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STRESZCZENIE

Choroby uktadu rozrodczego kobiet, w szczeg6lnosci infekcje spowodowane przez
grzyby z rodzaju Candida spp., stanowig istotne wyzwanie dla wspdtczesnej medycyny.
Wedhug danych statystycznych, 1/3 §wiatowej populacji kobiet przynajmniej raz w zyciu
bedzie cierpie¢ z powodu infekcji intymnej o etiologii drozdzakowej. Nawet 15%
przypadkéw infekcji ma charakter nawrotowy, ktorych niewlasciwe lub nieefektywne
leczenie prowadzi do opornos$ci szczepéw na dziatanie substancji przeciwgrzybiczych
1 wigkszego ryzyka komplikacji. Rozwigzanie problemu nawracajacej kandydozy pochwy,
dotyczacej okoto 138 milionéw kobiet na calym $wiecie, wymaga podjecia badan nad
nowoczesnymi postaciami leku, ktére wykaza si¢ wyzsza efektywnosciga leczenia
iumozliwig przezwyci¢zenie trudnosci wynikajacych z uwarunkowan anatomiczno-
fizjologicznych — ciaglego wymywania postaci leku z miejsca podania przez wydzieling
pochwowa oraz jej niewielkiej objetosci obecnej w pochwie, ktéra utrudnia rozpuszczanie
substancji czynnych.

W odpowiedzi na powyzsze problemy, podjeto badania w celu opracowania
wielofazowej postaci leku dopochwowego, ktéora bedzie umozliwiaé jednoczesne
podawanie lekow o charakterze lipofilowym i hydrofilowym oraz bedzie wykazywaé
zwigkszony czas retencji w miejscu podania w poréwnaniu do obecnie stosowanych
postaci leku.

W tym celu dokonano przegladu i analizy piSmiennictwa celem wyznaczenia
obszaré6w badan i wymagan dla optymalnej postaci leku dopochwowego. W wyniku
krytycznej analizy stanu wiedzy badania skupity si¢ na opracowaniu wielofazowej postaci
leku na bazie nanoemulsji. Przedstawiono analiz¢ aktualnego stanu techniki i metod
badawczych, dla ktérych wykazano brak ujednoliconego sposobu oceny tych postaci.

W dalszej czesci sporzadzono 25 formulacji, sposrod ktorych 3 zostaty wybrane do
dalszych badan. Jako substancj¢ czynng wybrano klotrimazol — pochodng imidazolu.
W pracy przedstawiono $ciezk¢ rozwoju formulacji z uwzglednieniem kompozycji
i zastosowanych ~ metod  wytwarzania.  Przeprowadzono ocen¢  parametrow
fizykochemicznych otrzymanych formulacji uwzgledniajac parametry takie, jak
objetosciowy rozktad i §rednig wielko$¢ kropli oleju, wspdtczynnik polidyspersyjnosci,

srednig warto$¢ potencjatu zeta, odczyn pH formulacji i jej osmolalno$é. Przeprowadzono



badania stabilnosci i ocen¢ dostgpnosci farmaceutycznej wolnej frakcji klotrimazolu
z matrycy nanoemulsyjnej. Zuwagi na uzyskanie wynikow badania dostgpnosci
farmaceutycznej, ktére uniemozliwily dyskryminujaca oceng formulacji, przeprowadzono
dalsze badania w celu opracowania metody charakteryzujacej si¢ wyzsza precyzja

oraz blizszym stopniem symulacji warunkow fizjologicznych.

ABSTRACT

Diseases of the female reproductive system, especially infections caused by
Candida spp. fungi are a significant challenge to modern medicine. Statistically, one-third
of all women will suffer at least once in their life from an intimate infection caused by
yeasts. Inadequate or ineffective treatment leads to resistance of strains to antifungal drugs
and a higher risk of complications which results in progression to recurrent infections in up
to 15% of cases of vaginal candidiasis. The major health problem of recurrent vaginal
candidiasis affects 138 million women worldwide. In order to solve the emerging issue,
research on novel drug forms of higher treatment efficacy and the ability to overcome the
continuous secretion of vaginal discharge and its low ambient volume at the site of
administration hindering the dissolution of active pharmaceutical ingredients is required.

To address these problems, the study was undertaken to develop
a multicompartment intravaginal drug formulation enabling simultaneous administration of
lipophilic and hydrophilic drugs and exhibiting increased retention time at the
administration site when compared to standard dosage forms. In order to achieve this aim,
the literature review was performed to analyze and determine areas of research and
requirements for an optimal vaginal drug formulation. The study of the development of the
multiphase drug formulation based on nanoemulsions has been selected as a main research
objective based on the result of the critical analysis of the current state-of-the-art.

In the further part of the study, 25 formulations were prepared, of which 3 were
selected for further investigation. Clotrimazole, an imidazole derivative, was chosen as the
active pharmaceutical ingredient. In the dissertation, the process of development of the final
formulation, especially the composition and the manufacturing methods is presented. The
evaluation of physicochemical parameters of the obtained formulations was performed,
including volumetric distribution and average oil droplet size, polydispersity index, zeta
potential mean value, pH of the formulation and its osmolality. Stability tests and
assessment of the pharmaceutical availability of the nonencapsulated fraction of

clotrimazole from the nanoemulsion matrix were conducted. An advanced investigation



was performed to develop a method characterized by a higher degree of precision and
a closer simulation of physiological conditions due to the results of the pharmaceutical

availability test, which prevented discriminatory evaluation of formulations.
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1. Wprowadzenie

Choroby uktadu rozrodczego kobiet, szczegdlnie infekcje o charakterze
nawrotowym, stanowig wyzwanie dla wspotczesnej medycyny. Jednym z najczestszych
sposobdw podawania lekow w tych schorzeniach jest droga dopochwowa znana od wielu
lat i powszechnie stosowana, takze w antykoncepcji. Najczesciej stosowanymi postaciami
sa roztwory, masci, krazki, czopki i tabletki [1].

Najwicksza uwage lekarzy i naukowcow przykuwajg infekcje grzybicze pochwy
(kandydozy, vaginal candidiasis) wywotane przez drozdzaki Candida spp [2]. Szczeg6lnie
narazone sg doroste kobiety, aktywne seksualnie nastolatki i mtode dziewczgta z chorobami
wspolistniejacymi, np. cukrzyca typu 1, niedoborem odpornosci, a takze w trakcie lub po
zastosowaniu antybiotykoterapii [3—5]. Nieleczone lub niewlasciwie leczone zapalenie
pochwy u kobiet w cigzy moze stanowi¢ powazne zagrozenie dla noworodkéw z powodu
inwazyjnych zakazen grzybiczych, ktore moga by¢ przenoszone z matki na noworodka [6].
Zdecydowana wigkszo$¢ kobiet przynajmniej raz w zyciu cierpi z powodu kandydozy
pochwy [2,7]. Niestety, nawet okoto 138 mln kobiet rocznie cierpi na nawracajaca postaé
kandydozy pochwy (ang. recurrent vulvovaginal candidiasis) najczgscie]
charakteryzowang jako 3 lub 4 powtarzajace si¢ infekcje w ciagu roku [8,9]. Szacuje sig,
ze okoto 15% infekcji spowodowanych przez Candida albicans ulega progresji do postaci
nawracajacej [3,8,9]. Powoduje to znaczace pogorszenie jako$ci zycia kobiet 1 stwarza
wigksze ryzyko powiktan.

W odpowiedzi na ten problem prowadzi si¢ liczne badania nad nowoczesnymi
postaciami leku takimi, jak hydrozele, filmy, systemy emulsyjne (nanoemulsje,
mikroemulsje) oraz nanoczastki [10—13]. Postaci te majg stanowi¢ rozwigzanie trudnosci
wynikajacych z uwarunkowan anatomiczno-fizjologicznych, gdyz w mniejszym stopniu
poddaja si¢ cigglemu wymywaniu formulacji z miejsca podania przez wydzieling
pochwowa. Ponadto, ulatwiaja rozpuszczanie substancji czynnych, zwlaszcza
o charakterze lipofilowym, w niewielkiej ilosci wydzieliny obecnej w pochwie, tj. 2 mL
w poréwnaniu do klasycznych postaci dopochwowych [14-16].

Sposrdd substancji leczniczych w leczeniu kandydozy najczgsciej stosuje si¢
pochodne imidazolu, w szczegdlnosci flukonazol i klotrimazol (clotrimazolum, CLT)
[17,18]. Jednak, czeste i niewtasciwie stosowanie pierwszego z nich wptynelo na wzrost
oporno$ci grzyboéw z rodziny Candida spp. 1 brak skuteczno$ci klinicznej flukonazolu

[3,18]. Z tego powodu klotrimazol wcigz stanowi lek pierwszego rzutu w leczeniu



kandydozy. Aktualne rekomendacje dotyczace leczenia niepowiktanych infekcji pochwy
o etiologii drozdzakowej obejmuja codzienng dopochwowa aplikacje 1% kremu z CLT
w dawce 5 g przez 7 do 14 dni [19].

Z uwagi na powyzsze trudnosci, w celu poprawy efektywnosci terapii schorzen
ginekologicznych podjeto badania nad wielofazowa postacig leku dopochwowego, ktora

umozliwia¢ bedzie podawanie lekdw o charakterze lipofilowym i hydrofilowym.

2. Cel pracy
Celem niniejszej pracy jest poprawa jakos$ci terapii schorzen uktadu rozrodczego
poprzez wyznaczenie i okreslenie istotnych cech oraz wymagan optymalnej posta¢ leku
dopochwowego, wybdr postaci spetniajacej ustalone kryteria, opracowanie formulacji oraz
metod jej charakteryzacji.
2.1. Cele szczegolowe badan wlaczonych do cyklu artykulow naukowych
A. Przeglad i analiza piSmiennictwa: a) opisujacego anatomi¢ i fizjologie pochwy
w kontekscie charakterystyki miejsca podania leku, b) ustalenie cech i wymagan
wobec optymalnej postaci leku dopochwowego, ¢) pordwnanie cech optymalne;j
postaci leku z formulacjami na bazie emulsji, d) analiz¢ aktualnego stanu
techniki dla emulsji dopochwowych, metod charakteryzacji i potencjalnych
zastosowan medycznych oraz e) okreslenie dalszych kierunkoéw badan.
B. Opracowanie kompozycji i technologii otrzymywania nanoemulsji zawierajacej
klotrimazol jako modelowa substancje czynng oraz ocena otrzymanej postaci
w zakresie parametréw fizykochemicznych okreslonych w pracy A.
C. Poréwnanie i opracowanie metody badania dostgpnosci farmaceutycznej
klotrimazolu z dopochwowej nanoemulsji otrzymanej w pracy B i produktow

referencyjnych w postaci zawiesiny i komercyjnego kremu.

3. Materialy 1 metody

3.1. Metoda przeszukiwania baz danych
Celem zgromadzenia pozycji i przeanalizowania piSmiennictwa, przedstawionego
w publikacji A, zawierajacego opis dopochwowych formulacji na bazie emulsji,
przeszukano bazy danych Scopus i Web of Science z wykorzystaniem stow kluczowych:

intravaginal, vaginal, gynecological, emulsion, microemulsion, nanoemulsion, multiple



emulsion, SEDDS (Self-Emulsifying Drug Delivery Systems), *vagin® oraz *emuls* dla
pozycji opublikowanych w latach 2000-2020.
3.2. Metody wytwarzania formulacji i sporzadzanie serii doSwiadczalnych

W celu otrzymania stabilnej kinetycznie nanoemulsji o pozadanych cechach takich,
jak: a) wielkos¢ kropli oleju < 90 nm, b) indeksie polidyspersyjnosci < 0,3, ¢) wartosci
bezwzglednej potencjatu zeta ({-potential) £ 20 mV lub wigkszej, d) pH w fizjologicznym
zakresie 3,5-4,5 oraz e) osmolalno$ci < 1200 mOsm/kg, przygotowano lacznie 28
formulacji o sktadzie i metodzie wytwarzania przedstawionych zbiorczo w tabelach 1 1 2.
Jako substancj¢ czynng zastosowano pochodng imidazolu o dziataniu przeciwgrzybiczym
- klotrimazol (clotrimazolum - CLT, Pol-Aura, R6zanowo, Polska). Olej rzepakowy (Bunge
Polska sp. z o0.0., Kruszwica, Polska) zostal uzyty jako frakcja lipofilowa. Pluronic F-127
(Sigma-Aldrich, St. Louis, MO, USA lub Steinheim, Niemcy), Poloksamer 188 (Pol-Aura,
Rézanowo, Polska), Tween 80 (Sigma-Aldrich, St. Louis, MO, USA lub Steinheim,
Niemcy), a takze Span 80 (Sigma-Aldrich, St. Louis, MO, USA lub Steinheim, Niemcy)
zostaty uzyte jako surfaktanty i kosurfaktanty. Pozostate substancje pomocnicze stanowily
glikol polietylenowy 200 (PEG 200, Sigma-Aldrich, St. Louis, MO, USA lub Steinheim,
Niemcy), glikol propylenowy (Firma Chempur, Pickary Slaskie, Polska) i 90% kwas
mlekowy (Pol-Aura, R6zanowo, Polska). Wode klasy 1 wyprodukowano w laboratorium
stosujac urzadzenie Ultra (Hydrolab, Sp. z 0.0., Straszyn, Polska).

Podczas sporzadzania formulacji wykorzystano metody takie, jak mieszanie
z wykorzystaniem mieszadta magnetycznego (IKA Industrie und Kraftfahrzeugausriistung
GmbH, Konigswinter, Niemcy), homogenizacje szybkoobrotowa (ang. high-speed
homogenization - HSH, PRO250, PRO Scientific Inc., Oxford, CT, USA) oraz
homogenizacje wysokoci$nieniowa (ang. high-pressure homogenization - HPH, GEA
PandaPLUS 2000, GEA Mechanical Equipment Italia S.p.A, Parma, Wtochy).

Do zaplanowania eksperymentéw wykorzystano technike jednej zmiennej w czasie
(ang. ome-factor-at-a-time), aby umozliwi¢ doktadng obserwacj¢ wptywu czynnika na
wlasciwo$ci formulacji. Doktadne wyjasnienie celu sporzadzenia poszczegdlnych serii

doswiadczalnych znajduje si¢ w sekcji po§wigconej wynikom w publikacji B.

10



Tabela 1. Sporzadzone formulacje — sktad jakosciowo-ilosciowy oraz metoda otrzymywania.

Zrédto: publikacja B [20].

) Pozostale
Frakeja substancje
1 o
Seria ?,le] owa Surfaktanty (% w/w) pomocnicze(s) Metoda
(Y% wiw) o .
nr. (% wiw) otrzymywania
Olej Pluronic Poloksamer Tween Span 80 PEG Glikol
rzepakowy  F-127 188 80 P 200 propylenowy
1 40,0 10,0 - - - - - HPH 400
2 40,0 10,0 - - - - - HPH 800
3 40,0 10,0 - - - - - HPH 1200
4 30,0 10,0 - - - - - HPH 800
5 30,0 10,0 - - - - - HPH 1200
6 10,0 - - 10,0 - - - IM+HSH
7 10,0 10,0 - - - - - IM+HSH
HSH + HPH
8 40,0 10,0 - - - 20,0 - 800
HSH + HPH
9 40,0 20,0 - - - 10,0 - 800
10 40,0 10,0 - 10,0 - - - HPH 400
11 30,0 5,0 - 5,0 - - - HPH 800
HSH + HPH
12 20,0 45 - - 4.5 0.5 - 800
HSH + HPH
13 40,0 5.0 - - 5,0 - 0,5 800
HSH + HPH
14 20,0 45 . - 45 . - 200
HSH + HPH
15 40,0 18,0 - - 2,0 6,6 - 800
HSH + HPH
16 30,0 18,0 - - 2,0 6,6 - 800
HSH + HPH
17 20,0 18,0 - - 2,0 6,6 - 800
HSH + HPH
18 20,0 16,0 - - 4,0 6,6 - 800
HSH + HPH
19 20,0 14,0 - - 6,0 6,6 - 800
HSH + HPH
20 20,0 - 18,0 - 2,0 6,6 - 800
HSH + HPH
21 20,0 - 16,0 - 4,0 6,6 - 800
HSH + HPH
22 20,0 - 14,0 - 6,0 6,6 - 800
23 HSH + HPH
(S9:1) 20,0 - 18,0 - 2,0 6,6 - 1300
24 HSH + HPH
(S8:2) 20,0 - 16,0 - 4,0 6,6 - 1300
25 HSH + HPH
(S7:3) 20,0 - 14,0 - 6,0 6,6 - 1300

HSH — homogenizacja szybkoobrotowa, 13 000 £ 200 obr./min; HPH — homogenizacja wysokoci$nieniowa,
400 — 400 + 100 bar; 800 — 800 £ 100 bar; 1200 — 1200 £ 100 bar, 1300 — 1300 + 100 bar; IM — mieszanie

wstepne za pomocg homogenizatora szybkoobrotowego przy predkosci 1500 obr./min
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Tabela 2. Sktad jakosciowo-ilosciowy nanoemulsji zawierajacych CLT. Zrodto: publikacja B [20].

Zawarto$¢ [% w/w]

Skladnik
S9:1-CLT S8:2-CLT S7:3-CLT

Clotrimazolum

(CLT) 1,0 1,0 1,0
Olej rzepakowy 20,0 20,0 20,0
Kwas mlekowy 0,6 0,6 0,6

Pluronic F-68 18,0 16,0 14,0
PEG 200 6,6 6,6 6,6
Span 80 2,0 4,0 6,0
Woda klasy 1 51,8 51,8 51,8

Opis sporzadzania 1% wodnej zawiesiny CLT jako formulacji referencyjnej do

badan dostepnosci wolnej frakcji CLT przedstawiono w publikacjach B i C.

3.3. Kryterium selekcji formulacji do dalszych badan

W pracach rozwojowych nad nanoemulsja zawierajacg klotrimazol zastosowano
dwa kryteria kwalifikacji formulacji do dalszych badan. Ocena wizualna stanowita
kryterium 1., ktore zostalo opracowane celem odrzucenia serii do$wiadczalnych
niespetiajacych jednej z makroskopowych cech nanoemulsji, tj. przezroczystosci lub
pOlprzezroczystosci wynikajacej z wielkosci kropli oleju mniejszej niz dlugos¢ fali Swiatta
widzialnego oraz wykazujacych makroskopowe oznaki rozdzielenia fazy wodnej od
olejowej [21-23]. Oceny dokonano po 24 godz. od otrzymania formulacji.

Serie doswiadczalne o przezroczystym lub potprzezroczystym wygladzie, bez
makroskopowych cech $§wiadczacych o rozdzielaniu si¢ faz po czasie 24 godz. poddano
testowi wir6wkowemu zgodnie ze schematem zastosowanym przez Wik ef al. — kryterium
2 [24]. 1 mL badanej formulacji umieszczono w probdéwce wirowkowej typu Eppendorf i
poddano wirowaniu przez 30 min. przy 15 000 obrotow na min. w temperaturze 25 °C
korzystajac z wirowki laboratoryjnej Eppendorf Centrifuge 5417 R (Eppendorf AG,
Hamburg, Niemcy). Test wykonano w 3 powtoérzeniach (n = 3). Serie doswiadczalne bez
oznak rozdzielenia faz zakwalifikowano do dalszych badan.

3.4. Sporzadzanie zoptymalizowanych i wybranych do dalszych badan serii
doswiadczalnych

Do dalszych badan wybrano 3 serie doswiadczalne o sktadach przedstawionych

wtabeli 3 - S9:1, S8:2, S7:3 (ang. blank series), jak rowniez odpowiadajace im
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nanoemulsje zawierajace klotrimazol - S9:1-CLT, S8:2-CLT, S7:3-CLT. Serie te
sporzadzono metoda przedstawiong na Rycinie 1 i opisang w publikacji B i C.

Clotrimazole

Qil —

(o »  Lipophilic phase

N

Additional excipient(s)

Heating Equilibration

Magnetic stirring ion premix

Demineralized water

) High-speed High-pressure
homogenization homogenization

Surfactant Aqueous phase

-

Additional excipient(s)

Rycina 1. Otrzymywanie zoptymalizowanych formulacji na bazie nanoemulsji do dalszych badan. Przedruk
z publikacji B [20].

W pierwszym etapie otrzymywania formulacji, odwazone ilo$ci kosurfaktantu
1 PEG-u 200 dodano do uprzednio ogrzanego oleju rzepakowego i wymieszano do
ujednolicenia mieszaniny. Surfaktant rozpuszczono w wodzie klasy I i wprowadzono
kroplami do frakcji lipofilowej. Otrzymang makroemulsje pozostawiono do
ustabilizowania przez noc. Nastepnie, przeprowadzono homogenizacj¢ szybkoobrotowa
i po ochlodzeniu do temperatury pokojowej emulsje poddano 2 cyklom homogenizacji
wysokoobrotowej stosujac ci$nienie 1300 £ 100 bar. Wartos¢ ci$nienia zostata ustalona na
podstawie optymalizacji procesu przedstawionego w publikacji B.

3.5. Ocena wlasciwosci fizykochemicznych

Oceny wtlasciwosci fizykochemicznych serii do$wiadczalnych S9:1, S8:2, S7:3
oraz S9:1-CLT, S8:2-CLT, S7:3-CLT dokonano w publikacji B. Dokonano oceny
parametrow fizykochemicznych takich, jak: $rednia wielko$¢ kropli oleju zawieszonej
w fazie ciaglej nanoemulsji (z-average), wspotczynnik polidyspersyjnosci (ang.
polidyspersity index, PDI), warto§¢ potencjalu zeta ((-potential), wartosci pH
i osmolalno$ci. Pomiaréw $redniej wielkosci kropli oleju, objetosciowego rozktadu
wielko$ci kropli oleju, wspdtczynnika polidyspersyjnosci oraz wartosci potencjatu zeta
dokonano z wykorzystaniem urzadzenia Zetasizer Nano-ZS ZEN3600 (Malvern
Instruments Ltd., Worcestershire, Wielka Brytania) stosujac metod¢ Non-Invasive Back

Scatter method.
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Pomiaru pH dokonano z wykorzystaniem pH-metru Mettler Toledo SevenMulti S40
(Mettler-Toledo LLC, Columbus, USA) wyposazonego w elektrod¢ szklang, za$
osmolalno$¢ formulacji zmierzono za pomocg mikro-osmometru Loeser TYP 6 (Loeser
Messtechnik, Berlin, Niemcy). Probki do badah przygotowano zgodnie z procedurami
opisanymi w publikacji B. Wszystkie pomiary zostaty wykonane w 3 powtdrzeniach (n =
3).

3.6. Testy stabilnosci

Otrzymane nanoemulsje zawierajace CLT (S9:1-CLT, S8:2-CLT, S7:3-CLT)
poddano testom stabilnosci w okresie 28 tyg. obserwacji od czasu sporzadzenia probek.
Formulacje przechowywano w temp. 25 + 2 °C, w warunkach wilgotnosci 30-65%
iochrony przed $wiattem. Ocenie poddano wyglad formulacji (celem wykrycia
makroskopowych oznak rozdzielenia faz) oraz zmierzono srednig wielkos$¢ kropli oleju,
objetosciowy rozktad wielkos$ci kropli oleju, wspotczynnik polidyspersyjnosci, wartos¢
potencjatu zeta i odczyn pH w punktach czasowych 24 godz., 4 tyg. i 28 tyg. od czasu
sporzadzenia formulacji. Szczegdlowy opis znajduje si¢ w publikacji B. Wszystkie
pomiary zostaty wykonane w 3 powtorzeniach (n = 3).

3.7. Metoda HPLC

Zawartos¢ CLT w uzyskanych nanoemulsjach oraz w prdobkach otrzymanych
podczas badania dostgpnosci farmaceutycznej CLT (publikacje B i C) zmierzono
z wykorzystaniem techniki wysokosprawnej chromatografii cieczowej w uktadzie faz
odwréconych (ang. Reverse Phase — High-Performance Liquid Chromatography, RP-
HPLC). Oznaczanie stgzenia CLT przeprowadzono z wykorzystaniem chromatografu
cieczowego Shimadzu LC-2050C (Shimadzu U.S.A Manufacturing Inc., Canby, OR, USA)
wyposazonego w detektor diodowy DAD (ang. Diode Array Detector) 1 zastosowaniu
oktadecylowej kolumny chromatograficznej Phenomenex Gemini C18 o wymiarach 150
mm X 4.6 mm, 3 pm. Badanie prowadzono w warunkach elucji izokratycznej z uzyciem
fazy ruchomej skladajacej si¢ z acetonitrylu i 20 mM buforu fosforanowego o pH 6,8
w stosunku objetosciowym 60:40 stosujac predkos¢ przeptywu na poziomie 1,5 mL/min.

Zakres liniowos$ci metody i jej charakteryzacja zostaly przedstawione w publikacji B i C.
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3.8. Badanie zmiany stezenia wolnej frakcji CLT z nanoemulsji i formulacji
referencyjnych — pilotazowa metoda stacjonarna z wykorzystaniem mieszadla
magnetycznego
Badanie dostgpnosci farmaceutycznej CLT przeprowadzono jako funkcj¢ zmiany

stezenia wolnej frakcji CLT z nanoemulsji i formulacji referencyjnych. Badanie
przeprowadzono z wykorzystaniem aparatury sktadajacej si¢ z tazni wodnej (Erweka
GmbH, Langen, Niemcy), w ktorej zanurzono szklane naczynia (zlewki) o cylindrycznym
ksztalcie (Erweka GmbH, Langen, Niemcy) oraz wielostanowiskowego mieszadta
magnetycznego. Medium akceptorowe stanowito 300 mL 50 mM buforu fosforanowego
o pH = 3.5, co odpowiada fizjologicznemu odczynowi wydzieliny pochwowej. Badanie
prowadzono w temp. 37°C i przy predkosci obrotow mieszadta magnetycznego
wynoszacych 100 obr./min. Doktadny opis eksperymentu znajduje si¢ w publikacji B i C.
Badaniu poddano formulacje S9:1-CLT, S8:2-CLT, 1% zawiesing CLT i komercyjny
produkt referencyjny krem MycoHydralin zawierajacy 1% CLT (Bayer Healthcare, Loos,
Francja). Dla oddzielenia frakcji CLT zwigzanej w formulacji od wolnego CLT
wykorzystano worki dializacyjne Servapor (Serva Electrophoresis GmbH, Heidelberg,
Niemcy) wykonane z regenerowanej celulozy o warto$ci odcigcia masy czasteczkowej do
12 000 Da i porach o $rednicy 2,5 nm. Dla ujednolicenia postepowania do badan przyjeto
dlugos¢ worka dializacyjnego wynoszaca 7 cm przy Srednicy 16 mm. Do wnetrza
prekondycjonowanych workéw dializacyjnych wprowadzono odpowiednio po 5 mL
formulacji, zawiesiny lub kremu, po czym konce workow zabezpieczono klipsami.
Procedure pobierania i przygotowania probek do analizy opisano w publikacji B i C.

3.9. Wyniki badania zmiany kumulowanych iloSci wolnej frakeji CLT w funkcji
czasu - metoda przeplywowa USP IV
Celem zasymulowania dynamicznych warunkéw i zapewnienia maksymalnej

rozpuszczalnosci dla CLT przeprowadzono badanie zmiany st¢zenia wolnej frakcji CLT
znanoemulsji 1 produktow referencyjnych metoda dynamiczng, przeptywowsa
z wykorzystaniem aparatu przeplywowego (znany réwniez, jako USP apparatus IV)
[25,26]. Na aparaturg eksperymentalng sktadaly si¢: celka przeptywowa o pojemnosci 22,6
mL (CE 1, Sotax AG, Basel, Szwajcaria), ktéra zostala umieszczona w tazni wodnej od
temp. 37 °C oraz pompa ttokowa (CY 7-50, Sotax AG, Basel, Szwajcaria). Badanie
prowadzono w uktadzie otwartym, w ktérym medium akceptorowe stanowil 50 mM bufor

fosforanowy o pH 3,5. Pojemno$¢ rzeczywistg celki pomiarowej, uwzgledniajaca objetosé
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zajmowang przez ztoze szklanych kulek, ustalono na 18 mL. Predkos¢ przeptywu medium
ustalono na 2 mL/min., ktére uzyskano jako najmniejsza mozliwg predkos¢ przeptywu
medium gwarantujacg stabilng prace pompy CY 7-50. W celu oddzielenia badanych
formulacji od medium akceptorowego wykorzystano worki dializacyjne opisane
w rozdziale 3.8. Z uwagi na rozmiar celki objeto$¢ pojedynczej probki zredukowano do
2 mL. Badanie przeprowadzono dla nanoemulsji S9:1-CLT, S8:2-CLT, S7:3-CLT, a takze
formulacji referencyjnych, tj. 1% zawiesiny oraz kremu MycoHydralin. Szczegoly
dotyczace procedury pobierania i przygotowywania probek do analizy znajdujg si¢
w publikacjach B i C.
3.10. Badanie zmiany stezenia wolnej frakcji CLT z nanoemulsji i formulacji
referencyjnych - metoda stacjonarna z wykorzystaniem aparatu USP 111
Z powodu nieuzyskania dyskryminujacych warunkéw w pilotazowej metodzie
stacjonarnej przeprowadzono drugie badanie zmiany st¢zenia wolnej frakcji CLT
z nanoemulsji 1 produktéw referencyjnych metoda stacjonarng z wykorzystaniem aparatu
z ruchomym cylindrem, znanym rowniez jako aparat typu III wedtug USP [25,26].
Zastosowano urzadzenie Varian Bio-Dis Dissolution System z pompa VK 750D (Varian
Inc., Weston Parkway, Cary, USA). W badaniu uzyto medium akceptorowego opisanego
w podrozdziale 3.8. 200 mL 50 mM buforu fosforanowego o pH 3,5 umieszczono
w szklanych cylindrycznych naczyniach o pojemnosci 300 mL. Eksperyment prowadzono
w termostatowanych warunkach 37 °C. Zastosowano worki dializacyjne opisane
w podrozdziale 3.8. Z uwagi na mniejszy rozmiar komorki objetos¢ pojedynczej probki
zredukowano do 2 mL. Badanie przeprowadzono dla 3 formulacji, tj. nanoemulsji S8:2-
CLT (wybranej na podstawie wynikoéw zawartych w publikacji B), 1% zawiesiny oraz
kremu MycoHydralin. Predko$¢ ruchu posuwistego cylindrow, wewnatrz ktorych
umieszczono badane formulacje ustalono na 5 zanurzen na minutg. Procedurg pobierania
1 przygotowania probek do analizy opisano w publikacji C.
3.11. Badanie zmiany st¢zenia wolnej frakcji CLT z nanoemulsji i formulacji
referencyjnych - metoda przeplywowa z wykorzystaniem aparatu USP IV
i pompy strzykawkowej
Celem poszukiwania metody dostarczajacej warunkéw w najwiekszym stopniu
zblizonych do fizjologicznych, przeprowadzono badanie zmiany stezenia wolnej frakcji
CLT z nanoemulsji S8:2-CLT (wybranej na podstawie wynikow przedstawionych

w publikacji B) 1 produktow referencyjnych, tj. 1% zawiesiny CLT i kremu MycoHydralin
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metoda dynamiczna, przeptywowa z wykorzystaniem celki przeplywowej o pojemnosci
22,6 mL (CE 1, Sotax AG, Basel, Szwajcaria), wchodzacej w sktad aparatu przeptywowego
(USP apparatus 1V), oraz pompy strzykawkowej (PhD2000 Infusion, Harvard Apparatus,
Holliston MA, USA) [25,26]. Medium akceptorowe stanowit 50 mM bufor fosforanowy
opH 3,5, ktérego rezerwuar stanowily strzykawki o pojemnosci 30 mL umieszczone
w pompie strzykawkowej. Pojemno$¢ rzeczywista celki pomiarowej, uwzgledniajaca
objetos¢ zajmowang przez ztoze szklanych kulek, ustalono na 18 mL. Przeplyw medium
ustalono na 2 mL/h, co umozliwilo pobodr probek co 60 min. Badanie prowadzono w temp.
37 °C. Zastosowano worki dializacyjne opisane w podrozdziale 3.8. Z uwagi na rozmiar
celki objetos¢ pojedynczej probki zredukowano do 2 mL. Badanie przeprowadzono dla 3
formulacji, tj. nanoemulsji S8:2-CLT (wybranej na podstawie publikacji B), 1% zawiesiny
oraz kremu MycoHydralin. Procedure pobierania i przygotowania probek do analizy
opisano w publikacji C.
3.12. Analiza statystyczna wynikow

Wszystkich pomiaréw w publikacjach B i C dokonano w 3 powtdrzeniach (n = 3).
Zostatly obliczone wartosci $rednie (MV) oraz odchylenia standardowe (SD). Dokonano
analizy statystycznej wynikoéw za pomoca metody analizy wariancji (ANOVA) dla
poziomu ufnosci 95%. Obliczen dokonano korzystajac z wbudowanego narzedzia ,,Analiza

danych” w oprogramowaniu Microsoft Excel.

4. Najwazniejsze wyniki
4.1. Najwazniejsze wyniki przedstawione w publikacji A

Zgromadzono 172 pozycje pismiennictwa, w tym 34 dotyczace dopochwowych
postaci leku na bazie emulsyjnej (ang. Emulsion-based Vaginal Dosage Forms, EVDF)
oraz 138 pozycji stanowigcych podstawe teoretyczng dla przeprowadzonej analizy.

W publikacji A przedstawiono budowe anatomiczno-fizjologiczng pochwy oraz
wyszczegolniono cechy majace wplyw na podanie leku droga dopochwowa, tj. krotki czas
kontaktu z blong §luzowa pochwy, wymywanie formulacji z miejsca podania w wyniku
ciggtej produkcji wydzieliny pochwowej i duza zmienno$¢ osobnicza w budowie
anatomiczno-fizjologicznej. Jednakze, podanie leku droga dopochwowa pozwala na
uzyskanie lepszych rezultatow leczenia schorzen ginekologicznych przy uniknigciu dziatan
niepozadanych zwigzanych z podaniem ogolnoustrojowym. Btona $luzowa pochwy

cechuje si¢ stosunkowo duza powierzchnig wchtaniania, a rozbudowany system naczyn
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pozwala na szybkie wchtanianie si¢ leku z pominigciem krazenia watrobowego.
Dodatkowo w publikacji A przedstawiono wptyw sktadu jakosciowego wydzieliny
pochwowej i mechanizmy wchtaniania si¢ leku.

W ramach analizy aspektow technologicznych optymalnej postaci leku
dopochwowego wyznaczono kryteria istotne dla podania dopochwowego — zdolnos¢
postaci do transportu matych czastek hydrofilowych i lipofilowych, czesciowa zdolnos¢ do
rozpuszczania si¢ w wodnym S$rodowisku wydzieliny pochwowej, tatwos$¢ podania
i wlasciwosci bioadhezyjne [27,28]. Ponadto, posta¢ ta powinna cechowa¢ si¢ pH
zblizonym do fizjologicznego i osmolalnos$cig < 1200 mOsm/kg, aby unikng¢ dziatania
draznigcego na btong Sluzowa [29]. Przeanalizowano wptyw wielkosci czastek i ich
tadunku powierzchniowego na zdolno$¢ do pokonywania warstwy $§luzu obecnego na
btonie $luzowej. Biorac pod uwage wymienione czynniki zaproponowano postaci
emulsyjne jako optymalne nosniki dla leku dopochwowego. Przeprowadzono analizg stanu
techniki dla dopochwowych postaci leku na bazie emulsyjnej (ang. Emulsion-based
vaginal dosage forms, EVDF).

W dalszej czgséci pracy przedstawiono metody charakteryzacji tych postaci na
podstawie przegladu literaturowego i wykazano brak jednolitej metodologii badawczej,
ktéra czesto nie odzwierciedlata warunkow fizjologicznych. Przedstawiono przeglad
potencjalnych zastosowan EVDF w leczeniu schorzen ginekologicznych i w podaniu
systemowym. Wyznaczono kierunki dalszych prac nad rozwojem dopochwowych postaci
leku.

4.2. Najwazniejsze wyniki przedstawione w publikacji B
4.2.1. Wybor serii doswiadczalnych do dalszych badan oraz proces optymalizacji

W publikacji B przedstawiono proces technologiczny otrzymywania nanoemulsji
na bazie oleju rzepakowego do dopochwowego podawania CLT na podstawie wcze$niej
wyselekcjonowanych sktadnikéw. W trakcie prac badawczo-rozwojowych nad formulacja
sporzadzono 22 wstepne serie do§wiadczalne na podstawie, ktoérych wytoniono najbardziej
korzystny sktad i metode wytwarzania nanoemulsji, tj. sktad ten odpowiadat seriom 20, 21,
22 przedstawionym w tabeli 1. Formulacje 1-15 odrzucono z powodu niespetnienia
kryterium 1., natomiast formulacj¢ 16 z powodu niespetnienia kryterium 2. Uzyskane
nanoemulsje 17-19 odrzucono z powodu zelowania polimeru Pluronic F-127 w trakcie
procesu homogenizacji, ktory zastapiono Poloksamerem 188 w formulacjach 20-22, ktore

nastepnie poddano optymalizacji opisanej w publikacji B. Otrzymano ostateczne postaci
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przedstawione w tabeli 2. Wzrost ci$nienia w procesie homogenizacji powyzej 1300 bar
powodowat spadek zawartosci CLT nawet o 50% poczatkowej zawartosci leku.
4.2.2. Wtasciwosci fizykochemiczne
Wiasciwosci fizykochemiczne formulacji S9:1, S8:2, S7:3 1 odpowiadajacym im
nanoemulsjom z lekiem przedstawiono w tabeli 3. Otrzymane serie do§wiadczalne spetnity
indeks
polidyspersyjnosci < 0,3, ¢) pH w fizjologicznym zakresie 3,5—4,5 i d) osmolalno$¢ < 1200

wstepne zatozenia dotyczace: a) wielko§¢ kropli oleju < 90 nm, b)
mOsm/kg. Natomiast wartosci zmierzonego potencjatu zeta oscylowaly w granicach
zakresu warto$ci akceptowalnych + 20 mV lub wigksze;j.

Tabela 3. Wtasciwosci fizykochemiczne otrzymanych serii doswiadczalnych. Przedruk i adaptacja
na podstawie publikacji B [20].

Seria Z-average PDI Potencjal{ Osmolalnos¢ pH
doswiadczalna [nm] [mV] [mOsm/kg]
S9:1 67,39+0,32 0,130+ 0,007 -4,63 £ 0,34 - 3,61
S9:1-CLT 52,16+0,30 0,145+0,010 22,00+ 1,86 871 +25 4,18
S8:2 58,13+ 0,34 0,147 + 0,008 16,50 + 0,25 - 3,55
S8:2-CLT 55,49+0,44 0,159+ 0,009 19,70 + 1,50 852+ 17 4,06
S7:3 64,01 £0,11 0,089+ 0,012 -2,50+0,15 - 3,49
S7:3-CLT 56,11+0,27 0,132+0,005 22,90+ 0,27 758+ 5 4,01

Warto zauwazy¢, ze dodatek CLT do nanoemulsji spowodowal zmniejszenie
sredniej wielkosci kropli oleju, szczegdlnie widoczne w przypadku formulacji S9:1 1 S7:3,
jak rowniez wzrost wartosci bezwzglednej potencjatu zeta. Najmniej znaczace rdznice
pomiegdzy serig bez leku, a nanoemulsjg z CLT zaobserwowano w przypadku formulacji
S8:21 S8:2-CLT.

Objetosciowy rozktad wielkosci kropli oleju przedstawiono na rycinie X.
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Rycina 2. Objetosciowy rozktad wielkosci kropi oleju dla nanoemulsji wybranych do dalszych badan
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4.2.3. Wyniki testu stabilnosci

Wyniki przeprowadzonych testow stabilnosci przedstawiono w tabeli 4. Nie
zaobserwowano istotnych zmian w wygladzie nanoemulsji. Srednia wielko$¢ kropli oleju
nie miata tendencji do zwigkszania si¢ lub zmniejszania w czasie badania. Wartosci
wspotczynnika polidyspersyjnosci (PDI) zmalaty dla serii S8:2-CLT i S7:3-CLT, cho¢
zmiany te nie miaty jednak widocznego wptywu na rozklad wielkosci wedtug objetosci
w czasie (publikacja B, ryc. 5), ktéry nie ulegt istotnym zmianom. Potencjat { wykazywat
wiekszg zmienno$¢ w czasie. Po miesigcu potencjat  ulegl obnizeniu 0 0,7 mV (S7:3-CLT)
do 4,6 mV (S9:1-CLT), co nie bylo zwigzane ze zmianami pH. W przypadku S9:1-CLT
1 S7:3-CLT potencjat { wzrdst do wartosci bliskich poczatkowym po 28 tyg. Natomiast, dla
serii S8:2-CLT zaobserwowano wzrost wartosci potencjalu { o 4,5 mV w stosunku do
warto$ci poczatkowej osiagajac 24,20 mV. Dodatkowo, zauwazono, ze w przypadku serii
S7:3-CLT, ktéra wykazata najmniejszg zmienno$¢ $redniej wartosci potencjatu { w ciaggu
28 tyg. obserwacji, w ostatnim punkcie czasowym wystgpito wysokie odchylenie
standardowe dla serii S7:3-CLT, ktore bylo zwigzane z zaobserwowaniem 2 frakcji kropel

z przewagg dodatnich i ujemnych tfadunkéw mierzonych na ich powierzchniach.

Tabela 4. Wyniki testow stabilnosci. Przedruk z publikacji B [20].

Seria Czas Z-average PDI Potencjal { pH
doswiadczalna [tyg.] [nm] [mV]

S9:1-CLT 0 52,16+0,30 0,145+0,010 22,00+ 1,86 4,18
4 52,80+£0,06 0,141 +0,008 17,40 £ 0,10 4,17

28 53,22+0,17 0,143+0,014  21,60+1,49 4,13

S8:2-CLT 0 55,49+0,44 0,159+ 0,009 19,70 £ 1,50 4,06
4 54,62 +0,27 0,140+ 0,010 18,40 + 0,79 4,06

28 55,61 +0,15 0,131 +0,006 24,20+ 0,97 4,07

S7:3-CLT 0 56,11+0,27 0,132+0,005 22,90+ 0,27 4,01
4 56,20+0,20 0,119+0,004 22,20+ 0,81 4,02

28 56,77+0,31 0,116 £0,006 23,50 + 2,46 3,93

4.2.4. Badanie zmiany stezenia wolnej frakcji CLT z nanoemulsji i formulacji
referencyjnych — pilotazowa metoda stacjonarna z wykorzystaniem mieszadta
magnetycznego

Wyniki zmiany kumulowanych ilo$ci wolnej frakcji CLT w funkcji czasu

przedstawiono w publikacji B (ryc. 6). Zaobserwowano brak istotnych statystycznie roznic
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w uzyskanych profilach dla wszystkich testowanych nanoemulsji (p = 0,51). W ciagu
5 godz. trwania eksperymentu serie S9:1-CLT, S8:2-CLT 1 S7:3-CLT uzyskaty $rednig
maksymalng ilo§¢ uwolnionej wolnej frakcji CLT wynoszaca okoto 25-30% dawki leku.
Pomimo podobiefistw zaobserwowano pewne tendencje. Srednia maksymalna ilo$¢ wolnej
frakcji CLT dla S9:1-CLT byta nieco nizsza w poréwnaniu do innych nanoemulsji, dla
ktérych zaobserwowano podobne wyniki. Odnotowano wysokie SD dla kazdej serii
doswiadczalnej, najwyzsze zaobserwowano w przypadku S8:2-CLT, podczas gdy najnizsze
SD odnotowano dla S9:1-CLT. 1% zawiesina CLT zastosowana jako formulacja
referencyjna wykazywala podobng kinetyke do nanoemulsji z CLT (p = 0,67),
w przeciwienstwie do kremu z 1% CLT, ktéry uwalniat tylko 5% catkowitej dawki w ciagu
5 godz. Krem réznil si¢ istotnie statystycznie od nanoemulsji i 1% zawiesiny CLT
(p <0,05).

4.2.5. Wyniki badania zmiany kumulowanych ilosci wolnej frakcji CLT w funkcji czasu

— metoda przeptywowa USP IV
Wyniki badania pilotazowego przeprowadzonego przy uzyciu zestawu USP IV

przedstawiono w publikacji B (ryc. 7). Profile zmian kumulowanych ilo$ci wolnego CLT
dla badanych serii sg podobne i charakteryzujg si¢ niepelnym uwalnianiem API (p = 0,35).
Odchylenia standardowe byty niskie we wszystkich badanych formulacjach z wyjatkiem
serii S9:1-CLT, ktora rdwniez osiagneta najwyzszy poziom uwalnianego CLT do 10%
dawki, jednak roznice te byly nieistotne statystycznie. Dla formulacji S8:2, S7:3 1 1%
zawiesiny zaobserwowano podobne profile o nieco nizszych warto$ciach w poréwnaniu do
S9:1-CLT (p = 0,74) i1 znacznie wyzszych niz w przypadku kremu z CLT, tj. 2-3%
uwolnionej dawki API (p < 0,05).

4.3. Najwazniejsze wyniki przedstawione w publikacji C.

4.3.1. Wyniki badania zmiany kumulowanych ilosci wolnej frakcji CLT w funkcji czasu

- metoda USP 111
Wyniki uzyskanych profili zmiany stezenia wolnej frakcji leku w metodzie

z wykorzystaniem aparatu USP III przedstawiono na ryc. 2. w publikacji C. Podobnie jak
w przypadku pilotazowej metody stacjonarnej, zaobserwowano niepelne uwolnienie
wolnego CLT z postaci leku. W przeciwienstwie do metody stacjonarnej z mieszadlem
magnetycznym uzyskano znaczaco mniejsze odchylenie standardowe. W tej metodzie seria
S8:2-CLT osiagneta maksymalne stezenie odpowiadajace $redniemu uwolnieniu okoto

15% dawki CLT w ciggu 5 godz. Znaczaco nizszy wynik - $rednia okoto 7,5% -
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odnotowano w przypadku 1% wodnej zawiesiny. W przypadku komercyjnego produktu
referencyjnego MycoHydralin zaobserwowano zblizony wynik taki, jak w pilotazowe;j
metodzie stacjonarnej (§rednia okoto 5%). Migdzy obserwowanymi profilami odnotowano
istotne statystycznie réznice (p<0,05).
4.3.2. Wyniki badania zmiany kumulowanych ilosci wolnej frakcji CLT w funkcji czasu
- metoda przeptywowa z pompq strzykawkowq

Wyniki analizy profili zmiany st¢zenia wolnej frakcji leku w czasie, uzyskane
w metodzie przeptywowej z zastosowaniem pompy strzykawkowej, zostaty przedstawione
na ryc. 4. w publikacji C. W trakcie badania stwierdzono niepelne uwolnienie API.
Zaobserwowano nieznaczne odchylenie standardowe. W metodzie tej, najbardziej
zblizonej do warunkow fizjologicznych pod wzgledem objetosci medium - 18 mL
wewnatrz celki i przeptywie 2 mL/godz., formulacja S8:2-CLT osiagneta wyzszy od kremu
1 1% zawiesiny z CLT stopien wolnej frakcji CLT na poziomie 5% dawki API w ciggu
5 godz. Dla zawiesiny i kremu MycoHydralin zaobserwowano nizsze ilo$ci uwolnionej
wolnej frakcji leku na poziomie 2,5% dawki w czasie 5 godz. Jednakze, obserwowane
roznice okazaly si¢ by¢ nieistotne statystycznie (p=0,29).
5. Dyskusja 1 podsumowanie

Przeprowadzony przeglad literaturowy w publikacji A stanowit istotny wktad
w wyznaczenie wymagan dotyczacych wilasciwosci dopochwowej postaci leku, jak
rowniez wskazal na konieczno$¢ opracowania i usystematyzowania sposobow oceny
dopochwowych postaci leku na bazie emulsyjnej, dla ktéorych brakuje wymagan
w Farmakopei Europejskiej. Pierwszym istotnym elementem jest bardzo czgsty brak oceny
potencjatu draznigcego emulsji na bton¢ $luzowa pochwy zwigzanego z osmolalno$cia
formulacji i odczynem pH. Kolejnym istotnym aspektem jest brak usystematyzowanych
metod badania dostgpnosci farmaceutycznej substancji czynnej z tej postaci leku. Wsrod
zebranych doniesien naukowych dominowaly metody dla doustnych postaci leku (aparaty
koszyczkowy 1 topatkowy), ktorych objetos¢ stosowanego medium akceptorowego jest
250-500-krotnie wyzsza od fizjologicznej objetosci wydzieliny pochwowej. Swiadczy to
o koniecznosci rdwnoleglego rozwijania nie tylko dopochwowej postaci leku na bazie
emulsyjnej, ale rowniez metod jej oceny.

W publikacji A przedstawiono réwniez najczestsze schorzenia dotyczace zenskiego
uktadu rozrodczego, wsrdd ktorych bezsprzecznie dominujg infekcje o etiologii grzybiczej

wywolane przez drozdzaki Candida spp.
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W publikacji B podjeto probe sporzadzenia formulacji, ktora stanowitaby nosnik
dla modelowego leku — klotrimazolu i spetnialaby wymagania przedstawione w publikacji
A, tj. a) wielko$¢ kropli fazy olejowej < 90 nm, aby przeciwdziata¢ procesom starzenia
emulsji 1 jednoczes$nie zapewni¢ jej zwickszong retencj¢ w obrgbie blony $luzowej; b)
warto$¢ bezwzgledna potencjatu zeta < +20 mV celem zapewnienia relatywnej stabilnosci
uktadu; c) indeksu polidyspersyjnosci, PDI < 0,3, aby zapewni¢ homogenno$¢ uktadu; d)
pH w zakresie fizjologicznym 3,5-4,5; oraz e) osmolalno§¢ < 1200 mOsm/kg
zmniejszajaca ryzyko potencjalnego dzialania draznigcego na bton¢ $luzowa pochwy
[15,21,29-31].

Do wytworzenia formulacji wybrany zostal olej rzepakowy z uwagi na jego
korzystne wilasciwosci zmniejszajace stan zapalny, ktory czesto towarzyszy infekcjom
grzybiczym pochwy, oraz dziatanie przyspieszajace regeneracje tkanek, wynikajace
z zawarto$ci kwaséw omega 3-6-9 [32-35]. Dodatkowo, olej rzepakowy jest surowcem
powszechnie dostepnym, odpornym na wysoka temperaturg czgsto towarzyszaca procesom
przemystowym i nie wptywajacym na zwigkszenie zuzycia maszyn w przeciwienstwie do
oleju Inianego. Na podstawie przeprowadzonych badan wykazano, ze optymalnym
surfaktantem jest poloksamer 188, ktory w przeciwienstwie do poloksameru 407 (Pluronic
F-67) ma wyzsza temperatur¢ zelowania nie powodujac zmian w strukturze formulacji
podczas homogenizacji wysokocisnieniowej [36]. Jako kosurfaktant wykorzystano Span
80, za$ pozostate substancje pomocnicze stanowily kwas mlekowy (dostosowanie pH)
1 PEG 200 (poprawa rozpuszczalno$ci substancji czynnej). W procesie technologicznym
wykorzystano homogenizacj¢ szybkoobrotowa celem dokladnego wymieszania
sktadnikéw 1 wstgpnego zmniejszenia kropli fazy olejowej. Proces homogenizacji
wysokocisnieniowej mial na celu dalsze rozbicie kropli na mniejsze i ujednolicenie ich
wielkosci. Ponadto, proces ten dostarczat do uktadu energii kinetycznej poprawiajac
stabilno§¢ emulsji. Jednakze, przekroczenie cis$nienia krytycznego 1300 + 100 bar
powodowato utratg czesci substancji czynnej [37].

Uzyskane formulacje spetnily kryteria w zakresie wielko$ci kropli oleju,
wspotczynnika polidyspersyjnosci, pH i osmolalnosci. Warto odnotowaé, iz formulacja
S8:2 znaczaco odbiegata od pozostatych pod wzgledem ksztaltu objetosciowego rozktadu
wielkosci kropli fazy olejowej. Wezsza podstawa wykresu objetosciowego rozktadu
wielkosci kropel, przesunigta w kierunku kropel o mniejszej $rednicy wynika z uzyskania

odpowiedniego stosunku surfaktantu do kosurfaktantu, ktoére przyczynily si¢ do
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zmniejszenia napi¢cia miedzyfazowego 1 zwigkszenia elastyczno$ci warstwy surfaktantu,
co skutkowalo uzyskaniem uktadu o wyzszej entropii [38]. CLT jako staba zasada wykazat
zdolno$¢ do wplywania na warto$¢ potencjatu zeta i stabilizowania nanoemulsji, zostalo to
rowniez zaobserwowane w pracy Borhade et al. [39]. Wynika to z faktu, ze CLT jako
pochodna imidazolu posiada zdolno$¢ do akceptowania protonéow wodorowych
przechodzac w posta¢ zjonizowang i zwickszajac swoja rozpuszczalnos¢. Wskazywac to
moze na lokalizacje czastek CLT w obrebie granicy faz lipofilowej i hydrofilowej
uzyskanych nanoemulsji.

Kwas mlekowy, PEG 200, poloksamer 188 i CLT zostaty zidentyfikowane jako
substancje osmotycznie czynne [40—43]. Stezenia CLT kwasu mlekowego i PEG-u 200
pozostawaly niezmienne dla wszystkich serii, jedynie ilo$¢ poloksameru ulegata zmianom
co znalazto odzwierciedlenie w osmolalno$ci formulacji. Nanoemulsja S9:1-CLT miata
jednoczesnie najwicksza zawarto$¢ poloksameru i najwyzsza zmierzong osmolalnosé, zas
S7:3-CLT przeciwnie, dlatego ten surfaktant zostal zidentyfikowany jako gtéwny czynnik
wplywajacy na osmolalno$¢ formulacji. Dane literaturowe potwierdzaja bezpieczenstwo
stosowania poloksameru w wysokich st¢zeniach przekraczajacych nawet 20%, podobnie
jak w przypadku Spanu 80, dla ktérego nie obserwowano wiasciwosci draznigcych dla
stezenia > 40% [36,44].

Pomimo warto$ci potencjatu zeta oscylujacych przy dolnej granicy akceptowalnego
poziomu +20 mV, nanoemulsje w testach stabilnos$ci zachowaty dostateczng stabilno$é¢
z wyjatkiem serii S7:3-CLT, gdzie zaobserwowano podziat tadunku na wartosci dodatnie
iujemne, co wplywa¢ Dbedzie na przyspieszenie procesow  flokulacji,
koalescencji i w konsekwencji rozdzielenia si¢ faz [22,23,45,46].

Pilotazowe badanie zmiany stezenia wolnej frakcji CLT w funkcji czasu zostato
przeprowadzone celem oceny dostgpnosci farmaceutycznej CLT z uzyskanej nanoemulsji.
Zastosowanie btony polprzepuszczalnej miato na celu oddzielenie formulacji od medium
akceptorowego. Formulacje na bazie nanoemulsji (S9:1-CLT, S8:2-CLT, S7:3-CLT)
cechowaty si¢ wysokimi odchyleniami standardowymi, ktore nie byly obserwowane na tak
wysokim poziomie w przypadku kremu i zawiesiny. Otrzymane nanoemulsje wykazaty
stosunkowo wysoka, ale akceptowalng osmolalnos¢, co spowodowato powstanie ci§nienia
osmotycznego migdzy nanoemulsja znajdujaca si¢ wewnatrz workow dializacyjnych
a medium akceptorowym na zewnatrz. Skutkowato to naptywem buforu fosforanowego do
formulacji. Podobne obserwacje dotyczace wplywu ci$nienia osmotycznego zostaly

opisane w publikacjach dotyczacych koloidow lub nanomaterialdw umieszczonych
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wewnatrz workow dializacyjnych [47-49]. W pilotazowej metodzie stacjonarnej
z wykorzystaniem mieszadta magnetycznego nie uzyskano warunkéw dyskryminujacych
arodznice obserwowane pomigdzy formulacjami S9:1-CLT, S8:2-CLT, S7:3-CLT oraz
zawiesing CLT nie wykazywaly roznic istotnych statystycznie. Srednie wartosci wolnej
frakcji CLT uzyskanej w czasie 5 godz. siggaly poziomu 20-30% dawki leku. Krem
MycoHydralin osiaggnat istotny statystycznie nizszy wynik (p < 0,05) — okoto 5% dawki
leku w badanym czasie. Nalezy jednak uwzgledni¢ fakt, ze penetracja kremu przez medium
jest znacznie utrudniona.

W publikacji B przedstawiono dodatkowo wyniki badania zmiany kumulowanych
ilosci wolnej frakcji CLT w funkcji czasu stosujac metode przeplywowa z wykorzystaniem
aparatu przeptywowego (USP IV). Powodem zastosowania tej metody byla ocena
zachowania si¢ formulacji w warunkach ciggltego wymywania substancji czynnej przez
medium akceptorowe, symulujacych wymywanie formulacji przez wydzieling pochwowa.
Zastosowano uktad otwarty przedstawiony na ryc. 2 w publikacji B. W tej metodzie
sumaryczna objetos¢ medium akceptorowego przeptywajaca przez celke wynosita 600 mL.
Ciagly przepltyw $wiezego medium w znacznym nadmiarze miatl na celu ulatwié
rozpuszczalno$¢ CLT. Uzyskano jednak wyniki o okoto 2,5 razy nizsze niz w przypadku
metody z uzyciem mieszadta magnetycznego dla formulacji S9:1-CLT, S8:2-CLT, S7:3-
CLT oraz 1% zawiesiny z CLT. Obserwowane roznice byly istotne statystycznie (p < 0,05).
W przypadku kremu MycoHydralin, rowniez zaobserwowano spadek kumulatywnych
ilosci wolnej frakcji CLT, jednak w poréwnaniu z metoda stacjonarng roéznice nie byly
istotne statystycznie (p = 0,10). Obserwowane réznice mi¢dzy metodami wynikajg
z obecnosci 1 wlasciwosci surfaktantow obecnych w nanoemulsjach. CLT jako substancja
lipofilowa (log P = 6,1) wykazuje wigksza rozpuszczalnos¢ w Spanie 80 niz
w poloksamerze. Jednoczesnie, Span 80 jest mniej mieszalny z woda. Ciagly przeplyw
swiezego medium wptywa na wymywanie kosurfaktantu i jego nizsze stezenie w medium
po zewngtrznej stronie membrany, utrudniajgc penetracje CLT przez membrang.
Poloksamer 188, jako hydrofilowy surfaktant, jest w stanie szybciej dyfundowa¢ do
medium akceptorowego zwigkszajac rozpuszczalno§¢ CLT w pordéwnaniu z buforem
fosforanowym bez dodatku §rodkéw powierzchniowo czynnych. Jednak poloksamer nie
jest w stanie wptyna¢ na zwigkszenie rozpuszczalnosci CLT w takim stopniu jak Span 80.
W rezultacie, w metodzie stacjonarnej z mieszadtem magnetycznym zaobserwowano
wyzsze kumulowane ilosci wolnej frakcji CLT niz w przypadku metody przeptywowe;.

Potwierdzeniem powyzszej hipotezy jest fakt uzyskania najwyzszego stezenia CLT
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w metodzie przepltywowej przez formulacje S9:1-CLT, za§ w metodzie stacjonarnej
najnizszego wyniku spos$rod badanych nanoemulsji. W metodzie stacjonarnej, w ktorej
Span 80 nie byl wymywany z uktadu, najwyzsze kumulowane ilosci wolnej frakcji CLT
osiggneta formulacja o najwyzszej zawartosci Spanu 80 — S7:3-CLT. Potwierdzenie tej
hipotezy wymagato jednak prowadzenia dalszych badan w bardziej dyskryminujacych
warunkach z uzyciem metod charakteryzujacych si¢ wyzsza precyzja (nizsze SD), aby
potwierdzi¢ silny wptyw surfaktantow obecnych w formulacji na réznice w kinetyce
uwalniania wolnego CLT. Innym czynnikiem, ktéry mogt mie¢ wplyw na ten parametr, jest
ci$nienie osmotyczne, jednak w obu eksperymentach zaobserwowano zblizone pecznienie
worka dializacyjnego.

Na tym etapie wybrano nanoemulsje S8:2-CLT jako optymalng do dalszych badan
z uwagi na najmniejsza zmiennos$¢ potencjatu zeta dla formulacji z lekiem 1 proby $lepe;j.
Dodatkowo zaobserwowano wzrost st¢zenia wolnej frakcji CLT zauwazalnie szybciej niz
w przypadku pozostatych formulacji.

Celem prac przedstawionych w publikacji C byto opracowanie metody do oceny
kumulowanych ilosci wolnej frakcji CLT w funkcji czasu. Na podstawie wynikow
z publikacji B do badan wykorzystano nanoemulsje S8:2-CLT i formulacje referencyjne:
1% wodng zawiesing CLT i komercyjny krem MycoHydralin. W tym celu zastosowano
dodatkowe dwie metody — jedng symulujaca warunki stacjonarne z wykorzystaniem
aparatu typu USP III i druga, ktéra miata odzwierciedla¢ warunki fizjologiczne,
uwzgledniajaca wykorzystanie celki przeplywowej i pompy strzykawkowej. Pierwsza
metoda stacjonarna z wykorzystaniem mieszadta magnetycznego cechowata si¢ wysokim
rozrzutem wynikow, ktory wynikal ze stresu mechanicznego, jakiemu poddane zostaly
worki dializacyjne doprowadzajac do mikrouszkodzeh w strukturze membrany
dializacyjnej wskutek cisnienia osmotycznego, powodujacego naptyw medium do
formulacji oraz obracajacego si¢ mieszadta magnetycznego, ktére podczas losowego
kontaktu z membrang wywierato na nig nacisk. W odpowiedzi na ten problem zastosowano
metode z wykorzystaniem aparatu z ruchomym cylindrem, ktérego sposob mieszania
wywiera mniejszy stres mechaniczny niz uderzenie mieszadta magnetycznego. Uzyskano
wyniki o wigkszej precyzji niz w przypadku pilotazowej metody i wykazano istotne
statystycznie roznice (p < 0,05) — formulacja S8:2-CLT osiagneta okoto 15% dawki leku,
zawiesina okoto 7,5%, za§ krem MycoHydralin okoto 5%. Zmierzone wartosci sg
w przyblizeniu nizsze o 1/3 w porownaniu do pilotazowej metody, co moze wynikaé

z dwoch potencjalnych czynnikéw — zmniejszenia objetosci buforu fosforanowego z 300
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mL do 200 mL lub ilo$ci surfaktantéw pochodzacych z formulacji, ktérych teoretyczne
stezenie maksymalne w medium akceptorowym bytoby nizsze o okoto 1/3. Zwiekszenie
ilosci formulacji ponad 2 mL uniemozliwiata konstrukcja ruchomego cylindra z uwagi na
konieczno$¢ zaginania worka dializacyjnego, co miatoby wptyw na dyfuzj¢ leku przez
btong.

W publikacji C przedstawiono réwniez metode, ktora stanowila potaczenie metody
stacjonarnej 1 wolnej wymiany medium w matej objetosci celem symulacji warunkow
zblizonych do fizjologicznych. Zastosowano przeptyw 2 mlL/godz. z wykorzystaniem
pompy strzykawkowej umozliwiajacy pobor probek co 1 godz. Jednoczesnie zredukowano
tez objetos¢ medium pozostajacego w kontakcie z badanymi probkami do 18 mL. Lacznie,
poczatkowa objeto$§¢ medium i wymieniona w trakcie przeplywu stanowila tylko 14-
krotno$¢ fizjologicznej objetosci wydzieliny pochwowej w poréwnaniu do innych metod,
w ktérych stosowano 100-krotno$¢ (aparat z ruchomym cylindrem), czy nawet 500-
krotno$¢ (aparat koszyczkowy i lopatkowy) objetosci. W obserwowanym czasie
kumulowana ilo§¢ wolnej frakcji CLT wyniosta okoto 5% dla nanoemulsji S8:2-CLT, co
bylo warto$cig 2-krotnie wigksza niz obserwowana dla zawiesiny i kremu MycoHydralin.
Tak niskie warto$ci powoduja trudnosci w ocenie metody z uwagi na brak istotnych
statystycznie roéznic (p = 0,29). Wydluzenie czasu trwania eksperymentu lub zwigkszenie
czestotliwos$ci probkowania mogtoby utatwi¢ uzyskanie warunkow dyskryminujacych,
jednak wigzaloby si¢ ze zwickszeniem sumarycznej ilosci medium akceptorowego.

W publikacji C na ryc. 5 przedstawiono poréwnanie wynikow dla poszczeg6lnych
formulacji w zalezno$ci od zastosowanej metody. Dla nanoemulsji wyraznie widoczny jest
wplyw zastosowanej metody na uzyskane wyniki (p < 0,05). W przypadku zawiesiny
zaobserwowano istotne statystycznie roznice (p < 0,05), jednak wyniki uzyskane za
pomoca metod z aparatem przeplywowym i aparatu z ruchomym koszyczkiem byty
porownywalne. Kumulowane ilo$ci wolnej frakcji CLT dla kremu MycoHydralin byty
zblizone, jednak roznice byly istotne statystycznie (p < 0,05). Podsumowujac, wybor
metody badania dostgpnosci farmaceutycznej ma kluczowe znaczenie dla uzyskanych

wynikow.
6. Wnioski

Opracowanie  bezpiecznych i skutecznych  wielokompartmentowych

dopochwowych formulacji lekow na bazie emulsji powinno uwzglednia¢ anatomig
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i fizjologi¢ pochwy. Na podstawie analizy bibliograficznej mozna stwierdzi¢, ze
dopochwowe postaci na bazie emulsji sg obiecujagcymi nosnikami lekéw do miejscowego
i ogblnoustrojowego stosowania srodkow przeciwdrobnoustrojowych
1 przeciwnowotworowych.

Otrzymane w ramach niniejszej dysertacji nanoemulsje zostaty sporzadzone przy
uzyciu metod umozliwiajacych transfer technologii na skalg przemystowa. Uzyskano
nanoemulsje cechujace si¢ korzystnymi warto$ciami w zakresie sredniego rozmiaru kropli,
jednorodnosci, fizjologicznego pH, osmolalnosci 1 akceptowalnej stabilno$ci. Pomimo
znacznych podobienstw wsrod otrzymanych nanoemulsji, najbardziej obiecujace
wlasciwos$ci wykazala seria S8: 2-CLT, ktorg wybrano do dalszych badan.

Istotny jest brak zalecen dotyczacych badania dostepnosci farmaceutycznej
substancji czynnych z dopochwowych postaci leku na bazie emulsyjnej. Wybor metody ma
istotny wptyw na uzyskane wyniki badania, dlatego kluczowe znaczenie ma opracowanie
ujednoliconego protokotu testowania dostepnosci farmaceutycznej leku, ktéry zapewni
dyskryminujagce wyniki 1 begdzie symulowatl warunki fizjologiczne, pozwalajac
jednoczesnie na poréwnanie formulacji. Najbardziej dyskryminujagce warunki zapewnita
metoda stacjonarna z wykorzystaniem aparatu z ruchomym cylindrem. Dodatkowo,
metoda ta spetnia kryteria do zastosowania w przemysle z uwagi na wykorzystanie
standaryzowanej aparatury.

Uzyskane w wyniku przeprowadzonych badan nanoemulsje zapewniaja wicksza
dostepnos¢ farmaceutyczng CLT w poréwnaniu do klasycznych postaci leku — zawiesiny
i kremu, jednak wymagane sa dalsze badania nad opracowaniem koncowej postaci
dawkowania o wilasciwosciach mukoadhezyjnych w celu wydtuzenia czasu retencji

w pochwie.
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Abstract: In order to overcome the limitations associated with vaginal administration of drugs,
e.g., the short contact time of the drug form with the mucosa or continuous carrier wash-out, the
development of new carriers for gynecological use is necessary. Furthermore, high individual
anatomical and physiological variability resulting in unsatisfactory therapeutic efficacy of lipophilic
active substances requires application of multicompartment drug delivery systems. This manuscript
provides an up-to-date comprehensive review of the literature on emulsion-based vaginal dosage
forms (EVDF) including macroemulsions, microemulsions, nanoemulsions, multiple emulsions and
self-emulsifying drug delivery systems. The first part of the paper discusses (i) the influence of
anatomical-physiological conditions on therapeutic efficacy of drug forms after local and systemic
administration, (ii) characterization of EVDF components and the manufacturing techniques of these
dosage forms and (iii) methods used to evaluate the physicochemical and pharmaceutical properties
of emulsion-based vaginal dosage forms. The second part of the paper presents (iv) the results of
biological and in vivo studies as well as (v) clinical evaluation of EVDEF safety and therapeutic efficacy
across different indications.

Keywords: vaginal formulations; vaginal drug delivery; emulsion-based dosage forms; vaginal
administration; drug carriers for gynecology

1. Introduction

The vaginal route of drug administration has been commonly used for many years in
contraceptive delivery methods and the treatment of local vaginal infections in the form of
vaginal solutions, ointments, pessaries, rings, suppositories and tablets [1]. However, in
order to overcome limitations related to intravaginal drug administration, i.e., short contact
time with mucosa, constant washing-out by vaginal discharge, low volume of vaginal
discharge and high individual anatomical and physiological variability, there is a need
for novel gynecological formulations development, such as hydrogels, films, micro- and
nanoemulsions or nanoparticles-based drug delivery systems [2-10]. The vaginal route as a
potential way for systemic drug delivery has also been considered [11]. Nonetheless, there
are several limitations affecting drug bioavailability after intravaginal application related
to physiological factors of female genitals and physicochemical properties of the drug
itself [11]. The drug absorption process from the vaginal lumen has two main steps—drug
dissolution in the vaginal discharges and the mucosa drug penetration stage [12]. The ideal
vaginal product should be water soluble, able to penetrate biological membranes and be
resistant to washing out. As a result, most technological studies are focused on the devel-
opment of easy to administer, highly mucoadhesive formulations [3,10,13]. Emulsions, as
multi-compartment preparations, in contrast to conventional hydrophilic formulations,
allow the simultaneous vaginal application of hydrophilic and lipophilic substances, re-
ducing the risk of pharmaceutical incompatibilities. Furthermore, emulsion-based vaginal
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dosage forms (EVDF) in comparison to hydrophilic carriers exhibit favorable formulation
properties for vaginal administration, i.e., increased retention time at the application site
and controlled penetration of active substances through the vaginal mucosa [2,3,5,6,10].
This review aims at providing the readers with a comprehensive analysis of the
composition, manufacturing methods and evaluation methodology of emulsion-based
vaginal dosage forms as well as the therapeutic effects achieved after administration of
these formulations. For this purpose, Scopus and Web of Science databases were searched,
using the intravaginal, vaginal, gynecological, emulsion, microemulsion, nanoemulsion,
multiple emulsion, SEDDS (Self-Emulsifying Drug Delivery Systems), *vagin* and *emuls*
keywords and limiting the period time from 2000 to 2020. Examples of EVDF have already
been briefly discussed in the context of mucoadhesion and vaginal formulations, however,
to the best of our knowledge, this is the first review which provides the current status of
multicompartment emulsion-based vaginal dosage forms, enabling this group of colloidal
formulations to stand out from other available topical formulations [3,4,10,14,15].

2. The Anatomical and Physiological Aspects Intravaginal Drug Application
2.1. Vaginal Anatomy

When designing a novel vaginal drug form, anatomical and physiological aspects must
be considered. These include the properties of the vaginal environment (e.g., pH, volume
of vaginal discharge or the presence of microorganisms), its total inner surface, the vaginal
vascularization and mucus structure. The vagina is a part of the female internal genitalia,
located in the pelvis minor and described as an extensible, collapsible, fibromuscular,
curved tube connecting the uterus (cervix) with the vulval vestibule [16,17]. The vagina is
attached at its upper end to the uterus above the cervix. The spaces between the vagina
and the cervix called fornices consist of anterior, lateral and posterior parts [18]. The vagina
is 6-12 cm long and 2.1-5.0 cm wide. As the posterior vaginal wall is attached to the uterus
higher than the anterior wall, the length of the posterior part is 8-12 cm and the length of
the anterior part is 6-9 cm. Vaginal length is age-dependent and shortens by ca. 0.08 cm per
10 years with menopause enhancing this process [18,19]. Vaginal walls are in apposition
so that in the cross-section vaginal lumen is centrally flattened and broadens towards
the ends, and thus, the cross-section of vagina reminds the shape of letter H [19]. The
H-shaped cross-section of the vagina comes from central flattening of the vaginal lumen
with broadening towards the ends. The thin vaginal wall consists of three layers. The
inner layer is the vaginal mucosa formed of nonkeratinized, squamous epithelium which
is connected to the middle layer—lamina propria—composed of collagen and elastic tissue
with significant vascular and lymphatic circulation surrounded by the smooth muscle
coating. The third layer is the outer fibrous layer—tunica adventitia—which contains large
plexus of blood vessels [1,18,19]. The anatomy of the female reproductive system is shown
in Figure 1.
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Figure 1. The vaginal anatomy with its wall structure (adapted from [18]).

2.2. Vascularization of the Vagina

The vagina has a vast anastomotic vascular system which is connected with the uterine
artery, branch of the internal iliac artery or vesical or rectal venous plexuses. Extensive
vascular networks from the middle and upper regions of the vagina are connected to
inferior vena cava bypassing hepatic blood circulation which, in consequence, lowers the
impact of hepatic metabolism (i.e., first pass effect) on the drug plasma concentration after
intravaginal application [12,19]. On the other hand, vast connections of the vaginal vascular
system with the uterus are responsible for the so-called first uterine pass effect (FUPE) and
accumulation of the drug in the uterus. FUPE is well described for hormones, i.e., measured
concentrations of progesterone are higher in endometrial tissues and lower in blood plasma
after intravaginal administration in comparison to intramuscular injections [20]. The
described phenomena may prove beneficial in the treatment of uterus cancer by reducing
the risk of serious side effects related to high anticancer drug plasma concentrations after
systemic application. On the other hand, uterus accumulation of narrow therapeutic index
drugs (NTI-drugs), e.g., cytostatic agents administered in the adjuvant therapy of cancer,
may have a toxic effect and lead to serious side effects [7,21]. The vaginal application could
also be considered as a route of systemic drug administration due to rich vascularity of
the vagina [11]. Wing et al. [22] studied intravaginal delivery of misoprostol and proved
higher efficiency and fewer side effects in the induction of labour and ripening of cervix
compared to oral administration.

2.3. Vagina Surface Area

The unique physiological environment prevailing inside the vagina and the vaginal
surface properties determine intravaginal formulations requirements for spreadability,
extensibility and extended contact time of the drug with the mucosa. The total vaginal
inner surface area varies across individuals, wherein the volume of vaginal lumen limits
the maximum applicable dose. Early measurements and estimations of vaginal surface
area displayed large discrepancies (50 and 600 cm?) that are now narrowed to ca. 360 or
390 cm? depending on the measuring method [14]. Differences arise from the increase of
vaginal mucosa surface in reproductive-aged women by the folds and microridges called
the rugae which cover epithelial cell surface especially in the lower third of the vagina. The
size of vaginal epithelium changes additionally during the menstrual cycle due to estrogen
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sensitivity. In summary, the formulation contact surface area with vaginal mucosa depends
on individual factors, e.g., age, stage of the menstrual cycle and depth of application into
the vagina, due to the presence of folds in different parts of the organ [1,10,18,19].

2.4. Vaginal Mucosa and Vaginal Discharge

Another factor influencing the drug absorption process after intravaginal applica-
tion is the three-layer construction of the vaginal wall and the presence of an inter-
nal mucosa layer deprived of secretion glands. A thin layer of vaginal discharge (ca.
1-2 mL) on the surface of vaginal walls is constantly present providing the lubrication
for the vagina. However, no exact data on ambient vaginal discharge volume is available.
Mean production of vaginal secretions is ca. 1.5-2.0 mL per 8 h, up to 6.0 mL per day.
The vaginal discharge volume is directly proportional to the estrogen level and inversely
proportional to the progesterone level [23]. Furthermore, sexual stimulation enhances
the production of vaginal discharge up to 2.8 mL per hour [24]. The discharge origins
in the vaginal venous plexus, where it is secreted by the cervical and Bartholin glands
through transduction, and is primarily composed of water, 1-2% of mucin and electrolytes
including sodium (Na*) and potassium (K*) [14,18,19,24]. Mucin is one the most abundant
glycoprotein in the vaginal mucus layer and it is responsible for the gel-like mucus mesh
properties formed from negatively charged mucin fibers. Average vaginal discharge pH is
between 3.8 to 4.5, however other reports expand the normal pH value of vaginal discharge
from 3.4 to 6.4, with an average pH at 4.7 [19]. The acidity of the vaginal environment
is controlled by the constant secretion of lactic acid by Lactobacillus spp. bacteria [25].
Vaginal discharge pH may be affected by age, hormonal stimulation during menstruation,
menopause, pregnancy, inflammations, composition of vaginal microbiota, presence of
pathogenic microorganism and even ethnical origin and race [24,26-32]. The presence
of vaginal discharge on the mucosal surface, including its quantity and pH, influences
the drug dissolution as well as passive and active drug transport through the vaginal
membrane [1,33]. Vaginal discharge pH level affects drug dissociation as pH regulates
the ionization of active substances and, in consequence, has an impact on permeation of
non-ionized drug through the vaginal mucosa [33]. Passive and active drug absorption
processes from the vaginal lumen occur not only via transcellular and paracellular routes,
but also by the means of vesicular and receptor-mediated transport [1,11,33]. In general,
after vaginal application, lipophilic molecules are transported by the transcellular route,
while hydrophilic substances are absorbed by paracellular diffusion. Low molecular weight
lipophilic drug molecules undergo better absorption than the larger ones or hydrophilic
compounds [33]. Constant secretion of the vaginal discharge and its high viscosity form a
strong diffusional barrier for drug absorption [11]. In order to achieve high permeability
crucial for systemic administration of a drug, low molecular weight lipophilic APIs (active
pharmaceutical ingredients) should be encapsulated in water-based formulations due to hy-
drophilic vaginal environment and small ambient volume of vaginal discharge. Increased
quantity of the discharge could enhance poorly water-soluble drugs absorption, on the
other hand, the constant fluid secretion could cause the decrease of API bioavailability as a
result of formulation wash-out.

2.5. The Influence of Vaginal Microbiota

The vaginal microbiota controls the acidity of vaginal secretions through the lactic acid
production [25]. The most abundant group of vaginal microbiota are the Lactobacillaceae spp.
(28.1%), followed by Bifidobacteriaceae spp. (10.1%) and Prevotellaceae spp. [34]. L. crispatus and
L. iners are the most commonly reported within Lactobacillus spp. in women of reproductive
age, but L. jensenii and L. gasseri presence has also been described [35,36]. In most cases one
or two of Lactobacillus species, rather than many different species, are isolated from the
vagina of a particular patient [36]. The vaginal lactobacilli apart from acidification have
the ability to produce hydrogen peroxide and bacteriocins which eradicate pathogenic
microorganisms [37]. Composition of vaginal microbiota undergoes dynamic changes as a
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consequence of ageing, pH changes, hormonal status, ethnicity, genetic background and
exogenous factors, i.e., administered medicines, contraceptive method as well as sexual,
behavioral and hygiene practices, diet or stress [38,39]. There are variances in the pregnant
and non-pregnant women microbiota composition which can be used for early prediction
of pre-term births [40-42]. Slight changes in microbiota composition were also observed in
patients with deep endometriotic lesions [43].

3. Technological Aspects of Vaginal Formulations Development

Based on the anatomical and physiological aspects of the intravaginal drug admin-
istration route, the optimal intravaginal formulation should (a) enable the delivery of
low molecular weight hydrophilic or lipophilic compounds as they have the highest
absorption rates due to their transport mechanism; (b) be partially water-soluble due
to the aqueous properties of the vaginal discharge; (c) be easy to administer; (d) have
bioadhesive properties in order to prevent washing-out from the vaginal lumen [14,44].
Another influential property of an intravaginal drug formulation is its osmolarity. Based
on WHO recommendations for lubricants [45], the intravaginal formulations should have
pH of about 4.5, while their osmolarity should be below 1200 mOsm/kg and ideally not
exceed 380 mOsm/kg. Machado et al. analyzed the osmolarity of market-available semi-
solid formulations, i.e., creams and gels for intravaginal drug delivery with antifungal
azoles, antibacterials and estrogens [46]. Authors concluded that hypotonic formulation11
< 260 mOsmol/kg increase particles penetration through the mucus layers leading to im-
proved and rapid drug absorption. These formulations are also considered safer for vaginal
epithelium due to the reduction of time needed to obtain the effective drug concentration
and therapeutic effect [46,47]. It has been reported that hyperosmolar vaginal dosage
forms with microbicide could cause vaginal irritations, increase toxicity and infection
susceptibility to, e.g., HSV-2 [47,48].

Size of drug carrier particles in the formulation also affects the penetration of APIs
through the mucus layer [14,49]. Particles within the range of 200-500 nm penetrate
cervicovaginal mucus in a more efficient way than particles sized around 100-150 nm.
In turn, particles smaller than 100 nm enter pocket-like mucus mesh channels where
they are immobilized. Larger particles with sizes ranging 200-500 nm are too big to
enter the pocket-like channels, so they penetrate mucus mesh more rapidly [49-51].
Frey et al. and Ponchel et al. [52,53] found that particles greater than 1000 nm are not able
to enter channels in the gastrointestinal mucus mesh. The studies on vaginal mucus mesh
are limited, however structural similarities between different types of mucus have been
shown, hence the possible application of these findings in relation to vaginal mucus mesh.
Additionally, not only the size of drug vehicles matters but also the chemical composition
of the vehicle surface [14]. Lipophilic drugs are immobilized in the mucus mesh due to the
electrostatic and hydrophobic interactions between mucins fibers and lipophilic vehicles.
The nature of this phenomenon was analyzed by Lai et al. and Wang et al. by anchoring
hydrophilic and neutrally charged motifs on a hydrophobic polystyrene surface. In this
case addition of hydrophilic polymers forms a “slippery surface” by the reduction of hy-
drophobic interactions between the hydrophilic PEG-coated particles and the hydrophobic
mugcin fibers, resulting in rapid penetration of the particles through the cervicovaginal
mucus [49,54,55]. Ensign et al. also highlighted hydrophobic interactions as a barrier to
nanocarriers [51].

The bioadhesion of a vaginal formulation to the vaginal mucus can be enhanced
by the addition of positively charged polymers, e.g., N-trimethyl chitosan. This process
takes advantage of electrostatic attraction between the negatively charged mucin and
the positively charged polymer particles. Enhanced binding to the mucins results in an
increased resistance to formulation wash-out after application [56,57]. The summary of
optimal API and formulation properties is presented in Table 1.
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Table 1. API and formulation properties imperative to vaginal drug delivery forms development [14,44-57].

Properties

API

low molecular weight hydrophilic or lipophilic compounds

Formulation

water-soluble

bioadhesive

reduced hydrophobic interactions (details in Section 3)
increased viscosity or thermogelling properties

easy administration

pH~4

osmolarity < 1200 mOsm/kg, ideally < 380 mOsm/kg
inner phase particle/droplets size in the range:

O 100-150 nm—formulations intended to act within the vaginal mucus

@) 200-500 nm—formulations intended to penetrate through the mucus to the vaginal
epithelium

O >1000 nm—formulations intended to act on the surface of vaginal mucus

3.1. Emulsions—Based Vaginal Dosage Forms (EVDF)

In 1972 Everett defined O/W emulsion as disperse systems, where the continuous phase
is an aqueous solution (W) in contrary to W/O, where a continuous phase is an oil or other
organic liquid (O) [58]. Following the IUPAC Gold Book, an emulsion is defined as a fluid
colloidal system in which liquid droplets and/or liquid crystals are dispersed in a liquid [59].

The addition of surfactants and cosurfactants (Spix) is required to obtain such colloidal
systems. Emulsions are classified according to their droplet size (macro- vs. microemul-
sions) and composition of both continuous and inner phase (e.g., O/W or W/O). However,
thermodynamic and kinetic stability needs to be considered while distinguishing between
micro- and nano-emulsions [60-71]. Pre-emulsions, on the other hand, are defined as a
self-emulsifying drug delivery system (SEDDS), forming emulsion in situ after dilution
with aqueous media [72]. The terms self-emulsifying drug delivery system (SEDDS), self-
microemulsifying drug delivery systems (SMEDDS) or self-nanoemulsifying drug delivery
systems (SNEDDS) might be questionable from a physical point of view as spontaneous for-
mation of an emulsion is a characteristic of a microemulsion and low-energy emulsification
might be misinterpreted as a self-emulsification process [67].

In this review we use ‘SEDDS’, ‘SMEDDS’ and ‘SNEDDS’ following the definition pro-
posed by Pouton as pre-formulations of an isotropic mixture of oils and surfactants which
form emulsions after contact with body fluids [72]. The classification and characteristics of
emulsion-based dosage forms are presented in Table 2.
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Table 2. Classification and characteristic of the emulsion-based dosage form [58-72].

Type of Formulation Macroemulsion Microemulsion Nanoemulsion Multiple Emulsion SEDDS 2
. Translucent or . Depending on the
Appearance Milky Transparent transparent Milky vehicle P
Droplet size >500 nm Typically < 1000 nm <500 nm >1000 nm <100 nm
. Spherical and . . Spherical and
Droplet shape Spherical non-spherical Spherical Multiple droplets non-spherical *
Often low (single, Low or moderate
Polydispersity Often high narrow distribution (single or multiple Often high Often low ?
peak) distribution peaks)
. Often
Thermodynamically . .
Stability and kinetically Thermodynamically Kinetically stable thermOd.yna.mlcauy -
stable and kinetically
unstable
unstable
Manufacturing High and low-energy Spontaneous High and low-energy Two-steps Spontaneous
methods methods formation methods low-energy process formation ?

2 This column covers properties of SMEDDS and SNEDDS listed in Section 3.1, data are given for formulations diluted with aqueous media;
b formulation properties before a dilution with aqueous media.

Given that emulsions consist of two phases, aqueous and oil, they have the ability to
deliver lipophilic and hydrophilic APIs simultaneously. Depending on the type of emulsion,
it is possible to obtain droplets size in the range of nano- to micro-meters enabling to control
mucus barrier penetration. The drug membrane penetration can also be enhanced by the
use of medium- and long-chained mono/triglycerides as the oil phase or an addition
of nonionic surfactants and cosurfactants. Additionally, incorporation of API into the
lipid phase has drug-protective properties against enzymatic components of mucus and
fluids [73]. Figure 2 shows a comparison of the behavior between emulsion-based dosage
forms and hydrophilic forms when administered vaginally, demonstrating the advantages
of the emulsion-based dosage forms.

BLOOD VESSEL

VAGINAL MUCOSA

ZOo~nmmo >

EMULSION-BASED

HYDROPHILIC

DOSAGE FORMS
DOSAGE FORMS LIPOPHILIC DRUG
HYDROPHILIC DRUG
VAGINAL DISCHARGE © INCOMPATIBILITY
A.B - DRUG SUBSTANCES

Figure 2. Comparison of vaginal emulsion-based and hydrophilic drug dosage forms.

3.2. The Technological Aspects of Emulsion-Based Vaginal Dosage Forms
3.2.1. The Vaginal Drug Dosage Form Compositions

Emulsion-based vaginal dosage forms are composed of dispersed (lipids, oils) and
continuous (aqueous solutions) phases, surfactants, cosurfactants and other excipients
required to control pharmaceutical properties of the formulation (see Table 3).
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Table 3. Excipients used as the components of emulsion-based vaginal drug formulations [74-106].

Excipients Group/Function Applied Excipient
Mineral oils Paraffin oil/White Vaseline
. 1 Copaiba oil, Eucalyptus essential oil, Geranium oil, Lemongrass
Vegetable oils and essential oils essential oil Mentha essential oil, Soybean oil, Tea Tree oil
Sterols Cholesterol
Phospholipids Phospholipon 90G (soybean lecithin at 90% of phosphatidylcholine)
Oil phase Fatty acids Oleic acid
Fatty acid monoesters Capryol 90 (propylene glycollmonocaprylate), C.etyl pahmtate., Glycerol
monolaurate, Isopropyl myristate, Monoglycerides of caprylic acid
Captex 300 (medium-chain triglyceride of caprylic and capric acid),
oo . Labrafac lipophile (medium-chain triglycerides of caprylic and capric
Fatty acid diesters/triesters acid), Labrasol (PEG-8 caprylic/capric glycerides), other undefined
medium chain triglycerides
Alkene derivates Parleam (Hydrogenated polyisobutene)
Organosilicon compounds Cyclomethicon tetramer, Cyclomethicon pentamer
Polysorbates: Tween 20 (polysorbate 20), Tween 80 (polysorbate 80)
Sorbitan esters: Span 60, Span 80
PEG derivatives: Gelucire 44/13 (mono/dri/triglycerides and PEG-32
mono- and diesters of lauric acid), Labrasol (PEG-8 caprylic/capric
Non-ionic surfactants glycerides), Kolliphor EL/Cremophor EL (PEG-35 castor oil), Kolliphor
HS (Macrogol (15)-hydroxystearate), Kolliphor RH 40/Cremophor RH
40 (PEG-40 castor oil)
Polyoxyethylene derivatives: Brij 20 (polyoxyethylene (20) cetyl ether)
Surfactants Polyoxypropylene derivatives: Pluronic F68 (Poloxamer 188), Pluronic
F127 (Poloxamer 407)
Amphoteric surfactants Amino acid derivatives: Tego Betain F (Cocamidopropyl Betaine)
Cationic surfactants Amins: Cetylpyridinium chloride
Organosilicon compounds: Abil WE 09 (polyglyceryl-4 isostearate;
Cetyl PEG/PPG-10/1 dimethicone; hexyl laurate), Abil EM 90 (Cetyl
Other surfactants PEG/PPG-10/1 Dimethicone)
Bacterial saccharides: Exopolysaccharide from B. vallismortis WF4
strain (mannose/glucose/xylose/arabinose)
Ethanol, glycerol, propylene glycol, transcutol P
Alcohols (2-(2-ethoxyethoxy)ethanol)
Phospholipids Soy phosphatidylcholine
Cosurfactants Fatty acids and their monoesters ~ Caprylic acid, Capryol 90 (propylene glycol monocaprylate)
PEGs and PECs derivatives iggrasol (PEG-8 caprylic/capric glycerides), PEG 200, PEG 300, PEG
Polysorbates Tween 20, Tween 80
Carbomers: CP 934 (Carbopol 934), CP 940 (Carbopol 940), CP ETD
2020 (Carbopol ETD 2020), CP U 10 NF (Carbopol Ultrez 10 NF), Tego
Carbomer 341
Gelling agents Polyoxypropylene derivatives: Pluronic F127 (Poloxamer 407)
Polysaccharides: Chitosan, HPMC (hydroxypropyl methylcellulose),
NaCMC (sodium carboxymethyl cellulose), Xantural (XG, xanthan
Other
gum)
Preservatives Benzyl alcohol, Chlorocresol, Methylparaben, Sodium benzoate
pH regulators Lactic acid, Phosphate buffer, Triethanolamine
Electrolytes Magnesium sulphate, Sodium chloride
Humectants Propylene glycol, PEG 200
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Oil Phase

Several oils have been proposed as dispersed phase in EVDF formulations including
vegetable oils (i.e., copaiba oil or soybean oil), mineral oils (i.e., paraffin oil) [74], and essen-
tial oils, sterols [75], phospholipids [76,77], fatty acids, fatty acid esters, poly alcoholic fatty
acid esters, alkene derivatives and organosilicon compounds (Table 3) [78,79]. Organosili-
con compounds, i.e., cyclomethicone tetramer and pentamer, were used in manufacturing
of water-in-silicone (W/S) macroemulsions enabling controlled release of the API from the
formulation and enhanced washing-out by vaginal secretion resistance [80,81].

For the preparation of vaginal microemulsions and SEDDS systems, fatty acid deriva-
tives such as Captex® 300 (ABITEC, Columbus, USA), Capryol® 90 (Gattefossé, Saint-Priest,
France), glycerol monolaurate and oleic acid have been used as the oil phase compo-
nents [76,77,82-88]. These excipients exhibited high solubility of lipophilic compounds,
e.g., clotrimazole or tetrahydrocurcumin and were also selected due to their additional prop-
erties, such as strong microemulsifying properties (Capryol® 90, Gattefossé, Saint-Priest,
France), anti-HIV activity (glycerol monolaurate) and low toxicity (Captex® 300, ABITEC,
Columbus, USA) [76,77,82-88]. Cetyl palmitate and other diesters and triesters of fatty
acids, e.g., Labrasol® (Gattefossé, Saint-Priest, France), triglycerides of medium-length fatty
acids have also been proposed in the preparation of vaginal emulsions [76,79,82-86,89-92].
The medium- and long-chain mono/triglycerides are frequently utilized as the oil phase
due to their advantageous safety profile and enhanced absorption of the active substance
upon application to mucous membranes [73]. Furthermore, the essential oils, e.g., tea tree
oil, eucalyptus oil, geranium oil, mint essential oil from M. spicata var. virdis and lemongrass
oil, can act as multifunctional excipients due to their antimicrobial properties [93-96].

Surfactants

Surfactants are amphiphilic chemical compounds enabling the decrease of surface and
interfacial tension, i.e., the tension that forms at the interface between immiscible phases
of colloidal systems [58]. Surfactants adsorb at the hydrophilic and hydrophobic phase
interface, depending on their chemical structure, allowing to obtain different types of O/W
or W/O emulsions. The size of the droplets, degree of polydispersity (defined as polydis-
persity index, PDI) as well as the kinetic and thermodynamic stability can be controlled
via carefully selected mixture of surfactants and cosurfactants. The surfactants are usually
classified according to their experimentally determined hydrophilic-lipophilic balance
(HLB, in the range of 0-20), which is structure-based. The higher the HLB value, the more
hydrophilic the surfactant. Surfactants with HLB value 0-7 form W /O emulsions, whereas
wetting agents with HLB value >7 form O/W emulsions [107]. Apart from the surfactant’s
chemical nature, the properties and type of the obtained emulsion are influenced by the
surfactant concentration in the formulation, the so-called surfactant-to-oil ratio (SOR). In
nanoemulsions containing oils of natural origin, SOR value is usually <2, whereas in the
case of microemulsions, which require a steeper reduction in surface tension, the SOR is
often higher (usually >2), as a result of lower ability of these systems to incorporate the
dispersed phase [108,109]. Rao et al. in their study homogenized a formulation composed
of lemon oil, Tween 80 and water using low, medium and high SOR values and obtained
different types of emulsion systems: macro-, nano- and microemulsions, respectively [109].
The higher surfactant concentration in formulations can extend the physical stability of the
emulsion, but often at the cost of reducing the hydrophilic or lipophilic phase content. In
water-in-silicone oil (W/S) emulsions (see Table 4) characterized by high interfacial tension
between the silicone and aqueous phases an increase in the concentration of the surfactant
in the system results in a size decrease of dispersed phase droplets and an increase in their
homogeneity. It occurs until a critical value of dispersed droplets size is reached for a given
composition, above which further increase of the surfactant content in the formulation
does not change size and homogeneity of a W/S emulsion [110].
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Table 4. Vaginal macroemulsions, microemulsion- and nano-emulsion-based dosage forms—composition, characteristic properties and manufacturing methods.
API (Indication) Formulation Oil Phase/Surfactant/Cosurfactant/Others 1.’art1cle PDI Zeta Potential Manufacturing Method Ref.
Size (nm) (mV)
Vaginal macroemulsions
Benzydamine . . . .
(Antibacterial / Anti- Emulgel white Vaseline, paraffin/ n.a’. /n.a./Water phase: NaCMC, na na na Mixing [106]
. glycerol, citrate buffer
inflammatory)
Progesterone W/ S cyclomethicone pentamer/ Abll WE 09/ glycerol/Sodium 10003000 na na Mixing [81]
(n.a.) emulsion chloride
Ciprofloxacin W/S cyclomethicone pentamer ortetramer/Abil WE 09/ glycerol/ . ..
(Antibacterial) emulsion Sodium chloride 2230-2540 na na Mixing [80]
Vaginal microemulsion
) Captex 300/Cremophor EL, Phospholipon 90 G, Propylene
. Microemulgel Glycol/PEG 200/Seaspan carrageenan, Viscarin 30-80 n.a n.a na [100]
(Contraceptive) .
carrageenan, Sodium benzoate
- . Captex 300/Cremophor EL, Pluronic F68, Phospholipon g
(Contraceptive) Microemulgel 90G, Propylene glycol/Xanthan gum, Sodium benzoate 30-80 n-a n-a n-a (771
Vanadocene . Captex 300, Phospholipon 90G/Cremophor EL, Pluronic
(Contraceptive) Microemulgel F68/Xanthan gum 30-80 n.a n.a n.a [76]
Fluconazole . Capryol 90/Cremophor EL/Benzyl alcohol, chlorocresol, CP ..
(Antifungal) Microemulgel ETD 2020 24 0.98 n.a Mixing [84]
Clotrimazole . Capryol 90/Cremophor EL/Benzyl alcohol, chlorocresol, CP o
(Antifungal) Microemulgel ETD 2020 48 0.75 n.a Mixing [82]
Sertaconazole . . . Mixing, dissolving API under
(Antifungal) Microemulgel Oleic Acid/Tween 80/Propylene glycol/CP 940 26 0.55 0.26 ltrasonication [86]
Tetrahydro-
_curcumin Microemulgel Gycerol monolaurate/ Tween 20/ T.ranscutol P/CP U 10 NF, 130 0.18 na Low-energy .(mlxmg and [85]
(Vaginal microbicide, triethanolamine heating)
HIV protection)
Phloretin . . S .
Microemulsion Oleic acid /Tween 20/Ethanol 11 n.a n.a Mixing [83]

(Anti-inflammatory)
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Table 4. Cont.

(Antifungal)

homogenization)

API (Indication) Formulation Oil Phase/Surfactant/Cosurfactant/Others I.’artlcle PDI Zeta Potential Manufacturing Method Ref.
Size (nm) (mV)
Vaginal nanoemulsion
Itracpnazole Nanoemulgel Tea tree oil/ Tween 20/Labrasol /CP 934, Poloxamer 407 42 0.12 —44 Low-energy method (mixing) [94]
(Antifungal)
Oxiconazole Isopropyl myristate /Cremophor EL/Ethanol/HPMC or XG B ) .
(Antifungal) Nanoemulgel or CP 934 26 0.55 34 Low-energy method (mixing) [90]
. . . . Low-energy method (mixing,
Clotr}mazole Nanoemulsion Labrafac lipophile/Labrasol/Capryol 90/Propylene glycol 153-186 0.37 151 heating), High-energy method [91]
(Antifungal) (aqueous phase) 0.85 ..
(sonication)
Lo sy mated (i)
Curcumin Nanoemulgel Soybean o0il/Tween 20/Propylene glycol/Chitosan 211 0.34 —33 8 8y N [98]
. . (high-speed homogenization
(Antibacterial) Lo
and ultrasonication)
Lo oy el (riing
cranberry Nanoemulgel Oleic acid/Tween 20/Glycerol/Chitosan, lactic acid 58 0.20 —16 8 Y N [92]
. . (high-speed homogenization
(Antibacterial) O
and ultrasonication)
Mentha essential oil Mentha essential oil/ Tween 80/PEG 400/CP 940, B High-energy method
(Antifungal) Nanoemulgel methylparaben, triethanolamine 178 0.18 32 (high-speed homogenization) %3]
Nvstatine Low-energy method (mixing),
Y Nanoemulsion Paraffin oil/Exopolysaccharide/PEG 400 131 0.08 —40 High-energy method [74]
(Antifungal) s
(ultrasonication)
Low svrgy mthod (in)
Polyphenon 60 Nanoemulsion Labrasol/Cetylperidinum chloride/Glycerol 151 0.20 55 s 24 N [79]
- . (high-speed homogenization
(Antibacterial) O
and ultrasonication)
. . High-energy method
Geranium oil . . . . .
Nanoemulgel Geranium oil/Span 80/ Tween 20/Chitosan 281 0.32 53 (high-speed and high-pressure [93]
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Table 4. Cont.

Syngonanthus nitens

Cholesterol /Brij 20/Soy phosphatidylcholine/Chitosan,

Low-energy method (mixing),

(Bong..) extract Nanoemulsion phosphate buffer 111 0.30 2 ngh—ene.rgy. method [75]
(Antifungal) (sonication)
Imiquimod Nanoemulsion Copaiba oil/Span 60/ Tween 80 190 0.11 n Low-energy method (mixing [78]
(Cancer treatment) ahoemuisio opaiba oll/opa ee ' a and solvent evaporation)
Eucglyptu's essential Nanoemulsion Eucalyptus essential oil/Polysorbate 80/Sorbitan 68 018 _9 High-energy (hlgh—speed [96]
oil (Antifungal) monooleate homogenization)
Lemongrass essential o . . .
oil Nanoemulsion Lemongrass essential oil/Polysorbate 80/Sorbitan 9 021 _8 High-energy (.h1g.h—speed [96]
. monooleate homogenization)
(Antifungal)

n.a.—information not available.
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The increase of surfactant content at the cost of the hydrophilic phase may be compen-
sated after vaginal application of small volumes of the formulation that is diluted with the
secretions present in the vaginal lumen (ca. 1-2 mL) [23]. When low SOR emulsions are
obtained it is possible to use a higher ratio of the oil phase, thus increasing the hydrophobic
API content in the formulation and enabling for a dose decrease.

When establishing the surfactant composition for EVDF additional aspects such as
the API’s solubility in the chosen excipient composition and their safety profile should
be considered. In order to obtain the highest possible concentration of poorly soluble
active substances in the formulation the solubility studies of an API are conducted us-
ing mixtures of oil and surfactants. This may consequently be a determining factor for
the choice of surfactants and cosurfactants, especially if these systems have a high SOR
value [79,82,84,85,90,92,97-99]. As surfactants are used as spermicides with vaginal mu-
cosa irritating properties [100], analysis of their safety profile after the vaginal application
is another important criterion in the surfactant selection process. Some of the well-known
non-ionic and ionic surfactants such as benzalkonium bromide, nonoxynol-9, sodium
dodecyl sulphate and Triton X-100 have potential mucosal irritating activity and are rarely
used in gynecological formulations [111-113]. Additionally, some surfactants, such as Cap-
mul MCM, have an inhibitory effect on the growth of endogenous vaginal bacterial flora
creating a risk of potential infections [114]. On the other hand, advantageous properties of
surfactants such as the API permeation enhancement through the vaginal mucosa have
been well-documented in the case of Polysorbate 80 and Labrasol and can be employed
to improve the therapeutic efficacy of the administered drugs [73]. The list of surfactants
used as components of EVDF is summarized in Table 3.

Multiple emulsions are a specific case of emulsion systems whose manufacturing
requires both lipophilic and hydrophilic surfactants (see Table 5). A non-ionic silicone
based Abil EM 90 W/O emulsifier is the most commonly used lipophilic surfactant in
the formation of internal emulsion, while a hydrophilic surfactant, e.g., poloxamer 407
provides w/o/w multiple emulsion stability by encapsulation of w/o emulsion in external
aqueous phase [89,101-104]. In turn, obtaining SEDDS formulations is a difficult process
due to the limited number of oil-surfactant combinations capable of forming these systems
(see Table 6). This process requires numerous preliminary tests to select the type and
mutual proportion of these components [115].
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Table 5. Vaginal multiple emulsions—composition, characteristic properties and manufacturing method.

o . Oil Phase/Lipophilic Surfactant/Hydrophilic Particle Size Zeta Potential Manufacturing
API(s) (Indication) Formulation Surfactant/Other (nm) PDI (mV) Method Ref.
Wi: benzalkonium chloride
©: octadec{ylanpne Multiple emulsion Parleam/Abil EM 90/Poloxamer 407 >5000 n.a. n.a. Two-step process [101]
W: lactic acid
(Antibacterial)
Wi benzalkomum c:‘hlorlde . . Parleam/Abil EM 90/Poloxamer 407 /Sodium Raynal method
W>: chlorhexidine Multiple emulsion . >5000 n.a. n.a [104]
. . chloride [71]
(Antibacterial)
Wj: metronidazole .
W>: Ornidazole Multiple emulsion Parfg;r;ﬁgbiixios/iof:; mer >8000 n.a. n.a. Rayna[l;lr}ethod [102]
(Antibacterial) & P
O: Clotrimazole Multiple Labrafac lipophile, Cetyl palmltate/ Abil EM 90, Modification of
(Antifungal) emulsion-based gel Span 60/Cocamidopropyl Betaine/Tego >29,000 n.a. —55 Raynal method [89]
Carbomer 341, Sodium chloride [71]

n.a.—information not available, O—oil phase, W1—internal aqueous phase, W2—external aqueous phase.



Int. . Mol. Sci. 2021, 22, 6455 15 of 39
Table 6. Vaginal self-emulsifying drug delivery systems—composition, characteristic properties and manufacturing method.
API (Indication) Formulation Oil Phase/Surfactant/Cosurfactant/Others Particle Size PDI Zeta Potential Manufacturing Ref.
(nm) (mV) Method
UC 781 Mono- and diglycerides of caprylic .
(HIV-protection) SMEDDS acid/Cremophor RH40/PEG 300 13 025 %2 Mixing [59]
Curcumin Medium chain triglycerides/Cremophor B ..
(HPV-protection) SNEDDS RH40/PEG 200, Caprylic acid, Tween 80 38 035 ! Mixing [105]
. Solid-state Captex 300/Kolliphor HS/Polyvinyl alcohol, .
(%’Zeig'};:;(;:ﬁjsrofees:gg grel) SNEDDS Vaginal calcium silicate, microcrystalline cellulose, 50 0.09 -7 M;z;rrlri :iil;let [87]
p tablet Kollidon CL, Magnesium stearate
The Sgi}f;ls“;fxﬁﬁf;‘;'term SNEDDS Captex 300/ Kolliphor HS/Dimethyl-acetamide 37 0.05 -5 Mixing [88]
Multiple Medium chain triglycerides/Lipophilic:
Wji: siRNA micr mpl ion Cremophor RH40, Span 80; Hydrophilic: 167 0.18 _ Twoost . [103]
(Gene silencing) croemisio Cremophor RH 40/ Lecithin (hydrophilic and ' O7Siep process
SEDDS gel . N . ,a
lipophilic) /‘thermosensitive gel
Lawsone SMEDDS hollow Capryol 90/Gelucire 44/14/Tween 80/Ovucire .
(Antifungal) pessary WL3460, beeswax 12 0.27 -1 Mixing [97]

?—based on information provided by the authors, gel composition was not specified, n.a.—not available, W;—internal aqueous phase.
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Cosurfactants

Carefully selected cosurfactants can increase the stability of the obtained emulsion,
reduce the size of the emulsion droplets and the required concentration of surfactant in
the formulation. Cosurfactants increase the ability of the oil-surfactant system to emulsify
the aqueous phase and further reduce the tension present at the hydrophilic-lipophilic
interface. An example of the beneficial effect of ethylene glycol used as a cosurfactant in
combination with the Cremophor EL in microemulsions and nanoemulsions with ethyl
oleate as an oil phase is the achievement of a twofold reduction of the inner phase droplet
size and a significant reduction of PDI compared to formulations obtained without the
addition of the cosurfactant [116,117]. The commonly used cosurfactants in the EVDF in-
clude (Table 3): short-chain mono- and polyhydric alcohols [79,83,85,86,90,92,98], soybean
phosphatidylcholine [75], fatty acids and fatty acid esters [91,105], polyethylene glycols
and their derivatives [74,94,95,99,105] and polysorbates [78,93,97].

Other Excipients

In emulsion-based vaginal dosage forms several other excipients such as gelling agents,
electrolytes, pH regulators, humectants and preservatives (also acting as antiseptics) are fre-
quently employed to modify pharmaceutical properties of the formulation. The addition of
gelling polymers, i.e., carbomer, chitosan, hydroxypropyl methyl cellulose (HPMC), methyl
cellulose (MC), sodium carboxymethyl cellulose (NaCMC), Pluronic F127, xanthan gum to the
aqueous phase increase formulation viscosity enabling for improved stability, emulsion adhe-
siveness and contact time at the application site [76,77,82,84-86,89,90,92-95,98,118-122]. The
increased viscosity of the formulation facilitates homogeneous dispersion of the droplets in
the continuous phase, limits the mobility of the oil droplets and, as a consequence, prevents
flocculation and creaming processes [118-122]. The addition of a gelling polymer results in
the transformation of an emulsion into an emulgel, increasing the system’s resistance to pH
level changes and oxidation [123]. The microemulgels have been the most commonly used
forms among microemulsion-based vaginal dosage forms [76,77,82,84-86]. The addition
of polymers to microemulsions reduces the mobility of the continuous aqueous phase,
decelerating potential destabilization processes resulting from temperature changes and
enhanced vaginal secretions after administration [67,68,124]. In multiple emulsions and
SEDDS-type systems (Tables 5 and 6) the addition of gelling polymers is limited [89,106] as
minor addition of an electrolyte into the internal aqueous phase of a multiple emulsion
often increases the viscosity of the formulation [125]. The electrolytes influencing the
stability and rheological properties of vaginally administered multiple emulsions include
magnesium sulphate or sodium chloride [89,102,104].

Among other excipients used in vaginal emulsion systems the addition of lactic acid or
phosphate buffers for pH regulation were reported [75,92,101], while propylene glycol and
PEG 200 have been applied as humectants [77]. Benzyl alcohol, sodium benzoate, chloro-
cresol, methylparaben are used as preservatives [82,84,95]. The absence of preservatives in
the formulation reduces the risk of vaginal mucosal irritation. On the other hand, many
emulsion-based vaginal dosage forms are in the preliminary research phase, and preser-
vatives use may only be purposeful after their full clinical evaluation of preformulation
selected for further development.

3.2.2. EVDF Preparation Methods

An emulsion can be formed in a free energy associated process without the application
of mechanical forces or energy. Thereby, the emulsification processes used in the vaginal
drug forms technology can be divided into low-energy (spontaneous emulsification, emul-
sion phase inversion method, PIM, phase inversion temperature, PIT) and high-energy
methods (Figure 3) [62].
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Figure 3. EVDF preparation methods.

Campana-Seoane et al. obtained water/silicone (W/S) macroemulsions with proges-
terone or ciprofloxacin via a low-energy formulation preparation process, i.e., mixing the
silicone phase with the aqueous phase using Unguator 2 homogenizer [80,81]. In contrast,
the formation of W/O/W multiple emulsions using low-energy methods is a two-step
process. In the first step inner W/O emulsion is prepared through the addition of aqueous
media containing electrolytes into a mixture of oil phase and surfactants (Spix) at 80 °C
under continuous stirring. In the second step the previously obtained W/O emulsion
cooled to room temperature is slowly added to the external aqueous phase that contains
hydrophilic surfactant(s) [71,89,101,102,104].

Low-energy spontaneous emulsification generally occurs during vaginal microemul-
sion or SEDDS formulation [67]. The majority of microemulsion-based vaginal drug forms
and some of the nanoemulsions listed in Table 4 can also be obtained using the phase
titration method (PTM) or the phase inversion method (PIM). In this approach the aqueous
phase is gradually added into the oil and surfactant mixture under continuous stirring.
With continuous composition change the surfactant curvature evolves resulting ina W/O
to O/W phase change [62-64,67,68,78,82-84,86,90,94]. PTM is used in the construction of
phase diagrams during preformulation research, enabling to establish compositions using
which microemulsion can be formed. In this method a mixture of an oil and Sy is slowly
titrated with the aqueous phase to obtain a vaginal microemulsion with droplet size in the
range of 10-190 nm [78,82-84,86].

Mirani et al. [85] obtained tetrahydrocurcumin-loaded vaginal nanoemulsion via the
phase inversion temperature (PIT) method. Both phases (oil and water) were initially
heated to 45-50 °C followed by mixing and cooling to 25 °C resulting in a nanoemulsion
with 130 nm droplets. The PIT method utilizes an alteration in lipophilic properties of
nonionic polyoxyethylene-derivative surfactants which can be observed with temperature
change—the higher the temperature, the more lipophilic and dehydrated polyoxyethylene
surfactant chains become. At the phase inversion temperature (PIT), when the hydrophilic-
lipophilic properties of the surfactant are in balance (also called the HLB temperature), a
rapid decrease or increase of the temperature enables to obtain a kinetically stable W/O or
O/W emulsion, respectively. The PIT method can be easily implemented on the industrial
scale, however the stability and polydispersity of the obtained nanoemulsion depends
on the experimental conditions and slow heating or cooling of the mixture from HLB
temperature enhances droplets coalescence [62-64,67,68].

According to Gupta et al. high-energy manufacturing processes are the methods with
input energy density higher than 108 W/kg [62]. Among the high-energy emulsification
methods used for vaginal nanoemulsion formulation the high-pressure homogenization
(pressure range from 50 to 350 MPa), high-speed homogenization and ultrasonication
can be distinguished [64,126]. The initial formation of a macroemulsion is required in
all high-energy emulsification methods. In the next step macroemulsion droplets are
disrupted via high shear forces in high-speed homogenization, turbulence in high-pressure
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homogenization method or bubbles cavitation in ultrasonication method [62,126]. High-
pressure homogenization at 75 MPa preceded by high-speed homogenization allowed
dos Santos et al. to obtain a homogenous nanoemulsion with droplets of 281 nm in a
short processing time [93]. High pressure homogenization method generates a lot of
heat and physical stress which may affect the formulation properties and API stability.
The ultrasonication method might be more suitable for thermosensitive drugs, but it is
difficult to upscale [62,64,67,68,126]. Low polydispersity of 110-130 nm oil phase droplets
has been reported for vaginal nanoemulsions obtained by sonication preceded by low-
energy mixing [74,75]. In contrast, nanoemulsion droplets in the range of 58-211 nm
(PDI in the range of 0.20-0.34) have been obtained via ultrasonication preceded by high-
speed homogenization (10 000 rpm for 25-30 min) [79,92,98]. Examples of nanoemulsions
with essential oils manufactured via high-speed homogenization (15,000-17,000 rpm for
20-30 min) enabled to obtain highly homogenous formulations with 68-178 nm oil droplets
diameter [95,96]. In nanoemulsion formulation using high-energy methods the surfactants
should be mixed with the oil phase prior to the addition of aqueous phase. Mixing emulsion
components in a different order results in macroemulsion formation [62,67,68]. Both low-
and high-energy methods allow to obtain homogenous nanoemulsions with uniform
size distribution of the inner phase droplets which is of importance for formulation of
nanoemulsion-based vaginal drug delivery systems [75,78,94,95].

3.2.3. Vaginal Emulsion-Based Drug Delivery Systems Characterization Methods

The 10th Edition of European Pharmacopoeia (Ph. Eur.) includes the monograph
“Vaginal solution, emulsion and suspensions’ [127] which does not contain detailed require-
ments concerning their properties including pH, osmolarity, droplet size of the dispersed
phase, rheological properties, adhesiveness, spreadability or the release parameters of the
active substance. As EVDFs are emerging formulations, in this review we summarized and
described research methods that have been proposed for the evaluation of their structural
and pharmaceutical properties (see Table 7). In the following sections we propose a unified
set of methods which can be used to assess critical parameters of EVDFs. The described
characterization methods of vaginal emulsion systems can provide guidance for researchers
beginning their studies on these emerging drug delivery systems.
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Table 7. Comparison of parameters and research methods using in evaluation of emulsion-based vaginal dosage forms properties.

. Droplet . cc o1 . . In Vitro . .
API(s) (Formulation) pH Size Viscosity ¢ (Pa-s) Spreadability Bioadhesion Release/Permeability In Vivo Studies Ref.
Vaginal macroemulsions
Benzydamine Plate-plate in vitro, T/DF,
(Emulgel) i - (100-700) - porcine VM Franz cells - [106]
Progesterone Cone-plate in vitro, T/DE,
(W/S * emulsion) il MS (21.2-186.6) - bovine VM, GTL USP Il/Franz cells rats [81]
. . Cone-plate I
Clpl'*() floxaC}n - MS (1.4-17.0) - in vitro, T/DF, Franz cells and in vivo rats [80]
(W/S * emulsion) (1.5-14.0) GTL
Vaginal microemulsion
- i a ] i i )
(Microemulgel) DLS + rabbits [100]
- i A i ) i )
(Microemulgel) DLS + rabbits [77]
Vanadocene . .
(Microemulgel) - DLS Results n.a. - - - rabbits, pigs [76]
Fluconazole b Spindle in vitro, NM, agar rabbits, 11 female
(Microemulgel) 45 DLS (9800 at 5 rpm) P-P late ) atients [84]
g p p p
Clotrimazole b Spindle . in vitro, NM, agar Modified Apparatus No. )
(Microemulgel) 45 DLS (9000 at 5 rpm) PP plate 1 USP 23 [82]
Sertaconazole b + in vitro, T/DF,
icroemulge . ) oat )
(Mi Igel) 4.2 DLS 2.0) P-P goat VM Franz cells [86]
Tetrahydrocurcumin b Spindle o
icroemulge Datdrpm ) )
(Mi Igel) 6.0 DLS (115 at 5 rpm) TA Dialysis bag [85]
Phloretin ) DLS ) } ) . _ 3]

(Microemulsion)
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Table 7. Cont.

. Droplet . € (Pa. . . . In Vitro . .
API(s) (Formulation) pH Size Viscosity ¢ (Pa-s) Spreadability Bioadhesion Release/Permeability In Vivo Studies Ref.
Vaginal nanoemulsion
Itraconazole 55P Spindle in vitro, T/DF,
(Nanoemulgel) (nanoemulsion) DLS (0.91) ) CM, in vivo (rats) Franz Cells rats [94]
. 69" Cone-plate L
(I\? ’iﬁ)‘:rfzf 121) (gel with DLS (8.43 at 50 rpm P-P 111111;25(17?1\1/1[&1 USP II - [90]
anoemuig HPMC) for gel with HPMC) a &
. Cone-plate .
Clotrimazole 5.7° DLS (0.041-0.042 P-P : Franz Cells 10 women—skin [91]
(Nanoemulsion) at 100/5) tolerance
Polyphenon 60, Curcumin + o
(Nanoemulgel) - DLS (0.66-141) - - Dialysis bag rats [98]
+
P Olyﬁlﬁfrf&fr?&f;nge”y 37Pb DLS (>141 ; . Dialysis cells rats [92]
at 0.01/s)
Mentha essential oil b Spindle L .
(Nanoemulgel) 52 DLS (24.8) TA in vitro - mice [95]
Nystatine Spindle . . .
(Nanoemulsion) - DLS (0.12) - - Dialysis bag mice [74]
Ciprofloxacin,
Polyphenon 60 - DLS - - - USP II rats [79]
(Nanoemulsion)
Geranium oil 44b DLS (sé) Zlgls i in vitro, T/DF, ) ) (93]
(Nanoemulgel) ) at 50 /.s—O..Ol /s) porcine VM -
Syngonanthus nitens o
in vitro, T/DF,
(Bong.) extract - DLS Cone-plate - porcine VM - rats [75]

(Nanoemulsion)
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Table 7. Cont.

API(s) (Formulation)

Droplet
Size

Viscosity ¢ (Pa-s)

Spreadability

Bioadhesion

In Vitro

Release/Permeability

In Vivo Studies

Ref.

Imiquimod
(Nanoemulsion)

6.0

DLS

Franz cells

[78]

Eucalyptus essential oil
(Nanoemulsion)

53b

DLS

mice

[96]

Lemongrass essential oil
(Nanoemulsion)

46b

DLS

mice

[96]

Vaginal multiple emulsions

Wi: benzalkonium
chloride
O: octadecylamine
W) lactic acid
(Multiple emulsion)

7.8

MS, GA

Cone-plate
(3.2at 100/s)

[101]

W;: benzalkonium
chloride

Wy: chlorhexidine

(Multiple emulsion)

MS

Cone-plate
(Isosmotic condition:
0.003
at 100/s)

Conductometric
(NaCl as a marker)

[104]

W1: metronidazole
Ws: ornidazole
(Multiple emulsion)

Wi: 5.7P
Ws: 6.0°

MS

Dialysis tube

rabbits

[102]

O: Clotrimazole
(Multiple emulsion-based

gel)

65b

LD

parallel plate-plate
(0.29 at 100/s)

P-P

Franz cells

[89]

Vaginal Self-Emulsifying Drug Delivery Systems

UC 781
(SMEDDS)

DLS

Dialysis bag
(balloon)

[%9]

Curcumin
(SNEDDS)

DLS

Plate-plate
(116.3)

OM

Transwell chambers

[105]
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Table 7. Cont.

. Droplet . € (Pa. . . . In Vitro . .
API(s) (Formulation) pH Size Viscosity ¢ (Pa-s) Spreadability Bioadhesion Release/Permeability In Vivo Studies Ref.
17-a
hydroxyprogesterone } DLS ) . ) USPTI mi [87]
(Solid-state SNEDDS ce
Vaginal tablet)
Spindle
The SphK inhibitor (0.2-fold dilution: 0.53 .
(SNEDDS) . DLS 0.4-fold dilution: 4.8 il . usp Il ice [85]
at 20 rpm)
Wi: siRNA
(Multiple emulsion - DLS - - - Dialysis bag mice [103]
SEDDS gel)
Lawsone Spindle
b - - -
(SM];]?S]?ZI;))HOW 42-48 DLS (0.956-1.023) USP I [97]

(-)—test not reported to perform; (+)—test reported to perform, method details not specified; *—water in silicon emulsion; *—authors reported that viscosity of emulgels were in the range of 1-10 Pa's;
b__potentiometric method; “—method used for viscosity measurement and provided value; CM—cellophane membrane; DLS—dynamic light scattering; GA—granulometric analysis; GTL—goat tanned leather;
LD—laser diffractometry; MS—microscopy; NM—Nakamura method [128]; OM—optical method; P-P—plate-plate method; results n.a.—test performed, results not available in a paper; TA—texture analyzer;

T/DF—tensile/detachment force; USP I—USP dissolution apparatus No. I; USP II—USP dissolution apparatus No. II.; VM—vaginal mucosa.
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pH and Osmolarity

Alkaline preparations administered vaginally may contribute to the development of
bacterial infections. Following the above-mentioned WHO recommendations for vaginal
lubricants to avoid bacterial superinfections, it is preferable to obtain a formulation with pH
below 4.5, i.e., the physiological pH of vagina. This may not be possible for pH sensitive
APIs that require higher pH for extended stability or when the benefits of the formulation
application exceed the risk of infection as the result of a pH change [45]. In the revised studies
only five micro- and nanoemulsion formulations fall within the physiological range of pH
values < 4.5 [82,84,86,92,93]. For other reported formulations the pH values were higher
and fell within the slightly acidic range, also considered as physiological [78,85,91,94-97,102].
Some of the formulations pH values exceeded physiological range [89,90,101], creating a
risk of bacterial infections. None of the analyzed publications provided information on
the osmolarity value of the obtained formulations which, due to the risk of irritation and
damage to the vaginal mucosa, should be <1200 mOsm/kg [45]. Gué et al. measured the
osmolarity of nanoemulsions intended for parenteral use employing a micro-osmometer
and a simple method based on measuring the nanoemulsion’s freezing point depression,
which can also be used to determine the osmolarity of EVDFE. Osmolarity of nanoemulsions
was found to depend on the ratio of lipid and surfactant fractions to water, whereas the
concentration of APIs representing BCS (Biopharmaceutical Classification System) class
I—paracetamol; class II—ibuprofen, amiodarone hydrochloride, fenofibrate; class IV—
ciprofloxacin, had no significant effect on the osmolarity value. In contrast, an increase in
the concentration of a substance classified as BCS class I1], i.e., ranitidine hydrochloride,
caused an increase in the osmolarity of the formulation which should also be taken into
account when developing vaginal formulations with low osmolarity <300 mOsm/kg [129].

Internal Droplets Measurements, Polydispersity Index and Zeta Potential

Method selection for measuring the dispersed phase droplet size highly depends on
the analyzed particles size range. Optical microscopy is most frequently used for emulsions
with droplet sizes in the micrometer range, i.e., macroemulsions, as it only allows the
observation of particles larger than 200 nm [80,81,89,102,104,130]. The most commonly
used method to determine the dispersed phase droplet size of micro- and nanoemulsion-
based vaginal dosage forms is the dynamic light scattering (DLS) method, also known
as photon correlation spectroscopy, that enables the measurement of droplet sizes in the
range from 1 nm to 6 pm [74-79,82-88,90-96,98,99,103,105]. The accuracy of the obtained
results depends on the measurement method and sample preparation, the sample dilution
in particular [130]. According to Danaei et al. homogeneous formulations have a low
PDI of <0.3, moderately homogeneous formulations have PDI in the range of 0.3-0.7 and
polydisperse formulations display PDI values > 0.7 [131,132]. The Malvern Zetasizer® is
the most commonly used device for both particle size measurements by laser methods
and zeta potential measurements by Electrophoretic Light Scattering (ELS). During the
zeta potential measurements the device uses the Doppler effect observed in the form of
changing scattered laser beam frequency by particles set in motion in the electric field [133].
Although the DLS is frequently used to determine the dispersed phase droplet size, it
has several limitations including the necessity of viscous materials dilution as well as the
requirement of sample filtration prior to analysis. Furthermore, DLS provides information
on hydrodynamic radius of diffusing species rather than the microscopic image of the
particles. On the other hand, Transmission Electron Microscopy (TEM) provides high
resolution images of nanosize materials, but it requires a particular sample preparation
which can change the structure and shape of the dispersed phase droplets [130,133].

Viscosity and Adhesion

Viscosity is one of the parameters influencing the degree of the formulation adhesion
to the mucosa. In vaginal formulations dynamic viscosity is measured with rheometers and
the values are expressed in Pa-s (Pascal-second, SI unit) or P (Puaz, CGS unit); the relation
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between them is 1 Pa-s = 10 P. Since the measured formulation viscosity depends on the
type of equipment including the spindle/cone used and the measurement conditions (i.e.,
spindle/cone speed and temperature), the experimental viscosity values for the different
formulations are only indicative and determine the magnitude of the viscosity range not
allowing for a direct comparison of the tested formulations. The viscosity measurement
techniques of emulsion-based vaginal formulations and obtained measurements results
are collected in Table 7.

The degree of drug form adhesion to the vaginal mucosa determines its resistance
to washing-out by vaginal secretions. In vitro and in vivo methods are used to determine
the formulation’s adhesiveness. In vitro methods are based on peel, shear or tensile forces
measurements, viscosity difference measurements between the formulation, vaginal secre-
tions and their mixture and flow retention measurements, i.e., the time the formulation
remains in contact with the mucous membrane during constant liquid washing [134]. An
important factor affecting the comparability of in vitro methods with the real performance
of the drug formulation after vaginal administration is the choice of material or tissue used
as a model for the vaginal mucosa and the composition of artificial vaginal discharge used
in the study [134]. The artificial vaginal discharges are mainly composed of sodium chloride,
lactic acid, glucose and additional components such as proteins, electrolytes and buffers
dissolved [135]. Their characteristics have been well-described by Tietz and Klein [135].
In vitro adhesion tests measure the tensile strength between the surface of a plate or model
tissue attached to the base of a texture analyzer or dynamometer and formulation (see
Figure 4A-C) [75,80-82,84,86,90,93-95,106]. As surface models simulating the human vagi-
nal mucosa the animal tissues (i.e., pig, goat, cow vagina and goat’s skin) are used, as well
as synthetic models like cellophane membrane [75,80-82,84,86,90,93-95,106]. Bachhav and
Patravale and Khattab and Ismail [82,84,88] conducted mucoadhesion studies using the
Nakamura et al. method [128] which is a modification of the flow retention measurement
method. In this method the microemulgels were applied onto an agar plate attached to a
USP disintegration test apparatus and subjected to cycles of immersion and emergence in
pH = 4.5 buffer until the formulation was washed off entirely of the agar plate.

A
MOVABLE
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VAGINAL FLUID SIMULANT
E
FORMULATION ___,_,._,__>
|
C D

Force [kg]
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- // == FORMULATION s
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Figure 4. (A) Scheme of adhesion measurements by detachment method, (B) texture analyzer stable

micro system, (C) adhesion measurement sample result and (D) spreadability test by plate-plate method.

In the in vivo adhesion studies the measurement of mucoadhesion was based on
the visual assessment of the presence of the pigmented nanoemulsion formulation in the
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rat vagina 24 h after application [94] or the real-time tracking of the localization of the
radiolabeled formulation in the animal vagina using PET/CT imaging [80].

Comparison of vaginal formulations” adhesiveness is challenging due to the differ-
ences in measurement devices, measurement conditions and applied vaginal mucosa
models. In addition, the results presented as strength expressed as a numerical value
are difficult to relate to real vaginal administration conditions. An essential advantage of
these studies is the possibility to compare the developed formulations with commercial
preparations with known vaginal retention parameters which provides an opportunity to
assess the properties of the newly designed formulations.

Spreadability

The formulation’s spreadability test determines the increase in the formulation surface
area under an external force and enable a comparison of the spreading properties of the
investigated formulations as a function of the composition variables and measurement
conditions [89,91]. In the case of vaginal formulations, the larger the surface of vaginal
mucosa covered by the formulation, the larger the area available for the API penetration.
Spreadability, viscosity and adhesion are important in vitro parameters enabling to as-
sess the formulations resistance to the washing-out by vaginal secretions. A plate-plate
technique shown in Figure 4D and a texture analyzer are used to assess the spreadability
of EVDF [82,84-86,89-91,95,105]. The changes in surface area covered by investigated
formulation as a function of the applied pressure/load force enable a comparison of the
spreading properties of the tested formulations as a function of the composition variables
and measurement conditions [89,91].

In Vitro Drug Release and Permeability Studies

Drug dissolution studies are used to determine the amount of drug released from the
formulation into the acceptor medium over the experimental time. Drug dissolution testing
enables to establish drug release kinetic model and the rate at which the API is released from
the formulation providing essential information about the pharmaceutical properties of
formulations [81]. Permeability studies, on the other hand, determine drug penetration via
mucosa enabling to estimate the in vivo performance of the formulation. The permeation
studies are frequently designed in comparative manner that allows for the comparison
of the newly developed formulation with commercially available products [136]. The
release tests are conducted using United States Pharmacopeia (USP) Apparatus No. I and
II (Figure 5A) (described in the monograph <711> Dissolution Test [137]), also described in
European Pharmacopeia 10.0 as basket apparatus and paddle apparatus, respectively [138],
usually for 24 h. Using the USP No. I apparatus the formulations are placed in a basket
which is immersed in a vessel with acceptor medium heated to 37 £ 0.5 °C and stirred with
predefined rotating rate. In the No. II apparatus, however, the test formulation is placed
in a dialysis bag or in a disc covered with a semipermeable membrane immersed below a
paddle agitator in a vessel filled with acceptor medium. Citrate and phosphate buffer solu-
tions or simulated vaginal discharge are used as the acceptor medium for pharmaceutical
bioavailability studies, while sampling is performed in an automated manner at prede-
fined time points [79,81,82,87,88,90,97]. As an alternative, the drug release/membrane
penetration studies from EVDF can be performed using dialysis bags, tubes or chambers im-
mersed in a vessel with mixed and thermostated acceptor medium, e.g., simulated vaginal
discharge while samples are withdrawn at predefined time points [74,85,92,98,99,102,103].
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Figure 5. (A) USP dissolution apparatus and (B) Franz Cells unit.
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The measurements of ex vivo or in vitro permeation of the active substance from
the emulsion-based vaginal formulation can be performed with the Franz diffusion cells,
illustrated in Figure 5B, through a mucous or synthetic membrane [139]. An important
factor affecting the quality of the obtained permeation results is the type of membrane
used in the test. In the studies on EVDEF, biological tissues simulating conditions of the
human vagina and synthetic cellulose membranes (i.e., Visking Medicell Membrane, Filter
paper Whatman 41) are employed. As an acceptor medium in permeation tests, citrate and
phosphate buffer solutions, a water/ethanol mixture (e.g., for clotrimazole) and simulated
vaginal secretions are used. The duration of conducted permeation studies in Franz
diffusion cells at 37 °C varied from a few hours to 15 days, with sampling at defined time
intervals [80,81,86,89,91,94,106].

In both release kinetics and permeation studies, determination of the released sub-
stance concentration in the acceptor medium is usually carried out by HPLC chromatogra-
phy or UV-VIS spectroscopy.

In Vivo Studies

The available in vivo studies evaluate safety and efficacy of emulsion formulations after
intravaginal administration in mice, rats, rabbits and pigs. The therapeutic effect after local
application of the intravaginal formulation is frequently compared with the effect of systemic
administration of the drug, e.g., by oral route [74-76,79-81,84,87,88,91,92,94-96,98,100,102,103]. To
date the results from two of the phase I clinical studies (10 and 11 patients respectively)
evaluating the safety and therapeutic efficacy of emulsion formulations with clotrimazole
and fluconazole in comparison with commercial reference products are available [84,91].

4. Emulsion-Based Vaginal Dosage Forms with Drugs from Different Therapeutic
Groups—Biological Evaluation and Examples of In Vivo Applications

4.1. Antifungal Activity

Vulvovaginal candidiasis is one of the most frequently occurring vaginal fungal infec-
tions [140]. The problem affects not only adult women but also children and adolescents
with comorbidities such as type 1 diabetes mellitus [141]. A total of 75% of women suffer
from vaginal candidiasis at least once in their life. Furthermore, recurrent vulvovaginal
candidiasis defined as at least four repeating candida infections per year is an emerging
global clinical problem that affects 138 million women every year [142,143]. Among all of
the vulvovaginal candidiasis treatment strategies local drug administration has the most
advantageous safety and efficiency profile as it reduces the risk of side effects, especially in
extreme caution conditions, e.g., pregnancy [144,145].
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4.1.1. Antimycotic Azoles

In the treatment of vulvovaginal fungal infections the most abundantly used antifungal
group of drugs are azoles being imidazole derivatives [144]. Although azoles have high
antimycotic activity, their application is limited due to the insufficient water solubility [146,147].
Emulsion-based antifungal azoles formulations displayed high drug loading capacity,
as well as increased drug bioavailability after both oral and topical administration as
compared to commercial formulations and neat substances [148-157].

Fluconazole, Clotrimazole

Bachhav and Patravale have developed microemulsion-based gels with fluconazole
and with clotrimazole [82,84] which, unlike the reference Candid-V® market gel with
clotrimazole, had physiological pH. In vitro release studies of clotrimazole from the final
microemulsions showed drug release kinetics similar to Candid-V® gel (Glenmark Phar-
maceuticals Limited, Mumbai, India), simultaneously with a greater total amount of the
released substance after 10 h of dissolution test. In in vitro antifungal activity tests both
microemulsion-based gels with clotrimazole and with fluconazole displayed a larger fungi
growth inhibition area as compared to Candid-V® gel (Glenmark Pharmaceuticals Limited,
Mumbai, India) [82,84]. After vaginal tolerance study in rabbits, the fluconazole formula-
tion was implemented in a 6-day, double-blind, randomized pilot study with 11 female
patients suffering from vaginal candidiasis, divided into a study group (n = 6) treated
with fluconazole formulation and control group (n = 5) treated with Candid-V® (Glenmark
Pharmaceuticals Limited, Mumbai, India). The study showed similar effects of the flucona-
zole microemulsion-based gel compared to the Candid-V® gel (Glenmark Pharmaceuticals
Limited, Mumbai, India), while reducing by one day the time needed to relieve symptoms
in the test group in comparison to the control group [84]. Anticandidal nanoemulsion
and W/O/W multiple emulsion with clotrimazole obtained by Soriano-Ruiz et al. had
higher antifungal in vitro activity as compared to clotrimazole solution and commercially
available 1% and 2% clotrimazole intravaginal creams (Canesten®, Bayer, Leverkusen,
Germany and Gine-canesten®, Bayer, Leverkusen, Germany) [89,91]. The determined
minimum inhibitory concentration (MIC) of the evaluated creams and emulsion-based
formulations against Candida glabrata ATTC 66032 were 7.8125 ng/mL and 0.2441 pg/mL,
respectively. Furthermore, the developed formulations displayed enhanced in vitro drug
release and ex vivo permeation through the skin as compared to the commercial reference
products. In ex vivo studies clotrimazole nanoemulsion displayed four times higher vagi-
nal drug retention and nine times higher theoretical steady-state plasma concentration in
comparison to commercial formulations. The results demonstrated high antifungal activity
and advantageous pharmacokinetic properties as compared to commercially available
clotrimazole creams.

Itraconazole

Mirza et al. developed itraconazole nanoemulsion thermosensitive gel using Polox-
amer 407 and CP 934 as gelling agents and tea tree oil as the oil phase [94]. Due to the low
solubility of the drug in the oils the API was firstly dissolved in chloroform following its
evaporative removal from the formulation. The concentration of Poloxamer 407 affected
the gelation temperature and mucoadhesive properties of the formulations. Increase in
the adhesion and decrease in the gelation temperature was observed with an increasing
concentration of Poloxamer 407 in the nanoemulsion-based gel. The optimal pharmaceuti-
cal properties of the formulation were obtained at 0.3% CP 934 and 20% of Poloxamer 407
concentration in the emulgel. The developed itraconazole/tea tree oil nanoemulsion-based
gel displayed higher antifungal activity as compared to conventional itraconazole or tea
tree oil gels, proving the synergetic effect of both ingredients with no toxicity in female rats
during in vivo studies. After 14 days of treatment with nanoemulsion-based itraconazole
gel female rats were considered cured, while in the vaginal discharge of rats treated with
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conventional itraconazole gel or tea tree oil gel the concentration of Candida albicans cells
indicated a still ongoing infection.

Sertaconazole

Patel and Patel developed controlled drug release gels based on sertaconazole mi-
croemulsion [86]. The drug release kinetics was controlled via changes in polymer con-
centration. In vitro antifungal activity of optimized formulation against C. albicans ATCC
10231 strain was assessed using the cup plate technique and compared to the antifungal
activity of commercially available Candid-V® gel (Glenmark Pharmaceuticals Limited,
Mumbeai, India). After 48 h of incubation the sertaconazole microemulsion-based gel,
Candid-V® (Glenmark Pharmaceuticals Limited, Mumbai, India) gel and sertaconazole
solution’s inhibition areas were ca. 35, 28 and 29 mm respectively. These results proved
a higher antifungal activity of sertaconazole microemulsion-based gel compared to the
commercial product and the sertaconazole solution [86].

4.1.2. Nystatin

Song et al. [74] have prepared an oil in water nanoemulsion with nystatin and ex-
opolysaccharide dedicated to the treatment of vulvovaginal candidiasis with sustained-
release. The conducted in vitro microbiological test evaluation revealed higher antifungal
activity of nystatin/exopolysaccharide nanoemulsion against C. albicans cultures and
32 times lower MIC compared to nystatin solutions. In vivo studies also confirmed the
synergistic activity of nystatin and exopolysaccharide, increased formulation adhesion to
the vaginal mucosa and higher effectiveness in the treatment of vulvovaginal candidiasis
than for a nifuratel-nystatin cream. Effective relief of candidiasis symptoms was achieved
after 15 days of formulation administration, while the nifuratel-nystatin cream-treated
control group still suffered from the infection.

4.1.3. Antifungal Phytoconstituents

Srivastava et al. [95] developed a nanoemulsion-based gel with a natural antifungal
agent Mentha spicata L. var. virdis aromatic oil (MEO) and Carbopol 940 for the treatment
of vaginal candidiasis. The authors concluded that volatility of Mentha essential oil was
decreased when incorporated into nanoemulsion droplets providing extended stability of
the prepared formulation. The in vivo studies in female proved higher antifungal activity of
the obtained MEO nanoemulsion-based gel as compared to a MEO conventional emulgel.

Dos Santos Ramos et al. [75] developed a nanoemulsion with a luteolin-rich Syng-
onanthus nitens (Bong.) extract for vulvovaginal candidiasis treatment. In vivo studies
in female Wistar rats have proven a greater antifungal activity of nanoemulsion with
phytoconstituents as compared to free phytoconstituents fraction and a commercially
available amphotericin B and tetracycline cream. Animals were considered cured after
a 6-day treatment with nanoemulsion as compared to a 10-day treatment with cream
and free phytoconstituents fraction. In the following study Dos Santos Ramos et al. [93]
reported an anticandidal geranium oil nanoemulgel with chitosan as a gelling agent. The
chitosan addition increased the mucoadhesive properties of obtained formulations and as
a consequence extended their residence time on the vaginal mucosa as compared to a neat
nanoemulsion. The optimized nanoemulgel showed a 64-times higher antifungal activity
in vitro as compared to a diluted geranium oil.

Giindel et al. [96] presented two nanoemulsions with eucalyptus and lemongrass
essential oils as an alternative to azole treatment of vulvovaginal candidiasis. The in vivo
studies in mice confirmed antifungal activity of the developed formulations on a par with
reference miconazole cream and higher than neat essential oils. The anti-inflammatory
effect of the eucalyptus and lemongrass essential oils nanoemulsions was proven in a
histopathological analysis after 8 days of treatment. In contrast, mild inflammation in
vaginal mucosa tissues was observed in the group treated with a miconazole cream.
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Pandit et al. [97] developed lawsone (an antifungal agent obtained from henna)
SMEDDS incorporated into easy-to-administer hollow pessaries. Emulsification of law-
sone in the formulation provided a higher antifungal activity in vitro as compared to neat
lawsone. The hollow pessary can be used for low volumes of concentrated API emulsions
providing convenient application and reproducible dosing.

4.2. Antibacterial Activity

Apart from fungal infections women, especially in prepubertal age, suffer from bac-
terial vaginitis and vaginosis. In contrary to candidiasis which is more frequent among
sexually active women, bacterial infections in children and adolescent virgins are related to
improper hygiene. Atrophic vaginal mucosa is prone to pathogens due to lower levels of
estrogen, not fully grown bacterial flora resulting in alkaline pH and deficiency of defensive
factors such as bacteriocins and hydrogen peroxide [37,158-165].

4.2.1. Antibiotics and Chemotherapeutics

A group of Otero-Espinar [80] developed controlled release vaginal W/S emulsions
with a model BCS IV class drug, i.e., ciprofloxacin. The radiolabeled W /S formulation
after administration in female rats was resistant to wash-out by vaginal discharges for
90 min as monitored using PET/CT imaging. The real-time observation revealed systemic
absorption of ciprofloxacin as the drug was distributed to the urinary bladder. After topical
administration a higher ciprofloxacin concentration in uterine tissues as compared to blood
concentration was reported. Furthermore, six hours after the intravaginal administration
of the W/S emulsion ciprofloxacin concentration in uterine tissues was comparable to the
drug concentration achieved via an intraperitoneal injection. High drug concentrations
in the genital tissues were observed for up to 24 h after vaginal administration of the
W /S emulsion. The presented approach may be used in future treatment of urinary tract
infections in patients unable to administer the drug orally or experiencing the side effects
after oral administration.

Atinderpal et al. [79] developed a ciprofloxacin and green tea Polyphenon 60 na-
noemulsion with confirmed activity against ESBL and MBL bacteria. The vaginally ad-
ministered nanoemulsion showed higher biodistribution, drug bioavailability and blood
concentrations compared to the oral route in in vivo studies. After vaginal administration
high renal and urinary bladder concentrations of ciprofloxacin have been observed which
should be considered in future administration of proposed formulation in patients with
renal impairment [79]. Studies of both Otero-Espinar et al. and Atinderpal et al. have
proven that ciprofloxacin applied as a vaginal emulsion undergoes direct vagina-to-uterus
transport known as the first uterine pass effect [20,79,80].

Ozer et al. [102] developed multiple W/O/W emulsions with metronidazole and
ornidazole for the potential treatment of vaginal bacterial infections. In vitro studies
demonstrated that the release kinetics of oil-encapsulated chemotherapeutics were similar
compared to the drug release from the continuous phase. However, alkaline dissolution
media increased the release of metronidazole and ornidazole from both the internal and ex-
ternal emulsion phases. This can prove advantageous in the treatment of bacterial vaginitis
where higher pH of vaginal secretions is observed, enabling for increased chemotherapeutic
release rate and, as a consequence, faster relief of the infection symptoms [166,167]. After
application of a multiple emulsion with radioisotope-labeled compounds in rabbits, a faster
absorption of metronidazole than ornidazole from the vaginal epithelium was observed.
Both APIs encapsulated in a W/O/W multiple emulsion have proven effective against
local bacterial infections with only a minor increase in the blood concentration and, at the
same time, a small substance increase in blood concentrations in rabbits was observed,
confirming the local effect of the drug.
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4.2.2. Antiseptics

Tedajo et al. [101] developed a vaginal W/O/W emulsion as a formulation for po-
tential treatment of female reproductive tract infections, mainly caused by Escherichia
coli, Staphylococcus aureus and C. albicans. Obtained multiple emulsions allowed the si-
multaneous administration of benzalkonium chloride, octadecylamine and lactic acid
without the risk of pharmaceutical incompatibility, demonstrating at least one-year storage
stability [101,168,169]. Although the optimized multiple emulsion showed an increased
microbicidal efficacy against S. aureus and C. albicans compared to the free 0.2% benzalko-
nium chloride solution, the formulation displayed lower microbicidal activity against E.
coli compared to an antiseptic reference solution.

Tedajo et al. [104] investigated the release of benzalkonium chloride and chlorhexidine
digluconate encapsulated in external and internal aqueous phases of a W/O/W multiple
emulsion, respectively. The synergistic effect of the combination of chlorhexidine diglu-
conate and benzalkonium chloride in the form of a multiple emulsion against S. aureus and
E. coli was confirmed in vitro. Prior to vaginal administration of W/O/W emulsions the
water-dilution is recommended, which provides hypotonic conditions facilitating APIs re-
lease from the internal phase of the emulsion as a result of the swelling-breakdown process.
Additionally the encapsulation of labile substances, such as light-sensitive chlorhexidine
digluconate, to the internal phase of multiple emulsions provided extended API stability
in emulsion-based formulations [104].

4.2.3. Emulsions with Phytoconstituents

Abu-Azzam and Nasr [83] have developed an intravaginal microemulsion with an
anti-inflammatory phloretin phytoconstituent for potential treatment of vaginitis. The
formulation showed an enhanced anti-inflammatory activity compared to the free phloretin
in cell cultures, achieving similar efficacy to diclofenac sodium. The obtained initial results
indicated that a vaginal microemulsion with phloretin may be a potential therapeutic
alternative to non-steroidal anti-inflammatory drugs, while its safety and efficacy needs to
be confirmed in vivo in the future.

For the potential treatment of E. coli vaginal infections Kaur et al. obtained two
nanoemulsion-based gels composed of green tea Polyphenon 60 mixed with curcumin or
cranberry [92,98]. Vaginally administered formulation of radiolabeled Polyphenon 60 in
female rats showed higher distribution in the kidney and urinary bladder as compared to
vaginal application of drug solutions or orally administered nanoemulgels. The studies of
Kaur et al., confirmed that intravaginal administration of Polyphenon 60 with curcumin or
cranberry nanoemulsion might be a promising intravaginal and urinary tract infections
treatment alternative to the conventional oral administration of antibiotics [92,98].

4.3. Contraceptive and Sexually Transmitted Diseases Prevention

At the end of the 20th and the beginning of the 21st centuries there was a strong
interest in the microemulsion-based gels used as vaginal spermicides. D’Cruz and Uckun,
in the review article, referred to the safety and spermicidal activity of emulsion-based
gels GM-4 and GM-144 compared to commercially available nonoxynol-9 (N-9) gel [77].
After the analysis of in vivo toxicity and spermicidal activity tests in rabbits and mice,
D’Cruz and Uckun concluded that microemulsion-based gels are less toxic and more
effective than the commercially available intravaginal contraceptive [77]. D’Cruz and
Uckun [76] developed intravaginal microemulsion-based gel with contraceptive chelated
vanadocene as an alternative to popular N-9 gel that was reported to have a toxic effect on
the vaginal epithelium and questionable spermicidal efficacy [113,170,171]. The proposed
microemulsion gel formulation revealed promising contraceptive activity in vivo in rabbits
and in pigs [76].

Mirani et al. proposed microemulsion-based gel with tetrahydrocurcumin (THC) as
a vaginal microbicide in the prophylaxis of HIV infections [85]. The final formulation
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exhibited pseudoplastic behavior and comparable viscosity to Durex® gel, as well as stable
and resistant to sexual intercourse stress THC release profile [85].

D’Cruz et al. [172] described the usage of the self-emulsifying gel—Conceival for in-
travaginal delivery of lipophilic anti-HIV drugs. Further, McConville and Friend [99] devel-
oped SMEDDS-filled capsules for the vaginal administration of another HIV microbicide—a
thiocarboxanilide non-nucleoside reverse transcriptase inhibitor (UC781). Prepared by
McConville and Friend SMEDDS displayed rapid dispersion and enhanced UC781 release
in sink conditions as compared to poorly soluble UC781 powder. The authors concluded
that further studies are required for the optimization of the formulation size and UC781
content to tailor properties to intravaginal application.

Kollner et al. [105] developed SEDDS for vaginal delivery of curcumin as a potential
anti-HPV agent. Curcumin is practically insoluble in water and has a high binding affin-
ity to mucus, which hinders its absorption after administration on the mucosa. In vitro
permeation tests of SEDDS with curcumin showed that ~15% of the curcumin load pene-
trates mucus within 3 and ~35% within 24 h after application proving SEDDS as potential
intravaginal carriers for lipophilic, poorly soluble drugs.

4.4. Other Diseases and Conditions
4.4.1. Pre-Term Birth Prevention and Hormonal Therapy

The group of Otero-Espinar [81] proposed W /S emulsions with progesterone as the po-
tential formulations for intravaginal drug administration. Rheological tests revealed higher
bioadhesion and higher resistance of emulsion formulation to simulated vaginal discharges
in relation to commercially available intravaginal gels. In vivo studies in postmenopausal
and young rats have shown that after the application progesterone concentration in the
uterine tissue was significantly higher in the group treated with the intravaginal W/S
emulsion as compared to the group treated with commercial Crinone® (Merck KGaA,
Darmstadt, Germany). During in vivo studies the progesterone accumulation in the uterus
tissue was also observed due to the first uterine pass effect.

Patki et al. [87] obtained SNEDDS with 17-« hydroxyprogesterone caproate in the
form of the solid vaginal tablet, providing a single-dose formulation that is easy to use
and less invasive as compared to the injections. The dissolution rate of 17-oc hydroxypro-
gesterone from the vaginal tablets was significantly higher as compared to free drug. The
investigated tablets released 97% of hormone within 120 min of the dissolution test. In vivo
studies in Swiss Webster mice showed that intravaginal administration of 17-a hydrox-
yprogesterone vaginal tablets with SNEDDS reduced the rate of pre-term births, presenting
a safe alternative for hormonal drug injections.

Giusto et al. [88] developed SNEDDS-based vehicle for a Sphingosine kinase (SphK)
inhibitor used in the prevention of lipopolysaccharide-induced pre-term birth in mice. The
obtained SNEDDS formed a gel in contact with simulated vaginal discharge in situ without
signs of precipitation. In the dissolution test, 94% of the drug was released from SNEDDS
formulation within 30 min of the experiment as compared to less than 1% of neat API dissolved
in the same time. In vivo studies in mice demonstrated significantly smaller number of pre-
term births and steady uterus SphK concentration after SNEDDS application.

4.4.2. Tumors and Autoimmunological Diseases

Frank et al. [78] obtained nanoemulsion with anti-HPV drug imiquimod for the
treatment of cervical cancer. In vitro analysis of substance permeability confirmed that
imiquimod in nanoemulsion formulation was able to penetrate porcine vaginal mucosa
with a lower rate than free imiquimod, which in planned indication might be beneficial
due to reduced vaginal irritation and risk of adverse effects. Additionally, imiquimod
encapsulated in the emulsion-based formulation reduced the growth of cervical carcinoma
cell line SiHa in vitro, proving its potential in the treatment of cervical cancer.

Wang et al. [103] developed a new intravaginal W/O/W multiple SMEDDS incorpo-
rated in the thermosensitive gel for the delivery of small nucleic acid in a gene-silencing
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anti-HPV therapy. Authors have decided to encapsulate siRNA into the inner aqueous
phase of W/O/W multiple SMEDDS to improve the stability of a labile active ingredient.
Multiple W/O/W SMEDDS loaded with siRNA in contrast to other transfection carriers
prevented inflammatory reactions in both in vitro and in vivo studies.

5. Conclusions and Future Perspective

The development of safe and effective emulsion-based multicompartment vaginal drug
formulations should acknowledge the anatomy and physiology of a vagina. The rheological
properties, mucoadhesion, pH value, the droplet size of a dispersed phase and an effective
dose should be carefully optimized to achieve prolonged retention time in the vaginal environ-
ment. The reported research is primarily focused on the identification of optimal formulation
properties related to the application site characteristics. Within the emulsion-based multi-
compartment vaginal drug carriers one can distinguish macro-, micro-, nano- and multiple
emulsions as well as SEDDS and emulgels. Most commonly used lipophilic excipients include
fatty acid ester derivatives and among the surfactants polysorbates and castor oil polyethylene
glycol derivatives are used. Combination of these excipients is selected according to API
solubility studies of emulsion-based formulations with higher drug capacity, small size of
dispersed droplets and low or moderate polydispersity.

The analysis of vaginal formulation testing methods indicates variability in the re-
searchers’ approach to the selection of methodologies for the evaluation of formulation
properties, e.g., type of applied method and the preference of apparatus and materials
used. This results in difficulties in comparison between the properties and parameters of
similar formulations reported by different groups. It would be advantageous to define a
range of optimal parameter values for a specific type of formulation and a methodology for
their assessment. The comprehensive evaluation of the in vitro physicochemical and phar-
maceutical properties is important to explain clinical observations, enabling the selection
of the optimal formulation as a consequence.

Based on the revised reports it can be concluded that Emulsion-based Vaginal Dosage
Forms are promising drug carriers for local and systemic application of antimicrobial and
anticancer agents. Moreover, their use in the prevention of sexually transmitted diseases
and premature births achieved high therapeutic efficacy and a favorable safety profile.
EVDE, due to the easily adjustable properties, i.e., method of administration, low volume,
adhesiveness, viscosity, selective local drug activity, can also be considered as vaginal
pediatric formulations. Furthermore, the presented review has demonstrated that there is a
need for randomized clinical trials that would confirm the therapeutic benefits of the most
promising EVDF formulations.
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Abstract: Vaginal candidiasis (VC) is an emerging global hardly treated health issue affecting millions
of women worldwide. In this study, the nanoemulsion consisting of clotrimazole (CLT), rapeseed oil,
Pluronic F-68, Span 80, PEG 200, and lactic acid was prepared using high-speed and high-pressure
homogenization. Yielded formulations were characterized by an average droplet size of 52-56 nm,
homogenous size distribution by volume, and a polydispersity index (PDI) < 0.2. The osmolality of
nanoemulsions (NEs) fulfilled the recommendations of the WHO advisory note. NEs were stable
throughout 28 weeks of storage. The stationary and dynamic (USP apparatus IV) pilot study of the
changes of free CLT over time for NEs, as well as market cream and CLT suspension as references,
were conducted. Test results of the changes in the amount of free CLT released from the encapsulated
form were not coherent; in the stationary method, NEs yielded up to 27% of the released CLT dose
within 5 h, while in the USP apparatus IV method, NEs released up to 10% of the CLT dose. NEs are
promising carriers for vaginal drug delivery in the treatment of VC; however, further development of
the final dosage form and harmonized release or dissolution testing protocols are needed.

Keywords: nanoemulsion; clotrimazole; vaginal drug carriers; vaginal candidiasis; EVDF; vaginal
drug delivery

1. Introduction

Vaginal fungal infections (vaginitis) are emerging health issues in adult women, sex-
ually active female adolescents, and young girls with comorbidities, e.g., type 1 diabetes
or immune deficiency, as well as during antibiotic therapy [1-3]. Untreated or improp-
erly treated vaginitis in pregnant women may also pose a serious risk to neonates due to
invasive fungal infections that can be transmitted from mother to newborn [4]. Vaginal
infections caused by the strains of Candida spp., mostly by C. albicans (more than eight out
of ten cases), are called vaginal candidiasis (VC) [1,3]. A majority of women suffer from
candidiasis at least once in their lifetime [5,6]. These infections are often recurrent and
difficult to treat. Denning et al. and Foxman et al. highlighted the problem of recurrent
vulvovaginal candidiasis (RVC), which is described as at least three or four following
vaginitis caused by C. albicans per year. It is estimated that 15% of VC cases progress to
RVC, resulting in 138 million women per year suffering from this disease [1,7,8]. Due to the
limited and unclear information available on the treatment of RVC, extensive research is
needed on new dosage forms, especially nanoforms, as well as drugs with higher antifungal
activity and lower risks of side effects, e.g., ibrexafungerp and oteseconazole [9-11].

The most common and widely available drugs used in the treatment of VC are imida-
zole derivatives, such as fluconazole and clotrimazole (CLT) [12,13]. However, improper
and extensive use of fluconazole has led to fungal resistance and therapeutic failures [1,13].
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CLT is a weak base (pKa—4.7 and 6.0) with a molecular weight of 344.8 g/mol [14]. Despite
its high antifungal activity, its applications are limited due to its poor water solubility
(0.49 mg/L) and lipophilic properties (log P—6.1) [15,16]. The current recommendation
for the treatment of uncomplicated VC with 1% CLT cream includes 5 g intravaginal daily
application for 7 to 14 days [10]. Frej-Madrzak et al. determined the susceptibility of the
125 isolates of Candida spp. to clotrimazole. Samples were obtained from the genitourinary
tract of female patients and the minimal inhibitory concentrations (MIC) were measured.
The MIC inhibiting the growth of 88% of yeasts was found to be <1 ug/mL, while MIC
established for all tested isolates of Candida spp. was measured at 8 pug/mL [1].

The use of vaginal drug delivery, among its benefits such as rich vascularization
bypassing hepatic circulation and a relatively high absorption area of 390 cm?, is a challeng-
ing route of drug administration [17,18]. Difficulties arise from small amounts (average
2 mL) of vaginal discharge typically present on vaginal mucosa, which strongly limits drug
solubility [19]. Additionally, formulations are steadily washed out from the vaginal lumen
by vaginal discharge due to its constant secretion (approx. 6 mL per day). It is necessary to
design bioadhesive drug carriers able to deliver active pharmaceutical ingredients (APIs)
in dissolved form to increase drug bioavailability and to prolong formulation residual time
on the vaginal mucosa. Emulsion-based vaginal dosage forms (EVDF), an emerging and
intensively developing research area, meet these criteria [20]. Different types of emulsions
and emulgels are investigated as potential drug carriers for APIs [21-26]. Bachhav and Pa-
travale [27], as well as Soriano-Ruiz et al. [23,28], have developed microemulsion-based gel,
nanoemulsion (NE), and multiple-emulsion with CLT [23,28]. These formulations exhibited
more favorable properties such as higher effectiveness against VC in vitro and in a small
pilot study with patients (nanoemulsion), as well as a higher retention time in a vagina
compared to market creams with CLT, i.e., Candid-V® gel (Glenmark Pharmaceuticals
Limited, Mumbai, India), Canesten® (Bayer, Leverkusen, Germany), and Gine-canesten®
(Bayer, Leverkusen, Germany). However, there is still a strong need to continue to develop,
improve, and investigate EVDF with CLT.

Most of the studies on EVDF are still in the initial laboratory phases and researchers
are using unharmonized methods in the assessment of EVDF as European Pharmacopoeia
(PhEur) does not provide detailed recommendations [20,29]. Therefore, the development
of formulations and their evaluation methods is a parallel process. Among implemented
dissolution/release/API availability testing protocols for NEs, dialysis bags are commonly
used to determine the in vitro release/dissolution profile or simply the amount of available
free APl released from the encapsulated form in NE [30-35]. Based on a previous literature
review, dialysis bags have been also used by several researchers in the evaluation of drug
release in the case of local and systemic drug delivery via the vaginal route [20,23,36-39].
In the case of local drug delivery, dialysis bags might be considered questionable for
the purpose of simulating biological membranes; however, as of now, there is no better
alternative providing separation of free API from the encapsulated form in NEs’ oil droplets.

The research described in this paper is a matter of an international patent application
(WO 2023/287309), and it has been recognized by the International Searching Authority
as fulfilling the criteria of a novel, inventive step with industrial applicability [40]. NE
and other types of emulsions for vaginal application are often converted into emulsion-
based gels due to their low viscosity. The dosage form of emulgel is characterized by
increased bioadhesion and vaginal residual time [26,36,41-43]. The aim of this study is
to design and develop a nanoemulsion loaded with clotrimazole for vaginal application
in VC, consisting of a safe and easily available lipophilic phase based on rapeseed oil as
the basic, initial dosage form for further development towards the final clinical dosage
form. Rapeseed oil has been chosen as a widely available natural source of omega-3,6,9
fatty acids, valuable phytosterols, and antioxidants [44]. Fatty acids are well known due to
their anti-inflammatory properties and facilitation of tissue regeneration [45-47]. Moreover,
rapeseed oil is stable at higher temperatures, unlike most vegetable oils; therefore, it is
considered compatible with industrial manufacturing methods. The key factors affecting
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biopharmaceutical performance are the mean size of droplets (z-average), their uniformity,
physiological pH, and osmolality; therefore, the optimal NE should have: (a) the droplet
size < 90 nm to increase gravitational stability (phase separation due to coalescence and
flocculation), (b) the absolute value of C-potential of 20 or higher to prevent droplets
aggregation, (c) polydispersity index < 0.3 to provide sufficient uniformity, (d) physiological
pH between 3.5 and 4.5, and (e) osmolality < 1200 mOsm/kg [48-51]. The droplet size
lower than 100 nm will also prolong the residual time within the mucus mesh [52]. The
first part of the paper includes an investigation of NE composition and the implementation
of technological methods feasible to transfer to an industrial scale in the manufacturing
of NE with CLT and the initial assessment of NE physicochemical properties. The second
part of this research covers in-house designed pilot studies of the in vitro release of the free
CLT from the encapsulated form in NEs’ oil droplets. Yielded NEs were compared with a
market reference in terms of the cumulative release of API and the measured concentrations
of free API with MIC of Candida spp.

2. Materials and Methods
2.1. Materials

CLT was purchased from Pol-Aura (R6zanowo, Poland). Castor oil was supplied
from Microfarm (Zabierzéw, Poland). Rapeseed oil was purchased from Bunge Polska
Sp. z o0.0. (Kruszwica, Poland). In addition, 90% Lactic acid, Poloxamer 188 (Pluronic
F-68) was purchased from Pol-Aura (Rézanowo, Poland). Poloxamer 407 (Pluronic F-127),
poly(ethylene glycol) 200 (PEG200), sorbitan monooleate (Span 80), and polyoxyethyle-
nesorbitan monooleate (Tween 80) were purchased from Sigma-Aldrich (St. Louis, MO,
USA or Steinheim, Germany). Propylene glycol was supplied by Firma Chempur (Piekary
Slaskie, Poland).

Acetonitrile for HPLC (ACN) was purchased from S.Witko (L6dz, Poland). Acetone,
methanol, and potassium phosphate monobasic (KH;PO,4) were obtained from Chempur
(Piekary Slaskie, Poland). Isopropanol was purchased from Pol-Aura (R6zanowo, Poland).
Milli-Q water (<0.05 uS/cm), used in batches manufacturing and all experiments, was
self-produced from Hydrolab Ultra UV (Hydrolab Sp z o.0., Straszyn, Poland). All the
chemicals and reagents used in this study were analytical grade.

Market reference, i.e., 1% CLT cream, MycoHydralin (Bayer Healthcare, Loos, France),
was purchased in a local retail pharmacy in France.

2.2. Selection of the Formulation and Manufacturing Methods

The semiquantitative solubility of CLT in the different components was initially as-
sessed. Approximately 1 g of the respective component was accurately weighed into the
test vial, and 100 mg of CLT was added. The vial was vortexed for 2 min. The mixture
was heated up to 60 °C and kept at this temperature for 15 min. Then, samples were
again vortexed for 5 min and left for equilibration overnight. Approximately 100 mg of the
mixture was accurately weighed into a 10 mL volumetric flask and dissolved in 6 mL of
solvent made with acetone and methanol (40:60). The flask was filled up to the mark. The
samples were analyzed with the HPLC method described in Section 2.10.

In order to screen for composition and manufacturing techniques providing a na-
noemulsion, 22 formulations of different compositions and manufacturing methods were
prepared. Rapeseed oil has been used as a lipid fraction of the potential nanoemulsions.
Tween 80, Span 80, and Poloxamer F-127/F-68 were tested as potential surfactants and
cosurfactants. Propylene glycol, PEG 200, and lactic acid were added to formulations
as additional excipients. Within manufacturing techniques, high energy methods were
used either alone or in combination with a low-energy method (initial mixing), or with
another high energy method. The initial mixing of ingredients was performed with a
magnetic stirrer (IKA Industrie und Kraftfahrzeugausriistung GmbH, Kénigswinter, Ger-
many). High-speed homogenization, HSH, (PRO250, PRO Scientific Inc., Oxford, CT, USA)
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and high-pressure homogenization, HPH, (GEA PandaPLUS 2000 lab homogenizer, GEA
Mechanical Equipment Italia S.p.A, Parma, Italy) were used as high-energy methods.

The compositions and manufacturing methods were designed using the general
approach of the one-factor-at-a-time method.

2.3. Qualification of the Formulations for Further Studies

The qualification process was designed for initial fast screening and evaluation of
optimal composition and manufacturing method(s). Visual appearance and stability in a
centrifuge test were chosen as initial discriminatory criteria in the process of selection of
the formulations.

Compositions of oil, surfactant, cosurfactant, demineralized water, and additional
excipients were initially mixed using a magnetic stirrer, and then processed with (a) the
high-energy method (high-pressure homogenization), (b) a combination of a low-energy
(mixing with homogenizer PRO250 at 1500 rpm) and a high-energy method, or (c) a
combination of both high-energy methods (HSH followed by HPH).

The visual appearance of a batch was assessed after equilibration, i.e., one day after the
end of the manufacturing process—Criteria 1. Criteria 1 was used to reject macroemulsion
and formulations exhibiting immediate phase separation. White and non-translucent
batches were rejected. In the next step, the kinetic stability test of a nanoemulsion was
performed—Ceriteria 2. The centrifuge test has been previously used by Wik et al. to initially
assess the stability of NE by an acceleration of emulsion phase separation [53]. The test
was implemented to reject formulations of low kinetic stability (metastable) by stress test,
enhancing droplets aggregation and phase separation. Briefly, 1 mL of a formulation was
placed in the Eppendorf tubes (1 = 3). Samples were centrifuged for 30 min at 15,000 rpm
in the thermostatic conditions of 25 °C using an Eppendorf Centrifuge 5417 R (Eppendorf
AG, Hamburg, Germany). Batches with no signs of phase separation were qualified for
further studies.

2.4. Optimization of High-Pressure Homogenization Process

The high-pressure homogenization (HPH) process was evaluated in terms of CLT loss.
The minimum pressure value required for NE formation of the qualified batch was found
to be 1200 £ 100 bar. To establish maximum pressure values of the HPH process used for
further reduction and providing homogeneity of NEs’ oil droplets, the NE premixes of
59:1-CLT, S8:2-CLT, and S7:3-CLT prepared according to Section 2.5 were homogenized
using 3 different pressure levels—(a) 1300 = 100 bar; (b) 1500 £ 100 bar; (c) 1700 £ 100 bar.
Then, the obtained NEs were processed following the procedure described in Section 2.9
and the CLT concentration measurements using the HPLC method (Section 2.10) were
performed. All measurements were taken in triplicate.

2.5. Manufacturing of Experimental S9:1, S8:2, and S7:3 Blank Formulations and Corresponding
Batches with CLT for Further Assessment

The optimized blank NEs were prepared following the protocol in Figure 1. The
premix of lipid fraction and cosurfactant was mixed and preheated to approximately
50 °C. Selected surfactant was added to the demineralized water and dissolved under
magnetic stirring. Then, the aqueous phase and lipophilic phase were slowly mixed under
magnetic stirring (approximately 600-1000 rpm). The obtained macroemulsion was left for
at least 24 h at room temperature for equilibration. In the next step, the macroemulsion
was homogenized using a high-speed homogenizer at 13,000 &+ 200 rpm. The batch was
cooled down to room temperature and, subsequently, high-pressure homogenization was
performed. High-pressure homogenization was conducted in duplicate. The pressure was
set to 1300 & 100 bar. Batches with CLT were prepared using the same protocol (Figure 1),
where the prescribed amount of the clotrimazole was accurately weighed and added to the
lipid fraction premix and mixed on a magnetic stirrer for approximately 60 min.
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Figure 1. Manufacturing process of selected for further investigation and optimized formulation
(89:1, 58:2, S7:3 and S9:1-CLT, S8:2-CLT, S7:3-CLT).

2.6. Osmolality and pH-Level

Measurements of the osmolality of nanoemulsions with clotrimazole were performed
using a Micro-osmometer Loeser TYP 6 (Loeser Messtechnik, Berlin, Germany). The batches
were assessed 24 h after manufacturing. Samples were diluted two times with Milli-Q
water before tests. All measurements were taken in triplicate.

The acidity of the batches was measured using a calibrated Mettler Toledo Seven-
Multi 5S40 (Mettler-Toledo LLC, Columbus, OH, USA) pH-meter equipped with a glass
electrode. All measurements were performed at room temperature and conducted by
direct immersion of the electrode in the glass bottles with NEs until a stable result was
yielded. All measurements were taken in triplicate. A range of pH of 3.5 to 4.5 was
considered physiological.

2.7. DLS Droplet Size Determination and Zeta Potential Measurements

The average droplet size (z-average), droplet size distribution by volume, polydis-
persity index (PDI), and zeta potential (-potential) of the obtained nanoemulsions were
measured at 25 &= 0.1 °C by Dynamic Light Scattering (droplet size and PDI) and Elec-
trophoretic Light Scattering ((-potential) methods using Zetasizer Nano-ZS ZEN3600
(Malvern Instruments Ltd., Worcestershire, UK). The Non-Invasive Back Scatter method,
i.e., 173 degrees laser configuration, was used. Samples were diluted 50 times with Milli-Q
water to fit the instrument’s sensitivity range and measured within 30 min after dilution
to prevent the possible agglomeration or precipitation of nanoemulsion components. All
measurements were taken in triplicate.

2.8. Stability Test

The stability test of batches was carried out in the conditions of 25 & 2 °C and relative
humidity of 30-65%, protected from light for 28 weeks. Then, 200 £ 5 g of each NE
was placed in 250 mL borosilicate glass 3.3 lab bottles with high-temperature-resistant
screw caps and sealed using parafilm to avoid the influence of humidity on the stability.
Visual appearance (to screen for macroscopic signs of phase separation, precipitation of
components, etc.), z-average, size distribution by volume, PDI, -potential, and pH level
were evaluated. The following parameters were assessed in 3-time points: (a) 24 h after
manufacturing (0-time), (b) after 4 weeks, and (c) after 28 weeks. All measurements were
taken in triplicate.
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2.9. Sample Treatment in CLT Assay

Approximately 1000 mg of NE was exactly weighed into a 25 mL volumetric flask.
The solvent (1:1 mixture of isopropanol and acetone) was added to the flask and mixed
until the NE was fully dissolved. The flask was filled up to the mark with the solvent. Then,
1 mL of the obtained solution was transferred to the 5 mL volumetric flask and filled up
to the mark with acetonitrile (ACN). Samples were filtered with 25 mm, 0.22 um, syringe
filters made of regenerated cellulose.

2.10. HPLC Method for CLT Determination

The concentration of CLT in various media was determined by the reverse phase
HPLC method. The analysis was performed using a Shimadzu LC-2050C (Shimadzu U.S.A
Manufacturing Inc., Canby, OR, USA) equipped with a DAD detector and Phenomenex
Gemini C18, 150 mm x 4.6 mm, 3 um column. Elution was isocratic and the mobile
phase consisted of ACN and 20 mM phosphate buffer pH 6.8 (60:40), the flow rate was
1.5 mL/min. The injection volume was 20 pL. CLT detection was recorded at a retention
time of approximately 5 min at 265 nm. The method was validated within concentrations
of 2-300 ug/mL with a linearity of R? = 0.9999 in terms of accuracy, precision, repeatabil-
ity, specificity, and linearity according to EMA and ICH guidelines (ICH Topic Q 2 (R1)
Validation of Analytical Procedures: Text and Methodology, Note CPMP/ICH/381/95
for Assay).

2.11. The Pilot Study of the Changes in the Amount of Free CLT Released from Encapsulated
Form—Stationary Method

The study was designed in-house and performed with batches S9:1-CLT, S8:2-CLT,
57:3-CLT, and references—1% CLT cream (MycoHydralin, Bayer Healthcare, Loos, France)
and 1% suspension of API powder with MilliQQ water as the vehicle. Servapor dialysis bags
made of regenerated cellulose with a 10,000-12,000 Daltons cut-off and 2.5 nm pores (Serva
Electrophoresis GmbH, Heidelberg, Germany) were used to separate the free CLT from the
encapsulated form. The test setup consisted of cylinder-shaped vessels placed in a heating
bath and a magnetic stirrer under the bath. Then, 300 mL of 50 mM phosphate buffer
pH 3.5 was used as a dissolution medium. The bath temperature was set to 37 °C and the
stirring speed was set to 100 rpm. The pilot study test was conducted for 5 h to simulate a
short contact time of formulation with the vaginal mucosa. The following study protocol
was developed: 7-cm long dialysis bags were conditioned for 1 h in the medium prior to the
test; 5 mL of the formulation was put into the dialysis bag and the membrane was sealed
with clips. Then, the bags were transferred to the vessels. Samples were withdrawn every
30 min of the test. The single sample volume was set to 5 mL. Samples exhibiting disruption
of membrane integrity were rejected. The same volume of fresh medium was added to the
vessels after collecting every sample. Samples were diluted 1:1 with ACN and filtered with
25 mm, 0.22 pm, syringe filters made of regenerated cellulose. The concentration of CLT
was analyzed using the HPLC method described in Section 2.10. The test was conducted in
triplicate for each formulation.

2.12. The Pilot Study of the Changes in the Amount of Free CLT Released from Encapsulated
Form—Dynamic Method with USP IV

Additional tests of all batches and references—1% CLT cream (MycoHydralin, Bayer
Healthcare, Loos, France) and 1% suspension of API powder were performed using the
USP apparatus IV setup; i.e., flow-through cell to simulate dynamic conditions. The
setup consisted of flow-through cells (22.6 mL cell, CE 1, Sotax AG, Basel, Switzerland)
conditioned at 37 °C by means of a water bath and a piston pump (CY 7-50, Sotax AG) to
provide a stable flow rate of 2 mL/min. The test was conducted for 5 h. We used an open
circuit to provide fresh 50 mM phosphate buffer pH 3.5 to the samples to increase CLT
solubility and mimic the wash out conditions. Then, 2 mL of the NE formulation was put
in the dialysis bag, as described in Section 2.11. The scheme of the apparatus is presented
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in Figure 2. Each batch and reference were tested in triplicate. The samples were collected
every 10 min in the first hour of the experiment and, later, every 30 min up to 5 h. Samples
were processed and analyzed as described for the stationary method.

MEDIUM
FLOW

N—

Figure 2. Scheme of flow-through method apparatus. A—medium reservoir, B—piston pump,
C—flow-through cells with glass beads, D—dialysis bag with NE inside, E—test tube.

2.13. Statistical Analysis

All experiments were conducted in triplicate. The mean values and standard devia-
tions were calculated for the results of all conducted experiments. The ANOVA test was
carried out at p < 0.05 for the results of pilot studies of the changes in the amount of free
CLT released from encapsulated form. The analysis was performed using the built-in tools
of Microsoft Excel software.

3. Results

3.1. Process of Developing the Formulation Composition, Manufacturing Method, and Selection of
Obtained Nanoemulsions for Further Studies

The results of the semiquantitative determination of CLT solubility in tested compo-
nents are presented in Table 1.

Table 1. Semiquantitative determination of CLT solubility in tested formulation components.

Solubility Range <1 mg/g 1-10 mg/g 10-60 mg/g >60 mg/g
C ¢ 10% Pluronic F-68, R d oil T 80 P PFIG 2001' |
omponents 10% Pluronic F-127 apeseed oi ween ropgpez;\lesgo yco

The initial assumption was that the amount of oil in the formulation should provide
sufficient solubility of CLT (10 mg of API per 1 g of formulation). Therefore, the minimum
concentration of rapeseed oil was set to 20% (w/w) of the formulation. The addition of CLT
solubilizer (PEG 200 or propylene glycol) has been considered at different levels from 0.5%
(w/w) for PEG 200/ propylene glycol and 6.6%, 10%, and 20% for PEG 200 only. The sets
of formulations are presented in Tables 2-9. All compositions were balanced with MilliQ
water up to 100% (w/w).
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Table 2. Compositions and manufacturing methods of the first set of batches.

Oil o . ..
Namb (% ww) Surfactant(s) (% w/w) Additional Excipient(s) Manufacturing Selection or
umber R
i Method(s) Rejection ?
Pluronic Propylene
Rapeseed F-127 Tween 80 Span 80 PEG 200 Glycol
1 40.0 10.0 - : - HPH 400 Rejected,
Criteria 1
2 40.0 10.0 - - - HPH 800 Rejected,
Criteria 1
3 40.0 10.0 - - - HPH 1200 Rejected,
Criteria 1
4 30.0 100 - : - HPH 800 Rejected,
Criteria 1
5 30.0 10.0 - - - HPH 1200 Rejected,
Criteria 1
2—if the formulation was rejected, the rejection criterion is given referring to Section 2.3, i.e., Criteria 1 (translu-
cent/transparent visual appearance) or Criteria 2 (centrifuge stability); HPH—high pressure homogenization;
400—400 =+ 100 bar; 800—800 =+ 100 bar; 1200—1200 =+ 100 bar.
Table 3. Compositions and manufacturing methods of the second set of batches.
Oil o . ..
o Surfactant(s) (% w/w) Additional Excipient(s) . .
Number (% wiw) Manufacturing Selection (:r
i Method(s) Rejection
Pluronic Propylene
Rapeseed F-127 Tween 80 Span 80 PEG 200 Glycol
6 10.0 - 10.0 - - IM + HSH Rejected,
Criteria 1
7 10.0 10.0 - - - M + HSH Rejected,
Criteria 1
3—if the formulation was rejected, the rejection criterion is given referring to Section 2.3, i.e., Criteria 1 (translu-
cent/transparent visual appearance) or Criteria 2 (centrifuge stability); HSH—High Speed Homogenization at
13,000 & 200 rpm; IM—initial mixing with HSH at low speed—1500 rpm.
Table 4. Compositions and manufacturing methods of the third set of batches.
oil Surfactant(s) (% w/w) Additional Excipient(s)
(% wlw) ’ P Manufacturing Selection or
Number Method(s) Rejection 2
Pluronic Propylene )
Rapeseed F-127 Tween 80  Span 80 PEG 200 Glycol
8 40.0 10.0 - - 20.0 - HSH + HPH 800 Rejected,
Criteria 1
9 40.0 20.0 - - 10.0 - HSH + HPH 800 Rejected,
Criteria 1

2—if the formulation was rejected, the rejection criterion is given referring to Section 2.3, i.e., Criteria 1 (translu-
cent/transparent visual appearance) or Criteria 2 (centrifuge stability); HSH—High Speed Homogenization at
13,000 £ 200 rpm; HPH—high pressure homogenization; 800—800 =+ 100 bar.
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Table 5. Compositions and manufacturing methods of the fourth set of batches.

0il

o . ..
(% ww) Surfactant(s) (% w/w) Additional Excipient(s) Manufacturing Selection or
Number Method(s) Rejection 2
Pluronic Propylene )
Rapeseed F-127 Tween 80  Span 80 PEG 200 Glycol
10 400 10.0 10.0 ; - ; HPH 400 Rejected,
Criteria 1
11 30.0 5.0 5.0 - - - HPH 800 Rejected,
Criteria 1
2—if the formulation was rejected, the rejection criterion is given referring to Section 2.3, i.e., Criteria 1 (translu-
cent/transparent visual appearance) or Criteria 2 (centrifuge stability); HPH—high pressure homogenization;
400—400 =+ 100 bar; 800—800 + 100 bar.
Table 6. Compositions and manufacturing methods of the fifth set of batches.
Oil Surfactant(s) (% w/w) Additional Excipient(s)
(% wlw) ¢ P Manufacturing Selection or
Number Method(s) Rejection 2
Pluronic Propylene
Rapeseed F-127 Tween 80  Span 80 PEG 200 Glycol
12 200 45 - 45 0.5 ; HSH+HPHS00 ~ Rejected,
Criteria 1
13 40.0 5.0 - 5.0 - 0.5 HSH + HPH 800 Rejected,
Criteria 1
14 20.0 45 - 45 - - HSH + HPH 800 Rejected,
Criteria 1
2—if the formulation was rejected, the rejection criterion is given referring to Section 2.3, i.e., Criteria 1 (translu-
cent/transparent visual appearance) or Criteria 2 (centrifuge stability); HSH—High Speed Homogenization at
13,000 4= 200 rpm; HPH—high pressure homogenization; 800—800 + 100 bar.
Table 7. Compositions and manufacturing methods of the sixth set of batches.
Oil Surfactant(s) (% w/w) Additional Excipient(s)
(% wlw) ¢ P Manufacturing Selection or
Number Method(s) Rejection 2
Pluronic Propylene )
Rapeseed F-127 Tween 80  Span 80 PEG 200 Glycol
15 40.0 18.0 - 2.0 6.6 ; HSH+HPHS00 ~ Rejected,
Criteria 1
16 30.0 18.0 - 2.0 6.6 - HSH + HPH 800 Rejected,
Criteria 2

2—if the formulation was rejected, the rejection criterion is given referring to Section 2.3, i.e., Criteria 1 (translu-
cent/transparent visual appearance) or Criteria 2 (centrifuge stability); HSH—High Speed Homogenization at
13,000 £ 200 rpm; HPH—high pressure homogenization; 800—800 =+ 100 bar; 1200—1200 =+ 100 bar.

The first set of formulations is presented in Table 2. The high molecular weight polox-
amer (Pluronic F-127) was used as a surfactant due to its low irritating properties, vast
industrial applicability, and bioadhesive properties. HPH was used as the first manufactur-
ing high-energy method at three levels: 400 &+ 100 bar, 800 + 100 bar, and 1200 =+ bar.

As the obtained formulations failed to meet criteria 1, the second set of formulations
was designed (Table 3). The high-energy method (HSH) was preceded by initial mixing at
a low speed of 1500 rpm using a homogenizer PRO 250. The amount of oil was reduced to

assess the applicability of the methods.
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Table 8. Compositions and manufacturing methods of the seventh set of batches.

0il o - ..
Namb (% ww) Surfactant(s) (% w/w) Additional Excipient(s) Manufacturing Selection or
umber N
i Method(s) Rejection ?
Pluronic Propylene
Rapeseed F-127 Tween 80  Span 80 PEG 200 Glycol
17 20.0 18.0 - 20 6.6 - HSH + HPH 800 Rejected,
gelling
18 20.0 16.0 - 4.0 6.6 - HSH + HPH 800 Rejected,
gelling
19 20.0 140 - 6.0 6.6 - HSH+HPHS00 ~ Lgected,
gelling
2—if the formulation was rejected, the rejection criterion is given referring to Section 2.3, i.e., Criteria 1 (translu-
cent/transparent visual appearance) or Criteria 2 (centrifuge stability); HSH—High Speed Homogenization at
13,000 4= 200 rpm; HPH—high pressure homogenization; 800—800 + 100 bar.
Table 9. Compositions and manufacturing methods of the eighth set of batches.
oil Surfactant(s) (% w/w) Additional Excipient(s)
Numb (% wlw) ’ P Manufacturing Selection or
umber A
i Method(s) Rejection
Pluronic Propylene
Rapeseed F-68 Tween 80  Span 80 PEG 200 Glycol
20 20.0 18.0 - 2.0 6.6 - HSH + HPH 800 Selected
21 20.0 16.0 - 4.0 6.6 - HSH + HPH 800 Selected
22 20.0 14.0 - 6.0 6.6 - HSH + HPH 800 Selected

HSH—High Speed Homogenization at 13,000 £ 200 rpm; HPH—high pressure homogenization; 800—800 + 100 bar.

Due to the failure to comply with criteria 1, the third set was designed, where two
high-energy methods, i.e., HSH and HPH, were used. The results are presented in Table 4.
PEG 200 was included as a CLT solubilizer to investigate the influence of API addition on
the formulation.

Despite two high-energy manufacturing methods, formulations 8 and 9 failed to meet
criteria 1. We concluded that the use of a single surfactant was the reason for the failure.
The fourth set (Table 5) was prepared. The fourth row of formulations was characterized
by the addition of Tween 80 as the second surfactant in a 1:1 mass ratio and the single
high-energy method (HPH).

As all formulations among the fourth set failed to comply with criteria 1. We con-
cluded that the cosurfactant of a low HLB number might be more favorable; therefore, we
replaced Tween 80 with Span 80. The combination of two high-energy methods was also
implemented to provide more kinetic energy into the system. The fifth set (Table 6) was
designed. The concentration of rapeseed oil was tested at two levels—20 and 40% (w/w).

As the results were unsatisfactory, we decided to increase the total amount of surfactant
mix (see Table 7).

Formulation 16 was able to meet criteria 1, but failed to meet criteria 2 (centrifuge
stability test). This suggested that the amount of rapeseed oil in the system was too high.
We decided to reduce the concentration to the lowest, i.e., 20% (w/w), and prepared the
seventh set of formulations—Table 8.

We obtained NE, fulfilling criteria 2 yet characterized by an inhomogeneous structure
due to the gelling of Pluronic F-127 as the result of high temperature during HPH. To resolve
that issue, we replaced Pluronic F-127 with one of lower molecular weight—Pluronic F-68
(Table 9).

The compositions of selected blank nanoemulsions were further optimized. The final
composition of the selected batches is presented in Table 10 and the corresponding batches
loaded with clotrimazole are summarized in Table 11. The selected nanoemulsions differed
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in terms of their surfactant to cosurfactant ratio, i.e., 9:1 (batch S9:1), 8:2 (batch S8:2), and
7:3 (batch S7:3).

Table 10. Compositions of blank NEs.

Ingredients [% w/w] Batch
S9:1 $8:2 S7:3
Rapeseed oil 20.0 20.0 20.0
Demineralized water 52.8 52.8 52.8
88.9% Lactic acid 0.6 0.6 0.6
Pluronic F-68 18.0 16.0 14.0
Span 80 2.0 4.0 6.0
PEG 200 6.6 6.6 6.6

Table 11. Compositions of NEs with CLT.
Ingredients [% w/w] Batch
$9:1-CLT $8:2-CLT §7:3-CLT

Rapeseed oil 20.0 20.0 20.0
Clotrimazole 1.0 1.0 1.0
Demineralized water 51.8 51.8 51.8
88.9% Lactic acid 0.6 0.6 0.6
Pluronic F-68 18.0 16.0 14.0
Span 80 2.0 4.0 6.0
PEG 200 6.6 6.6 6.6

The results of the drug loading efficiency depending on different levels of pressure
during HPH (following procedures 2.5 and 2.9) are presented in Table 12. The results
showed a significant impact on CLT loading in the NEs. The rising of the pressure level
over 1300 bar during the HPH resulted in the loss of the drug. Therefore, the manufacturing
process was adjusted as described in Section 2.5.

Table 12. The efficiency of CLT loading. Data expressed as mean value (MV) =+ standard deviation
(SD) of CLT loading of 59:1-CLT, S8:2-CLT, and S7:3-CLT.

Pressure Level [bar] Efficiency of CLT Loading [%]
1300 £ 100 97 £ 2
1500 £ 100 53 +2
1700 £ 100 47 + 4

3.2. Physico-Chemical Evaluation of the Batches

All yielded batches were translucent and opalescent (see Figure 3), suggesting favor-
able properties of the small size of NEs” droplets [48,54-56]. The exact values of the physico-
chemical parameters of the obtained batches right after manufacturing are presented in
Table 13. All formulations were characterized by relatively small droplet diameters within
the range of 100 nm, confirming visual observations. The obtained blank formulations
were homogenous and the recorded PDI was within a range of 0.089 to 0.147 with narrow
standard deviations. The results of a more in-depth investigation of droplet diameters and
uniformity are presented in Figure 4A. Batch S8:2 had the smallest mean droplet diameter,
as well as the narrowest size distribution by volume among blank NEs. The largest droplets



Pharmaceutics 2023, 15, 1437

12 of 24

25.0

N
o
o

15.0

=
o
S)

L
[S)

Distribution by volume (%)

o
S)

50

were <100 nm, while most of the droplets were <50 nm. 59:1 and S7:3 were characterized
by similar and wider droplet size distributions by volume than S8:2. The largest droplets
were <175 nm, while most of the droplets were <100 nm. Higher differences between
blank NEs and NEs with CLT were observed for (-potential levels. Batches 59:1 and S7:3
had low negative values of (-potential close to the neutral, contrary to S8:2, where a positive
value of approximately 16.5 mV was recorded. The acidity level of blank NEs was within
the physiological range.

Figure 3. The visual appearance of NEs with CLT. Batches: 59:1-CLT (A, left), S8:2-CLT (B, centre),
57:3-CLT (C, right).

Table 13. Physico-chemical properties of the blank NEs and NEs with CLT (MV % SD, n = 3).

Z-Average ¢-Potential Osmolality
Batch [nm] PDI [mV] [mOsm/kg] pH
59:1 6739 £0.32 0.130+£0.007 —4.63+0.34 - 3.61
59:1-CLT 5216 £0.30  0.145£0.010  22.00 +1.86 871 £ 25 418
58:2 58.13 £0.34 0.147 £0.008  16.50 4= 0.25 - 3.55
58:2-CLT 5549 £0.44 0159 £0.009 19.70 +1.50 852 +17 4.06
S7:3 64.01 £0.11 0.089+0.012 —250+0.15 - 3.49
57:3-CLT 56.11 £0.27  0.132+£0.005 2290 & 0.27 758 5 4.01
25.0
—e—59:1 ——59:1-CLT
—-58:2 = —#-58:2-CLT
£ 200
—4-S7:3 = —4-S7:3-CLT
E
3 150
§ 100
§ 5.0
o o 0.0 o—=0 o =
100 150 200 0 50 100 150 200
Size (nm) B Size (nm)

Figure 4. Droplet size distribution by volume of (A) blank NEs and (B) NEs with CLT. Data expressed
as mean values + standard deviation (MV =+ SD, n = 3).

The addition of CLT had a significant impact on the z-average, the distribution of
droplet size by volume, (-potential levels, and the pH level. In all three formulations, mean
droplet diameters decreased by approximately 5-22%. The most significant difference was
observed for the NE with a 9:1 surfactant-to-cosurfactant ratio. The distribution of droplet
size in all three batches with CLT was unified and almost identical (Figure 4B). The largest
recorded droplets were <150 nm, while most of the droplets were <75 nm. The addition of
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API to the formulations slightly elevated PDIs in batches 59:1 and 58:2; the most significant
change was observed in batch S7:3, where PDI increased by approximately 50%. It had
also noticeably increased the levels of (-potential, changing the values of approximately
+22mV, +20 mV, and +23 mV in the case of formulations S9:1-CLT, S8:2-CLT, and S7:3-CLT,
respectively. The change in (-potential corresponded with higher pH of approximately
4.0-4.2 compared to blank NEs. In general, the acidity of formulations was influenced
by the surfactant-to-cosurfactant ratio. The pH decreased with the increasing content of
Span 80.

The osmolality was measured for NEs with CLT. All batches were characterized by
osmolality within the range of 750-880 mOsm/kg. The highest value of osmolality was
recorded for batch 59:1-CLT, while the lowest was for S7:3-CLT.

3.3. Results of the Stability Test

The change in the physico-chemical properties of tested batches is summarized in
Table 14. The visual appearance of the NEs with CLT did not markedly change and no
macroscopic signs of precipitation or phase separation were recorded.

Table 14. Physico-chemical properties of NEs with CLT vs. time (MV =+ SD, n = 3).

Time Z-Average ¢-Potential

Batch [Weeks] [nm] PDI [mV] pH
0 52.16 £0.30  0.145 £ 0.010  22.00 £+ 1.86 4.18

$9:1-CLT 4 52.80 £0.06  0.141 £0.008 17.40 £0.10 417
28 53.224+0.17 0.143 +£0.014 21.60 £1.49 4.13

5549 +0.44  0.159 £0.009 19.70 £ 1.50 4.06

$8:2-CLT 4 5462 +£0.27 0.140 £0.010 18.40+0.79 4.06
28 55.61 +£0.15  0.131 £0.006  24.20 £+ 0.97 4.07

56.11 £0.27  0.132 £0.005  22.90 £ 0.27 4.01

S7:3-CLT 4 56.20 £0.20  0.119 £0.004 22.20 £0.81 4.02
28 56.77 +£0.31  0.116 £ 0.006  23.50 £+ 2.46 3.93

The mean droplet diameter had no tendency to increase or decrease within 28 weeks.
PDI values of batches S8:2-CLT and S7:3-CLT dropped. However, those changes had no
visible impact on size distribution by volume over time (Figure 5), which remained constant
for all tested batches. (-potential showed greater variability over time. After one month,
(-potential decreased by 0.7 mV (57:3-CLT) to 4.6 mV (59:1-CLT), which was not related
to changes in the acidity, as pH values did not significantly shift during the same period.
C -potential increased close to initial values after 28 weeks in the case of S9:1-CLT and
57:3-CLT. For the batch S8:2-CLT, an increase in ¢-potential of 4.5 mV from the initial value
was observed, reaching 24.20 mV. Although the S7:3-CLT had the smallest variation in
values over the 28 weeks of observation, there was a high standard deviation at the last
time point. During the measurement of (-potential, two fractions of the droplets with
positive and negative surface charges were recorded. A slight change over time in the pH
levels was observed in the 57:3-CLT batch.
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Figure 5. Changes in droplet size distribution by volume for (A) 59:1-CLT, (B) S8:2-CLT, (C) S7:3-CLT.
Data expressed as MV £ SD (n = 3).

3.4. Pilot Study of the Changes in the Amount of Free CLT Released from Encapsulated
Form—Stationary Method

The results of the pilot study of the changes in the amount of free CLT over time are
presented in Figure 6. The release kinetics are similar for all tested NE batches (p = 0.51). All
NEs yielded a mean maximum amount of released nonencapsulated API of approximately
25% in 300 min. Despite similarities, some tendencies were observed. The mean maximum
amount of released API for batch S9:1-CLT was slightly lower when compared to other
NEs. A high standard deviation for each NE was noticed, the highest was observed for
batch S8:2-CLT, while the lowest standard deviation was recorded for batch S9:1-CLT. NE,
with a 9:1 surfactant-to-cosurfactant ratio, started to release the API through the membrane
in approximately 60 min, while in the case of the other batches, CLT in the medium was
recorded within 30 min. Additionally, 1% suspension of CLT powder used as a reference
presented similar kinetics to NEs-CLT batches (p = 0.67), in contrast to cream with 1% CLT,
which released only 5% API of the total dose in 5 h. The cream was significantly different
from NE batches and 1% CLT suspension (p < 0.05).

40

35 —e—S9:1-CLT
$ $8:2-CLT
X
> 30
@ $7:3-CLT
(]
© s Cream *
[ -
o 20 CLT suspension //
[
2 15 P . 1 2
L di
S 1
£ 10
-}
(8]

5

0 2
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Time (min)

Figure 6. Results of the stationary pilot study—the amount of released API (cumulative) over time.
The values are presented as the mean % of released API. Data expressed as MV £ SD (n = 3).

3.5. Pilot Study of the Changes in the Amount of Free CLT Released from Encapsulated
Form—USP 1V Method

The results of the pilot study conducted with the USP IV setup are presented in Figure 7.
The profiles of changes in the free CLT concentration of tested batches are similar and
characterized by the incomplete release of the API (p = 0.35). The standard deviations were
low in all tested formulations, except for batch 59:1-CLT, which also reached the highest
level of released CLT, up to 10% of the dose; however, those differences were statistically
insignificant. The performance of batches S8:2, 57:3, and 1% suspension were similar and
yielded slightly lower levels compared to the S9:1-CLT (p = 0.74) and significantly higher
than 2-3% of the released dose of API in the case of cream with CLT (p < 0.05). We recorded
the almost immediate onset of the release of the CLT for all batches.
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Figure 7. Results of USP IV pilot test—the amount of released API (cumulative) over time. The values
are presented as the mean % of released API. Data expressed as MV =+ SD (n = 3).

3.6. Comparison of Changes in Free API Concentration over Time with MIC

The measured concentrations of nonencapsulated CLT are presented in Figure 8. In
the stationary method, significantly higher levels were recorded. S8:2-CLT and S7:3-CLT
reached a concentration higher than 1 pg/mL in 30 min, while 59:1-CLT and CLT reached
suspension in 60 min. Market reference required a significantly longer time (p < 0.05);
i.e., 120 min to achieve that level. Concentrations higher than 8 ug/mL were reached by
(a) 58:2-CLT within 30 min; (b) S7:3-CLT and 1% CLT suspension within 60 min; (c) §9:1-CLT
within 90 min; and (d) MycoHydralin cream within 120 min.

60 60
—e—59:1-CLT —e—59:1-CLT
—m— 58:2-CLT $8:2-CLT
50 $7:3-CLT 50 $7:3-CLT
Cream Cream
w3 CLT suspension =3¢ CLT suspension
40 - - -8 yg/mLCLT (MIC - 100% strains) 40 - - -8 g/mLCLT (MIC - 100% strains)

~~~~~~~~~ 1 pg/mL CLT (MIC - 88% strains) wessnnee 1 pg/mL CLT (MIC - 88% strains)

30 30

20 20

Free CLT concentration (ug/mL)
Free CLT concentration (ug/mL)

10 10

0 60 120 180 240 300 0 60 120 180 240 300

A Time (min) B Time (min)
Figure 8. Comparison of the changes in free CLT concentration obtained over time using (A) the sta-
tionary method and (B) the USP IV method with 1 pg/mL CLT MIC (88% isolated strains susceptible)
and 8 pug/mL CLT MIC (100% isolated strains susceptible). Data expressed as MV £ SD (n = 3).

The concentrations measured in flow-through experiments were significantly lower
than those observed in the stationary method. The level of MIC CLT 88% was recorded
within 10 min of the experiment in the case of all tested samples. None of the tested
formulations were able to reach the concentration of 8 ng/mL. A similar and almost
constant level of 3-4 pg/mL was observed for NEs batches and 1% CLT suspension. The
cream with CLT reached a significantly lower (p < 0.05) and constant concentration of
1 ug/mL. It is worth noting that this method was performed under a constant renewal of
the dissolution medium.

4. Discussion

According to the established testing protocol (Section 2.3), the most promising compo-
sition consisted of rapeseed oil and Span 80 as the lipophilic phase and an aqueous solution
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of Pluronic F-68 as the hydrophilic phase of nanoemulsion. The addition of lactic acid and
PEG 200 to the formulation improved the physiological parameters of the formulation and
the cross-mixing of components, respectively. HSH and HPH turned out to be a suitable
combination of high energy methods in the manufacturing of NEs with CLT. However,
the implementation of HPH requires confirmation of drug loading due to possible loss of
some API [57]. The acceptable deviation was assumed at £5%. In this work, the maximum
pressure value not influencing the drug loading was found to be 1300 bars, where 97% of
the initial dose was observed. A further increase in pressure level resulted in a significant
loss of the API to approximately 50% of initial drug loading. The exact mechanism of the
CLT loss was not investigated by us. Possibly, when a formulation is pushed through a
microns-sized homogenization gap under high pressure, the batch is subjected to extreme
kinetic forces resulting from acceleration to a very high velocity. This stress causes dis-
ruption of the larger oil droplets into the nano-sized ones. A part of the energy is also
transferred into heat. The higher the pressure applied, the more disruptive forces act on
the formulation, which might result in unfavorable processes, such as the aggregation of
droplets or other particles, coalescence, water evaporation, and other interactions [57-59].
Pressure exceeding a critical level might lead to precipitation of the API and, consequently,
the CLT could be filtered out by the narrow homogenization gap and/or interaction with
the tubing system. However, this needs to be confirmed by the appropriate experiments.
The yielded blank and drug-loaded NEs were acceptably homogenous based on low
PDI values and small standard deviations [60]. The mean droplet diameter of blank and
loaded NEs was smaller than 100 nm. Particles with a size < 100 nm are expected to enter
and slowly penetrate vaginal mucus. Larger droplets (200-500 nm) would penetrate to
vaginal mucosa more rapidly, and hence, increase absorption of the CLT to the circulatory
system, which, in this case, is not considered beneficial due to the possible systemic side
effects [18]. Entrapment of CLT in the mucus mesh could increase its residual time and,
consequently, enhance the antifungal therapy of vaginitis. Within blank NEs, the most
promising properties were observed in the case of batch S8:2, as its z-average was the
lowest and the most homogenous based on droplet size distribution by volume. The
(-potential of blank batches S9:1 and S7:3 indicates their possible instability, as the values
were less than =10 mV and close to the point of zero charges [49]. Batch S8:2 yielded the
highest (-potential of approximately +16.50 mV, indicating its relative stability and the
most favorable composition among the blank batches. The addition of CLT had a strong
influence on the NEs properties, as it affected the z-average and (-potential, narrowed
the size distribution by the volume of batches, and shifted the distribution peaks towards
smaller diameters (except S8:2). The unique properties and differences in terms of the z-
average, size distribution by volume, PDI, and {-potential of batch S8:2 might be a result of
the surfactant-to-cosurfactant ratio. Zeng et al. described that the surfactant-to-cosurfactant
ratio might contribute to a decrease in the interfacial tension and an increase in surfactant
layer flexibility, which results in a system of higher entropy [61]. After the addition of the
AP]I, the shape and values of the droplet size distribution by volume of the tested batches
became almost identical (see Figure 4). In our opinion, the increased absolute value of
(-potential, together with changes in mean droplet size, suggest that CLT has stabilizing
properties on these NEs compositions. In nanoemulsion loaded with clotrimazole obtained
by Soriano-Ruiz et al., the addition of CLT also affected the size of the droplets by increasing
their diameter [23]. Borhade et al. studied the influence of the CLT, the composition of NEs,
and the pH of the media on the properties of NEs. Authors have discovered the significant
impact of CLT loading on NEs. In some cases, especially in media at a pH of 1.2, CLT
decreased the mean size of the droplet of NE. This phenomenon was explained by the
protonated imidazole group of CLT in the acidic media, which resulted in increased CLT
solubility [14]. Although clotrimazole increased the absolute value of the (-potential of
NEs, values lower than +30 mV may not guarantee long-term stability, yet ranges 10 mV
to £20 mV and £20 mV to £30 mV may be considered relatively stable and moderately
stable [49]. The API, as a weak base, has also elevated the pH of the formulations to
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mid-values (approximately 4.0) of the physiological range of 3.8 to 4.5 [50]. Change in
acidity is one of the major factors affecting -potential, and therefore, the observed changes
in the (-potential values may result from the CLT ionized form in acidic pH [14]. This
observation may also suggest that a part of the API dose is localized close to the lipophilic
phase boundary.

Evaluation of the osmolality of a vaginal formulation is an important factor, as hyper-
osmolal formulations have been reported to have irritating properties on vaginal mucosa,
and therefore, could cause unacceptable side effects [62]. To the best of our knowledge,
this is the first study which investigated the osmolality of EVDEFE. Developed batches meet
the World Health Organization advisory note on the “Use and procurement of additional
lubricants for male and female condoms: WHO/UNFPA /FHI360”, as measured osmolality
was lower than 1200 mOsm/kg, yet higher than the ideal < 380 mOsm/kg [51]. When
considering osmolality levels, the irritation potential on membranes decreases in a se-
ries of S9:1-CLT, S8:2-CLT, and S7:3-CLT from approximately 870 mOsm/kg to approx.
760 mOsm/kg. PEG 200, Pluronic F-68, and lactic acid, and possibly CLT, have been
identified as significant osmotic agents [63—-66]. The concentrations of PEG 200, lactic acid,
and CLT were constant for NEs. Only the levels of Pluronic F-68 varied between tested
batches. Osmolality values corresponded with the Pluronic F-68 loading as the highest
osmolality (871 & 25 mOsm/kg) was recorded for S9:1-CLT, which contained 18% w/w
of poloxamer, while the lowest osmolality (758 £ 5 mOsm/kg) was measured for batch
57:3-CLT, containing 14% w/w of the excipient. Despite the osmolality of NEs fulfilling
the recommendations of the WHO, the potential irritating properties of components were
investigated. Surfactants in high concentrations have been recognized as potentially irri-
tating or even toxic substances [67]. The implementation of Pluronic F-68 in high content
(>20%) in a vaginal formulation containing nanoparticles was previously investigated by
Zhang et al. [68], where no irritating properties of this excipient were observed in vivo
on rabbits. The safety of Span-80 was evaluated by Minamisakamoto et al. [69] in the
study of noisome, where insignificant toxicity of a high (46.5%) concentration of the surfac-
tant was observed. This indicates NEs should not exhibit irritating properties on vaginal
mucosa, as the concentration of surfactants used in our study is lower than reported in
previous research.

The evaluation of the stability of NE is one of the most important formulation prop-
erties to evaluate, as nanoemulsion will eventually separate into oil and aqueous phases.
In ideal NE, this phase separation process is slow enough to not have an impact on the
formulation performance in the pharmaceutical industry. The main processes involved are
flocculation, coalescence, and Ostwald ripening [48,54-56,70]. In general, these processes
lead to aggregation or combining of the droplets, and consequently, creaming and phase
separation [48,54-56,70]. Increasing the mean droplet size (z-average), PDI, and size distri-
bution could be one of the markers indicating NE disruption. Changes in (-potential values
(especially a drop in absolute value or the appearance of opposite charges) associated
with variations in pH levels might accelerate or initiate emulsion destabilization. During
the stability studies, the variability over time in terms of visual appearance, z-average,
PDI, mean droplet size distribution by volume, {-potential, and pH-value was assessed
to monitor early signs of NE destabilization. Within the first month, batches exhibited
acceptable stability and no significant changes were observed in the evaluated properties
and parameters, except for (-potential. The decrease by approximately 21%, 7%, and
3% of (-potential values, compared to their initial values of batches S9:1-CLT, S8:2-CLT
and S7:3-CLT, respectively, indicates that destabilizing processes might have occurred in
the batches. Variations in {-potential values did not correspond with constant pH levels.
However, no signs of API precipitation, phase separation, or flocculation were observed.
After 28 weeks, an increase in (-potential values was observed in all three NEs with CLT.
The previous drop in {-potential levels might have been related to the equilibration of the
formulations. Higher values of (-potential compared to the initial levels of batch S8:2-CLT
with no change in the pH suggest that this composition is more favorable when compared
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to 9:1 and 7:3 surfactant and cosurfactant ratios. Although the values of (-potential in the
case of 59:1-CLT returned to around initial values, a higher standard deviation was ob-
served. The increase in acidity was at the limit of acceptable variability of £0.05. In the case
of S7:3-CLT, an increase by 0.6 mV compared to initial values of {-potential was recorded
after 28 weeks. Despite the small change in value, an increase in the standard deviation
was observed resulting from the separation of the surface charge peaks into fractions with
positive and negative charges. These changes were accompanied by a decrease in pH of
0.08. These together indicate the onset of destabilizing processes and the inability of the
7:3 surfactant-to-cosurfactant ratio to provide stability for NEs in the long term. Analysis
of the droplet size distributions over time revealed no significant changes for all NEs with
CLT, which may be related to the stabilizing phenomena of the APL

Published studies regarding emulsion-based vaginal dosage forms (EVDF) are highly
variable [20]. The volume of approximately 2 mL of vaginal discharge present in the vaginal
lumen is 250-500 times less than the volume in commonly used apparatus such as USP
I and USP II. Several researchers have tried to reduce this difference by designing a new
simple setup consisting of dialysis bags with EVDF inside and a vessel/container with
dissolution media [36,71]. In our pilot study, the dialysis bag was used to separate free
CLT in medium from encapsulated form, but not to simulate systemic absorption. Another
issue with a simulation of physiological conditions is related to the constant wash-out
of the formulation from the vaginal lumen. This could be simulated by replacing the
withdrawn sample volume with fresh media. In the case of pilot studies, we chose a 50 mM
phosphate buffer as simulated vaginal fluid. The pH was adjusted to 3.5 to increase CLT
solubility (based on our previous R&D studies). Due to the poor solubility of clotrimazole
in aqueous media, we had to increase the volume of the buffer to 300 mL to avoid a
possible limitation of the study due the risk of the saturated medium. The study was
designed using standardized apparatus and equipment to provide methods transferable
to industrial protocols and to enable a focus on the technological aspects of NEs. No
significant differences were observed between the batches (p > 0.05), which showed high
standard deviations. The high impact of the membrane of the dialysis bag was one of the
major factors resulting in variability in drug release between the three samples analyzed.
The selection of a dialysis membrane for the pilot studies was based on the formulation
properties, and the purpose was not to simulate vaginal mucosa. Yet, this membrane was
chosen due to the low sorption of CLT to regenerated cellulose and a small pore diameter
of 2.5 nm, preventing an uncontrolled passage of NEs to the phosphate buffer. However,
the obtained NEs revealed significant osmolality resulting in osmotic pressure between
the NEs inside the dialysis bags and phosphate buffer outside, which created an influx of
dissolution medium to the formulation. Changes in osmotic pressure have been described
in several reports on colloids or nanomaterials encapsulated in dialysis bags [72-74]. In
fact, we observed a swelling of the dialysis bags exclusively in samples containing NEs
and did not record any swelling in the case of CLT suspension and cream (data not shown).
Osmotic pressure may have caused micro-damages in the structure of the membrane and
resulted in high standard deviations. Comparatively high SDs were not observed for the
suspension and cream. Therefore, further investigation is necessary to avoid the influence
of osmotic pressure on dialysis membrane integrity. Despite this fact, we were able to
observe some insignificant differences in the release curves. The highest level of released
API was observed in batch S7:3-CLT and S8:2-CLT (about 27% of CLT dose). Suspension of
the CLT reached a similar level of released API to the $9:1-CLT batch (approximately 25%
of the initial CLT loading). However, this difference is considered statistically insignificant
(p > 0.05), which is also visualized in overlapping standard deviations. Cream with CLT
presented a significantly lower performance (p < 0.05) in the pilot stationary test and
released only approximately 5% of the initial dose of CLT. It is obvious that suspension
is not considered a potential intravaginal formulation due to the almost immediate wash
out from the vaginal lumen, the poor solubility caused by limited vaginal discharge, and
possible irritating properties. The market reference—cream with CLT—yielded a limited
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release of API, possibly due to the poor and slow diffusion of API through the formulation
and the reduced penetration of the medium/vaginal discharge into the cream.

The stationary method was not discriminatory to distinguish the release kinetics of
free CLT from the encapsulated form of the different batches. An additional test with
a USP apparatus IV setup was performed to evaluate the resistance of the NEs to the
wash out by vaginal discharge, the sensibility to stress conditions, and the role of the
hydrophilic/lipophilic surfactants ratio in solubility kinetics and membrane permeability.
The constant flow of medium in an open circuit simulates the potential of the formulations
to confirm their activity, i.e., the constant availability of API. Surprisingly, despite the
higher total volume of the medium (=600 mL per single sample), the levels of free API
transferred to the medium were significantly lower by approximately 2.5 times compared
to the stationary method. The statistical results for the NE batches and 1% CLT suspen-
sion obtained using the stationary and flow-through methods are significantly different
(p < 0.05), whereas, in the case of cream with CLT, the results are similar (p = 0.10). However,
the dynamic release method provided more consistent profiles due to the low standard
deviations. The small variations are explainable by the fact that the latter were placed inside
the flow-through cell which, due to its small volume of 18 mL, prevents the membrane from
expanding. In the flow-through method, the most favorable performance was exhibited by
the 59:1-CLT batch, while the batches S8:2-CLT and S7:3-CLT yielded similar and slightly
lower concentrations in contrast to the stationary method, where 59:1-CLT presented the
lowest mean values of released API among NEs, and S7:3-CLT had the highest concentra-
tion. This phenomenon is worth further investigation. One of our hypotheses involves
the role of the compositions of the surfactants. CLT is more soluble in Span 80 than in
poloxamers, and Span 80 as a hydrophobic surfactant is less miscible with water. The
constant flow of fresh medium reduces the concentration of Span 80 in the medium on the
outer side of the membrane, reducing the ratio of CLT penetration through the membrane
of the dialysis bag. Pluronic F-68, as a hydrophilic surfactant, can diffuse more rapidly
to the phosphate buffer medium and provide enhanced solubility compared to the pure
phosphate buffer. The highest concentrations reached by 59:1-CLT might support this thesis.
However, Pluronic F-68 is not able to solubilize CLT as much as Span 80, which resulted
in lower levels of free API despite the overall larger volume of the acceptor medium. In
the stationary method, where the medium was not entirely replaced with fresh buffer,
the higher concentration of the lipophilic surfactant provided higher solubility of CLT,
resulting in the batch S7:3 reaching the highest concentrations. However, this hypothesis
requires further investigation in more discriminatory conditions to confirm the strong
influence of surfactant composition on the differences in free API release kinetics. Another
factor that may have had an impact is osmotic pressure, yet in both pilot tests, comparable
swelling of the dialysis bag was observed. CLT cream reached the lowest and similar
concentrations in both tests. This confirms that NEs are drug carriers feasible to provide
higher doses of lipophilic substances compared to vastly used creams in the treatment of
vaginal candidiasis.

The results of the pilot release studies were also presented in the form of CLT con-
centration in the medium of phosphate buffer. The purpose was to compare the free API
levels obtained in the tested formulation depending on the release method used. Bearing
in mind that the tests were not designed to simulate physiological conditions, the aim of
these studies is to assess the kinetics of the release of free CLT from encapsulated form.
Additionally, the concentrations were compared with MIC of Candida spp. for CLT. The
increasing concentration among the experiments in the stationary method proves that the
amount of medium was providing sufficient solubility for the CLT. NEs provide higher
availability of the nonencapsulated CLT form when compared to cream. This short method
was tested as a potential replacement for the time-consuming diffusion agar plate tests
when the MIC was previously established. The MIC values were only used as the reference
points. An additional benefit of this method is the lack of analytical difficulties related to the
extraction of the API from the agar during sample preparation, e.g., HPLC measurements
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or the selection of the sampling point on the agar plate. In the stationary method, we
recorded the free CLT concentration (>8 pg/mL) effective against all isolated yeast strains
by Frej-Madrzak et al. [1] after 30-90 min in the case of NEs and CLT suspension, or at the
end of the experiment in case of MycoHydralin cream. Although the antifungal level of CLT
for the majority of strains (1 pg/mL) was reached within 1 h of the test for all formulations,
except the market reference, less favorable observations were recorded in the dynamic pilot
study. The highest measured concentration of CLT did not reach the value of 8 pg/mL.
However, using the flow-through method, we observed the rapid release of free CLT within
10 min, in the amount providing MIC against most of the strains. In the stationary method,
it must be taken into consideration that the total volume of the medium was 150 times
greater than that found in physiological conditions, therefore potential concentrations in
physiological conditions could be higher. However, this pilot release test was designed to
assess the technological properties of NEs, such as release kinetics considering limited CLT
solubility. Consequently, the excess of the medium was reduced from 500 times greater
than physiological to 150 times. In the USP apparatus IV setup, the effective volume of
phosphate buffer inside the flow-through cell (capacity of the cell minus the glass beads)
was approximately 18 mL, which was only six times higher than physiological, but the
highest concentration of CLT was only 4 pug/mlL. This might be due to the high flow of the
medium; i.e., 2 mL/min resulting from the pump properties. However, this experiment
confirmed that part of the dose of free CLT is instantly available in contrast to the cream-
based formulation. When considering future tests simulating physiological conditions, it
would be beneficial to prepare the setup providing a slower flow of the medium inside
the cells to simulate physiological conditions of the vagina more accurately, yet the total
volume of the medium should enable sufficiently frequent sampling.

In summary, the obtained NEs met the initial requirements resulting from key factors
of biopharmaceutical performance, i.e., a z-average of 50-60 nm, a narrow size distri-
bution (high uniformity of the droplet size), a physiological pH of approximately 4.0,
and osmolality within the range of 700-900 mOsm /kg. The most important factors char-
acterizing the NEs performance within the study of the release of free CLT from the
encapsulated form are the fast onset of CLT release from NE and the ability to reach MIC
or a higher CLT concentration. Although all of the NEs-CLT batches presented similar
performances, the formulation S8:2-CLT seemed the most promising, as it exhibited slightly
lower variability of (-potential between blank and drug-loaded formulations, the highest
(-potential and, unlike S7:3-CLT, did not show peaks of a negative charge after 28 weeks
of stability evaluation. S8:2-CLT showed a fast onset of the release of the free CLT and
reached the concentration > 8 nug/mL of CLT considerably earlier than other batches in the
stationary method.

Another problem which has been noticed in our study is the lack of recommended
methods for evaluation of the release of a free drug form from vaginal drug carriers. We
used two methods of dissimilar dynamic and medium flow. We observed inconsistent
results and none of the methods were discriminatory for tested batches. These methods
together and alone could not simulate physiological conditions; i.e., the volume and
secretion rate of vaginal discharge. It is important to develop a method that more accurately
simulates the vaginal environment, i.e., the low volume of the ambient medium in the
test cell, yet provides a sufficient amount for the collection of samples and a medium flow
simulating the physiological exchange of vaginal discharge (6 mL/24 h) [75-77].

5. Conclusions

This study investigated the technological aspects of NEs with CLT. Tested batches were
manufactured using methods feasible to transfer to an industrial scale. Stable NEs with
favorable properties (mean droplet size, homogeneity, physiological pH, and osmolality)
were obtained. Although the obtained NEs were similar, the most promising properties re-
vealed batch 58:2-CLT as being suitable for future development. NEs are emerging potential
drug carriers in the treatment of local vaginal conditions. There are no recommendations
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for API release or the dissolution testing of EVDF. Stationary and flow-through methods
provided incoherent results. It is crucial to develop a robust drug release testing protocol
which will provide more discriminatory results and simulate physiological conditions.
While the NEs provide greater availability of the nonencapsulated CLT form, future studies
on the development of the final dosage form of mucoadhesive properties are required to
extend vaginal residual time.

6. Patents

National and PCT patent applications have been filed for the inventions presented in
this publication. Applications have been registered with numbers: P.438501 for UPRP—
polish notational patent application and PCT/PL2022 /000039 (publication number WO
2023/287309) for PCT patent application.
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Development of the method for the pharmaceutical availability testing
of clotrimazole from multiphase semi-solid vaginal dosage forms

Introduction. The intravaginal drug administration enables treatment
of the local and systemic diseases. The anatomy and physiology of

a vagina provide several difficulties for drug technologists due to

the small amount and continuous production of vaginal discharge,
especially in the case of lipophilic drugs often characterized by
insufficient solubility. The application of poorly soluble drug substances
in the form of nanoemulsions improves their availability. However, in
the case of nanoemulsion-based vaginal dosage forms, no standardized
methods have been defined for testing the amount of a drug released
from encapsulated form.

Aim of the study. Comparison and development of a method for testing
the availability of active pharmaceutical substances from vaginal
nanoemulsion-based drug forms.

Materials and methods. The nanoemulsion and reference products
(cream and suspension) were placed in a dialysis bag separating them
from the acceptor medium. The changes in the concentration of

the free fraction of the model active substance - clotrimazole were
assessed. The experiments were performed using 2 static methods

of different mixing method (magnetic stirring and USP apparatus Ill)
and 2 dynamic methods including the flow of the medium through

the flow-through cell at 2 mL/min and 2 mL/h. The experiments were
conducted for 5 h.

Results. Incomplete release of the active pharmaceutical ingredient
was observed for all tested formulations over the experiment. Despite
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the delivery of a fresh portion of the medium, low concentrations of
the free clotrimazole fraction were observed for both flow-through
methods i.e., a maximum of about 7.5% of the dose for the 2 mL/min
flow rate and 5% for the 2 mL/h flow rate. In stationary methods,

the maximum recorded concentrations of the free fraction of the
drug corresponded to approx. 25% of the initial amount. For the pilot
stationary method, high standard deviations (SD) were observed,
which affected the low discriminatory properties of the method. The
method based on the reciprocating cylinder dissolution apparatus
provided results exhibiting smaller SD and more significant differences
between the tested formulations. The highest concentrations among
the evaluated formulations were observed for nanoemulsion or
nanoemulsion and suspension, depending on the used test technique.

Significantly lower doses of the drug were released from the creamin
almost every test.
Conclusions. The selection of the method used to assess the

pharmaceutical availability of an active pharmaceutical ingredient has

a crucial impact on the release profiles obtained. The stationary method
using a reciprocating cylinder apparatus (USP apparatus Ill) had the
highest measurement precision and provided the most discriminatory

results.

Keywords: dissolution, dosage forms, vagina, nanoemulsion,

clotrimazole.

© Farm Pol, 2022, 78 (12): 675—684

Przedmiot badan

Dopochwowe podanie umozliwia precyzyjne
miejscowe leczenie zakazen bakteryjnych, grzy-
biczych i wirusowych, jak réwniez moze byc¢
wykorzystane do systemowego podawania lekéw
z pominieciem krazenia watrobowego [1-5]. Jed-
nakze, opracowanie dopochwowych formulacji
stanowi trudnos¢ z uwagi na fizjologiczne uwa-
runkowania miejsca podania. Pierwsza trudno-
$cig tej drogi podania jest niewielka ilo$¢ wydzie-
liny pochwowej obecna w $wietle pochwy,
wynoszgca okolo 2 mL, i ograniczajaca rozpusz-
czanie substancjileczniczych, kolejng trudnoscia
jest klirens tej wydzieliny w ilosci do 6 mL/24 h,
co jest przyczyna krétkiego czasu kontaktu leku
z blong sluzowsa i moze wplywac na ograniczenie
czasu przebywania substancji leczniczej w miej-
scu podania [6-8].

Formulacje dopochwowe oparte na nano-
emulsjach stanowia dynamicznie rozwijajacy
sie dzial technologii postaci lekéw dopochwo-
wych. Zastosowanie nanoemulsji w tej drodze
podania dostarcza korzysci, takich jak: a) moz-
liwos¢ jednoczesnego podania lekéw lipofilo-
wych i hydrofilowych, b) zwigkszona adhezji do
blony sluzowej pochwy, c) mozliwosci dostoso-
wania wielko$ci fazy rozproszonej do potrzeb
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terapeutycznych zwiazanych z przenikaniem
przez warstwy wydzieliny pochwowej i warstw
$ciany pochwy [9].

Pomimo duzego zainteresowania postacia
leku, wciaz brakuje usystematyzowanych metod
pozwalajgcych testowadé dostepnosc farmaceu-
tyczng leku z postaci emulsyjnych w dopochwo-
wym podaniu leku. Dotychczasowe rekomendacje
Food and Drug Administration (FDA) oraz komi-
tetu United States Pharmacopeia (USP) okreslaja
metody badawcze giéwnie dla tabletek i kraz-
kéw dopochwowych obejmujace wykorzystanie
urzadzen farmakopealnych, takich jak aparaty
koszyczkowe, lopatkowe, aparat USP typu VII, lub
metod niekonwencjonalnych, takich jak wytrzg-
sarkiiinkubatory [10-13]. Modele farmakopealne
znajdujg zastosowanie w przemysle farmaceutycz-
nym jako narzedzia stuzace do poréwnania tech-
nologii, jednak nie s3 w stanie symulowac warun-
koéw fizjologicznych. Kale et al. podjeli starania
w celu zaadaptowania modelu Setnikar i Fantelli
do prowadzenia badan dostepnosci farmaceu-
tycznej postaci dopochwowych w skali zblizonej
do warunkoéw fizjologicznych [14, 15]. Model ten
nie znajduje zastosowania w badaniu formulacji
emulsyjnych. Oddzielenie postaci leku od medium
akceptorowego za pomocg blony pétprzepuszczal-
nej, pozwala na oznaczanie wolnej frakeji leku nie-
zwigzanej z fazg lipofilowg nanoemulsji, co wydaje
si¢ istotne z punktu widzenia skutecznosci lecze-
nia [16, 17].

Cel pracy

Celem pracy jest opracowanie metody badania
dostepnosci farmaceutycznej substancji czyn-
nej (ang. Active Pharmaceutical Ingredient,
API) z dopochwowych wielofazowych postaci
na bazie emulsyjnej, tj. kinetyki przechodze-
nia leku do fazy wodnej z fazy olejowej, w ktorej
jest zwigzany. Jako substancje czynng zastoso-
wano clotrimazolum (CLT), w przypadku klasy-
fikacji BCS dotyczacej doustnego podania lekéw,
zaliczang do grupy BCS II, cechujacej si¢ niska
rozpuszczalnoscig i wysoka przenikalnoscia. Do
badan wykorzystano nanoemulsje wiasnej recep-
tury, bedaca przedmiotem zgloszenia patento-
wego [18].

Pozadana metoda badania dostepnosci far-
maceutycznej powinna zapewniac¢ warunki dys-
kryminujace dla 3 badanych formulacji - nano-
emulsji zawierajacej clotrimazolum (NE-CLT),
zawiesiny i komercyjnego produktu referen-
cyjnego (kremu), jednoczesnie zapewniajgc
warunki zblizone do fizjologicznych. W tym
celu przeprowadzono badania z wykorzysta-
niem dwéch metod stacjonarnych i dwéch metod
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przeplywowych z wykorzystaniem aparatury
opisanej w Farmakopei, jak réwniez metod nie-

Tabela 1. Sklad nanoemulsji zawierajacej clotrimazolum.
Table 1. Composition of nanoemulsion loaded with clotrimazole.

konwencjonalnych.

Materialy i metody Clotrimazolum 1,0
Olej rzepakowy 20,0
Materlaly Kwas mlekowy 0,6

W badaniach przeprowadzonych w ramach
. . . Pluronic F-68 16,0

niniejszej pracy zastosowano nastepujace mate-
riaty i odczynniki chemiczne: clotrimazolum PEG 200 6,6
(CLT) Pol-Aura (R6zanowo, Polska); olej rzepa- Span 80 40

kowy Bunge Polska Sp. z 0.0. (Kruszwica, Poland);
Woda do HPLC 51,8

90% kwas mlekowy, poloxamer 188 (Pluro-
nic F-68) Pol-Aura (Rézanowo, Polska); poloxa-
mer 407 (Pluronic F-127), glikol polietylenowy
200 (PEG200), monooleinian sorbitanu (Span 80)
Sigma-Aldrich (St. Louis, USA lub Steinheim,
Niemcy).

Acetonitryl HPLC gradient (ACN) z S.Witko
(L6dz, Polska). Diwodorofosforan (V) potasu
(KH2PO4) Chempur (Piekary Slaskie, Polska).
Wode do HPLC (< 0,05 pS/cm) uzyta do przygo-
towania formulacji i wszystkich eksperymentéw
wyprodukowano w laboratorium z wykorzysta-
niem urzadzenia Hydrolab Ultra UV (Hydrolab Sp
7 0.0., Straszyn, Polska).

Wszystkie zastosowane odczynniki chemiczne
byly klasy ,,czysty do analizy”.

Komercyjny produkt referencyjny 1% krem
z CLT, MycoHydralin (Bayer Healthcare, Loos,
Francja) zakupiono w lokalnej aptece ogélnodo-
stepnej we Francji.

Metody

Otrzymywanie nanoemulsji

zawierajacej clotrimazolum do badaii

W celu przygotowania nanoemulsji prze-
pisang ilo$¢ oleju rzepakowego, Spanu 80 i PEG
200 wymieszano wstepnie korzystajac z miesza-
dla magnetycznego. Nastepnie, wskazang ilo$¢
substancji czynnej rozpuszczono w uprzed-
nio podgrzanej frakcji lipofilowej, po czym kro-
plami wprowadzono roztwér Poloxameru
188 i kwasu mlekowego. Uzyskang makroemul-
sje pozostawiono na 24 h do ustabilizowania,
mieszajac z wykorzystaniem mieszadla magne-
tycznego. Formulacje poddano homogeniza-
cji z wykorzystaniem homogenizatora szybko-
obrotowego (PRO250, PRO Scientific Inc., Oxford,
USA; 13 000 + 200 obr./min, 10 min), nastep-
nie dwom cyklom homogenizacji wysokoci-
$nieniowej (GEA PandaPLUS 2000, GEA Mecha-
nical Equipment Italia S.p.A, Parma, Wlochy;
1300 = 100 bar).

Skilad formulacji nanoemulsji zawieraja-
cej clotrimazolum (NE-CLT) przedstawiono
w tabeli 1.
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Pomiar wielkosci kropli oleju,

wspdolczynnika polidyspersyjnosci,

potencjalu zeta, pH i osmolalnosci

Otrzymang formulacje poddano badaniu na
analizatorze wielkosci czastek Zetasizer Nano-ZS
ZEN3600 (Malvern Instruments Ltd., Worcester-
shire, UK) metodg dyfrakcji laserowej (ang. DLS -
Dynamic Light Scattering) i elektroforetycznego
rozpraszania $wiatla (ang. ELS - Electrophoretic
light scattering), wykorzystujac ustawienie lasera
pod katem 173°. Badanie przeprowadzono w tem-
peraturze 25 + 0,1°C. Badang nanoemulsje rozcien-
czono 50-krotnie w wodzie do HPLC. Zmierzono
$rednig $rednice kropli oleju (ang. z-average),
wspolezynnik polidyspersyjnosci (ang. Polydi-
spersity index, PDI) i warto$é potencjalu zeta
(ang. z-potential).

Pomiar pH przeprowadzono za pomoca
pH-metru Mettler Toledo SevenMulti S40
(Mettler-Toledo LLC, Columbus, USA) wyposazo-
nego w elektrode szklang.

Pomiar osmolalno$ci wykonano z uzyciem
Micro-osmometru Loeser TYP 6 (Loeser Messtech-
nik, Berlin, Germany). Prébki rozciericzono dwu-
krotnie przed pomiarem osmolalnosci.

Wszystkie pomiary przeprowadzono w 3 pow-
térzeniach.

Przygotowanie zawiesiny z CLT

Zawiesine CLT, jako jedna z formulacji refe-
rencyjnych, przygotowano poprzez zawieszenie
zmikronizowanej substancji czynnej w wodzie
do HPLC. Dla przygotowania 100 g zawiesiny
odwazono 1,0 g CLT, ktdéry nastepnie wpro-
wadzono do 99,0 g wody do HPLC. Mieszanine
poddano intensywnemu wytrzasaniu przez
15 minut do pokonania napigcia powierzchnio-
wego. Zawiesine wstepnie wymieszano na mie-
szadle magnetycznym przez 10 min z predkoscia
350-500 obr./min. Nastepnie, zawiesine pod-
dano sonikacji przez 15 min i pozostawiono na
noc na mieszadle magnetycznym, utrzymujgc
350-500 obr./min.
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Badanie zmiany steZenia

wolnej frakcji CLT z nanoemulsji

i formulacji referencyjnych -

pilotazowa metoda stacjonarna

z wykorzystaniem mieszadla

magnetycznego

Badanie zmiany stezenia wolnej frakcji CLT
z nanoemulsji metodg stacjonarng zostato prze-
prowadzone z wykorzystaniem aparatury skla-
dajacej sie z lazni wodnej (Erweka GmbH, Langen,
Niemcy), w ktérej zanurzono szklane naczy-
nia (zlewki) o cylindrycznym ksztalcie (Erweka
GmbH, Langen, Niemcy). Jako medium akcepto-
rowe zastosowano 50 mM bufor fosforanowy o pH
3,5. 300 mL medium umieszczono w szklanych
naczyniach i termostatowano w warunkach 37°C,
jednoczesnie mieszajac przy predkosci 100 obr./
min z wykorzystaniem wielostanowiskowego
mieszadla magnetycznego. Badanie przepro-
wadzono dla 3 formulacji, tj. nanoemulsji z CLT
(NE-CLT), 1% zawiesiny i kremu MycoHydralin.
Dla oddzielenia frakcji CLT zwiazanej w formula-
cji od wolnego CLT wykorzystano worki dializa-
cyjne Servapor, wykonane z regenerowanej celu-
lozy o warto$ci odciecia masy czasteczkowej do
12 000 Da i porach o $rednicy 2,5 nm. Dla ujed-
nolicenia postepowania do badan przyjeto dlugosé¢
worka dializacyjnego wynoszaca 7 cm przy $red-
nicy 16 mm. Blony kondycjonowano w medium
przez 1 h przed badaniem. Do worka dializacyj-
nego wprowadzano po 5 mL badanych prepara-
tow (formulacji nanoemulsji, zawiesiny i kremu
z CLT). Worki dializacyjne zostaly zabezpieczone
na obu korcach klipsami, ktére utrzymywalty
badane formulacje w medium w pozycji werty-
kalnej. Badanie prowadzono przez 5 h, pobiera-
jac prébki co 30 min. Objetosé pojedynczej prébki
ustalono na 5 mL, ktérg kazdorazowo zastepo-
wano jednakowa objetoscia Swiezego medium.
Pobrane prébki rozciericzano 1:1 z ACN celem
zapewnienia odpowiedniej stabilnosci, filtro-
wano przez filtry strzykawkowe z regenerowanej
celulozy (25 mm; 0,22 pm) i analizowano metodg
HPLC opisang w rozdziale Oznaczanie stezenia
CLT metodq RP-HPLC.

Badanie zmiany stezenia

wolnej frakcji CLT z nanoemulsji

i formulacji referencyjnych -

metoda stacjonarna z wykorzystaniem

aparatu USP 111

Badanie zmiany stezenia wolnej frakcji CLT
z nanoemulsji i produktéw referencyjnych
metoda stacjonarng zostalo réwniez przeprowa-
dzone z wykorzystaniem aparatu z ruchomym
cylindrem, znanym réwniez jako aparat typu III
wedlug USP [19, 20]. W tym celu zastosowano
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aparat Varian Bio-Dis Dissolution System z pompa
VK 750D (Varian Inc., Weston Parkway, Cary,
USA). Jako medium akceptorowe zastosowano
50 mM bufor fosforanowy o pH 3,5. W szklanych
cylindrycznych zlewkach o pojemnos$ci 300 mL
umieszczono 200 mL medium i termostatowano
w warunkach 37°C. Celem oddzielenia formu-
lacji od medium akceptorowego wykorzystano
worki dializacyjne opisane w rozdziale Bada-
nie zmiany stezenia wolnej frakcji CLT z nano-
emulsjiiformulacjireferencyjnych - pilotazowa
metoda stacjonarna z wykorzystaniem miesza-
dta magnetycznego. Z uwagi na mniejszy roz-
miar komorki objeto$¢ pojedynczej probki zre-
dukowano do 2 mL. Badanie przeprowadzono dla
3 formulacji, tj. nanoemulsji z CLT, 1% zawiesiny
i kremu MycoHydralin. Predko$¢ ruchu posuwi-
stego cylindréw zawierajacych formulacje usta-
lono na 5 zanurzen na minute celem zapewnienia
odpowiedniego mieszania prébek. Badanie pro-
wadzono przez 5 h, pobierajac prébki co 30 min.
Prébki przygotowano do analizy zgodnie z metoda
opisang w rozdziale Badanie zmiany stezenia
wolnej frakcji CLT z nanoemulsji i formulacji
referencyjnych - pilotazowa metoda stacjonarna
zwykorzystaniem mieszadla magnetycznego.

Badanie zmiany stezenia

wolnej frakcji CLT z nanoemaulsji

i formulacji referencyjnych - metoda

przeplywowa z wykorzystaniem

aparatu USP IV

Badanie zmiany stezenia wolnej frakcji CLT
znanoemulsji i produktéw referencyjnych metoda
dynamiczna, przeplywowsa zostalo przeprowa-
dzone z wykorzystaniem aparatu przeplywowego
(znananego réwniez jako USP apparatus 1V).
Zestaw skladal sie z celki przeplywowej o pojem-
nosci 22,6 mL (CE 1, Sotax AG, Basel, Szwajca-
ria) i pompy tlokowej (CY 7-50, Sotax AG, Basel,
Szwajcaria). Jako medium akceptorowe zastoso-
wano 50 mM bufor fosforanowy o pH 3,5. Pojem-
nosc rzeczywistg celki pomiarowej, uwzglednia-
jaca objetos¢ zajmowana przez zloze szklanych
kulek, ustalono na 18 mL. Badanie prowadzono
w ukladzie otwartym. Przeplyw medium ustalono
na 2 mL/min, ktére stanowilo najmniejsza pred-
kos¢ przeplywu medium gwarantujaca stabilng
prace pompy tlokowej. Celki przeplywowe ter-
mostatowano w warunkach 37°C. Celem oddzie-
lenia formulacji od medium akeceptorowego wyko-
rzystano worki dializacyjne opisane w rozdziale
Badanie zmiany stezenia wolnej frakcji CLT
znanoemuls;jiiformulacjireferencyjnych - pilo-
tazowa metoda stacjonarna z wykorzystaniem
mieszadla magnetycznego. Z uwagi na rozmiar
celki objetos$¢ pojedynczej prébki zredukowano
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do 2 mL. Badanie przeprowadzono dla 3 formu-
lacji tj., nanoemulsji z CLT, 1% zawiesiny i kremu
MycoHydralin. Badanie prowadzono przez 5 h.
Prébki pobierano co 10 min przez 1 h ekspery-
mentu, nastepnie co 30 min do korica testu. Prébki
przygotowano do analizy zgodnie z metoda opi-
sang w rozdziale Badanie zmiany stezenia wolnej
frakcji CLT z nanoemulsji i formulacji referencyj-
nych - pilotazowa metoda stacjonarna z wyko-
rzystaniem mieszadta magnetycznego.

Badanie zmiany stezenia

wolnej frakcji CLT z nanoemulsji

i formulacji referencyjnych - metoda

przeplywowa z wykorzystaniem

aparatu USP IV i pompy

strzykawkowej

Badanie zmiany stezenia wolnej frakeji CLT
znanoemulsji i produktéw referencyjnych metoda
dynamiczna, przeplywowa zostalo przeprowa-
dzone z wykorzystaniem celki przeplywowe;j
o pojemnosci 22,6 mL (CE 1, Sotax AG, Basel,
Szwajcaria), wchodzacej w sklad aparatu przeply-
wowego (USP apparatus 1V), oraz pompy strzy-
kawkowej (PhD2000 Infusion, Harvard Apparatus,
Holliston MA, USA) [19, 20]. Jako medium akcep-
torowe zastosowano 50 mM bufor fosforanowy
o pH 3,5. Rezerwuar medium akceptorowego sta-
nowily strzykawki o pojemnos$ci 30 mL. Pojem-
nosc rzeczywistg celki pomiarowej, uwzglednia-
jaca objetos¢ zajmowang przez zloze szklanych
kulek, ustalono na 18 mL. Przeplyw medium
ustalono na 2 mL/h, ktére stanowilo najmniej-
sza predkos¢ przeplywu medium gwarantujaca
stabilng prace pompy ttokowej. Celki przepty-
wowe termostatowano w warunkach 37°C. Celem
oddzielenia formulacji od medium akceptorowego
wykorzystano worki dializacyjne opisane w roz-
dziale Badanie zmiany stezenia wolnej frakcji
CLT z nanoemulsji i formulacji referencyjnych
- pilotazowa metoda stacjonarna z wykorzy-
staniem mieszadla magnetycznego. Z uwagi na
rozmiar celki objetos$¢ pojedynczej probki zredu-
kowano do 2 mL. Badanie przeprowadzono dla
3 formulacji, tj. nanoemulsji z CLT, 1% zawiesiny
i kremu MycoHydralin. Badanie prowadzono przez
5 h, pobierajac prébki co 60 min. Prébki przygoto-
wano do analizy zgodnie z metodg opisana w roz-
dziale Badanie zmiany stezenia wolnej frakcji
CLT z nanoemulsji i formulacji referencyjnych -
pilotazowa metoda stacjonarna z wykorzysta-
niem mieszadla magnetycznego.

Oznaczanie stezenia CLT

metodq RP-HPLC

Oznaczanie stezenia CLT przeprowadzono za
pomoca wysokosprawnej chromatografii cieczowej
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w ukladzie faz odwréconych (ang. Reversed phase
- High-Performance Liquid Chromatography,
RP-HPLC) z wykorzystaniem aparatu Shima-
dzu LC-2050C (Shimadzu U.S.A Manufacturing
Inc., Canby, USA), wyposazonego w detektor typu
DAD (ang. Diode Array Detector). Zastosowano
kolumne chromatograficzng Gemini C18 o wymia-
rach 150 mm x 4,6 mm, 3 pm. Badanie prowadzono
w warunkach elucji izokratycznej z uzyciem fazy
ruchomej skladajacej sie z acetonitrylu i 20 mM
buforu fosforanowego o pH 6,8 w stosunku 60: 40
(v/v). Predko$¢ przeplywu wynosila 1,5 mL/min.
Objetos¢ nastrzykniecia ustalono na 20 pL. Detek-
cje CLT prowadzono przy dlugosci fali wynoszacej
265 nm. Czas retencji wynosil ok. 5 min. W zakre-
sie stezent 2-300 pg/mL uzyskano liniowy zakres
detekcji o wspdlczynniku R? = 0,999.

Analiza statystyczna

Wszystkie analizy przeprowadzono w 3 pomia-
rach. Zostaly dla nich obliczone odchylenia stan-
dardowe (SD). Dokonano analizy statystycznej
wynikéw za pomoca metody analizy warian-
cji (ANOVA) dla poziomu ufnosci 95%. Obliczen
dokonano korzystajac z wbudowanego narzedzia
»Analiza danych” w oprogramowaniu Microsoft
Excel.

Wyniki

Pomiar $redniej wielkosci

kropli oleju, potencjalu zeta

i wspélczynnika polidyspersyjnosci

Na podstawie przeprowadzonych pomiaréw
uzyskano srednig wielkos¢ kropli oleju (z-average)
wynoszaca 55,49 = 0,44 nm, wspélezynnik poli-
dyspersyjnosci (PDI) - 0,159 + 0,009 oraz poten-
cjal zeta (z-potential) wynoszacy 19,70 + 1,50 mV.
Srednia wartos$¢ pH badanej nanoemulsji wynosita
4,06 = 0,05, natomiast osmolalno$¢ zmierzono na
poziomie 852 + 17 mOsm/kg.

Wyniki badania zmiany kumulowanych

ilosci wolnej frakcji CLT w funkcji czasu

- pilotazowa metoda stacjonarna

z wykorzystaniem mieszadla

magnetycznego

Wyniki uzyskanych profili zmiany kumulowa-
nych ilosci wolnej frakeji leku w czasie z postaci
zwigzanej z formulacja przedstawiono na ryci-
nie 1. Obserwowane profile wskazuja na niepeine
uwolnienie wolnego API z postaci leku. Wyniki
uzyskane dla NE-CLT i zawiesiny cechowaly sie
wysokim odchyleniem standardowym, w prze-
ciwieristwie do kremu MycoHydralin. Obie for-
mulacje osiagnely srednie wartosci wolnej frakcji
CLT na poziomie 22,5-25,0% dawki leku w czasie
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Rycina 1. Wyniki zmiany wolnej frakeji CLT w zaleznosci od czasu wyrazone

jako kumulatywny procent dawki leku - oznaczenie metoda stacjonarna (n = 3).

Figure 1. Results of the amount of free API released over time, cumulatively -
stationary method (n = 3).
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Rycina 2. Wyniki zmiany wolnej frakcji CLT w zalezno$ci od czasu wyrazone
jako kumulatywny procent dawki leku -oznaczenie metodg USP III (n = 3).
Figure 2. Results of the amount of free API released over time, cumulatively -
USP III method (n = 3).

— 40

R z z

. —a—NE-CLT
g 37 .
< ] —8—Zawiesina
§° 30 + | —a—MycoHydralin
I

=) i

£ 20+

E 15 +

g

£

-

A

0 30 60 90 120 150 180 210 240 270 300
Czas [min]
Rycina 3. Wyniki zmiany wolnej frakcji CLT w zalezno$ci od czasu wyrazone
jako kumulatywny procent dawki leku -oznaczenie metoda przeptywowa
USP1V (n - 3).
Figure 3. Results of the amount of free API released over time, cumulatively -
USP 1V flow-through method (n = 3).
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5 h. Otrzymane profile cechowaly sie istot-
nie wiekszymi wartosciami w poréwnaniu
z kremem MycoHydralin (p < 0,05), dla kto-
rego zaobserwowano stezenie wolnej frakeji
CLT odpowiadajace 5% dawki leku. Miedzy
NE-CLT a zawiesing nie zaobserwowano réz-
nic istotnych statystycznie (p = 0,40). Pocza-
tek wzrostu stezenia wolnej frakeji CLT zaob-
serwowano dla NE-CLT w 30 min, zawiesiny
w 60 min, za$ kremu w 120 min.

Wyniki badania zmiany
kumulowanych ilosci wolnej frakcji
CLT w funkcji czasu - metoda USP III

Wyniki uzyskanych profili zmiany steze-
nia wolnej frakeji leku w metodzie z wyko-
rzystaniem aparatu USP III, réwniez wska-
zuja na niepeilne uwolnienie wolnego API
z postaci leku (rycina 2). Zaobserwowano
znaczaco mniejsze odchylenie standardowe
niz w przypadku pilotazowej metody sta-
cjonarnej. W tej metodzie NE-CLT osiagnela
maksymalne stezenie odpowiadajace $red-
niemu uwolnieniu okolo 15% dawki CLT
w ciggu 5 h. O polowe mniejszy wynik ($red-
nia okolo 7,5%) odnotowano w przypadku
zawiesiny. Komercyjna formulacja Myco-
Hydralin odnotowala podobny wynik jak
w pilotazowej metodzie stacjonarnej (sred-
nia okolo 5%). Miedzy obserwowanymi pro-
filami odnotowano istotne statystycznie r6z-
nice (p < 0,05).

Wyniki badania zmiany
kumulowanych ilosci wolnej frakcji
CLT w funkcji czasu - metoda
przeplywowa USP IV

Wyniki profili zmiany stezenia wol-
nej frakeji leku w czasie, uzyskane w meto-
dzie przeplywowej, zostaly przedstawione
na rycinie 3. Dane wskazuja na niepelne
uwolnienie wolnego API z postaci leku
w badanym czasie. Zaobserwowano zna-
czaco mniejsze odchylenie standardowe niz
w przypadku pilotazowej metody stacjo-
narnej. W tej metodzie NE-CLT i zawiesina
osiaggnely jednakowe maksymalne stezenie
odpowiadajace sredniemu uwolnieniu okolo
7,5% dawki CLT w ciaggu 5 h. Istotng sta-
tystycznie (p < 0,05) i trzykrotnie mniejsza
ilo$¢ uwolnionego leku - okoto 2,5% dawki,
zarejestrowano w przypadku komercyjnej
formulacji MycoHydralin. Miedzy obserwo-
wanymi profilami NE-CLT i zawiesiny nie
odnotowano istotnych statystycznie réznic
(p = 0,79). Poczatek wzrostu stezenia wolnej
frakeji CLT zaobserwowano dla wszystkich
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formulacji w jednakowym czasie (tj. 10 min), acz-
kolwiek obserwowane stezenia byly na bardzo
niskim poziomie w przypadku kremu.

Wyniki badania zmiany kumulowanych

ilosci wolnej frakcji CLT

w funkcji czasu - metoda przeplywowa

z pomp3 strzykawkowa

Wyniki profili zmiany stezenia wolnej frakcji
leku w czasie, uzyskane w metodzie przeplywowej
z zastosowaniem pompy strzykawkowej, zostaly
przedstawione na rycinie 4. Dane réwniez wska-
zuja na niepelne uwolnienie API w badanym cza-
sie. Zaobserwowano niewielkie odchylenie stan-
dardowe. W metodzie tej, z najmniejsza objetoscia
medium, tj. 18 mL wewnatrz celki, i przeplywie
najbardziej zblizonym do fizjologicznego (2 mL/h),
NE-CLT osiagnela wyzszy od obu formulacji refe-
rencyjnych stopiert wolnej frakcji CLT na poziomie
5% dawki API w ciggu 5 h. Nizsze ilo$ci uwolnio-
nej wolnej frakeji leku zaobserwowano dla zawie-
siny i kremu MycoHydralin - okolo 2,5% w czasie
5 h, aczkolwiek réznica okazala sie by¢ nieistotna
statystycznie (p = 0,29). Poczatek wzrostu steze-
nia wolnej frakeji CLT zaobserwowano dla wszyst-
kich formulacji w jednakowym czasie, tj. 120 min.

Dyskusja

Otrzymana nanoemulsja, zawierajaca clotri-
mazolum jako substancje czynng, cechuje sie wiel-
ko$cia kropli oleju gwarantujaca penetracje postaci
leku przez warstwy $luzu i wydzieliny pochwo-
wej pokrywajacych blone sluzows, jak réwniez
wydtuzony czas przebywania formulacji w miej-
scu podania [21-23]. Wysoka homogennos¢ for-
mulacji gwarantuje niewielki rozrzut

wynikéw w badaniach z wykorzysta- — 40
niem struktur dializacyjnych o ustan- &
daryzowanych porach [24]. Zmie- % 35
rzona warto$¢ potencjalu z znajduje ED 30
si¢ w przedziale + 10-20 mV, na pod- g
stawie danych literaturowych $wiad- % %
czy to o krétkookresowej stabilnosci E 20
formulacji [25]. Warto$¢ pH miesci sie g 5
w fizjologicznym zakresie, za$§ osmo- é
lalno$¢ nanoemulsji speinia wymaga- é 10
nia dla dopochwowych formulacji, co -
$wiadczy o niskim potencjale draznig- £
cym blone sluzows pochwy [21, 26]. ¥ 0

Stosowane przez badaczy metody
badania dostepnosci substancji czyn-
nej z dopochwowych formulacji na
bazie emulsji sq nieusystematyzowane
i oparte giéwnie na metodach farma-
kopealnych wykorzystujacych aparaty
koszyczkowy i lopatkowy [9, 20].
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Dominujace metody farmakopealne znane
z doustnych postaci leku moga by¢ uzasadnione
potrzebami poréwnania technologii na standa-
ryzowanej aparaturze, jednakze nie daja mozli-
wosci predykeji wlasciwosci formulacji w warun-
kach fizjologicznych. Stosowana objeto$¢ medium
akceptorowego jest 250-500 razy wieksza od
objetosci wydzieliny pochwowej. Wynika to réw-
niez z faktu, ze ,Farmakopea Europejska” nie pre-
cyzuje w monografii Vaginalia badan dostepno-
$cifarmaceutycznej typowych dla tej specyficznej
postaci leku [27].

W pierwszej z zastosowanych metod, pilo-
tazowej metodzie stacjonarnej, zredukowano
objeto$¢ medium akceptorowego do 150-krot-
nosci objetosci fizjologicznej. Wynika to z faktu
koniecznos$ci zapewnienia rozpuszczalnosci dla
substancji czynnej clotrimazolum. Zrezygno-
wano z mozliwosci zastosowania surfaktantow,
ktére moglyby zwiekszyc rozpuszczalnosé przy
jednoczesnej dalszej redukeji objeto$ci medium,
z uwagi na ryzyko uszkodzenia blony i wply-
niecia na stabilno$¢ nanoemulsji. Zaobserwo-
wano niska precyzje ukladu. Zwiekszona liczba
powtérzen nie spowodowala poprawy precyzji.
Otrzymane wyniki nie dostarczaja dostatecz-
nie dyskryminujacych warunkéw oceny formu-
lacji, co jest zwigzane ze znacznymi odchyle-
niami standardowymi (niska powtarzalnoscia
wynikéw) generujacymi relatywne odchylenie
standardowe az do 40%. Jedyna, istotna staty-
stycznie, obserwowana réznica zostala wyka-
zana dla NE-CLT i zawiesiny w stosunku do
komercyjnego produktu referencyjnego. Biorac
pod uwage rozdzielczo$¢ metody, dane pozwa-
laja jedynie na szacunkowa ocene rzedu wolnej
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kumulatywny procent dawki leku - oznaczenie metoda przepltywowa z pompa
strzykawkows (n = 3).

Rycina 4. Wyniki zmiany wolnej frakeji CLT w zaleznosci od czasu wyrazone jako

Rycina 4. Results of the amount of free API released over time, cumulatively - flow-
through syringe method (n = 3).




frakeji substancji czynnej. Wysoka zmiennosé
wynikéw moze by¢ wynikiem stresu mechanicz-
nego, jakiemu poddane zostaly worki dializa-
cyjne, powodujac mikrouszkodzenia struktury
membrany. Zrédlem stresu mechanicznego jest
ci$nienie osmotyczne, ktére powodowalo naptyw
medium do formulacji, jak réwniez obracajace sie
mieszadlo magnetyczne, ktére moglo w sytu-
acji losowego kontaktu z membrang wywieraé
nacisk.

Polaczenie metody stacjonarnej i jednocze$-
nie dalsze zredukowanie objetosci do 100-krot-
nosci objetosci fizjologicznej uzyskano w wyniku
wykorzystania aparatu z ruchomym cylin-
drem, znanym jako aparat typu III wediug USP.
Zaobserwowano zdecydowanie wieksza pre-
cyzje pomiaréw niz w przypadku pilotazowej
metody. Uzyskano istotne statystycznie réz-
nice miedzy badanymi formulacjami. Formu-
lacja NE-CLT wykazala wieksza ilos¢ wolnej
frakeji leku uwolnionej w czasie w stosunku do
zawiesiny i kremu. Jednak, w poréwnaniu do
metody stacjonarnejz wykorzystaniem mieszadla
magnetycznego zaobserwowano nizsze o okolo
1/3 wartosci w przypadku NE-CLT i zawiesiny.
Koresponduje to ze zmniejszeniem objetosci
medium akceptorowego o 1/3. Nalezy podkre-
$li¢, ze nie bez znaczenia jest tez inny mecha-
nizm mieszania medium akceptorowego, ktére
wywolane bylo ruchem posuwistym cylindra
zumieszczona wewnatrz formulacja. W metodzie
tej wyeliminowano wplyw stresu mechanicz-
nego zwigzanego z kontaktem mieszadla magne-
tycznego z membrang. Powyzsze czynniki nie
pozostaja bez wplywu na poziom wolnej frakeji
API. Wynik dla formulacji MycoHydralin obser-
wowany byl na podobnym poziomie, co wska-
zuje na mniej dynamiczny proces dyfuzji CLT
przez membrang.

W celu zweryfikowania wplywu medium jako
czynnika ograniczajacego uzyskiwane stezenia
przeprowadzono badanie zmiany stezenia wol-
nej frakcji CLT w funkcji czasu metoda prze-
plywowa. W tej metodzie sumaryczna objetosé
medium dla kazdej prébki wynosita 600 mL, co
stanowi 300-krotno$¢ warunkéw fizjologicz-
nych. Pomimo zapewniania stalego doplywu nie-
nasyconego API medium akceptorowego, uzy-
skano mniejsze stezenia wolnej frakeji CLT dla
wszystkich 3 analizowanych formulacji. Wartosci
obserwowane dla zawiesiny i NE-CLT byly jed-
nakowe i wynosily 7,5% dawki leku w ciagu 5 h.
W przypadku NE-CLT kluczowe znaczenie moga
mie¢ surfaktanty, ktére w stacjonarnej meto-
dzie zapewniaja wieksza rozpuszczalnosé API
w medium akceptorowym. Surfaktanty obecne
w formulacji utatwiaja dyfuzje clotrimazolumdo
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buforu fosforanowego. W metodzie przeply wowej
surfaktanty te sa stale wymywane przez naply-
wajace $wieze medium akceptorowe, co spowal-
nia proces dyfuzji substancji czynnej przez mem-
brane i ogranicza jej rozpuszczalnosé. Wskutek
powyzszych czynnikéw, obserwowana kumula-
tywna ilo$¢ wolnej frakeji clotrimazolum obser-
wowana dla NE-CLT i zawiesiny w metodzie prze-
plywowej z wykorzystaniem USP IV jest podobna
oraz zalezna od charakteru substancji i wlasciwo-
$ci membrany wplywajacych na proces dyfuzji.
Dla zawiesiny zaobserwowano jednakowe pro-
file uwalniania jak w przypadku metody USP III,
pomimo 3-krotnie wiekszej sumarycznej objeto-
$ci medium. Wskazuje to na fakt, ze dlugosc czasu
kontaktu blony pélprzepuszczalnej z medium ma
kluczowe znaczenie dla procesu przechodzenia
wolnej frakeji CLT do medium akceptorowego.

Majac na uwadze powyzsze wyniki zapro-
jektowano eksperyment uwzgledniajacy cechy
metod stacjonarnych i przeplywowych, tj.
dlugi kontakt medium akceptorowego z blona,
powolny przeplyw medium, niewielka objetosé
symulujaca warunki fizjologiczne. W tym celu
pompe ttokowa w metodzie przeplywowej zasta-
piono pompa strzykawkowa, ktdéra jest w sta-
nie zasymulowad przeplyw na poziomie 2 mL/h.
Wartos$¢ przeplywu zostala ustalona na takim
poziomie, aby zapewnic¢ mozliwos¢ poboru pré-
bek na wyjséciu z celki pomiarowej, poniewaz jej
konstrukeja uniemozliwia pobdr bez otwiera-
nia obudowy. Sumaryczna objeto$¢ medium byla
14-krotnie wieksza od fizjologicznej, co znalazlo
znaczgce odzwierciedlenie w obserwowanej ilosci
wolnej frakcji CLT, ktéra maksymalnie osiagneta
5% dawki w ciggu 5 h w przypadku NE-CLT.
Stanowi to 2-krotnos$¢ ilosci obserwowanych
w przypadku zawiesiny i kremu. Potwierdza
to pozytywny wplyw formulacji opartych na
nanoemulsji, ktéra w malych objetosciach jest
w stanie uzyskadé wyzsze stezenie od zawiesiny.
Jednak, analiza statystyczna wskazuje, Ze obser-
wowane roznice nie majg znaczenia statystycz-
nego. W tym wypadku nalezy wydluzy¢ czas
trwania eksperymentu lub zwiekszy¢ czesto-
tliwos¢ probkowania (kosztem wigkszego prze-
plywu), gdyz w poczatkowym etapie nie obser-
wowano znacznych réznic pomiedzy stezeniami.
Nie bez znaczenia w tej metodzie jest réwniez
diugosc odcinka przewodu doprowadzajacego
medium akceptorowe do kolektora frakeji, ktéra
powinna by¢ jak najkrétsza, aby nie obserwowad
zanizonych wynikéw wynikajacych z opéZnienia
medium zatrzymanego w przewodzie.

Dla lepszego poréwnania metod, na ryci-
nie 5 przedstawiono poréwnanie uzyskanej ilosci
wolnej frakeji CLT w zaleznos$ci od zastosowanej
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Rycina 5. Wyniki zmiany w czasie wolnej frakcji CLT w zaleznos$ci od zastosowanej metody wyrazone jako kumulatywny procent
dawkileku. A - NE-CLT, B - zawiesina, C - krem MycoHydralin.

Figure 5. Results of the amount of free API released over time, cumulatively depending of the used method. A - NE-CLT,

B - suspension, C - MycoHydralin cream.
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metody dla kazdejz badanych formulacji. Dla NE-
-CLT réznice pomiedzy zastosowanymi meto-
dami sg wyraznie widoczne i istotne statystycz-
nie (p < 0,05). Swiadczy to o fakcie, ze dobér
metody badawczej w przypadku nanoemul-
sji ma kluczowe znaczenie. Mniej wyraZne réz-
nice zaobserwowano dla zawiesiny, gdzie wyniki
dla metody stacjonarnej USP III pokrywaly sie
z metoda przeplywowsa USP IV, jednak analiza
wszystkich profili potwierdza istotne statystycz-
nie réznice (p < 0,05). Dla kremu MycoHydra-
lin obserwowano najmniejsze réznice, jednak
wciaz istotne statystycznie (p < 0,05) pomie-
dzy obserwowanymi profilami, szczegdlnie
w przypadku obu metod przeptywowych. Waz-
nym kryterium limitujagcym mozliwos$ci ana-
lizy kremu jest fakt zastosowania blony pélprze-
puszczalnej, jak réwniez jego konsystencji, ktére
ograniczaja mozliwos$é réwnomiernego wni-
kania medium akceptorowego w calej objeto-
$ci prébki. Niemniej, zastosowanie jednakowej
metody badawczej umozliwia poréwnanie tych
formulacji.

Whnioski

Zastosowana metoda badania zmiany ste-
zenia wolnej frakeji leku w medium akcepto-
rowym w funkcji czasu ma znaczacy wplyw na
uzyskane profile. W metodach stacjonarnych, dla
nanoemulsji obserwowano wyzsze stezenia wol-
nego leku niz w przypadku metod przepltywo-
wych, dodatkowo pomiary wykonane z wyko-
rzystaniem aparatu o posuwistym ruchu cylindra
(USP 1II) cechowaly sie znacznie wyzszg precy-
zja pomiarowa w stosunku do metody pilotazo-
wej. Metody przeptywowe w ukladzie otwartym
zapewnily mniejszy stopiert uwolnienia wolnej
frakeji CLT, co wskazuje na istote czasu kontaktu
medium z badang formulacja. Opracowana metoda
przeplywowa z wykorzystaniem pompy strzykaw-
kowej zapewnita warunki najblizsze do fizjolo-
gicznych, jednak z uwagi na niskie stezenia leku
dalsza analiza efektéw jest niemozliwa. Najbar-
dziej dyskryminujace warunkizapewnila metoda
stacjonarna z wykorzystaniem aparatu typu USP
I (Bio-Dis). Ponadto, metoda jest mozliwa do
zastosowania w przemysle z uwagi na wykorzy-
stanie standaryzowanej aparatury.
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vol. 74, nr 2, s. 605-610
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nanoemulgels, International Journal of Molecular Sciences, 2021, vol. 22,
nr 12, art.6455 [39 s.], DOI:10.3390/ijms22126455
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development, initial assessment, and pilot release studies, Pharmaceutics,
2023, vol. 15, nr 5, art.1437 [24 s.], DOI:10.3390/pharmaceutics 15051437
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DOI:10.32383/farmpol/165925
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postaci leku, W: IV Ogélnopolska Konferencja Naukowa "Wspédiczesne zastosowanie metod
analitycznych w farmacji i medycynie". Wroctaw, 12 kwietnia 2019 r. Ksigzka abstraktow
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Smolenski Michal, Szyposz Aneta, Bodalska Agnieszka, Haznar-Garbacz
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2020, Wydawnictwo Naukowe TYGIEL sp. z 0.0., s. 216-217, ISBN 978-83-66489-37-0
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Smolenski Michal: Mikroemulsje w leczeniu standéw zapalnych pochwy - aktualny stan
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19.09.2020 r. Ksigga abstraktow, Wroctaw 2020, 27 poz.22




12 | Matolepsza-Jarmotowska Katarzyna, Smolenski Michal: Wielokompartmentowe
dopochwowe postaci leku na bazie uktadow emulsyjnych, W: XXIV Naukowy Zjazd
Polskiego Towarzystwa Farmaceutycznego. Online, 22-24 wrze$nia 2021. Streszczenia
wyktadow i prezentacji posterowych, Lublin 2021, Polskie Towarzystwo Farmaceutyczne, s.
45, ISBN 978-83-64968-24-2
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Dodatkowe osiagnigcia

Polskie zgloszenia patentowe

1.

Matolepsza-Jarmotowska K., Smolenski M. Kompozycja farmaceutyczna na
bazie oleju roslinnego i trdjblokowego kopolimeru, kompozycja wielofazowa
w postaci emulzelu oraz sposdob wytwarzania kompozycji, P.438500,
16.07.2021.

Matolepsza-Jarmotowska K., Smolenski M. Kompozycja w postaci
nanoemulsji na bazie oleju roslinnego, kompozycja wielofazowa oraz sposob

wytwarzania tych kompozycji, P.438501, 16.07.2021.

Mie¢dzynarodowe zgloszenia patentowe

1.

Matolepsza-Jarmotowska K., Smolenski M. Pharmaceutical composition in the
form of vegetable oil-based nanoemulsion, multiphase composition and method
of preparation of these compositions, PCT/PL2022/000039, 15.07.2022.

Matolepsza-Jarmotowska K., Smolefiski M. Pharmaceutical composition based
on a vegetable oil and a triblock copolymer, a multiphase composition in the
form of an emulgel and a method for preparing the composition,

PCT/PL2022/000040, 15.07.2022.

Staze zagraniczne

1. Intravaginal Drug Dissolution - designing a uniform testing strategy to
characterize vaginal dosage forms, INSERM U1008 - Advanced Drug Delivery
Systems, College of Pharmacy, University of Lille, France, 03.04.2022-
01.07.2022.

Granty i nagrody

1. Grant dla mtodych naukowcow — edycja 2020. Projekt pt. ,,Badania nad
wielofazowa postacig leku dopochwowego”. STM. D140.20.067.

2. Nagroda Rektora za wazne i tworcze osiggnigcia w pracy naukowej w roku 2021
— ,,Nagroda zespolowa I stopnia za publikacje w czasopismie umieszczonym
w Journal Citation Reports” przyznana w 2022 r.

3. Grant wyjazdowy ,,Moblilex” przyznany przez Univeristy of Lille, Francja,

03.04.2022-01.07.2022.
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4. Stypendium projakosciowe dla najlepszych doktorantow oraz Stypendium

Rektora dla najlepszych doktorantow w roku akademickim 2021/2022.

Popularyzacja nauki

Udziat w Dolno$laskim Festiwalu Nauki edycje 2017, 2019, 2020, 2021, 2022.

Ukonczone kursy dodatkowe

1. Szkolenie chromatograficzne — Design of Experiments (DoE), Analytical
Quality by Design (AQbD) oraz oprogramowanie LabSolutions Method
Development, Wroctaw, 08.05.2023.

2. Rozwdj metod analitycznych dla produktu gotowego, Warszawa, 27.04.2023.

3. Liczne szkolenia i kursy doskonalgce dla farmaceutow.

Czlonkostwo w stowarzyszeniach naukowych

1. PTFarm — Polskie Towarzystwo Farmaceutyczne — 2018 — obecnie.

2. APGI - 4ssociation de Pharmacie Galénique Industrielle (International Society
for Drug Delivery Sciences and Technology) — 2022 — obecnie.

3. AAPS — American Association of Pharmaceutical Scientists — 2023 — obecnie.
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