krokowego. Ponadto grupa badawcza
Joyce3® wykazata, iz mozliwe jest zastosowanie obu tych lekow w jednej terapii. Pomimo, ze
obecnie nie jest zarejestrowany lek, ktory taczyt by w sobie wyzej wymienione farmaceutyki,
W niniejszej pracy postanowiono sprawdzi¢ czy mozliwe jest uzyskanie polepszonej
stabilnosci fizycznej oraz rozpuszczalnosci obu tych lekow poprzez stworzenie z nich uktadu
binarnego, w celu zaproponowania nowego rozwigzania do potencjalnego stosowania

w terapii przeciwnowotworoweyj.

W pierwszej kolejnosci porownano tendencj¢ do krystalizacji obu materiatow w stanie
szklistym oraz w cieczy przechtodzonej. Do tego celu wybrano technike roznicowej
kalorymetrii skaningowej i dyfrakcji rentgenowskiej. Jak mozna zaobserwowaé na
termogramie otrzymanym z badan kalorymetrycznych [A3 rysunek 1] oba farmaceutyki
krystalizuja powyzej temperatury zeszklenia. Ponadto badania XRD wykazaly, iz bikalutamid
jest takze niestabilny w fazie szklistej 1 powraca catkowicie do fazy krystalicznej po okoto 8
dniach. W przypadku flutamidu Tg jest nizsza od temperatury pokojowej, co powoduje, iz
zaréwno eksperymenty DSC jak i XRD obrazuja tendencje farmaceutyku do krystalizacji z
cieczy przechtodzonej. W obu przypadkach potwierdzona jest silna tendencja FL do
krystalizacji. Wykonane badania wykazuja, iz zastosowanie analizowanych API w formie
amorficznej w przemyS$le farmaceutycznym jest niemozliwe ze wzgledu na ich brak
stabilno$ci w temperaturze pokojowej. Z tego powodu sprawdzono mozliwo$¢ zahamowania

procesu krystalizacji lekow poprzez sporzadzenie uktadu binarnego zawierajacego BIC i FL

W nastgpnym kroku wykonano szereg mieszanin o réznych stosunkach wagowych
(FL-BIC 10%, FL-BIC 30%, FL-BIC 50%, FL-BIC 65%) bikalutamidu i flutamidu, aby
sprawdzi¢ wplyw obu API na stabilizacj¢ takiej mieszaniny. Do tego celu wykorzystano
technike DSC, z ktorej otrzymane termogramy mozna obserwowac¢ na rysunku [A3 rysunek
2]. Jak mozna zauwazy¢, w trakcie ogrzewania jedynie probka FL — BIC 10% krystalizuje
powyzej temperatury zeszklenia. Dla potwierdzenia otrzymanych wynikow wykonano
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réwniez badania dielektryczne za pomocag techniki BDS. W przypadku zarejestrowanej
dynamiki molekularnej zaobserwowano, ze [r6znice wobec wynikow kalorymetrycznych, tj.
]dopiero probka FL — BIC 50% charakteryzowata si¢ brakiem tendencji do krystalizacji.
Roéznice w otrzymanych wynikach dielektrycznych 1 kalorymetrycznych moga wynikac
z zastosowania rdéznego tempa grzania probek podczas wykonywanych eksperymentow.
Pomimo to, uzyskana stabilno$¢ uktadu binarnego nie jest satysfakcjonujaca ze wzgledu na
to, iz stezenie mieszaniny, ktore wykazuje stabilno$¢, nie znajduje odzwierciedlenia w dawce
terapeutycznej. Z tego wzgledu przygotowano rowniez uktady trojsktadnikowe zawierajgce
BIC i FL w stosunku terapeutycznym wraz z 30% dodatkiem polimeru. Do stworzenia tych
mieszanin wybrano dwa polimery czgsto stosowane w przemysle farmaceutycznym: PVP
oraz poli(meta akrylan metylu-co-akrylan etylu) (MMAJ/EA). Przedstawione na rysunku [A3
rysunek 5] termogramy pokazuja, iz mieszanina FL-BIC-MMA/EA nie jest jednorodna, na co
wskazuje obecno$¢ dwoch przejs¢ szklistych. W przypadku mieszaniny FL-BIC-PVP
obserwowana jest tylko jedna Tq = 307 K, oraz nie zanotowano procesu krystalizacji powyzej
temperatury zeszklenia. Wskazuje to na to, iz mieszanina FL i BIC wraz z polimerem PVP
jest jednorodna oraz stabilna. Wobec tego, wykonano badania dyfrakcji rentgenowskiej
w temperaturze pokojowej aby sprawdzi¢ tendencj¢ wybranego uktadu do krystalizacji.
W trakcie wykonywanych eksperymentéw wykazano, iz mieszanina jest stabilna przez 182
dni. Ponadto przeprowadzono rowniez badania rozpuszczalnosci oraz uwalniania dla probki
FL-BIC-PVP. Jak mozna zaobserwowaé¢ na rysunku [A3 rysunek 6] trojsktadnikowa
mieszanina charakteryzuje si¢ zdecydowanie lepsza zard6wno rozpuszczalnos$cia w wodzie jak
i Kinetyka uwalniania substancji. W przypadku rozpuszczalnos$ci jest to dwukrotna poprawa
dla FL i siedmiokrotna dla BIC. Jesli chodzi za$ o badanie uwalniania to zarejestrowana
zostala dwukrotnie wigksza ilo§¢ uwolnionej substancji dla FL i trzykrotnie wyzsza dla BIC

niz jest to dla amorficznych form tych lekéw.
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ABSTRACT: In this paper, we investigated the molecular mobility and physical
stability of amorphous bicalutamide, a poorly water-soluble drug widely used in
prostate cancer treatment. Our broadband dielectric spectroscopy measure-
ments and differential scanning calorimetry studies revealed that amorphous
BIC is a moderately fragile material with a strong tendency to recrystallize from
the amorphous state. However, mixing the drug with polymer polyvinylpyrro-
lidone results in a substantial improvement of physical stability attributed to the
antiplasticizing effect governed by the polymer additive. Furthermore, IR study
demonstrated the existence of specific interactions between the drug and
excipient. We found out that preparation of bicalutamide—polyvinylpyrrolidone
mixture in a 2—1 weight ratio completely hinder material recrystallization.
Moreover, we determined the time-scale of structural relaxation in the glassy
state for investigated materials. Because molecular mobility is considered an
important factor governing crystallization behavior, such information was used
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to approximate the long-term physical stability of an amorphous drug and drug—polymer systems upon their storage at room
temperature. Moreover, we found that such systems have distinctly higher water solubility and dissolution rate in comparison to
the pure amorphous form, indicating the genuine formulation potential of the proposed approach.

KEYWORDS: amorphous bicalutamide, polyvinylpyrrolidone, molecular dynamic, physical stability, glass transition, crystallization

B INTRODUCTION

One of the most common forms of cancer, which occurs among
men, is prostate cancer. This tumor causes death in one in three
cases.' Because its growth is stimulated by androgens, various
androgens blockers, such as cyproterone or flutamide, are
clinically used. Unfortunately, taking these drugs is not free
from side effects, such as loss of libido, thrombosis, or
gynecomastia.” This serious problem motivates scientists to
search for other drugs suitable for patients with prostate
cancer.’” As an alternative choice, free from the mentioned
repercussions, bicalutamide (BIC) (Figure 1) was proposed.*
BIC is a nonsteroidal antiandrogen inhibiting conversion of
testosterone to Sa-dihydrotestosterone influencing growth of
prostate tumors. Despite many advantages, its main limitation is
low solubility (<5 mg/L);” thus, the drug is classified as a class
II pharmaceutical according to the Biopharmaceutics Classi-
fication System (BCS).°

Since low aqueous solubility is one of the crucial problems in
the pharmaceutical field, many efforts are directed toward

v ACS Pubncat]ons © 2017 American Chemical Society

searching for effective methods of improving drug solubility and
bioavailability. One such approach, widely described in the
literature,””” includes conversion of crystalline material into the
amorphous state.'’ Besides multiply benefits, the amorphous
state is characterized by higher free energy than the crystalline
state, which consequently leads to its lower stability. This is a
serious limitation from the pharmaceutical point of view
because amorphous substances can recrystallize during
production, storage, and using of the drug.”'’ Therefore, a
key condition that must be satisfied by an amorphous
formulation to be implemented into practice is the resistance
to crystallization during the product shelf life.

From a fundamental point of view, crystallization is a two-
step process consisting of nucleation and crystal growth. These
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Figure 1. Chemical structures of BIC (a) and PVP (b).

events are described by nucleation rate/growth velocity, which
depends on the probability of forming nuclei and diffusion of
atoms/molecules across the solid—liquid interface. Their
temperature dependencies are bell-shaped and can overlap
each other. The degree of their imposing determines the glass
forming ability of a material (expected to be better for more
separated curves). Thus, such information may be helpful
during anticipation of the posmble recrystallization tendencies
of amorphous pharmaceuticals.' ™"

To stabilize the amorphous form of a drug, a variety of
excnpxents can be used (eg low-molecular weight materials like
sugars 3717 other APIs," *° and mesoporous silica materi-
als”' ™). One of the most promising approaches aimed at
stability enhancement includes preparation of a solid dispersion
containing amorphous drug dispersed in a matrix formed by
polymer with significantly higher T,. Nowadays, solid
dispersion technology has been well recognized and success-
fully implemented as evidenced by the growing number of
solid-dispersion products avaxlable on the market (griseofulvin,
troglitazone, or ritonavir).”* This success is related to the
superior physical stability of drug—polymer formulations, which
is attributed to specific interactions between the drug and
polymer addmve and reduced molecular mobility of such binary
systems.™

Experimentally, molecular dynamics can be probed using
broadband dielectric spectroscopy (BDS). The BDS technique
allows investigation of relaxation processes at temperatures
lower and higher than the glass transition temperature (T ). At
higher temperatures (T > T) one can detect a structural a-
process which is correlated to the collective motions of a large
group of molecules. Below T,, the movement of the whole
group of molecules becomes not as significant as their local
mobility. It has been suggested that both processes are
associated with devitrification and consequently the stability
of amorphous drugs.””””” Thus, the utility of the BDS
technique to long-term stability prediction of drugs in
amorphous form has been thoroughly investigated. This is
important because requirements concerning the physical
stability of active pharmaceutical ingredients (APIs) are strictly
defined, i.e. 2 years at 25 °C and 60% RH.* At the same time,
their experimental verification may be time-consuming. BDS
offers the opportunity to predict the stability of an amorphous
material by measuring its molecular mobility, and thereby, it
can support faster decision making during the process of new
formulation development. Since structural relaxation times
deep in the glassy state are too long to be experimentally
attainable, the reliable methods of their predictions are
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necessary. Concurrently, much effort is put into complete
understanding of mutual relationships between the time-scales
of molecular relaxations and recrystallization from glassy and
liquid states. All these attempts are necessary to find a general
rule for proper selection of excipients capable of efficiently
improving the stability of a drug by modulating its mobility.

In this paper we used BDS and DSC techniques to analyze
the molecular dynamics and recrystallization behavior of
amorphous BIC. Since our studies revealed that amorphous
BIC has a strong tendency to recrystallize, we verified the
possibility of its stabilization in a binary bicalutamide—
polyvinylpyrrolidone (BIC-PVP) mixture. To approximate the
stability of drug and BIC-PVP mixtures in the glassy state, we
predicted structural relaxation times below T, by master plot
construction and compared them with those oitamed from the
Adam and Gibbs (A-G) extended model. Finally, we compared
the solubility and dissolution rates of pure drug in crystalline
and amorphous form with those obtained for examined BIC-
PVP binary systems.

B MATERIALS AND METHODS

Materials. The crystalline form of BIC (M,, = 430.37 g/
mol) of 99.8% purity was purchased from Hangzhou Hyper
Chemicals Limited. The systematic name of BIC is N-[4-cyano-
3-(trifluoromethyl)phenyl]-3 [(4 fluorophenyl)sulfonyl]-2-hy-
droxy-2-methylpropanamide.” Amorphous samples of pure
BIC were prepared by the quench cooling method; that is,
crystalline powder was molten on a capacitor plate at T,, = 463
K and subsequently vitrified on a chilled copper plate. The
applied vitryfication procedure did not cause glass cracking,
which could affect its properties. According to literature reports,
BIC is thermally stable, and near to the T, it does not
decompose.'” Based on this information, we assumed that the
chosen vitryfication method is correct for our experiments.

Polyvinylpyrriolidone (PVP) (M,, = 40 000 g/mol, K = 30),
whose commercial name is Plasdone, was supplied from Sigma-
Aldrich. The amount of water in the material was determined as
4% (Carl-Fisher method).

Preparation of binary system. The binary BIC-PVP
systems were prepared at different BIC-PVP weight ratios
which were assigned as 10—1, 5—1, 2—1, and 1-2. This
corresponds to the following weight percentage concentrations
of BIC in each sample: 90% (w/w), 83% (w/w), 66% (w/w),
and 33% (w/w), respectively. To acquire homogeneous
samples in the first step, we mixed compounds with polymer
at appropriate ratios in mortar for a few minutes. In order to
remove water, we kept the mixtures for 15 min at T = 373 K on
the capacitor plate lying on a hot plate magnetic stirrer (CAT
M. Zipperer GmbH H 17.5D). The mixtures were then melted
at T = 463 K and vitrified by fast transfer to a previously chilled
copper plate. As previously, the applied vitryfication procedure
did not cause glass cracking, which could affect its properties.
The thus made BIC-PVP systems were analyzed immediately
after preparation to avoid recrystallization. The water content
in the analyzed samples did not exceed 2% (Carl-Fisher
method).

Differential scanning calorimetry (DSC). To characterize
the thermal properties of neat BIC and BIC-PVP mixtures, we
used a Mettler-Toledo DSC 1 STARe System equipped with an
HSS8 ceramic sensor having 120 thermocouples and a liquid
nitrogen cooling station. The device was calibrated for
temperature and enthalpy using zinc and indium standards.
Mentioned calibration processes were performed in accordance
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with the manufacturer’s recommendation.’””® After calibration,
about 10 mg of the samples were measured in aluminum
crucibles (40 pL) with pin—ME—27331. All measurements
were carried out in the range from 300 to 475 K with heating
rates being equal to 10 K/min. Crystallization as well as melting
points were determined as the onset of the peak, whereas the
glass transition temperature was determined as the midpoint of
the heat capacity increment. To obtain accurate temperature
dependencies of the heat capacity for pure amorphous BIC, a
stochastic temperature-modulated differential scanning calo-
rimetry (TOPEM) method implemented by Mettler-Toledo
TOPEM was employed. During these experiments the biggest
amount of the sample has been used (~1S5 mg). These
measurements were performed in the temperature range from
T = 300 K to T = 350 K with a heating rate of 0.5 K/min,
period of modulation 15 s, and temperature amplitude of
modulation equal to +0.25 K.

Broadband dielectric spectroscopy measurements.
Dielectric measurements for pure BIC, PVP, and binary BIC-
PVP systems were carried out using a Novo-Control Alpha
spectrometer, in the frequency range from 10" Hz to 10° Hz
and at various temperatures from 173 to 433 K. Instrument was
equipped with a temperature controller Quatro operating with
an accuracy of 0.1 K. All samples were analyzed directly after
quench-cooling preparation using a capacitor made of stainless
steel (diameter 15 mm or 10 mm with 0.1 mm gap providing
by Teflon spacers). To analyze the kinetics of crystallization, we
performed time-dependent measurements at the temperatures:
341 K, 348 K, 350.5 K, 353 K, and 355.5 K in the frequency
range from 10™" Hz to 10° Hz. Spectra were collected every 10
min.

Fourier transform infrared spectroscopy (FTIR). Infra-
red measurements were carried out using a Agilent Cary 640
FTIR spectrometer equipped with a standard source and a
DTGS Peltier-cooled detector. The spectra have been collected
using a GladiATR diamond accessory (Pike Technologies) and
analyzed in the 1400—1800 cm™ range, which is characteristic
for carbonyl spectral regions. All spectra were accumulated with
a spectral resolution of 4 cm™ and recorded by accumulation of
16 scans.

Apparent solubility studies. The equilibrium apparent
solubility of BIC in water was determined using the shake-flask
method. An excess amount of BIC or binary BCL-PVP systems
was added to 25 mL of water in a conical flasks and shaken for
24 h at room temperature using a KS 130 Basic orbital shaker
(IKA, Germany). After centrifugation at 3600 rpm for 30 min
in the MPW 221 apparatus (MPW, Poland), the samples were
filtered through a 0.2 ym PTEE filter (ChemLand, Poland) and
diluted with the solvent. The amount of the drug in samples
was determined spectrophotometrically at 270 nm using a UV—
VIS spectrophotometer UV 1800 (Shimadzu, Japan). All
measurements were performed in triplicate.

Dissolution studies. The dissolution of BIC and BIC-PVP
mixtures was performed in the automated pharmacopoeial
paddle dissolution apparatus using the method recommended
by the FDA (Food and Drug Administration) for tablets. The
dissolution tests were carried out in 1000 mL of water with 1%
SLS at a temperature of 37 + 0.5 °C in the VisionElite 8
dissolution test station (Hanson Research, USA) connected to
VisionG2 Autosampler AutoPlus. The paddle speed was set at
S0 rpm. A certain amount of binary mixture and drug alone,
equivalent to 50 mg of BIC, were placed into the beakers. The
S mL of samples were withdrawn from the dissolution vessel
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through the polyethylene filer (0.1 ym) at predetermined time
intervals S, 15, 30, 45, and 60 min. The equal volume of fresh
dissolution medium was replaced. The amount of dissolved
drug was determined spectrophotometrically at 272 nm as
described earlier. The amount of drug dissolved over time in
percentage as well as standard deviation were calculated.

B RESULTS AND DISCUSSION

Thermal properties of pure BIC. Figure 2 presents the
DSC thermograms obtained during heating (rate 10 K/min) of

- heating rate 10 K/min
z
‘s
5 |
=
3
= T =467K
2 m \
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Figure 2. DSC thermograms of the crystalline (red line) and
amorphous (black line) forms of BIC (data vertically displaced).

crystalline and amorphous BIC samples. The upper thermo-
gram measured for crystalline BIC exhibits only a well resolved
endothermic peak at T = 467 K, which corresponds to the
melting point of the investigated material. The bottom DSC
thermogram, obtained for amorphous BIC, revealed several
additional thermal effects. At T = 328 K an endothermic event
corresponding to the glass transition is visible. One can see that
further heating leads to sample recrystallization manifested by
the cold crystallization exotherm in the range from 398 to 415
K. Consequently, melting of the recrystallized substance was
observed at T,, = 464 K. Furthermore, the melting temper-
atures observed for crystalline and recrystallized samples were
different, indicating the presence of distinct polymorphic forms
of BIC, which is consistent with literature data.’”*' The
observed nonisothermal cold crystallization phenomenon
clearly indicates that amorphous BIC is physically unstable
and tends to recrystallize after heating above T,

Molecular dynamics of pure BIC in the supercooled
liquid state. There are several factors that can influence a
tendency to recrystallize amorphous material. Among them
molecular mobility is usually reported.***> To characterize the
molecular dynamics of BIC drug at various temperatures, we
applied the BDS technique. Figure 3 presents the dielectric
spectra obtained for BIC in the supercooled liquid state.

It can be observed that the maximum of the a-process which
corresponds to structural relaxation is moving to higher
frequencies when temperature increases. It is correlated to
the intensified molecular mobility of the BIC sample. Above T
359 K one can see that the dielectric strength, Ag,
dramatically decreases. Since the Ae value corresponds to the
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Figure 3. Representative ambient pressure dielectric loss (upper
panel) and dispersion (lower panel) spectra of BIC registered above

T

number of particles involved in the relaxation process, such a
change in peak height indicates the beginning of crystallization.
In order to get insight into the mechanism and time-scale of
processes responsible for BIC instability, we performed
isothermal crystallization studies at ambient pressure con-
ditions. The dielectric spectra registered as a function of time at
T = 350.5 K are shown in Figure 4. The decrease of spectral
intensity with time is visible both at &'(f) and at &”(f) spectra.
The detailed analysis of crystallization data using the Avrami
and Avramov approaches is presented in the Supporting
Information section.

To obtain the relaxation time values, we fitted acquired
spectra using the Havriliak—Negami function:™

Ae
+ 3 a\f
(1 + (iw7gy)*) (1)

where &, denotes the high frequency limit permittivity, Ae is
the dielectric strength, and 7y is a parameter connected to a
characteristic relaxation time. The exponents & and f describe
the shape of the dielectric loss curves. Information obtained
from dielectric data was then used to plot the temperature
dependence of the relaxation times 7, as is shown in Figure 3.
The relaxation times 7, were then calculated as follows:

. ( P ] 1/a . ( aﬂﬂ ) 1/
7, = Tyl sinf ——— sin| ———
2 +2 26+ 2 @)

In a supercooled liquid state, the a-process has non-
Arrhenius behavior, which can be well described by the
Vogel—Fulcher—Tamman—Hesse (VETH) equation:® "

D1,
T-T,

e (w) = €

T, = Ty exp(
®3)
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Figure 4. Dielectric spectra of the imaginary (above) and real (below)
parts of the complex dielectric permittivity measured under isothermal
conditions at T = 350.5 K, illustrating the progress of BIC

crystallization.
2
T =3254K
14 8
m = 84
0-
@ -1
;u
s -2
eh
)
-3
= * * ® crystallization
54 * ~ @ experimental data
—— VFTH fit function
-6 - g i
2.7 2.8 29 3.0 3.1
1000T/K!

Figure 5. Temperature dependence of structural relaxation times
obtained for the BIC sample. Stars indicates the 7, values determined
at temperatures for which the crystallization began to proceed.

where 7, Ty, and D denote fitting parameters. Parameter 7, is
a pre-exponential factor describing the limiting high-temper-
ature value of 7,, related to the vibrational frequency (~107"! to
107 5),* parameter D reflects the deviation from the
Arrhenius behavior, while T, is Vogel temperature, which is
related to the state with infinite relaxation time.*' For neat BIC,
the obtained fitting parameters were as follows: D = 11.4, T, =
266 K, log 7., = —16.1. From the data presented in Figure 5
one can see that the VFTH function fits well the experimental
data, but the resultant value of 7, is physically unintelligible.
This may indicate that the dynamical behavior of BIC cannot
be rightly described by a single set of VETH parameters.
However, due to the narrow range of accessible relaxation
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times, the value of the pre-exponential factor being equal to
~107'% s was maintained.

Based on these data we calculated T, and the fragility of the
BIC sample. The glass transition temperature, determined as
the temperature at which the relaxation time 7, equals 100 s,
was T, = 325 K. This value is in good agreement with T,
obtained from DSC experiments, ie. 328 K. To acquire
information about the fragility of the investigated material, we
considered parameter m expressed by the following equation:**

D(T, - T)

dlogz, -
(1= (Ty - Tp)) In(10)

—dEm),

8

)

The parameter m, known also as the steepness index, is
commonly used to classify glass forming materials as “strong”
or “fragile”. According to this concept, “strong” glass-formers
are characterized by m < 30 while for “fragile” m > 100. If the
calculated value lies between 30 and 100, we can consider the
substance as an intermediate glass-former.* The value of the m
parameter determined for neat BIC equals m = 84, which allows
classification of this material as an intermediate glass former. In
general the term fragility describes the rate with which the
molecular dynamics of a material are changing during
approaching T,. Then, the dynamics of fragile samples changes
rapidly, whereas the strong ones behave in the opposite way.”
Furthermore, the m value reflects the extent of deviation of the
7,(T) dependence from Arrhenius-like, which is typical for
strong materials. The classification of glass formers as strong
and fragile is also relevant in the discussion concerning the
possible correlation between the fragility of a material and its
recrystallization tendency. Strong materials are usually consid-
ered as less susceptible to crystallization. This was explained by
Tanaka in the framework of the two-order parameter (TOP)
model by their large frustration against crystallization.” On the
other hand, the recrystallization behavior of materials with
similar fragilities can be distinctly different.’® This shows that
the tendency to crystallize from the amorphous state is a
complex problem, and in some cases, factors other than
molecular mobility may govern this effect (e.g, molecular
interactions, high specific surface area, crystalline defects,
amorphization route).”’ ™"

Usually in the amorphous state the time distribution of
molecular relaxation times does not have a simple exponential
pattern and observed asymmetry can be well described by the
Kohlraush—Williams—Watts equation (KWW):*'

t

b Kivw
T

a

D(t) = exp —[
(s

The value of the stretching parameter Sy (0 < Sww < 1)
reflects the deviation of the shape of the a-relaxation process
from the Debye-like behavior (then fyww = 1). The Biww
value determined for the spectrum registered at T' = 343 K for
BIC drug was equal to 0.85. Furthermore, when we horizontally
shifted the dielectric spectra registered at various temperatures
(ie, 343—357 K) toward the spectrum at T = 343 K, we
observed that the temperature does not influence the shape of
the a-process significantly (see Figure 6). Since the stretching
parameter [y expresses the distribution of relaxation times, it
can also characterize the degree of cooperativity and the length
scale of dynamic heterogeneity in the investigated material.”>
The possible relation between physical stability and broadening
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Figure 6. Masterplot constructed for the BIC sample by horizontally
shifting of BDS spectra which were measured at various temperatures.
The reference spectrum measured at T = 343 K is expressed by red
circles. The circles represent experimental data points while blue and
green solid lines denote HN and KWW fit functions, respectively.

of the a-loss peak was considered by Shamblin et al.** The
authors suggested that the increasing value of the [y
parameter correlates with the extended “shelf life” of the
amorphous drug. According to this notion, we should be able to
predict the stability of a pharmaceutical material from the
analysis of the structural relaxation times distribution.
Unfortunately, the example of BIC with a large value of the
Prww parameter and a strong recrystallization tendency does
not support this claim. The same was reported by Tombari et
al.>* One can find several other examples of drugs for which the
discussed relatlonshxp was not satisfied, such as ezetimibe” and
sildenafil.™

In the literature the value of the Sy parameter was also
discussed in terms of correlation with sample fragility. Béhmer
et al. summarized literature data for 70 different samples and
found a linear relationship between fragility and the Sy
value.*” This relation was expressed by the following equation:

Myred = = 250(+30) — 320Bxyw. However, so far, many
exceptions to this correlation have been uncovered. The here
investigated BIC is another example of material for which the
above role is not valid. The predicted value of the fragility index
Myeq = 22 £ 30 was significantly lower than those obtained
experimentally.

Prediction of the temperature behavior of BIC
structural relaxation times in the glassy state. As was
mentioned in previous sections, intensified molecular mobility
is often considered as an important factor responsible for the
physical instability of different amorphous pharmaceuti-
cals.”**™> Generally, molecular motions can be divided in
terms of their origin into global and local. The a-process
observed above T, describes cooperative intermolecular
reorientations, while secondary processes observed below T,
correspond to local motions of intramolecular origin, excluding
those classified as Johari—Goldstein relaxation.””*" Despite the
considerable work put into explanation of the mutual
relationship between mobility and stability of amorphous
APIs, an unambiguous opinion of what kind of molecular
motions determines the recrystallization behavior at given
conditions is still unknown. Currently available results seem to
be highly material specific. The stability of different materials in

the supercooled liquid state was correlated both with a-
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relaxation time®”** as well as with secondary relaxation
7,35,65
modes. It was also suggested that the a-process can be

responsible for sample recrystallization below T, In the case of
several amorphous APIs, such as celecoxxb mfedlpme,ﬁ('
griseofulvin'' and phenobarbital,*® it was shown that the time
scale of recrystallization has the same order of magnitude as the
value of the structural relaxation time in the glassy state. Thus,
7, values predicted for the glassy state may help approximate
the long-term stability of such amorphous drugs upon storage
below T,.

There are a couple of methods allowed to determine the
structural relaxation times deeply in the glassy state. One of
them is construction of master curve, where we horizontally
shifted the a-loss peak, obtained at a certain temperature higher
than T, to the glassy region where the a-process is too slow to
be experimentally observed. It should be noted that this
method can be used only when the shape of the a-process is
nearly insensitive to temperature, which actually is true in the
case of the investigated sample. Such analysis enables prediction
of the temperature behavior of a-relaxation times in the glassy
state. Another method frequently applied to estimate a-
relaxation times below T, is the modified Adam and Gibbs
model. As was shown by Hodge,"” the temperature dependence
of structural relaxation times can be predicted from the

following formula:
] (6)

where 7, D, and T} are parameters obtained from the VFTH
equation while Ty is a fictive temperature defined as follows:

D

e

1 -
i —_ & + YC"
I I ¥ (7)

The fictive temperature was proposed by Tool and Eichlin®
as an “equilibrium temperature”. The authors described T} as a
temperature where the nonequilibrium value charactenzm_g the
macroscopic property will achieve the equilibrium value.” The
Ycin the above formula is a thermodynamic parameter which

can be described as

C}I’iq _ Cﬁlass
e, = 7
» iq __ cryst
- i
8

To determine the heat capacity (C,) of liquid, glassy, and
crystalline BIC, we performed DSC measurements The inset in
Figure 7 shows collected thermograms. The obtained heat
capacity values for llﬂuld glassy, and crystalline samples were
Cit = 1.70 J/gK, G = 123 J/gK, and C* = 1.20 J/gK,
respechvely

We used both methods to find out theoretical 7, values and
predict the temperature dependence of 7, for BIC in the glassy
state. These results are depicted in Figure 7. One can compare
the 7, values predicted from the A-G model with those
obtained from imposed spectra. Based on the assumption
presented in our previous papers’ that the time scales of
structural relaxation and crystallization in the glassy state are
related to each other, we can roughly estimate that at T = 298 K
the BIC sample should be stable for about 4.5 (from the
Adam—Gibbs method) to S days (from masterplot predic-
tions), depending on the applied prediction method. Such a
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Figure 7. Temperature dependence of structural relaxation times (z,)
determined from dielectric spectra for the BIC sample (purple
squares). The green symbols and blue dashed line represent 7, values
predicted from the so-called master plot method (see bottom inset)
and the A-G model, respectively. The upper inset shows the heat
capacity obtained from the TOPEM measurements performed near
the glass transition temperature for the BIC sample.

result was confirmed by our unaided eye observations
performed for the BIC sample stored at room temperature,
which indicated that after five and half days the crystallites
appear in the investigated material.

Improving stability of BIC by preparation of BIC-PVP
mixtures. To overcome one of the longstanding limitations
resulting from the application of amorphous pharmaceuticals,
i.e. their physical instability and tendency to rapidly convert to
the crystalline state, different polymers can be used, for
example, polyvinylpyrrolidone (PVP), hydroxypropylmethyl-
cellulose (HPMC), cyclodextrin, etc. A mixture of a drug with a
polymer has not only better physical stability but also improved
water solubility and bioavailability. Bearing this in mind, we
decided to use PVP (K = 30) to verify the possibility of
u'nprovmg the physical stability of BIC in the amorphous
form.”” We prepared mixtures with various BIC-PVP weight
ratios, i.e. 10—1, S—1, 2—1, and 1-2. The DSC thermograms
obtained during heating (10 K/min) of pure BIC as well as
BIC-PVP mixtures are shown in Figure 8. All prepared samples
were characterized by a single T, which usually refers to
homogeneous mixtures. Otherwise, if the components are not
miscible with each other, two T, corresponding to each
component should be observed.”’ For samples mixed in 10—1
and 5—1 BIC-PVP ratios, recrystallization during heating above
T, was still observed, but in the case of samples with higher
PVP amount, i.e. mixed in 2—1 and 1-2 ratios, no signs of
crystallization were found, indicating that PVP can efficiently
improve the stability of the amorphous BIC drug.

The stability enhancement observed for amorphous APIs
mixed with various excipients, such as polymers, may be due to
the antiplasticizing effect, which can be associated with eventual
molecular interactions existing between mixture components or
may be the sum of these two effects.””*®”'™7% The
antiplasticizing effect of additive on drug properties relies on
slowing down of the dynamics reflected by the higher T, of the
mixture in comparison to pure drug. To predict the T, of sucha
binary system, the Gordon—Taylor (GT) equatlon can be
applied:”
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Figure 8. DSC thermograms measured for BIC-PVP mixtures prepared in various weight ratios, i.e. 10—1, $—1, 2—1, and 1-2, as well as neat
mixture components. The inset represents the comparison of theoretical (black dashed line) and experimental T, values (filled symbols) for all these

samples (data vertically displaced).

wi Ty + Kw, T,

5 w, + Kw, (9)

where w; and w, are component weight ratios, T, and T, are
glass transition temperatures, and parameter K describes the
ratio of changes in heat capacity at a particular T: &

- AC,

AC,

(10)

To estimate the value of parameter K, we used ACE'“ = 0.48
J/gK for BIC and AC;"™" = 0.32 J/gK for polymer additive.
Based on eq 9 and eq 10, we calculated T, values and compared
them to those obtained from experiment. Deviation of
experimentally obtained T, values from those predicted by
the GT equation is usually discussed in terms of the strength of
the molecular attractions between the solid dispersion
components.”” The positive deviation of experimental points
from the theoretical ones may indicate a strong interaction
between both materials. In the case of negative discrepancies,
moderate interactions may be involved. When experimental and
predicted T, values are consistent with each other, the presence
of interactions or lack of them should be considered.”” This is
due to the fact that one can find examples of API-polymer
systems in which the GT equation predicts well T, values
despite the presence of specific interactions between the
mixture components (e.g, nifedipine-PVP, felodipine-PVP,
indomethacin-PVP).”"”" In the here investigated BIC-PVP
system, we observed that the dashed line corresponding to
theoretical T, values coincides well with the experimental data
points. Only small deviations within the range 1.5-3 K were
found. Thus, to verify the existence of the molecular
interactions between sample components, we performed
FTIR measurements. We characterized spectra for pure BIC
and PVP, and then we analyzed those registered for BIC-PVP
mixtures with different drug and polymer content. For
amorphous BIC, the following assignments can be done:
3463 cm™ (NH), 3328 cm™' (OH), 1694 cm™ (N—H, C—
OH), and 1670 cm™ (C=0). When we look at the structure
of PVP and BIC, we can notice that in BIC there are several
groups which can act as proton donors or acceptors while PVP
can only act as an acceptor through the O or N atoms of the
pyrrole ring. However, due to the steric constraints on the
nitrogen, the carbonyl group should have a principal role during
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the eventual interactions between drug and polymer mole-
cules.”” Thus, looking for evidence of molecular attractions
between mixture components, we expected shifting of the band
corresponding to the stretching vibration of the carbonyl group
in the pyrrole ring. Such a characteristic band assigned as
1(C=0) is located at 1650 cm™" for pure PVP. Figure 9 (left

neat BIC
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Figure 9. Comparison of carbonyl IR spectral regions (1400—1800
cm™") for BIC, PVP, and BIC-PVP mixtures with different drug and
polymer ratios. On the right side are shown the changes in position of
the C=0 band for measured samples.

panel) shows the comparison of the carbonyl spectral regions
(1400—1800 cm™) for BIC, PVP, and BIC-PVP mixtures with
different drug and polymer ratios. One can see that the addition
of PVP leads to a gradual decrease of the band visible at 1694
cm™ for pure BIC and the appearance of a new IR band, clearly
indicating the presence of PVP. For samples with lower
polymer content, these bands overlapped each other.
Consequently, for BIC-PVP (1-2) sample, one can see the
broad band with a maximum at 1670 cm™, with a characteristic
shoulder at the higher wavenumber side. With increasing
content of polymer, the shoulder becomes less visible while the
peak maximum starts shifting into lower wavenumbers (right
panel of Figure 9), indicating growing strength of H-bonding
attractions between BIC and polymer additive. This means that
the improved stability of BIC-PVP binary mixtures may be
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Figure 10. Dielectric absorption (left) and dispersion (right) spectra of a binary BIC-PVP mixture (10—1 weight ratio).

related to both the antiplasticizing effect of the polymer as well
as specific attractions between sample components.

To get deeper insight into the molecular mobility of the BIC-
PVP binary system, we measured dielectric spectra for the
sample mixed in a 10—1 weight ratio. The large conductivity
contribution observed for other mixtures covering the structural
relaxation peak would hinder data analysis for the rest of the
samples. Dielectric spectra obtained for the 10—1 BIC-PVP
sample are presented in Figure 10. One can see that
crystallization, manifested by the drop of Ag, occurs at higher
temperature than in the case of neat BIC. As previously, we
analyzed dielectric data in terms of the HN equation and
described the temperature dependence of the structural
relaxation times with the VFTH equation. The obtained
temperature dependence of 7, for a binary mixture is shifted to
higher temperatures in comparison to pure BIC, confirming
slowing down of molecular dynamics. The higher value of T,
and the lower fragility in comparison to pure drug, i.e. T, = 323
K and m = 74, may indicate enhanced stability of the BIC-PVP
mixture. To verify this, we predicted the values of a-relaxation
times in a glassy state for 10—1 BIC-PVP sample, as was
previously done for pure BIC. Indeed, the predicted a-
relaxation time at room temperature was definitely longer
(see Figure 11) and indicated that the stability of the material
should be maintained for almost 2 months.

The question is what will be the predicted stability of
material containing more polymer additive for which no
recrystallization was observed in DSC studies. Unfortunately,
because of a very large contribution of dc-conductivity after
mixing BIC with PVP in the ratio 2—1, we were unable to
determine the values of 7, from standard analysis of dielectric
spectra. Despite this, we put some effort into predicting the
temperature dependence of the a-relaxation time for this
mixture. First, we determined the value of 7, at room
temperature from DSC measurements (see the green star
point in Figure 11). Next we shifted horizontally the
experimental 7,(T) curve for BIC-PVP 10—1 to superimpose
it into this single data point obtained from DSC measurements.
Obviously our procedure provides only a very rough estimation
of 7, at room temperature of BIC-PVP 2—1 but it can be seen
that the stability time is found to be extremely long: on the
order of a hundred years. As already mentioned in the
literature, one can find several examples demonstrating the
existence of a correlation between the characteristic recrystal-
lization time and the predicted time-scales of global relaxations
below T,. Grzybowska et al. found that the maximal rate of
celecoxib recrystallization, determined from the X-ray diffrac-
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Figure 11. Comparison of the temperature dependence of the
structural relaxation times (z,,) determined from dielectric spectra for
pure BIC and a BIC-PVP (10—1) mixture. The filled symbols
correspond to experimental data, open symbols represent 7, values
obtained from master plot predictions, while dashed lines indicate 7,
values predicted from the AG model. To approximate the time scale of
the molecular mobility for samples with higher polymer content, the
data for the BIC-PVP (2—1) sample were reproduced (green symbol,
green dashed line).

tion analysis of crystallization degree as a function of storage
time, corresponds well with the structural relaxation time at T'=
293 K found from master plot predictions.” The insightful
study performed by Mehta et al. for celecoxib and
indomethacin samples indicates the parallel relationship
between crystallization and @-relaxation times in the super-
cooled liquid state. In the glassy state the crystallization time-
scale was found to correlate better with secondary JG-
relaxations.”’

Apparent solubility and dissolution rate of BIC-PVP
mixtures. We determined the apparent water solubility for
pure BIC in crystalline and amorphous form as well as for BIC-
PVP mixtures prepared in different ratios, i.e. 10—1 and 2—1.
Our results are presented in Figure 12 (bottom panel). As can
be seen, the addition of PVP significantly improved the
apparent solubility of the BIC sample, which becomes higher
with increasing polymer content. The determined water
solubility changed from ~5 mg/L for amorphous BIC to
even ~140 mg/L for the BIC-PVP 2—1 sample. Furthermore,
we investigated the influence of PVP on the dissolution rate
profiles of BIC (upper panel in Figure 12). The dissolution
profiles revealed that the fastest dissolution rate can be
observed for the BIC-PVP sample mixed in a 2—1 ratio. After
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solubility (bottom panel) determined for BIC in crystalline and
amorphous form as well as for BIC-PVP samples prepared at various
weight ratios (i.e., 2—1 and 10-1).

60 min the amount of dissolved drug was approximately 8-
times greater than in the case of drug alone, irrespective of its
crystalline or amorphous form. In the case of BIC-PVP samples
containing only 10% of PVP carrier, its influence on the
dissolution process was not identified.

B CONCLUSIONS

In this paper we analyzed the molecular mobility and physical
stability of supercooled BIC using the BDS technique. Based on
obtained dielectric spectra, we estimated sample T, fragility,
and fgww values. The low stability of amorphous BIC and its
large ability to recrystallize were confirmed in performed BDS
and DSC studies. The stability of the drug in the amorphous
form is crucial from a pharmaceutical point of view because it
affects the drug formulation and storage process. To improve
the stability of BIC, we prepared mixtures of BIC and
polymer—polyvinylpyrrolidone. Based on the DSC results, we
concluded that 30% addition of PVP efficiently stabilized the
BIC drug in the amorphous form. We observed the downturn
of molecular dynamics in binary mixtures, which is manifested
by a higher glass transition temperature of the BIC-PVP
samples. This effect was most likely responsible for improved
stability of amorphous BIC-PVP mixtures. Furthermore, the
FTIR revealed the existence of specific interactions between
both components, which may also affect the recrystallization
behavior of BIC-PVP mixtures. We applied the BDS technique
to predict how long pure BIC and BIC-PVP mixtures will be
stable during storage at room temperature. From the performed
analysis we obtained that amorphous BIC remains stable for 5
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days, while for a BIC-PVP 10—1 mixture the stability is
prolonged to 2 months. We approximate that for BIC-PVP 2—1
such time will be extended to 145 years. DSC results indicate
that such a mixture will not have a tendency to recrystallize
during heating above T,. This clearly shows that addition of
PVP drastically improved the physical stability of BIC.
Moreover, we determined the apparent water solubilities of
pure BIC and BIC- PVP mixtures in the ratios 10—1 and 2—1.
We did not observe meaningful differences in solubility of neat
amorphous samples while for mixtures a significant increase of
apparent solubility was observed. An addition of 30% PVP
improved solubility up to approximately 140 mg/L. At the same
time the dissolution rate was also significantly enhanced. Our
results clearly indicate that PVP can successfully stabilize the
BIC sample. Such BIC-PVP mixtures have better solubility and
extended storage time, which make them useful in the
pharmaceutical industry.
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ABSTRACT: Rational selection of polymers for amorphous
drug stabilization is necessary for further successful development
of solid dispersion technology. In this paper, we investigate the
effect of polymer chain length on the inhibition of amorphous
drug recrystallization. To consider this problem, we prepared a
drug—polymer blend (in 10:1 drug to polymer ratio) containing
bicalutamide (BIC) and polyvinylpyrrolidone (PVP) with
different chain lengths K10, K30, and K90. We applied
broadband dielectric spectroscopy to compare the molecular
dynamics of investigated samples and thoroughly recognize their

PVP K30, K10

PVP K90

crystallization tendencies from supercooled liquid state. Despite the lack of differences in molecular dynamics, we noticed
significant changes in their crystallization rates. To rationalize such behavior, we performed positron annihilation lifetime
spectroscopy measurements. The results showed that the value of free volume was the highest for blend with PVP K90, which at
the same time was characterized by the greatest tendency to crystallize. We postulate that the polymer chain, depending on its
length, can have different configurations in the space, leading to better or worse sample stabilization. Our results highlight how
important is detailed understanding of physical properties of polymers for judicious selection of the best stabilization approach.

KEYWORDS: bicalutamide, polyvinylpyrrolidone, crystallization, free volume, polymer chain length

B INTRODUCTION

Nowadays, the pharmaceutical industry has been struggling
with a major problem of limited solubility of orally
administered drugs. This issue is related to about 40% of
drugs currently available on the market and about 70% of those
in the pipeline.” Therefore, it is a great challenge to develop an
appropriate method of drug formulation that would overcome
these bioavailability difficulties. One of the solutions is to
prepare amorphous solid dispersions (ADS) containing active
pharmaceutical ingredients (APIs) dispersed in a polymer
matrix. The polymeric excipients may enhance the biopharma-
ceutical properties, extend shelf time, inhibit crystallization
from amorphous state, and increase solubility of the drug. The
mechanisms responsible for beneficial physical stability of such
systems are widely discussed and attributed to the numerous
effects.”™”

First mechanism is commonly described as an antiplasticizing
effect. The addition of polymer decreases the free volume of
amorphous API hindering its molecular mobility or, equiv-
alently, increasing its viscosity.”” Consequently, the temper-
ature range in which drug is stable is extended. The higher T; of
a sample upon mixing with polymer is considered as a universal
feature of antiplasticization. The observed change in the glass

v ACS Publications  © 2018 American Chemical Society
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transition temperature depends on polymer concentration and
can be estimated using various models like Gordon—Taylor'
equation or Couchman—Karasz'' etc. However, in using these
equations we should be aware of their limitation, like nonideal
mixing of two components, which can reveal the discrepancies
between theoretical and experimental value of T,.

Apart from the polymer impact on the molecular dynamics of
API, the presence of specific drug—polymer interactions can
improve stability of drug dispersed in polymer carrier. Various
drug—polymer interactions, like hydrogen bonds or van der
Waals forces, can be responsible for hindered crystallization of
amorphous APIs.”'* Moreover, the addition of polymer can
prevent interactions between drug molecules which may be
responsible for inferior physical stability of the sample. For
instance, Taylor and Zografi'® reported that the addition of
PVP prevents H-bonding formation between indomethacin
molecules, improving hereby the physical stability of a drug.
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To make the right choice during establishing the
composition of drug—polymer formulations, the geometry
and structure of polymer additive have to be taken into
account. The importance of these molecular factors can be
recognized during studies performed at elevated pressure.” Lee
and Ediger'* reported that mechanical stress can modify
polymer chain conformation leading to the changes in the
strength of drug—polymer interactions. Without doubts the
geometry and spatial arrangement of polymer chains are
relevant for the stabilization outcome. Schram'® et al.
investigated impact of polymer conformation on the crystal
growth inhibition in aqueous solution with various pH values.
They observed that in the solution at pH = 3 polymer chains
take on a coiled shape which leaves many growth sides free for
crystal to growth. However, when the pH of the solution is 6.8,
the polymer chains are elongated, which makes more growth
sites blocked and causes more effective inhibition of
crystallization. Moreover, Mosquera-Giraldo'® et al. inves-
tigated the effect of chemically diverse cellulose-based polymers
on the nucleation induction time. They observed that polymers
with carboxylate groups in combination with the optimal length
of the hydrocarbon chain, inhibit nucleation most effectively.
Nevertheless, this aspect seems to be insufficiently investigated
and actually little is known how conformation of polymer
impacts crystallization tendency of drug dispersed in polymer
matrix. Thus, we decided to shed more light on this problem
and check if spatial arrangement of polymer can affect
crystallization rates of amorphous APIs. This goal can be
realized when polymers with increasing molecular weight will
be applied. Thus, in our study we used PVP with various
molecular weights assigned later in discussion as K & 10, 30, 90.
We assumed that depending on the length chain, the
arrangement of the polymer in space will be different due to
various flexibility and entanglement ability. Recently, similar
experiments were conducted by Mohapatra'” et al. for solid
dispersions containing indomethacin and PVP with increasing
molecular weight. However, the mentioned issues related to the
chain arrangement were not discussed there. The observed
increase in the effectiveness of crystallization inhibition as the
polymer length increases was attributed to the growing viscosity
and slower molecular mobility of investigated ASDs. In our
study as a model compound, we have chosen the anticancer
drug BIC with a very strong tendency to crystallize from
amorphous state. To improve its physical stability, the sample
was mixed with polymer PVP. In our previous study, we
observed that in solid dispersions containing bicalutamide and
30% of PVP K30 (w/w) the drug recrystallization was
completely inhibited.'"” In current study, we used mixtures
with 10% of PVP (w/w), where crystallization was slowed
down but not inhibited entirely. We performed BDS measure-
ments to analyze molecular dynamic of prepared samples and
compare their crystallization tendencies. Finally, we determined
the value of free volumes for investigated blends using PALS
technique.

B MATERIALS AND METHODS

Materials. The crystalline form of bicalutamide (BIC) (M,,
= 430.37 g/mol) of 99.8% purity was purchased from
Hangzhou Hyper Chemicals Limited. Systematic name of
BIC is N-[4-cyano-3-(trifluoromethyl)phenyl]-3-[(4-
fluorophenyl)sulfonyl]-2-hydroxy-2-methylpropanamide. Poly-
vinylpyrrolidone (PVP), PVP K10 grade: K = 12—18, M,, = 10
000 g/mol; PVP K30 grade: K = 29—32, M,, = 40 000 g/mol;
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PVP K90 grade: K = 80—100, M,, = 360000 g/mol; was
supplied from Sigma-Aldrich. The amount of water in polymer
was determined as 4% (Carl-Fisher method).

Preparation of Binary System. The investigated BIC—
PVP systems were prepared at fixed drug to polymer ratio, i.e.,
10:1, corresponding to the weight percentage concentration of
BIC equal 90% w/w. To obtain homogeneous mixtures, the
appropriate amount of crystalline BIC and PVP were mixed in a
mortar for a few minutes. Then the physical mixtures were
spread on a capacitor plate and kept for 15 min on hot plate at
T = 373 K in order to remove water. Subsequently, the
temperature was increased to the melting temperature being
the same for all investigated blends, ie., T, = 463 K. After
melting, the sample was vitrified by fast transfer to a previously
chilled copper plate.

Differential Scanning Calorimetry (DSC). Calorimetric
measurements for BIC—PVP blends were carried out by
Mettler-Toledo DSC 1 STARe system equipped with an HSS8
ceramic sensor having 120 thermocouples and liquid nitrogen
cooling station. Temperature and enthalpy calibration were
applied using zinc and indium standards. Measurements were
performed using aluminum crucibles (40 yL) with pin—ME-
27331 with heating rate of 10 K/min. Melting points were
determined as the onset of the peak, while the glass transition
temperature was obtained from the midpoint of the heat
capacity increment.

Broadband Dielectric Spectroscopy Measurements
(BDS). Dielectric studies were performed using Novo-Control
Alpha spectrometer, in the frequency range from 10~ Hz to
10° Hz and at temperature range from 173 to 385 K (for pure
PVP frm 323 K to 453 K). Temperature control was provided
by the Quatro controller with accuracy up to 0.1 K. All
measurements were carried out for samples placed between
stainless capacitor plates (diameter equals 1S mm or 10 mm
with gap 0.1 mm provided by glassy spacers). In a typical
dielectric experiment, we measure a complex impedance Z*(w)
defined as a quotient of the voltage U*(®) and current I*(w)
magnitudes. The complex dielectric permittivity £*(®) can be
then calculated using the following formula:

1

E*((D) = 6"((1)) = iE'”((l)) = W

(1)
where @ is an angular frequency and C, denotes the geometry-
dependent capacitance of an empty capacitor. To determine the
relaxation times, the dielectric spectra were parametrized using
two Havriliak—Negami functions:'
)+
(2

where &, is the high frequency limit permittivity, Ae is the
dielectric strength, &, signify permittivity of vacuum, 7y is the
HN relaxation time, the exponents @ and f denote the shape of
relaxation peak, and 6 means dc conductivity. Then, structural
relaxation times were calculated according to the following

equation:
—(1/a), 1/a
T = Tyl sin sin| ———
[ 2+ 2 3)

We applied BDS technique to recognize the crystallization
tendencies of investigated BIC—PVP blends. For this purpose,
we performed isothermal dielectric measurements at T = 367 K.
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Figure 1. Dielectric loss spectra for binary mixtures of BIC and of PVPs K10 (b), K30 (c), K90 (d) and pure PVP K30 (a).

The dielectric spectra were measured in a frequency range from
107" to 10° Hz in a time-dependent manner with time intervals
of 10 min.

Positron Annihilation Lifetime Spectroscopy (PALS).
The positron annihilation lifetime spectrometry studies were
performed at room temperature in sandwich geometry with a
“fast—fast” coincidence spectrometer equipped with plastic
scintillators. A positron source consisted of ~500 kBq of *Na
embedded between two 7.6 um Kapton foils. The correction
from the positron source self-annihilations was estimated using
previous calibration and chemical composition of a mixture of
BIC and PVP. The contribution was accepted to be equal to
19%. Measurements were taken every hour for 24 h. One
characteristic spectrum containing about 1.1 X 107 counts were
obtained by summing up the results of 24 cycles of
measurements. All these spectra for a given BIC—PVP were
analyzed together using LT10 software (next version of LT9
software”). The lifetime resolution of the spectrometer
approximated by the Gaussian function fwhm was found to
be equal to 279 ps. The PALS spectra were fitted using the
least-squares fitting procedure to free volume model. This
model consists of three lifetime components: g, is a lifetime
characteristic for the material, 7, is a lifetime assigned the
defect, and 7, is the longest lifetime component o-Ps captured
in the free volumes (holes, nano voids, and other empty
volumes), and ¢ parameter which shows the distribution of
Tpo- This lifetime 7, strongly depends on the size of the nano
voids where the o-Ps is trapped.” In addition, the procedure
first proposed by Dlubek” et al. opens the possibility to obtain
radius distribution as well, which results from the localization of
the positronium in the free volume with varying sizes. In our
model, the free volumes were assumed to have spherical
geometry and that the radius distribution can be described by
the log-normal distribution
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B RESULTS AND DISCUSSION

1. Molecular Dynamics of BIC Dispersed in Polymer
Matrix Formed by PVP of Various Molecular Weight.
Figure 1b—d shows dielectric loss spectra of amorphous BIC—
PVP mixtures prepared using polymers with different molecular
weights. Obtained spectra show dc contribution at lower
frequencies (left side of graph) and a well-resolved peak
attributed to the structural a-relaxation process. As can be seen,
the maximum of the a-process moves to the higher frequencies
with higher temperature, which indicates the intensified
molecular mobility of a sample. At T = 373 K, the amplitude
of the a-process drastically decreases, which is connected to the
decreasing number of relaxing dipoles and progressive
crystallization.

One can notice that registered dielectric spectra, presented in
Figure 1, demonstrate substantial contribution from dc
conductivity. This is a common problem that occurs during
dielectric measurements of samples containing conductive
additives, such as some polymers, silica etc. At the same time,
a large conductivity contribution makes impossible to analyze
the dielectric data for samples with higher polymer content. To
subtract the conductivity contribution, we applied the derivative
formalism according to the following formula:'*~*!

7 de'(f)
Qe =T i
2 dInf (4)
The comparison of spectra registered at T = 371 K for BIC—
PVP K90 before and after derivative analysis is presented in
Figure 2. The implemented model revealed the presence of
additional relaxation process, slower than the a-process that
was previously obscured by the dc conductivity. At registered
spectra, before derivative analysis, this process is practically
undetectable. The only guideline is a change of dc conductivity
slope at higher temperatures, more visible on partially
recrystallized spectra (see indication in Figure 1b).

DOI: 10.1021/acs.molpharmaceut.8b00312
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Figure 2. Dielectric spectrum of binary mixture BIC—PVP K90
analyzed with (gray line) and without derivative method (green line).

The additional process slower than a-relaxation was observed
for each mixture, which we found interesting, and thus we
decided to investigate more thoroughly. We suspected that its
presence may be due to the motions of side chains of PVP. To
shed more light on this problem we measured dielectric spectra
for neat PVP.

The dielectric loss spectra of PVP K30 measured in the
temperature range from T 323 K to T 453 K,
corresponding to its glassy state, are presented in Figure 3a.
The segmental relaxation of pure PVP is visible at temperatures
above T, (for PVP K30 T,”C = 443 K), so we could not
observe this process during our BDS experiment, which was
performed in range from 273 to 453 K. As can be seen in
Figure 3b on most spectra, we observed a single process
assigned as y-process. At higher temperatures additionally
slower secondary relaxation, assigned as the f-process, was
observed. Acquired results are convergent with data from
Cerveny et al,”” who characterized dry PVP and its water
mixtures using dielectric spectroscopy. One can see that our
results are in good agreement with those reported for dry
samples (see data points depicted as gray squares in Figure 3a
corresponding to digitalized data). In general, the secondary
relaxations depending on their origin can be divided into two
groups. First is the Johari—Goldstein (JG) type, which has
intermolecular origin and mimics the a-process through the

motion of the whole molecule. We can observe such motions in
polymers which have no side groups like 1,4-polybutadiene or
poly(vinyl chloride).”® Another type is considerably decoupled
from the entire particle motions and is called non-JG. Such
processes are connected to the local motions of molecular
subunits such as rockin§ movements of chain parts in poly(n-
methyl methacrylates)”" or 180° flips of the side groups in
poly(n-ethyl methacyrlates).”® Because JG processes are
sensitive to the applied pressure, in contrast to the non-JG,
high-pressure measurements”>>* can shed more light on their
origin. Cerveny”” performed dielectric measurements under
elevated pressure for pure PVP K30, and on the basis of the
mentioned criteria, he assigned the y-process as non-JG
relaxation while the f-process was attributed to JG-type
relaxation.

Now we would like to return to the discussion about the
origin of the additional process in analyzed binary mixtures,
which is slower than structural relaxation similar to the Debye-
like process (see Figure 2). However, until now, Debye-like
response has been mainly discussed in the context of liquid
substances that form hydrogen bonds such as water,
monohydroxy alcohols, etc.”® Moreover, such additional
process may be associated with Maxwell-Wagner polarization,
which is observed in heterogeneous materials.”” Cohen at al.
proposed that this process may come from spatial inhomo-
genity in the sample.”® In our case, we observe an additional
process in every blend containing PVP, regardless of used API
or preparation method. Therefore, we are inclined to think that
this process may come from the secondary relaxation of the
polymer. As one can see in Figure 3a, the temperature
dependence of relaxation times determined for this additional
process for BIC—PVP mixtures corresponds in some extent
with temperature dependence of y-relaxation times determined
for pure polymer. The observed differences in the slopes of the
temperature dependence of 7, can be caused by the applied
analysis method.

To compare the molecular dynamics of BIC—PVP samples
containing polymers with different molecular weights, we
determined the values of 7, and 7, from the derivative spectra.
The temperature evolution of both relaxation times for all
samples is presented in Figure 4. To describe the temperature

£ Z[bscT Glassy PVP K30
= 5
S -g um’rM
- T 24 26 28 30
1000/T
a b T=433K
o =
-14 o /Y 0
) Géo F10
o)
24 n
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& -0 5
=3 P ——pure PVPK30 | =
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y-process PVP * ly_process
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Figure 3. (a) Relaxation map of experimental data of neat PVPK30 (red and green hexagons), digitalized data (gray diamonds), and binary mixture
BIC—PVP K30 (open and closed green circles). Green stars indicate structural relaxation times determined after beginning of crystallization process
during heating the sample. (b) Exemplary dielectric spectrum of neat PVP K30 (gray line). Upper panel shows thermogram of pure PVP K30.
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Figure 4. Relaxation map of binary mixtures of BIC PVP K10, K30, and K90 and pure BIC. Solid and dashed lines indicate VFTH and Arrhenius
fitting functions, respectively. The right panel presents selected dielectric loss spectra for pure BIC. Data for pure BIC reprinted with permission

from ref 18. Copyright 2017 American Chemical Society.

dependence of the a-process, the Vogel—Fulcher—Tamman—
Hesse (VFTH) equation® ™" was used:

)

where 7, Ty, and D are fitting parameters. Parameter 7, is a
pre-exponential factor denoting the upper limit of temperature
for 7,,, which is correlated to vibrational frequency (~107"" to
107 5),>* T, is the Vogel temperature, which correspond to
the state with infinite relaxation time, and D denotes deviation
from the Arrhenius model.*> One can see that the temperature
dependence of 7, for all investigated BIC—PVP samples is
similar. The VFTH fitting parameters were only slightly
different, ie., log 7, —15.90 + 0.06, D = 11.57 + 0.09.
From extrapolation of VFTH fit to log,, 7, = 2 (7, = 100 s), the
values of glass transition temperatures were determined. These
values for all analyzed systems were almost identical, i, Ty =
33L %03 K

Obtained glass transition temperature is in good agreement
with T, values determined from DSC measurements, which are
shown in Figure 5. Amorphous samples were then heated with
the 10 K/min rate. All thermograms show an endothermic
event corresponding to glass transition temperature at T, = 331
K. The observed similarity in T, values is consistent with our

DT,
T- T,

T, =Ty exp[
©)

———— BIC - PVP K10 (10%)

—_BIC - PVP K30 (10%)

—_BIC - PVP K90 (10%)

Heat Flow (endo up) [arb. units]
Heat Flow (endo up) [arb. units]

300 350 400

Temperature / K

450 324 336 348

Figure 5. DSC thermograms for binary mixtures of BIC and additive
of PVPs K10, K30, and K90. Right panel contains zoom at glass
transition for each mixture.
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dielectric results. Besides T, we can also compare the value of
the m parameter, which describes deviation of temperature
dependence of relaxation times from Arrhenius behavior,
expressed with the following formula:**

__ D(R-T)
© (1= (- 1)) In(10)

dlog 7,
"= A(T/T)
8 T

(6)

The acquired value of parameter m for all of samples was m =
85 + 1, which dlassified them as intermediate glass formers.™
Readers interested in a more detailed description of the effect
of PVP K30 on stabilization of BIC are encouraged to get
acquainted with our earlier article where we investigated
molecular dynamics of BIC—PVP K30 (10%) (w/w) blends.*

Our BDS and DSC results clearly indicate the lack of
differences in the supercooled molecular dynamics of BIC—
PVP samples containing polymers with different molecular
weight. In general, the relationship between the polymer length
chain and molecular mobility can be expected, however, in
analyzed mixtures, the polymer content was very small (10% w/
w). In such a case, the lack of differences in molecular dynamics
is possible. This is consistent with results reported by
Mohapatra®” for indomethacin—PVP mixtures. No significant
effect on molecular dynamics has been observed for 5%
polymer addition to the mixtures, but for the 30% additive the
change was apparent. Li et al.” analyzed a mixture of
indomethacin and ketoconazole with 75% addition of different
polymers. Only such high polymer concentration allowed
observation and examination of the differences in the molecular
mobility of investigated samples.

2. Isothermal Dielectric Measurements. To verify if
there is a difference in crystallization behavior of samples
containing BIC and PVP with increasing length chains, we
performed isothermal BDS measurements. The dielectric
spectra were collected at T = 367 K in a time-dependent
manner. Measurement were done with a predefined time step,
which in our experiment was set to 10 min. To analyze the
kinetics of the process, the obtained dielectric data were
normalized using the following formula:

o £0) = £(1)
) = 20 — e 7)

where ¢,(t) is normalized dielectric permittivity, £'(0) is the
static dielectric permittivity connected with onset of crystal-
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lization, €'(t) is the value in exact point in time, and &'(c0) is
the long-time limiting value.

The obtained ¢’,(t) dependencies for all investigated BIC—
PVP mixtures are presented in Figure 6. As can be seen, the

104-=------~
T=367K
o
] . .
g Crystallization
o
] p—
g 4 OOO att,=10 Hz
9 o
= T
w 0.54 O HGr g
]
¢ oo
o 4 8
¢ p £
o OO Oo
6 58 o BIC-PVPKIO
P74 o  BIC-PVP K30
0.0 o BIC-PVP K90
0 20000 40000
Time /s

Figure 6. Isothermal kinetics of crystallization measured at T = 367 K
for mixtures of BIC and PVPs K10, K30, and K90. Solid lines denote
the best fits to Avrami equation.’’” Error bars are calculated as
standard deviation of triplicate analysis.

BIC—PVP K90 has the biggest tendency to crystallization. The
beginning of sample crystallization was almost immediately
after temperature stabilization, while other mixtures, i.e., BIC—
PVP K10 and BIC—PVP K30, start crystallizing after about 80
and 120 min, respectively. In the case of shorter polymers, their
flexibility allows for their denser molecular packing, which may
increase the stability of the mixture by hindering the crystal
nuclei formation. Contrary, for PVP K90, the more loose chain
arrangement may facilitate crystallization process. Furthermore,
on the basis of results shown in Figure 6, it can be noted that
there is a certain length of polymeric chain that is optimal for
stabilizing effect of the drug.

3. The Analysis of Free Volume Using Positron
Annihilation Lifetime Spectroscopy. To understand the
faster crystallization of BIC dispersed in PVP K90, we
performed a series of PALS measurements. This technique is
often used to measure the free volume of polymers and their
mixtures.”’™** Using PALS, one can estimate the size of free
spaces determined by spatial arrangement of polymer chains by
the investigation of the lifetime of positron implanted into the
sample. In the simplest situation, the positron can interact with
a sample in three ways. In the first case, positrons may interact
with an electron and thus annihilate with lifetime specific to the
investigated material (free annihilation). Other cases involve
formation of the bounded positron—electron pair so-called
positronium. This bond can exist in two states: para-

positronium (p-Ps), which contains an electron and a positron
with the antiparallel spin arrangement and annihilates by
intrinsic short lifetime, while the another possibility is related to
the creation of the ortho-positronium (o-Ps), with parallel spin
orientation. The 0-Ps can be trapped inside the free volumes
created by polymer chains, and its annihilation time depends on
the free volume radius. Consequently, the lifetime of 0-Ps gives
information about the size of free volumes of the materi-
al*%#1#3% on the basis of an extended Tao-Eldrup.”’

The results obtained from the PALS measurements are
summarized in Table 1. As can be seen for neat BIC, the mean
free volume (V;) was 94.4 A%, while for pure polymers the value
was lower, i.e.,, 64.0 A% and 75.1 A3 for PVP K30 and PVP K90,
respectively. A similar value of free volume for PVP K30 was
published by Li” and equals 64.1 A>. Li also studied the free
volume of several drugs, polymers, and their mixtures, and
among others, he showed that the free volume for
indomethacin and ketoconazole was equal 42.0 A® and 44.7
A3, respectively.” In our measurements, we observed that the
value of free volume for pure API is larger than for the polymer.
This may be due to the fact that BIC is a very polar molecule
and its functional groups such as phenyl rings can increase its
free volume by incorporating large steric hindrance. As a similar
example, two polymers, tetramethyl bisphenol-a polycarbonate
(TMPC) and bisphenol-a polycarbonate (PC), described by
Liu*® can be given. PALS measurements have shown that the
TMPC has larger free volume than PC. Liu attributed this effect
to the presence of methyl groups in TMPC. Back to our data,
we observed that mixtures with polymers with a shorter chain
like PVP K10 and PVP K30 have similar values of V; = 88.1 A3
and V; = 87.1 A3 whereas BIC—PVP K90 is characterized by a
higher free volume value equal to V; = 92.1 A% These results
can be now correlated with data obtained from BDS
measurements. The highest value of free volume was obtained
for pure BIC, which is the least stable, and the crystallization
process starts very quickly. The high value of free volume was
also noted for BIC—PVP K90 mixture. Compared to the other
polymer blends, the BDS measurements showed that its
crystallization begins faster than the others. For the remaining
samples, the BIC—PVP K10 mixture has a higher free volume
value than BIC—PVP K30. These results are also reflected in
the data obtained from dielectric measurements. The mixture
with PVP K10 crystallized faster than the blend with PVP K30.
In addition, small differences in the free volume values obtained
between the BIC—PVP K10 and BIC—PVP K30 mixtures may
be due to the slight difference in the molecular weights of used
polymers. Among the tested polymer blends, the highest value
of free volume was obtained for the BIC—PVP K90 mixture,
indicating that the polymer with the longest chain reduces the

Table 1. Results from PALS Measurements”

Tgee [15] Tirapp (5] Tpo [ns]
BIC-PVP K10 0.221 + 0.001 0.399 + 0.004 1.799 + 0.019
BIC—PVP K30 0.232 + 0.001 0.406 + 0.003 1.774 + 0.022
BIC—PVP K90 0.226 + 0.001 0.403 + 0.002 1.903 + 0.017
BIC 0.235 + 0.002 0.411 + 0.004 1.927 + 0.015
PVP30 0.230 + 0.002 0.389 + 0.00S 1.576 + 0.013
PVP90 0.234 + 0.001 0.401 + 0.001 1.700 + 0.020

Opor [0m] Ry [0m]  Oppen [nm] Vi [A] oy [om]
0332 0.269 0.042 88.1 0.043
0.359 0.267 0.045 87.1 0.047
0.203 0278 0.027 92.1 0.027
0204 0.280 0.027 94.4 0.028
0256 0.245 0.030 64.0 0.024
0.247 0.258 0.030 75.1 0.024

“Thee is 2 lifetime of free positron, 7, is a lifetime of trapped positron, and 7,, is a mean lifetime of ortho-positronium; obtained values are
presented with standard deviations determined using LT software. The calculated values of mean radius of cavity R;,.,, and mean volume of cavity V;
are presented. 01, Ormean Ovr denote the width of distribution of ortho-positronium lifetime, mean radius, and mean volume, respectively.
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free volume of the drug but not as effectively as the other
polymers. It means that the crystallization process may depend
on spatial arrangement of polymer chains in a drug—polymer
mixture. Moreover, the best crystallization inhibitor was PVP
K30, what may suggest that there is an optimal length of
polymer chain that allows satisfactory stabilization of the drug.
Nowadays, the value of free volume is more often correlated
with the stability of amorphous drug mixtures with various
excipients. P. Szabo et al.** examined carvedilol and HPMC
polymer mixtures and also observed the increase in the
unoccupied volume during sample storage. This effect may
correspond to the partial crystallization of the drug. Also, B.
Szabo™ et al. prepared films containing vitamin B12, sodium
alginate, and polymer Carbopol 71 G NF, which were stored
for 1 month in relative humidity. They noticed the correlation
between increasing free volume value and storage time. The
authors point out that examining polymer films using the PALS
technique and obtaining information about unoccupied volume
allows preparation of the drug formulation process with the
required drug release profile and stability.

The impact of molecular architecture on polymer properties
is of great scientific and technological interest. The number of
possible chain configurations is getting higher with increasing
chain length and can be statically estimated as 2%, where n
denotes the number of units.’’ In the available literature, the
different polymer—polymer systems with linear, star, or
branched structures are described. Their preferred conforma-
tion might be driven by external environment and depends on a
multitude of factors, that is, on polymer type (homopolymer or
copolymer),”" its chemistry,””* molecular weight,’' geome-
try,'® potential to interchain attraction,®” etc. In the case of
polymer—solvent systems, the interaction between solvent and
polymer™* and solvent pH should also be taken into account."”
Most polymers with linear chains have a tendency to be
randomly coiled and when the chain size increases their
entanglement occurs.”® To observe the entanglement of the
polymer, critical chain length is required, which is correlated to
shape and polarity of polymer.”” Some polymer chains can
attain dendrimer configurations as was proposed in the 1990s.
In this case, as the molecular weight increases the polymers
change their conformation from elongated to spherical.”" The
tangling ability of PVP K90 may rationalize the higher value of
the free volume observed for BIC—PVP K90 mixture in our
study. Despite the relation of polymer molecular architecture
with its properties, there is still little known about the impact of
conformation of polymer chains on the stability of drug—
polymer mixtures.

Bl CONCLUSIONS

In this paper, we investigated BIC mixtures with various
polymers, i.e, PVP K10, PVP K30, and PVP K90 (10% w/w).
Performed BDS studies demonstrated that all mixtures were
characterized by the same molecular dynamics. This has been
also confirmed by the DSC studies that have shown identical
glass transition temperatures for all investigated samples. To
verify if there are differences in their crystallization tendencies,
we performed isothermal crystallization studies using BDS
technique. The results showed that mixture containing polymer
with the longest chain, i, PVP K90, proved to be the least
effective as crystallization inhibitor and drug recrystallization
was observed as faster than for the rest of investigated samples.
To understand such behavior, we took advantage of the PALS
technique. We found out that the value of free volume was the
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largest for BIC—PVP K90 mixture, while for remaining blends
with shorter polymer chains, the obtained free volume values
were smaller and similar to each other. This indicates that PVP
K90 lowers free volume less effectively than other polymers,
leading thereby to worse sample stabilization. The best
crystallization inhibitor turned out to be the PVP K30, which
may suggest that in order to stabilize the drug we have to
choose the polymer with the certain optimal chain length. Our
results show that the choice of the appropriate polymer for
drug stabilization outcome is crucial and should be thoroughly
investigated. Besides the length of the polymer, the impact of
molecular features should be deeply investigated, e.g, rigidity,
geometry, etc. Further detailed research could allow simplifyi-
catin of the selection of polymer additive in the future, thereby
increasing the practical outcome of using amorphous solid
dispersion systems.
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ARTICLE INFO ABSTRACT

Keywords: The article describes the preparation and characterization of binary mixtures of two antiandrogens used in
Co-amorphous prostate cancer treatment, i.e. flutamide (FL) and bicalutamide (BIC), as well as their ternary mixtures with
Flutamide

either poly(methyl methacrylate-co-ethyl acrylate) (MMA/EA) or polyvinylpyrrolidone (PVP). The samples were
converted into amorphous form to improve their water solubility and dissolution rate. Broadband dielectric
spectroscopy and differential scanning calorimetry revealed that FL-BIC (65%) (w/w) does not tend to crystallize
from the supercooled liquid state. We made the assumption that the drug-to-drug weight ratio should be
maintained as in the case of monotherapy so we decided to investigate the system containing FL and BIC in 15:1
(w/w) ratio with 30% additive of polymers as stabilizers. Our research has shown that only in the case of the FL-
BIC-PVP mixture the crystallization has been completely inhibited, both in glassy and supercooled liquid state,
which was confirmed by X-ray diffraction studies. In addition, we performed solubility and dissolution rate tests,
which showed a significant improvement in solubility of ternary system as compared to its crystalline coun-
terpart. Enhanced physical stability and water solubility of the amorphous ternary system makes it promising for

Bicalutamide
Molecular dynamics
Physical stability
Glass transition

further studies.

1. Introduction

Treatment of patients with cancer is a very complicated process that
has many unknowns, which means that new solutions in applied
therapies are still being sought after. In the case of treatment of prostate
cancer usually monotherapies are employed with administration of
antiandrogens such as flutamide (FL) and bicalutamide (BIC) (Smith
et al., 2004; Iversen et al., n.d.; Bafiez et al., 2009). Those drugs are also
used in combined androgen blockade therapy along with luteinizing
hormones (Schellhammer et al., 1997) as well as in the so-called vin-
tage hormonal manipulation therapy (Nagai et al., 2018), in which
patients first receive bicalutamide and then, deferred flutamide. Re-
cently, Liu et al. (2017). showed the possibility of application of bica-
lutamide with niclosamide in combination therapy for the treatment of
advanced prostate cancer which is resistant to enzalutamide.

Due to the very low water-solubility and high membrane perme-
ability both of the aforementioned drugs belong to class II of the

? Corresponding author.
E-mail address: marzena.rams-baron@us.edu.p! (M. Rams-Baron).
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Biopharmaceutical Classification System (BCS) (Samy, 2012; Vega
et al., 2007). Given the fact that ca. 46% of the drugs registered in the
BCS exhibit dissolution rate-limited bioavailability, the issue of solu-
bility enhancement is a matter of many recent research projects. One of
the most frequently used strategies is amorphization of Active Phar-
maceutical Ingridients (API). Over the last few years, numerous articles
have been published which showed that amorphous drugs have better
solubility, dissolution rate and therefore it is also possible to improve
their bioavailability in comparison to their crystalline counterparts
(Baghel et al., 2016; Grzybowska et al., 2010; Bhattacharya and
Suryanarayanan, 2009; Bhugra and Pikal, 2008; Yoshioka and Aso,
2007). However, the amorphous state is thermodynamically unstable
and characterized by a strong tendency to recrystallization. Therefore,
an important aspect is the stabilization of drugs in the amorphous form
to preserve the advantages of such a system (Rams-Baron et al., 2018;
Knapik-Kowalczuk et al., 2017; Lim et al., 2016).

One of the methods of stabilizing amorphous drugs is to impede the
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molecular dynamics by creating binary mixtures with polymers (Pacult
et al., 2018; Mohapatra et al., 2017; Mistry et al., 2015; Bhardwaj et al.,
2014), sugars (Backensfeld et al., 1990; Grzybowska et al., 2012), si-
licones (Knapik et al., 2016; Watanabe et al., 2001; Bahl and Bogner,
2006), etc. Moreover, in recent years, the drug-drug systems elicited
great interest in the field of drug stabilization. For the first time, a
system composed of two drugs in an amorphous form was proposed by
Yamamura et al. (2000), who mixed indomethacin with cimetidine. He
observed that the addition of 20-80% of cimetidine to the binary
mixture efficiently stabilized the sample and inhibited crystallization of
indomethacin. Those mixtures were called co-amorphous systems and
are characterized by improved stability of the drugs in glassy state as
well as enhanced solubility and dissolution rate (Lim et al., 2016;
Lobmann et al., 2011; Lobmann et al., 2012). Furthermore, the use of
such a binary system is beneficial for the synergic effect in therapy and
reducing tablet weight compared to amorphous drug-polymer co-ad-
ministrered systems (Knapik et al., 2015; Ueda et al., 2017). In the last
years, several papers have been published on co-amorphous systems, in
which, among others, naproxen was mixed with indomethacin
(Lobmann et al., 2013), atorvastatin with glipizide (Renuka et al.,
2017) or tranilast with diphenhydramine hydrochloride (Ueda et al.,
2017).

In this paper, we focus on improving the stability of amorphous
forms of flutamide and bicalutamide by formation of co-amorphous
systems. Both of these drugs are characterized by very poor solubility in
water. For this reason, we transformed them into an amorphous form to
overcome these limitations. For this purpose, we used the vitrification
method. The samples were heated to the melting point and then quickly
chilled which allowed to convert the crystalline form of drugs to an
amorphous form. The structure and physicochemical properties of the
prepared samples were investigated using X-ray diffraction (XRD) and
differential scanning calorimetry (DSC) techniques. In addition, we
examined their molecular dynamics, which is considered one of the key
factors controlling the stability of drugs in amorphous form (Yoshioka
and Aso, 2007; Shamblin and Tang, 1999; Hancock et al., 1995). For
this purpose we used the broadband dielectric spectroscopy (BDS)
technique. In the second part of the manuscript, we discuss ternary
drug-drug-polymer mixtures intended to stabilize the drugs mixed in a
15:1 (w/w) ratio (corresponding to FL and BIC daily doses, i.e. 750?mg
and 50?mg, respectively (Andrews et al., 2010; Murphy et al., 2004))
and to increase their solubility and dissolution rate. To analyze the
ternary systems we also used XRD, DSC and BDS techniques and per-
formed solubility and dissolution tests according to pharmacopoeial
recommendations.

2. Materials and methods
2.1. Materials

The crystalline form of bicalutamide (BIC, N-[4-Cyano-3-(tri-
fluoromethyl)phenyl]-3-[(4-fluorophenyl)sulfonyl]-2-hydroxy-2-methyl-
propanamide) (M,,?=7?430.37?g/mol, T,,?=7?467?K, pKa?="?12, water
solubility ~5?mg/L (Kumbhar and Pokharkar, 2013)) of 99.8% purity was
purchased from Hangzhou Hyper Chemicals Limited (Hangzhou, Zhejiang,
China). Flutamide (FL, 2-Methyl-N-[4-nitro-3-(trifluoromethyl)phenyl]
propanamide) (M,,?=7?276.2?g/mol, T,,? =?384?K, pKa?=?13.1, water
solubility 50?mg/L (Brittain, 2001)) was obtained from Cayman Chemical
company (Ann Arbor, Michigan, USA). Polyvinylpyrrolidone (PVP) K30
grade: K?=?29-32, M,,? =?40,000?g/mol was supplied from Sigma-Al-
drich (Saint Louis, Missouri, USA). Poly(methyl methacrylate-co-ethyl ac-
rylate) (MMA/EA) was purchased from Sigma Aldrich, Mw ~101.000?g/
mol, M, ~39.500?g/mol, ethyl acrylate < 5?wt% (Saint Louis, Missouri,
USA). Potassium dihydrogen phosphate (KH,PO,4, pure p.a., POCH Gli-
wice, Poland), sodium hydroxide microgranular (NaOH, pure, POCH Gli-
wice, Poland) and Tween™80 (Croda INC NJ, USA) were used to prepare
the dissolution medium. Acetonitrile (HPLC isocratic grade, J.T. Baker®,
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New Jersey, USA) and water (HPLC gradient grade, J.T. Baker®, NJ, USA)
were used as mobile phase for high-performance liquid chromatography
(HPLC) measurements. Distilled water was used to prepare all of the
aqueous solutions.

2.2. Methods

2.2.1. Preparation of binary and ternary systems

The investigated FL-BIC systems were prepared in various drug-to-
drug ratios, where the addition of BIC was 10%, 30%, 50% and 65%
(w/w). To obtain homogeneous mixtures the appropriate amount of
crystalline BIC and FL were mixed in a mortar for several minutes.
Then, the physical mixtures were spread on a capacitor plate and
melted on a hot plate at T? =?403?K. After melting, the sample was
vitrified by fast transfer to a previously chilled copper plate. Ternary
mixtures were prepared by mixing 70% of the co-amorphous mixture
(FL-BIC 15:1 (w/w)) with 30% of polymer excipient (MMA/EA or PVP).
As before, they were melted on a hot plate at T?=?403?K and con-
verted to an amorphous form by vitrification.

2.2.2. Differential scanning calorimetry (DSC)

Calorimetric measurements for FL-BIC and FL-BIC-polymer blends
were carried out using a Mettler-Toledo DSC 1 STARe System
(Columbus, Ohio, USA) equipped with an HSS8 ceramic sensor with
120 thermocouples and liquid nitrogen cooling station. For temperature
and enthalpy calibration, zinc and indium standards were applied.
Measurements were performed using aluminum crucibles (40?uL) with
pin — ME - 27.331. In the first run, we heated the crystalline form up to
about 20?K above melting point with a heating rate of 10?K/min; then
samples were quickly cooled (cooling rate 20?K/min) and reheated.
Ternary mixtures were heated to T? =?413?K with a heating rate 107K/
min, cooled down (cooling rate 30?K/min) and reheated. Melting
points were determined as the onset of the peak while the glass tran-
sition temperature was determined from the midpoint of the heat ca-
pacity increment.

2.2.3. Physical stability studies

The physical stability studies were performed using X-ray diffrac-
tion technique. Measurements were carried out with a Rigaku-Denki D/
MAX RAPID II-R diffractometer (Wilmington, Massachusetts, USA)
equipped with a rotating Ag anode, an incident beam graphite (002)
monochromator, and an image plate in the Debye-Scherrer geometry as
a detector. The wavelength of the incident beam was 0.5608?A. The
pixel size was 100?um? X 2100?um. The studied samples were closed
inside glass capillaries (1.5?mm in diameter) and stored at 295?K.
Measurements were performed for sample-filled and empty capillaries,
to allow subtraction of the background intensity. The beam width at the
sample was 0.3?mm. The obtained two dimensional diffraction patterns
were converted into one dimensional intensity functions versus the
scattering angle.

2.2.4. Broadband dielectric spectroscopy measurements (BDS)

Dielectric measurements of prepared blends at ambient pressure
were carried out using a Novocontrol GMBH Alpha spectrometer
(Montabaur, Germany), in the frequency range from 10™'?Hz to 10°?Hz
and at temperature range from 173?K to 473?K. The temperature was
controlled by a Quatro temperature controller providing an accuracy of
temperature stabilization up to 0.1?K. The analyzed samples were
placed between stainless capacitor plates (diameter equals 15?mm or
10?mm with a 0.1?mm gap obtained by glass fibre spacers). All spectra
were fitted with Havriliak and Negami (1967) (HN) equation using the
following formula:

%e Sde

=g+ — L
M=e (1 + (i2n)N" %

1)

where eg is the high frequency limit permittivity, ?e is the dielectric
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Fig. 1. The left panel shows DSC thermograms for pure FL (blue solid line) and BIC (black solid line). The right panels represent X-ray diffraction patterns for FL and
BIC at T? =?295?K. The appearance of sharp Brag peaks indicate the crystallization process. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

strength, tyy is the HN relaxation time and the exponents a and [ de-
note the shape of a relaxation peak. Based on the determined fitting
parameters we calculated the structural relaxation times according to
the equation:

_1 1
t=1Iyn [Siﬂ( ap )] ! I:Sln(a'ﬁl)]
28 + 2 28 +2 2)

The temperature dependence of relaxation times in the supercooled
liquid state for binary mixtures was described by the Vogel-Fulcher-
Tamman-Hesse (VFTH) formula (Fulcher, 1925; Tammann and Hesse,
1926; Vogel, 1921):

t—texp( bh ]
A ©)

where tg, Tp, D are fitting parameters. The parameter tg is a pre-ex-
ponential factor describing the limiting high-temperature value of t,
related to vibrational frequency (~10! to 10%?s) (Rodrigues et al.,
2014), the parameter D determines the deviation from the Arrhenius
behavior and Ty is the Vogel temperature connected to the state with
infinite relaxation time (Metatla and Soldera, 2007).

2.2.5. Saturation solubility determination

The equilibrium apparent solubility of FL and BIC was determined
using the shake-flask method. An excess amount of powder was added
to 10?mL of distilled water. The Erlenmeyer flasks were shaken for
24?h at room temperature using a KS 130 Basic orbital shaker (IKA,
Germany). In order to determine the amount of active substances in the
samples by HPLC, the samples were filtered and transferred into HPLC
vials. All measurements were performed in triplicate. Crystalline BIC
and FL as well as FL-BIC-PVP (30%) were dissolved as received. Glasses
obtained by melting at 130?°C (or 200?°C in case of pure BIC) were
crushed prior to performing the tests.

2.2.6. Dissolution studies

The dissolution of active substances, i.e. BIC and FL from solid
dispersions, physical mixtures as well as amorphous active substances,
were performed in the pharmacopoeial paddle dissolution apparatus.
Glasses were gently grounded in the mortar prior to the dissolution tests
carried out in a small volume kit using a Vision G2 Elite 8 dissolution
test station (Hanson Research, CA, USA) connected to AutoPlus auto-
sampler. An appropriate amount of powder (equivalent to 25?mg of FL
and 1.6?mg of BIC) was introduced into the dissolution beakers filled
with 100?mL of phosphate buffer of pH?=?6.8 containing 0.2% of

Tween™ 80. The paddles speed was set to 75?rpm and the temperature
to 37?°C? = 20.5?°C. The samples were withdrawn from dissolution
medium at predetermined time intervals, filtered and transferred into
the HPLC vials. The amount of dissolved active substances was de-
termined using HPLC.

2.2.7. HPLC method

An automated HPLC system (Agilent 1260 Infinity, Agilent
Technologies, California, United States) with UV-diode-array detector
was used. The stationary phase was a core-shell RP-18 column (Kinetex~
2.6?um C18 100?;\, LC Column 100? X ?4.6?mm, Phenomenex, CA,
USA) and the oven temperature was 25?°C. The mobile phase con-
taining acetonitrile and water (50:50?v/v) was delivered isocratically at
1.0?mL/min. The injection volume was 5?uL and the peaks were
evaluated at 272?nm and 306?nm for BIC and FL, respectively. The
retention times were 3.033?min and 4.326?min for bicalutamide and
flutamide, respectively. The linearity was confirmed between 10% and
140% of the tested doses of BIC and FL (Ry? > ?0.99995).

3. Results and discussion

3.1. Crystallization tendencies of flutamide and bicalutamide and their
binary mixtures

In order to determine the crystallization tendency of pure drugs
both from the glassy and supercooled liquid state, we performed ca-
lorimetric and X-ray measurements.

In the first step, we characterized pure drugs using the DSC tech-
nique. The samples were melted in situ and then quickly cooled to
obtain a glassy state (melting point for crystalline forms of FL and BIC
are T,? =?384?K (Chmiel et al., 2017), Tn? =?467?K (Szczurek et al.,
2017), respectively). Fig. 1 shows thermograms obtained during
heating of the amorphous form of APIs. The heating rate applied in
experiments was equal 10?K/min. Both materials are characterized by
the glass transition at T,?=?274?K and T,? =?328?K for FL and BIC,
respectively. As can be seen, both investigated samples have strong
tendency to crystallize from the supercooled liquid state. The crystal-
lization process is manifested by an exothermic event from T? =?310?K
to T? =?325?K for FL and from T?=?390?K to T? =?417?K for BIC.
Further heating leads to melting of the samples, which can be observed
by the occurrence of an endothermic peak at 7?=?383?K and
T? =?463?K for FL and BIC, respectively.

To analyze the stability of amorphous FL at room temperature, XRD
studies were performed at T? =?295?K. The obtained results show
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whether the drug has a tendency to crystallize during a storage period.
It is an important aspect to examine, because on that basis we can
conclude about the shelf life of prepared sample. The obtained XRD
patterns of glassy FL and BIC, presented in Fig. 1, show their common
structural feature that is the appearance of a “pre-peak” at diffraction
angle 20 of around 2.9° (scattering vector Q of 0.57?;\'1) before main
diffraction peak at around 6.2° (Q?=?1.22?/°\'1) with a shoulder at
around 8.0° (1.56?A™), which can be mainly attributed to the short-
range order between neighbouring molecules. The broad, diffuse nature
of these peaks is characteristic of the disordered, amorphous phase.
However, the clear evidence of the pre-peak in the glassy FL and BIC is
highly suggestive of the formation of an intermediate range ordering
(Elliott, 1991). The distance d = = 11.0?A calculated from the pre-
peak position corresponds the spatial period of the intermolecular or-
ganization. Similar structural feature in diffraction patterns were ob-
served for other glass formers exhibiting a tendency to form hydrogen
bonds (Morineau and Alba-Simionesco, 1998; Descamps et al., 2007;
Hédoux et al., 2013). Therefore, the observed pre-peak may be a sig-
nature of formation of small clusters of hydrogen-bonded FL and BIC
molecules.

The presence of hydrogen bonding groups may favor the re-
crystallization of FL and BIC from glassy state. The time-dependent XRD
measurements clearly showed that FL near glass transition crystallize
around 14?min after preparation (right panel of Fig. 1). It is manifested
by the appearance of sharp Bragg peaks. The polymorphic form of FL in
the recrystallized sample is the same as for reference crystalline sample
before meltmg (orthorhomblc symmetry, space group P n a 21, cell: a
11.856(2) A, b 20.477(3) A, ¢ 4.9590(9) A, a 90°, R 90°, ? 907, as re-
ported in The Cambridge Crystallography Data Centre no. 1292938). In
turn, the BIC glass at 295?K was found to be more stable in comparison
to FL. The beginning of BIC crystallization was observed 3?days after
the sample preparation. However, it should be noted that after 8?days
the sample was fully converted to a mixture of two polymorphic forms:
form I - as for the crystalline reference (monoclinic symmetry, space
group P 21/c, cell: a 14.882(5) A, b 12.213(3) A, ¢ 10.461(3) A, a 907, R
104.680(13)°, ? 90°, as reported in The Cambridge Crystallography
Data Centre no. 289635), and form II (triclinic symmetry, space group P
-1, cell: a 7.8220(16) A, b 11.060(2) A, ¢ 11.324(2) A, a 88.19(3)°, B
77.03(3)°, ? 77.96(3)°, as reported in The Cambridge Crystallography
Data Centre no. 602633). The obtained results confirmed a strong
tendency to recrystallization of both FL and BIC drugs at room tem-
perature. Because of the quick conversion to their crystalline counter-
parts, it is not possible to apply pure FL and BIC in amorphous form in
the pharmaceutical industry. For this reason, we were looking for ap-
proaches to stabilize analyzed drugs in the glassy and supercooled li-
quid state. The solution to this problem may be the preparation of
binary systems consisting of both drugs.

For this purpose, we have prepared the FL-BIC mixtures with var-
ious drug-drug ratios. Fig. 2 shows thermograms for the mixtures vi-
trified in DSC and measured with heating rate of 10?K/min. As can be
seen, a FL-BIC sample with a 10% addition of BIC has a higher T, value
than pure FL. However, above T, one can observe an exothermic peak
indicating sample recrystallization which mean that the addition of
10% of BIC is not sufficient to prevent crystallization of FL from su-
percooled liquid state. For this reason, we also analyzed mixtures with a
higher BIC concentration, i.e. FL-BIC (30%) and FL-BIC (50%). The
obtained thermograms are also shown in Fig. 2. In these case, the
crystallization process is not observed within the investigated range of
temperatures. In addition, we also performed DSC measurements for
the FL-BIC mixture (65%), which showed no tendency to crystallize (see
green line in Fig. 2). However, we will come back for a detailed dis-
cussion of this sample later in the manuscript.

3.2. Molecular dynamics of FL-BIC mixtures

To study the molecular dynamics of the examined systems, we
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Fig. 2. DSC thermograms of amorphous FL-BIC blends mixed at various ratios.

performed BDS measurements. The representative dielectric loss spectra
for the FL-BIC mixture (30%) are shown in the right panel of Fig. 3. The
data for the pure APIs were acquired elsewhere (Chmiel et al., 2017;
Szczurek et al., 2017). In the spectrum, one can observe the loss-peak
attributed to the a-relaxation process. It originates from a cooperative
intramolecular reorientation of molecules. As the temperature increases,
the maximum of the a-process shifts towards higher frequencies, re-
sulting from the intensified molecular dynamics of the system. At
T?=7?3317K, a drastic change in the intensity of the a-relaxation peak is
visible. Since the dielectric strength (?e) is correlated to the number of
dipoles participating in the reorientation (N) and the average electric
dipole moment of the analyzed sample (n) (according to equation
?e? =7?e, - eg - Ni?), such a decrease in peak height indicates the begin-
ning of crystallization. However, in the DSC measurement we do not
observe a crystallization process. The difference between the DSC and
BDS results from the fact that during the dielectric tests the heating rate
is much slower (Knapik et al., 2014). The same behavior was observed
for the FL-BIC (50%) mixture. In the case of the DSC study, we did not
notice any tendency to crystallize when heating above T,, while during
the BDS measurements we observed a decreasing intensity of a-peak
indicating the crystallization process. To thoroughly analyze the effect of
sample composition on molecular dynamics, we have plotted the tem-
perature dependence of the a-relaxation times for the studied binary
systems, which are shown in the left panel of the Fig. 3. To obtain the
presented data, the dielectric spectra were fitted using the Haviriliak-
Negami equation (Eq. (1)) and a-relaxation times were calculated ac-
cording to Eq. (2). To describe the non-Arrhenius behavior of the a-
process in supercooled liquid state we used a VFTH function. In Fig. 3 we
show a relaxation map for all prepared drug-drug mixtures as well as for
pure components. For each measured sample, the T, is determined as the
temperature where t,? =?1007?s. It can be seen that with increasing ad-
dition of BIC, the molecular mobility of the system is slowed down. In
consequence, the value of T, increases with higher concentration of BIC
in the binary mixture. In the case of FL-BIC (10%), the T, value was
determined as T,? =?275?K, which is slightly higher than T, obtained for
pure FL. The prepared mixture has a tendency to crystallize. The re-
laxation times determined for partially recrystallized samples have been
marked in Fig. 3 as closed stars. For the next two drug-drug samples FL-
BIC (30%) and FL-BIC (50%), the T, values were determined as
T,?=?286?K and T,? =?298?K, respectlvely The tested sample with the
most inhibited molecular dynamics and thus characterized by the highest
value of T,?=7?304?K was FL-BIC (65%).
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Fig. 3. The left panel displays the relaxation map of pure FL and BIC and mixtures of FL and (10%), (30%), (50%) and (65%) addition of BIC, where relaxation times
determined for partially recrystallized samples are marked as closed stars. The solid lines indicate VFTH fits. The right panel shows dielectric loss spectra for FL-BIC

(30%).

Unfortunately, our dielectric results revealed that almost all pre-
pared mixtures show a tendency to recrystallize from supercooled li-
quid state (crystallization of FL-BIC (50%) was observed in isothermal
experiment — data not included in manuscript). The only exception was
FL-BIC (65%), which did not crystallize both during DSC and BDS
studies. This concentration, appearing at this moment as optimal to
stabilize the investigated drug-drug system, was found using a strategy
recently proposed by Chmiel et al. (2017).

The authors studied mixtures with 1:1 and 5:1?M concentrations of
FL and PVP/VA. Within the course of the BDS study, they noticed that
during crystallization the structural relaxation peak does not disappear
completely as in most cases, but some residual peak with lower am-
plitude is still visible in the experimental window. It was found that this
process originates from the relaxation of a residual amount of API in
supercooled liquid state remaining in the sample after the re-
crystallization process. To determine the exact concentration of this
new mixture, its Ty value as determined from dielectric spectra was
compared to the Gordon-Taylor (GT) prediction. To confirm their ob-
servation Chmiel et al. (Chmiel et al., 2017) performed measurements
for various drug-polymer concentrations. In each of the investigated
cases, the mixture after crystallization corresponds to the same con-
centration reported as a stable one which was confirmed during long-
term room-temperature XRD studies. We decided to take advantage of
this method and carried out a series of BDS and DSC tests to find a
potentially stable concentration of the FL-BIC mixture. For this purpose,
we have performed a BDS experiment for FL-BIC (30%) in the tem-
perature range from T? =?309?K to T? =?365?K. As can be seen in the
right panel of Fig. 4 above T? =?331?K, the beginning of crystallization
is visible as a decrease of the intensity of the a-process. Usually, this
process completely declines during the progression of crystallization
process. However, in this case, after complete conversion to the crys-
talline phase, a peak of smaller intensity than the a-process (spectrum
marked with green dots) is still visible. To study the observed residual
relaxation, we applied the method proposed by Chmiel et al. and cooled
the sample to T? =?309?K before reheating it to T?=?365?K (data
marked as green spectra). The obtained spectra were fitted using the
Havriliak-Negami equation (Eq. (1)). Next, the acquired fitting para-
meters were used to calculate the structural relaxation times and plot
the relaxation map. From the temperature dependence of the relaxation
times for the new mixture, the temperature T? =?304?K corresponding
to the glass transition was obtained and compared to the GT predic-
tions. To determine the theoretical T, values for BIC-FL samples we

used the following equation (Gordon and Taylor, 1952; Couchman and
Karasz, 1978):

_ wiTy + Kwy T,

@

where w, and w, are the weight of components, Tg; and Tg, are the
glass transition temperatures of pure APIs determined from DSC mea-
surements, and K is defined as:
#e 2Cp,

2Cp

w; + Kw;

)

where ?C,, is the change in heat capacity at T, and is equal ?C;"' =
0.482J/gK and ?Cp?=?0.432J/gK for the BIC and FL, respectively.
The calculated values of T, as well as experimental data acquired from
the DSC measurements are shown in the left panel in Fig. 4. To identify
the concentration of the FL-BIC mixture obtained after crystallization,
the value of Ty determined from dielectric data was compared with the
predicted ones. The obtained T, was marked as green star in Fig. 4 and
corresponds to 65% addition of BIC in FL-BIC. The obtained results are
in good agreement with the data acquired using DSC and BDS techni-
ques, which did not show crystallization of the tested sample.
Improvement of stability in binary systems is often considered in the
context of interactions between molecules or an antiplasticizing effect
as in the case of mixtures with polymers. To analyze the interaction
between the two components it can be used the Gordon-Taylor pre-
diction given by Eq. (4). The theoretical value of Ty is calculated from
data obtained from DSC experiment and then compared to experi-
mental ones. In literature, the lack of interactions between components
is described as behavior according to the prediction of GT (Lu and
Weiss, 1992; Teja et al., 2015). In the case of our research, we can
observe a negative deviation of experimental from theoretical values,
which may result in moderate interactions. There are many examples of
binary systems where authors also attribute this phenomenon to the
presence of specific interactions between the components, as in the case
of tranilast and diphenhydramine hydrochloride mixtures as well as
talinol and naringin (Ueda et al., 2017; Teja et al., 2015). Considering
the architecture of the investigated drug molecules, we can see that BIC
and FL have hydrogen atom donating groups such as OH and NH and
proton acceptors such as amino, nitro, sulfuryl and carbonyl groups. In
our previous article (Szczurek et al., 2017), we reported that BIC tends
to form hydrogen bonds with PVP. We tested BIC and PVP mixtures
with different concentrations using the FT-IR method and confirmed
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patterns for amorphous BIC, FL, PVP and FL-BIC-PVP measured at T? =?295?K as a function of storage time. (For interpretation of the references to colour in this
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the presence of specific interactions.

3.3. Characterization, solubility and stability studies of ternary mixtures
with polymers

In the case of co-amorphous systems, the most commonly chosen
concentration, which ensures stability and improvement of solubility, is
the molar ratio 1:1. This is due to the fact that the strongest interactions
are observed in that concentration, inhibiting the tendency to crystal-
lize (Lobmann et al., 2011; Lobmann et al., 2012; Lobmann et al.,
2013). In 2016, Lim et al. (2016) investigated indomethacin-cimetidine
and naproxen-cimetidine mixtures in a concentration 1:1. To prepare
these systems the authors used various methods such as quench cooling,
co-evaporation and ball milling. For the prepared blends stability tests
were performed at 40?°C and no crystallization was observed. In our
case, the preparation of the mixture FL-BIC with a molar ratio of 1:1
corresponds to the concentration FL-BIC (61%) (w/w). The stability of
such a system has not been studied in this manuscript, however, ac-
cording to the approach by Chmiel et al. we can speculate that such

mixture FL-BIC (61%) might have the tendency to recrystallize. Re-
gardless of the result, neither the sample FL-BIC (61%) nor FL-BIC
(65%) investigated herein correspond to the therapeutic dose of FL and
BIC. To obtain a therapeutic concentration of FL and BIC, we have to
prepare a drug-drug mixture with the ratio of FL-BIC 15:1 (w/w)
(which is equal to FL-BIC (6%)), corresponding to the daily dose of both
drugs (750?mg for FL and 50?mg for BIC). Our previous results allow us
to assume that the mixture with the mentioned concentration will not
be characterized by sufficient stability. For this reason, it was necessary
to use a third component such as a polymer. Nowadays, polymers are
frequently selected excipients to stabilize amorphous drugs. The me-
chanism of stabilization of the drug-polymer mixture is widely dis-
cussed in the literature. Many factors have been described to have an
impact on inhibiting the crystallization of such a system. One of them is
the downturn of molecular dynamics through the so-called anti-
plasticizing effect (Riggleman et al., 2007; Riggleman et al., 2006) or
presence of specific interactions between drug and polymer molecules
(Rams-Baron et al., 2015). In addition, the mixture may be thermo-
dynamically stable if the drug remains below the solubility limit in the
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Fig. 6. Dissolution profiles (upper panel) and apparent water solubility (bottom
panel) determined for FL and BIC and FL-BIC-PVP (30%) mixture.

polymer matrix. For this reason, an important aspect is to find out the
solubility of the drug and the miscibility of the drug in the polymer
carrier (Tian et al., 2013; Lehmkemper et al., 2017). In recent years, it
has also been shown that the key elements affecting the stability of the
mixture may be the polymer structure, i.e. the backbone chain structure
or chain length. Mosquera-Giraldo et al. (Mosquera-Giraldo et al.,
2016) found that a polymer with a carboxylate group in combination
with an optimal hydrocarbon chain length can hinder nucleation. In
turn, Frank and Matzger (2018) also confirmed that the stabilization of
drug-polymer systems should be considered in the context of the in-
teraction between the drug and the polymer. Our previous studies
(Pacult et al., 2018) have also shown that the length of the polymer
chain is a very important aspect that needs to be taken into account.
Depending on the molecular weight of the polymer and thus the chain
length, we can distinguish a different arrangement of the polymer in
space, which determines the crystallization behavior of the system. For
this reason, the selection of the appropriate polymer to stabilize the
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drug in amorphous form should be careful and meticulous.

To prepare ternary samples, we chose two polymers which mole-
cular structures are shown in the left panel of Fig. 5. First is MMA/EA, a
derivative of Eudragits, which is widely used in pharmaceutical for-
mulation, while the second polymer is PVP. It is an excipient commonly
used due to its positive effect on the solubility and dissolution rate of
the systems in which it is applied. The glass transition temperatures of
the applied polymers are T,? =?383?K and T,? =?438?K for MMA/EA
and PVP, respectively. The mixtures were prepared at a ratio corre-
sponding to daily doses of the APIs used in monotherapy, i.e. 15:1 (w/
w) FL-BIC, where 70% of the mixture was constituted by the drug-drug
system, and the remaining 30% by a polymeric additive. For each
ternary mixture we performed DSC measurements to observe phase
transitions. In the first run we heated the crystalline samples up to
T?=?420?K to completely melt the mixture. Next, we cooled the
samples and reheated them to determine the glass transition tempera-
tures. Panel a of Fig. 5 shows the obtained thermograms for the vitrified
samples. In the case of mixture with MMA/EA, two glass transitions can
be observed, indicating inhomogeneity of the sample (Andrews et al.,
2010; Gupta et al., 2004). In addition, in supercooled liquid state we
observe an exothermic event from T? =?328?K to T? =?368?K which
indicates the tendency of the sample to crystallize. On the thermogram
obtained for the FL-BIC-PVP mixture, a singular glass transition is ob-
served at Ty?=?306?K indicating sample homogeneity. Observed dif-
ferences in polymer miscibility may result from polymer geometry. The
polymers used significantly differ in architecture, and hence the present
substituents and electron factors. It may affect the arrangement of
polymers in space, the presence of steric hindrance or the possibility of
creating specific interactions. It was previously reported that PVP forms
homogeneous mixtures with drugs such as BIC (Szczurek et al., 2017) or
indomethactin (Mohapatra et al., 2017). In addition, the PVP K30
which was used to prepare ternary sample was proposed as a polymer
with an optimal polymer chain length to stabilize the drug (Pacult et al.,
2018). In the case of polymer MMA/EA, we suggest that the in-
homogeneity of the mixture may be due to the spatial orientation of the
polymer that may result in the formation of heterogeneous domains in
the sample. As was mentioned previously in the case of amorphous
samples it is necessary to recognize their tendency to crystallization
both from glassy and supercooled liquid state. The eventual drug
crystallization at higher temperatures is a significant factor that must be
taken into account during the formulation of the dosage forms using
technique such as for example hot-melt extrusion. Our DSC results in-
dicate the stability of the FL-BIC-PVP system during heating above T,.
In the case of the amorphous phase, it is important that the drug re-
mains unchanged throughout the storage period, which is referred to
shelf life and is equal to about 2-3?years. Thus we performed XRD
studies to check the long-term stability of the ternary mixture. As can be
seen, in Fig. 5b, the obtained X-ray diffraction patterns of FL-BIC-PVP
system do not exhibit Bragg peaks and long-range order even after
182?days of storage. It means that the sample has no tendency to
crystallize and remains amorphous during our experiment. The ob-
served diffractogram for the FL-BIC-PVP seems not to be a linear
combination of the diffraction patterns of individual components. The
presence of a pronounced pre-peak at around 3° in the diffraction
pattern of the FL-BIC-PVP may be a signature of formation of aggregates
of hydrogen-bonded molecules in this triple system. Our FL-BIC-PVP
mixture does not show any tendency to crystallize both in the glassy
state and in the supercooled liquid state, what might indicate the pos-
sibility of applying this ternary system for further investigations.

In the formulation of the orally administered dosage forms, high
solubility and dissolution rate of the API is of crucial importance as
these factors affect the bioavailability of the drug (Ting et al., 2018).
This is a key aspect, because improving bioavailability may result in a
reduction of the therapeutic dose and in consequence, a decline in the
invasiveness of the therapy for the patient. For this reason, we ex-
amined the solubility and dissolution of the crystalline and amorphous
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forms of FL and BIC as well as for the FL-BIC-PVP mixture. As can be
seen in Fig. 6, the ternary system has an improved solubility of the FL
and BIC. The studied water solubility increased about 2 times for FL and
about 7 times for BIC in comparison to the crystalline counterparts. We
also investigated the effect of using a ternary mixture on dissolution of a
drug substance. The experiment was carried out in a phosphate buffer
of pH? =?6.8 with the addition of 0.2% Tween™80 (Samy, 2012). The
results are presented in the upper panel of Fig. 6. The FL-BIC-PVP
sample has a significantly improved dissolution relative to the amor-
phous forms of the drugs tested separately. After 60?min, the amount of
dissolved drugs was about 2 and 3 times greater for FL and BIC, re-
spectively, than in the case of drugs dissolved alone.

4. Conclusions

In this article, we studied a co-amorphous mixture of FL and BIC in
various concentrations using DSC, BDS and XRD techniques. We ex-
amined the molecular dynamics of binary mixtures by performing BDS
measurements. Both drugs are characterized by different T, values,
therefore their concentration in the FL-BIC mixture affects the para-
meters defining the molecular dynamics. With the increasing addition
of BIC in the FL-BIC mixture, the molecular dynamics of the system
slowed down and in consequence the observed value of T, increased.
However, the inhibition of the mobility was not sufficient and for most
of the tested samples, crystallization while heating above T, was ob-
served during BDS and DSC tests. Only for a concentration of FL-BIC
(65%) the crystallization was completely inhibited, which was con-
firmed by dielectric and calorimetric measurements. The addition of
polymeric excipient, i.e. 30% of PVP, inhibited the recrystallization of
the FL-BIC system from the supercooled liquid state as confirmed by
DSC measurements. In addition, the X-ray diffraction results indicated
that the ternary mixture is stable at room temperature for at least
182?days. The ternary system exhibited improvement in water-solubi-
lity and dissolution which might indicate its advantageous features in
terms of bioavailability improvement.
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4. Podsumowanie

Niniejszg rozprawg doktorska stanowi seria trzech publikacji opisujacych badania
dynamiki molekularnej oraz fizycznej stabilnosci statych rozproszen bikalutamidu w formie
amorficznej w matrycach polimerowych. Gtowng motywacjg byla cheé polepszenia
rozpuszczalnosci leku przeciwnowotworowego bikalutamidu ze wzgledu na jego bardzo
ograniczong rozpuszczalno$¢ w wodzie oraz duze znaczenie na rynku farmaceutycznym. Do
tego celu wybrano metod¢ konwersji farmaceutyku do formy amorficznej. Niestety
otrzymana w ten sposOb forma szklista leku wykazata silng tendencj¢ do krystalizacji
zardwno ponizej jak 1 powyzej temperatury zeszklenia. Z tego wzgledu utworzono amorficzne
state rozproszenia bikalutamidu w polimerze poliwinylopirolidonie aby poprawi¢ stabilno$¢
fizyczna ukladu. Wykonane analizy wykazaly, iz zastosowanie polimeru pozwolito
z powodzeniem zahamowac proces krystalizacji mieszaniny. Ponadto dokonano przyblizone;j
estymacji czasu, w ktorym badana mieszanina pozostanie stabilna. Jest to istotny aspekt,
poniewaz przyjmuje si¢, iz lek, ktory zostal dopuszczony do obrotu handlowego powinien
pozosta¢ w niezmiennej formie, w okreslonych warunkach temperatury i1 wilgotnosci, przez
okres okoto 2-3 lat. Szacowany czas stabilno$ci fizycznej analizowanego uktadu BIC-PVP
(30%) wynidst ponad sto lat, co stanowi duzo dtuzszy okres niz wczesniej wspomniany okres
trwalo$ci, nawet bioragc pod uwage duzy margines btgdu estymacji. Co wigcej badania
uwalniania oraz rozpuszczalno$ci rowniez potwierdzity, i1z mieszanina BIC-PVP

charakteryzuje si¢ lepsza rozpuszczalnoscig w wodzie niz bikalutamid w formie krystalicznej.

Na podstawie otrzymanych wynikow zaczgto rozwaza¢ wplyw dhugosci tancucha
polimerowego na stabilnos¢ fizyczng uktadow lek-polimer. Z tego wzgledu w pracy [A2]
skupiono si¢ na tym aspekcie. Otrzymane wyniki eksperymentéw dielektrycznych
przeprowadzonych w warunkach izotermicznych jasno wskazuja, iz istnieje zalezno$¢
pomiedzy dlugoscig tahcucha polimeru 1 zahamowaniem procesu krystalizacji badanych
mieszanin. Jest to bardzo interesujacy i istotny aspekt wymagajgcy pochylenia si¢ nad tym
tematem, poniewaz polimery sg czg¢sto wybieranym dodatkiem majacym na celu stabilizacje
farmaceutykow w formie amorficznej. Dodatkowo stworzenie amorficznych statych
rozproszen wplywa znaczaco na poprawe rozpuszczalnosci w wodzie analizowanych APIL
Jednakowoz obecnie na rynku dostepne sg bardzo réznorodne polimery rdznigce si¢ np.
dtugoscig tancucha polimerowego. Dlatego badanie wpltywu wlasciwosci fizycznych

polimeru na stabilizacj¢ uktadow lek-polimer jest tak istotne. W pracy [A2] wykazano, iz
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istnieje optymalna dtugos¢ tancucha polimerowego, ktora pozwala najskuteczniej zahamowaé

proces krystalizacji uktadu lek-polimer.

W ostatnim etapie badan poszukiwano alternatywnej drogi prowadzacej do
ustabilizowania bikalutamidu. W tym celu sporzadzono uktad binarny zawierajacy BIC oraz
flutamid, ktory rowniez jest lekiem stosowanym w leczeniu nowotworu gruczotu krokowego.
Zastosowanie takiej mieszaniny niesie za sobg mozliwos¢ uzyskania efektu synergicznego
dziatan leczniczych obu lekow, co jest niezaprzeczalnym atutem w stosunku do stosowania
farmaceutykow pojedynczo. W artykule [A3] zbadano dynamik¢ molekularng oraz stabilno$¢
fizyczng mieszaniny FL-BIC w formie amorficznej. Zahamowany proces Kkrystalizacji
uzyskano dla stg¢zenia FL-BIC (65%), ktory jednak nie znajdowal odzwierciedlenia w
dawkach terapeutycznych farmaceutykéw. Z tego wzgledu wykonano state rozproszenia
uktadu FL-BIC, o stezeniu odpowiadajagcym dawce dziennej lekéw, w matrycach
polimerowych. Do tego celu wykorzystano polimery czesto stosowane w przemysle
farmaceutycznym: MMAV/EA oraz PVP. Otrzymane wyniki wykazaty, iz probka FL-BIC-PVP
charakteryzuje si¢ zwiekszong rozpuszczalno$cia w wodzie oraz przedtuzong stabilno$cig

fizyczna..
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