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STRESZCZENIE

Efektywne dostarczanie zwigzkow bioaktywnych do naszego organizmu jest
niezwykle istotne, bez wzgledu na fakt, czy jest to produkt pochodzenia
farmaceutycznego, kosmetycznego czy spozywczego. Dobranie odpowiedniego no$nika,
odznaczajacego si¢ brakiem toksycznos$ci 1 neutralnego dla naszego organizmu oraz, co
bardzo wazne, kompatybilnego z substancja aktywna, jest stosunkowo trudne.
Doskonalym rozwigzaniem tej kwestii okazaly si¢ w ostatnich latach nanoczastki
lipidowe, jako alternatywa dla tradycyjnych liposoméw i innych systemow nosnikowych.
Nanoczastki lipidowe zalicza si¢ do biodegradowalnych 1 biozgodnych no$nikéw
substancji aktywnych, ktorych matryce stanowig lipidy state w temperaturze ludzkiego
ciata. Wystgpuja w postaci zawiesin w fazie wodnej, stabilizowanych przez dodatek
emulgatoréw. Liczne, publikowane dotychczas prace odnoszace si¢ do zastosowania
nanoczastek lipidowych na skorg dotyczyty dostarczania substancji aktywnych, ktére ze
wzgledu na swoje wlasciwosci fizykochemiczne, nie nastreczaly wielu problemow
w recepturowaniu. Czg¢sto jednak, substancje o duzym potencjale prozdrowotnym nalezg
do grupy zwigzkéw silnie lipofilowych, bardzo trudno rozpuszczalnych, co powaznie
ogranicza ich biodostgpnosc.

Celem badan bylo opracowanie stabilnych formulacji nanoczastek lipidowych
drugiej generacji (NLC) jako formy no$nikéw dla silnie hydrofobowych i trudno
rozpuszczalnych substancji aktywnych, przeznaczonych do zastosowan miejscowych na
skore.

Pierwszy etap pracy polegal na opracowaniu optymalnego sktadu i sposobu
otrzymywania nanostrukturalnych no$nikéw lipidowych charakteryzujacych sie¢
odpowiednimi wlasciwosciami fizykochemicznymi 1 stabilnos$cig fizyczng. W badaniach
zastosowano kilka rodzajow lipidéw stalych (modyfikowany wosk pszczeli, behenian
glicerolu, palmitynian cetylu, wosk z sumaka lakierodajnego) 1 ciektych (triglicerydy
kwasow kaprynowego i kaprylowego czy oleinian decylu). Uktady NLC stabilizowano,
stosujac niejonowe surfaktanty takie jak: alkilopoliglukozydy, oksyetylenowane estry
kwasow ttuszczowych 1 sorbitanu, kopolimer blokowy tlenku etylenu 1 tlenku propylenu,
czy z grupy jonowych zwigzkéw powierzchniowo czynnych - cholan sodu. Fazy
emulgowano w czasie 5 minut, w temperaturze 80°C, za pomocg mieszadla
szybkoobrotowego. Przygotowane wstepnie pre-emulsje poddawano procesowi

ultrasonifikacji, badajac wptyw parametrow procesu, takich jak: czas homogenizacji



1 moc nadzwigkawiania, na stabilno$¢ 1 wlasciwosci otrzymanych uktadow. Optymalne
uktady NLC, stabilne w czasie, otrzymano stosujac modyfikowany wosk pszczeli
1 triglicerydy kaprylowo/kaprynowe w stosunku 7:3 (w/w), a glukozyd decylowy jako
emulgator. Rozmiary czgstek analizowano stosujagc metod¢ DLS (Zetasizer, NanoZS,
Malvern Instruments). Sredni rozmiar czastek miescil sic w granicach 60-80nm,
a wartos¢ potencjatu zeta siegata -30mV.

Kolejnym, a zarazem najistotniejszym etapem badan byla ocena potencjatu
wytypowanych formulacji nanoczastek lipidowych jako systeméw nosnikowych dla
wybranych zwigzkdéw z grupy mono-, di- 1 triterpenéw o zrdéznicowanej lipofilowosci.
Otrzymane nanoczastki z zainkorporowanym skladnikiem aktywnym charakteryzowaty
si¢ jednorodnos$cig 1 sferycznym ksztaltem (analiza SEM), ich $redni rozmiar wynosit
101, 106 1 98 nm, odpowiednio dla NLC z kwasem geraniowym, forskoling i kwasem
ursolowym (analiza DLS), a wartosci potencjatu zeta byty bliskie -30 mV. Badania in
vitro uwalniania substancji aktywnych z otrzymanych uktadow NLC przeprowadzone
metodg dializacyjng wykazaly, ze mono-, di- 1 triterpeny uwolnily si¢ z nanoczastek
lipidowych w stosunkowo duzej ilosci, (56,8% - kwas geraniowy, 55,6% - forskolina
1 61,7% - kwas ursolowy). Uzyskane profile uwalniania dla wszystkich badanych
substancji charakteryzowat przebieg dwufazowy, z szybkim uwalnianiem w poczatkowe;j
fazie procesu (8 godzin) oraz stopniowym utrzymujgcym si¢ na stalym poziomie
uwalnianiem, w ciggu kolejnych 16 godzin. Otrzymane wyniki potwierdzity, ze na
przebieg uwalniania substancji aktywnych wplywaja ich wiasciwosci, m.in. masa
czasteczkowa 1 lipofilowos¢.

W nastepnym etapie badan, potencjal opracowanych uktadow NLC jako
obiecujgcego systemu dostarczania hydrofobowych zwiazkow aktywnych, potwierdzono
z udziatem naturalnego antyoksydantu jakim jest kwas a-liponowy (ALA). Okreslono
profil uwalniania ALA z NLC oraz opisano kinetyke¢ uwalniania kwasu a-liponowego
stosujac  r6zne  modele  matematyczne.  Najwieksza  zgodno$¢  wynikéw
eksperymentalnych uzyskano w przypadku modelu = Korsmeyer’a — Peppas’a
1 Higuchi’ego, co $wiadczy o tym, ze proces uwalniania substancji aktywnej
z nanoczastek lipidowych jest kontrolowany przez proces dyfuzji. Otrzymane uktady
mogg by¢ obiecujgcym rozwigzaniem dla kontrolowanego uwalniania kwasu liponowego
z preparatow aplikowanych na skore.

W koncowym etapie badan przeprowadzono analiz¢ in vitro przenikania substancji

aktywnej przez skore z uktadow NLC. Ze wzgledu na szerokie spektrum aktywnosci



biologicznej 1 potencjalnego zastosowania zarowno w produktach kosmetycznych jak
1 farmaceutycznych do badania wytypowano diterpen — forskoling. Jako formulacje
bazowe wybrano NLC, w sktad ktorych wchodzity triglicerydy kwaséw kaprynowego
1 kaprylowego, modyfikowany wosk pszczeli oraz alkilopoliglukozyd jako emulgator,
a do otrzymania NLC zawierajacych forkoling zastosowano metod¢ homogenizacji pod
zwigkszonym  cisnieniem  (HPH). Badania  przenikania  przeprowadzono
w termostatowanych komorach dyfuzyjnych Franza (przy uzyciu systemu
MicroettePlusR, Hanson Research) w temperaturze 32°C, stosujagc mieszaning
PBS/etanol (60:40, V/V) jako roztwor akceptorowy. W badaniach zastosowano ludzki
naskorek, pochodzacy z zabiegdéw chirurgicznych, od tego samego dawcy. Probki
roztworu akceptorowego do analizy zawartosci forskoliny (stezenie substancji aktywne;j
oznaczano metodg HPLC, Waters Instrument) pobierano automatycznie przez 24
godziny. W celach poréwnawczych badano takze przenikanie forskoliny z nanaoemulsji
o analogicznym sktadzie. Profile przenikania forskoliny z NLC 1 nanoemuls;ji
wykazywaty podobny charakter. W przypadku obu nanoformulacji uzyskano zblizong
warto$¢ wspolczynnikoéw przenikania Kp. Uzyskane wyniki potwierdzily, ze otrzymane
preparaty NLC mozna stosowac jako skuteczne systemy do kontrolowanego dostarczania
forskoliny do skory.

Podsumowujac, opracowane w trakcie realizacji pracy, stabilne, bezpieczne
w stosowaniu uktady nanostrukturalnych no$nikéw lipidowych moga znalez¢
zastosowanie jako potencjalne nosniki dla hydrofobowych, trudno rozpuszczalnych
zwigzkow, pozwalajace na kontrolowane w czasie dostarczanie substancji aktywnych

w glebsze warstwy skory.



ABSTRACT

Effective delivery of bioactive compounds to our body is extremely important,
regardless if a product is of pharmaceutical, cosmetic or food origin. Selection of the right
carrier, which is non-toxic and neutral for our body and, what is very important,
compatible with the active substance, is relatively difficult. Lipid nanoparticles occurred
to be an excellent solution to these problems and in recent years they have been performed
as an alternative to traditional liposomes and other carrier systems. This type of particles
belong to the biodegradable and biocompatible drug carriers which are solid at the
temperature of the human body. They occur as suspensions in the aqueous phase,
stabilized by the addition of emulsifiers. Numerous reports published so far pertaining to
the use of lipid nanoparticles on the skin, concerned the supply of active substances that
did not pose many problems in formulation. However, often substances with high pro-
health potential belong to the group of strongly lipophilic compounds, very sparingly
soluble, what significantly limits their bioavailability.

The aim of the study was to develop stable formulations of the second generation
lipid nanoparticles (NLC) as forms of carriers for strongly hydrophobic and hardly
soluble active substances, dedicated for topical skin application.

The first stage of the work was to determine the optimal composition and
production method for nanostructured lipid carriers, characterized by appropriate
physicochemical properties and physical stability. Several types of solid lipids (modified
beeswax, glycerol behenate, cetyl palmitate, berry wax) and liquid lipids (caprylic/capric
triglycerides, decyl oleate) were used. NLC systems were stabilized, by non-anionic
surfactants such as: alkylpolyglucosides, Tween 80 , Poloxamer 188, or ionic - sodium
cholate. The phases were emulsified for 5 min at 80° C, using a high shear mixer. Then,
the obtained pre-emulsions were ultrasonified, investigating the influence of process
parameters, such as the time of homogenization and the power of sonification, on the
stability and properties of the obtained systems. The optimal formulation with long-term
stability were obtained using modified beeswax and caprylic/capric triglycerides in a ratio
of 7: 3, and decyl glucoside as an emulsifier. Their average particle size was in the range
of 60-80nm and the zeta potential value was -30mV.

The next, and at the same time the most important stage of the study, was the

assessment of the potential of selected lipid nanoparticle formulations as carrier systems



for certain compounds from the group of mono-, di- and triterpenes varying in
lipophilicity. The obtained nanoparticles with the active compound were spherical and
uniformly nano-sized (SEM analysis) with mean particle size of 101, 106 and 98 nm,
respectively for NLC with geranic acid, forskolin and ursolic acid (DLS analysis), zeta
potential values of the formulations were close to —30 mV. In vitro release studies have
shown that mono-, di- and triterpenes incorporated into the NLC released in high
percentage from the lipid nanoparticles (56.8% - geranic acid, 55.6% - forskolin and
61.7% - ursolic acid). Release profiles for all terpenes were found to be biphasic, with the
burst effect at the beginning (8h), followed by gradual release (16h). The obtained results
confirmed that release profiles of active substances are influenced by their properties,
including molecular weight and lipophilicity.

The potential of selected nanoparticles as a promising delivery system of
hydrophobic active compounds was confirmed in the next stage of the studies by
incorporating natural antioxidant - a-lipoic acid (ALA) into the NLC. The release profile
of the active and the lipoic acid kinetics release, using different mathematical models,
were determined. The highest correspondence of experimental results was obtained in
case of the Korsmeyer - Peppas and Higuchi models, which proves that the release of the
active from lipid nanoparticles is controlled by the diffusion process. The obtained
systems can be a promising solution for the controlled release of lipoic acid from the
products for skin application.

In the final stage of the research, the in vitro analysis of the penetration of the active
through the skin from the NLC system was carried out. The active compound selected for
the permeation study was forskolin, due to the wide spectrum of biological activity and
the potential application in both, cosmetic and pharmaceutical products. As a basic
formulation, NLC included triglycerides of caprylic/capric acids, modified beeswax and
alkylpolyglucoside as an emulsifier, were selected and the high pressure homogenization
technique (HPH) was applied for the forskolin-loaded NLC production. The experiment
was carried out on human skin samples in Franz cells at 32°C using a PBS/ethanol
mixture (60:40, V/V) as a receptor solution. /n vitro permeation experiments through
human epidermis from the same donor were investigated using the MicroettePlusR
system (Hanson Research, USA). Samples were collected automatically for 24 hours. For
comparative purposes, the penetration of forskolin from nanaoemulsion with similar
composition was also studied. Both systems were characterized by comparable

permeation profiles and a similar value of permeation coefficients Kp. The results



showed, that the obtained NLC formulations can be used as effective systems for the
controlled release of forskolin through the skin.

To sum up, stabile, safe in use nanostructured lipid carriers developed during this
work can be used as potential carriers for hydrophobic, sparingly soluble compounds,

allowing for controlled delivery of active substances into deeper layers of the skin.



1. Wstep

Nanotechnologia jest kluczowa technologia XXI wieku, ktora oferuje szerokie
spektrum naukowych rozwigzan oraz innowacyjnych zastosowan w roznych galeziach
przemystu. W ciggu ostatnich dwéch dekad wzrost znaczenia nanotechnologii dat si¢
szczegoOlnie odczu¢ w dziedzinie dostarczania substancji aktywnych do organizmu
cztowieka. Odkrywane sg coraz to nowsze substancje o nieocenionym dziataniu
terapeutycznym, jednak w wigkszosci przypadkow najwigkszym wyzwaniem jest ich
dostarczenie do ukladow biologicznych. Naukowcy przescigaja si¢ w pomystach na
dostarczanie zwigzkow aktywnych, ktorych skuteczno$¢ terapeutyczna jest czesto
zatracana z powodu nieodpowiedniego transportu do organizmu przez btony biologiczne.
Olbrzymim pozytywem dzisiejszej nanotechnologii jest fakt, ze pozwala ona osiggna¢
rzeczywisty postep w dostarczaniu substancji biologicznie czynnych o czym $wiadczg
nie tylko doniesienia naukowe, ale i1 globalne inicjatywy wspierajace badania z tego
obszaru.

Rozwd) nanomedycyny, bedacej gatezia medycyny korzystajacej z osiggnigé
nanotechnologii, skoncentrowany jest na ukierunkowanym i specyficznym dostarczaniu
zwiazkow o dziataniu terapeutycznym do konkretnych miejsc w organizmie [1]. Liczne
strategie nanomedycyny opieraja si¢ na poprawie biodostgpnosci lekéw poprzez
zwiekszenie absorbcji, penetracji do tkanek docelowych oraz rozpuszczalnosci substancji
leczniczej. Ograniczona penetracja leku do tkanek, w ktorych jego dzialanie jest
najbardziej konieczne, moze mie¢ negatywny wplyw na skutecznos$¢ leczenia, a nawet
dziata¢ toksycznie [2].

Pomimo tak powszechnego rozwoju nanotechnologii, w dalszym ciggu nie ma
jednoznacznej definicji nanoczastek jako podstawowego nos$nika lekow. Wedtug
amerykanskiej agencji federalnej do spraw badan i rozwoju (National Nanotechnology
Initiative — NNI), nanotechnologia obejmuje nosniki lub uktady nos$nikowe substancji
aktywnych, o wymiarach w zakresie od 1 do 100 nm, ale granice te mogg by¢ rozszerzone
nawet do 1000 nm [3]. Wiele jest takze rodzajow klasyfikacji nanoczastek jako nosnikow
lekéw. Jako podstawe podziatu przyjmuje si¢ np. materiat, z ktérego otrzymywane sg
nanonos$niki (nanoczastki polimerowe, lipidowe, oparte o metale czy krzemionke), ale
takze ksztalt no$nikow (plaskie, sferyczne, nieregularne). Nanoczastki moga by¢ ponadto
podzielone na organiczne lub nieorganiczne, badz sklasyfikowane ze wzgledu na ich,

rozmiar, ladunek powierzchniowy lub wtasciwosci fizykochemiczne. Z punktu widzenia
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interakcji stosowanych no$nikoOw z blonami biologicznymi i skora, racjonalny wydaje si¢
by¢ podzial na czastki migkkie 1 sztywne, zaproponowany przez Papakostos 1 wsp. [4].
Na ogot do migkkich nanoczastek zaliczane sa materialy organiczne, np. lipidy, proteiny,
polimery, ktore moga okresowo zmienia¢ ksztalt przez kontakt z powierzchnia, czyli
ulega¢ deformacji. Do drugiej grupy zalicza si¢ nieorganiczne nosniki, np. metale (ztoto,
srebro), tlenki metali (tlenek zZelaza) lub krzemionka, ktore nie ulegaja deformacji
w kontakcie ze skorg czy blonami biologicznymi.

Nanoczastki lipidowe stanowig alternatywny, koloidalny system dostarczania
substancji aktywnych dla tradycyjnych nos$nikow, takich jak liposomy czy nanoczastki
polimerowe. Sg bardzo atrakcyjnymi uktadami do stosowania miejscowego z powodu
dodatkowych, dobroczynnych wiasciwosci dla skéry. Nadajg si¢ do aplikacji nawet na
skore zmieniong chorobowo (stany =zapalne, podraznienia), poniewaz bazuja na
nietoksycznych 1 niedraznigcych surowcach lipidowych [5].

W niniejszej pracy podjeto si¢ opracowania stabilnych formulacji nanoczastek
lipidowych jako potencjalnych nosnikéw substancji aktywnych biologicznie do
zastosowan miejscowych (na skorg). Badano wptyw sktadu (dobdr jakosciowy
1 1iloSciowy surowcOw) oraz parametréw procesu emulsyfikacji, na wilasciwosci

fizykochemiczne opracowanych uktadow.
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2. Celi zakres pracy

Zasadniczym celem niniejszej pracy doktorskiej byto opracowanie stabilnych
formulacji nanoczastek lipidowych jako efektywne; formy nos$nikow substancji
aktywnych dla produktow kosmetycznych 1 farmaceutycznych, poprzez dobor
naturalnych 1 biokompatybilnych surowcow i optymalnej metody otrzymywania, a takze
ocena skutecznosci ich dziatania w badaniach uwalniania 1 przenikania wybranych
substancji aktywnych przez skore.

W badaniach zastosowano szereg metod analitycznych oraz instrumentalnych,
migdzy innymi technik¢ dynamicznego rozproszenia $wiatta (DLS), mikroskopig
optyczna, skaningowa mikroskopi¢ elektronowg, badania reologiczne, spektroskopie
UV-Vis czy wysokosprawng chromatografi¢ cieczowa.

Prezentowana praca doktorska ma duze znaczenie dla rozwoju technologii
otrzymywania nie tylko innowacyjnych preparatow kosmetycznych i farmaceutycznych,
ale takze agrochemicznych oraz wpisuje si¢ w nowoczesng tematyke badan w dziedzinie

nanotechnologii.

ZaKres pracy:

= Dokonano krytycznego przegladu literatury naukowej dotyczacej rdéznorodnych
form nosnikdbw  substancji aktywnych oraz probleméw  zwigzanych
z dostarczaniem tych substancji in vivo, ze szczegdlnym uwzglednieniem
nanoczastek lipidowych.

= Zbadano wplyw réznych lipidow (rodzaju i st¢zenia) na otrzymanie efektywnych
nosnikéw, odpowiednich dla wybranych substancji aktywnych.

= OkreSlono wptyw rodzaju 1 stezenia surfaktantow na stabilno$¢ 1 wlasciwosci
fizykochemiczne otrzymanych formulacji.

= Przeprowadzono analiz¢ wlasciwosci fizykochemicznych (stabilno$¢, wlasciwosci
reologiczne, rozmiar czastek 1 potencjal Zeta) otrzymanych nanoczastek
lipidowych.

= Wytypowano optymalng formulacj¢ jako nos$nik substancji aktywnych z grupy
terpenow.

= Przeprowadzono badania kinetyki uwalniania wybranych sktadnikow aktywnych

oraz badanie przenikania przez skorg.
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= Zaproponowano mozliwosci praktycznego zastosowania otrzymanych uktadow

nos$nikow.

Wyniki badan przedstawiono w czterech oryginalnych artykutach opublikowanych

w czasopismach naukowych znajdujacych si¢ na liscie Journal Citation Reports [6-9].

3. Forma pracy doktorskiej oraz wklad doktoranta

Przedstawiona rozprawa doktorska pt. ,,Nanoczastki lipidowe jako no$niki substancji
aktywnych biologicznie” jest wynikiem kilkuletnich szczegdétowych i1 nowatorskich

badan, ktore zostaty opublikowane w recenzowanych czasopismach naukowych:

1. [Lason, Acta Biochim Pol, 2013] E. Lason, E. Sikora, J. Ogonowski, Influence of
process parameters on properties of Nanostructured Lipid Carriers (NLC)

formulation, Acta Biochimica Polonica, 60 (4) (2013) 773-777.

Udziat: Elwira Lason — 85%, Elzbieta Sikora — 10%, Jan Ogonowski — 5%.

Liczba cytowan: 17

Impact Factor: 1.187, 5-letni Impact Factor: 1.463

Moj udziat polegal na: zaplanowaniu badan, przygotowaniu formulacji, okresleniu
optymalnego sktadu i1 parametrow otrzymywania uktadéw nanoczastek lipidowych,
okresleniu whasciwosci fizykochemicznych nanostrukturalnych nosnikow (analiza DLS,

LDV, TEM), opracowaniu wynikow oraz przygotowaniu tekstu manuskryptu.

2. [Lason, Colloid Surface A, 2016] E. Lason, E. Sikora, J. Ogonowski, M.
Tabaszewska, .. Skoczylas, Release study of selected terpenes from nanostructured

lipid carriers, Colloids and Surfaces A:Physicochem. Eng. Aspects 510 (2016) 87-92

Udziat: Elwira Lason — 70%, Elzbieta Sikora — 15%, Jan Ogonowski — 5%, Malgorzata
Tabaszewska — 5%, tukasz Skoczylas — 5%.

Liczba cytowan: 5

Impact Factor: 2.714, 5-letni Impact Factor: 2.838

Moj udzial polegal na: zaplanowaniu 1 przeprowadzeniu badan, przygotowaniu uktadow

nosnikodw zawierajacych rézne substancje aktywne, makro- i mikroskopowej ocenie
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stabilnosci, scharakteryzowaniu wlasciwosci fizykochemicznych preparatow, badaniu
uwalniania substancji aktywnych, opracowaniu wynikow oraz przygotowaniu tekstu

manuskryptu.

3. [Lason, Colloid Surface A, 2017] E. Lason, E. Sikora, M. Miastkowska, P. Socha,
J. Ogonowski, NLC delivery systems for alpha lipoic acid: Physicochemical
characteristics and release study, Colloids and Surfaces A: Physicochem. Eng.

Aspects 532 (2017) 57-62

Udziat: Elwira Lason — 70%;, Elzbieta Sikora — 15%, Maltgorzata Miastkowska — 5%;
Paulina Socha — 5%, Jan Ogonowski — 5%.

Liczba cytowan: 0

Impact Factor: 2.714, 5-letni Impact Factor: 2.838

Mo¢j udziat polegat na: =zaplanowaniu badan, charakterystyce wlasciwosci
fizykochemicznych, makro- 1 mikroskopowej ocenie stabilnosci, badaniu uwalniania

substancji aktywnej, analizie wynikdéw oraz przygotowaniu tekstu manuskryptu.

4. |Lason, Acta Biochim Pol, 2018] E. Lason, E. Sikora, M. Miastkowska, E.
Escribano, M. J. Garcia-Celma, C. Solans, M. Llinas, J. Ogonowski, NLC as
a potential carrier system for transdermal delivery of forskolin, Acta Biochimica

Polonica, 65 (2018) — przyjety do druku

Udziat: Elwira Lason — 65%, Elzbieta Sikora — 10%, Maltgorzata Miastkowska — 5%,
Elvira Escribano — 5%, Maria Jose Garcia-Celma — 5%, Conxita Solans — 3%, Meritxell
Llinas — 5%, Jan Ogonowski — 2%.

Liczba cytowan: 0

Impact Factor: 1.187, 5-letni Impact Factor: 1.463

Moj udziat polegal na: zaplanowaniu badan, przygotowaniu formulacji, okresleniu
optymalnego sktadu i parametréow otrzymywania uktadow nanoczastek lipidowych dla
badanego zwigzku aktywnego, okresleniu wlasciwosci fizykochemicznych ,,pustych”
NLC oraz NLC obcigzonych forskoling (analiza DLS, Turbiscan, analiza mikro-
1 makroskopowa), przygotowaniu uktadow nanoczastek do badania przenikania przez

skore, opracowaniu wynikow oraz przygotowaniu tekstu manuskryptu.
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4. Charakterystyka materialow

Nanoczastki lipidowe skladajg si¢ z rdzenia statych lipidow z materiatem
bioaktywnym bedacym czescig lipidowego podtoza (Rys. 1). Czastka taka jest
stabilizowana przez powloke surfaktantu (lub mieszanine surfaktantow). Pod pojeciem
lipid rozumie si¢ tu glicerydy, czesciowe glicerydy, kwasy tluszczowe, steroidy i1 woski.
Jezeli chodzi o emulgatory, to wszystkie klasy moga by¢ uzyte do stabilizowania

dyspersji lipidowej [10].

stale lipidy

powloka surfaktantu

material bioaktywny

Rys.1. Struktura nanoczastki lipidowej stabilizowanej przez powtoke surfaktantu.

Wyréznia si¢ dwie generacje nanoczastek lipidowych. Pierwsza z nich, czyli state
nanoczastki lipidowe (SLN) produkowane sg przez zastgpienie ciektego oleju emulsji
O/W statym lipidem, badz mieszaning stalych lipidow. Ich zawartos¢ w roztworze
wodnym nie powinna przekracza¢ 30% masowych, a calo$¢ stabilizowana jest
surfaktantem w 1ilosci od 0,5 do 5%. Drugg generacj¢ nanoczastek lipidowych,
nanostrukturalne nosniki lipidowe (NLC), opracowano na potrzeby uporania si¢
z niektorymi ograniczeniami zwigzanymi ze strukturg SLN. Czastki te sg otrzymywane
przez dodatek ciektego lipidu, w zwigzku z tym zmienia si¢ calkowicie struktura matrycy
lipidowej, jest ona znacznie mniej uporzadkowana, przez co zwigksza si¢ liczba wolnych
przestrzeni, gdzie moze zosta¢ zainkorporowana substancja aktywna (Rys. 2). State lipidy
miesza si¢ zwykle z cieklymi w stosunku masowym od 70:30 do 99,9:0,1. W wyniku
dodatku ciektego lipidu nastepuje obnizenie temperatury topnienia, jednak otrzymana
mieszanina jest wcigz stala w temperaturze pokojowej 1 temperaturze ciata.
W poréwnaniu z SLN, NLC odznaczaja si¢ wigkszg tadownos$cig substancji czynnej,

a takze minimalizujg jej potencjalne usuwanie w trakcie przechowywania [11-13].

15



Wolne
przestrzenie
dla substancji

ass

Mieszanina stalych lipidow | aktywnych Mieszanina stalych i
cieklych lipidow

Il — Substancja aktywna

Rysunek 2. Uporzadkowana struktura krystaliczna matrycy lipidowej SLN oraz
chaotyczny uktad krysztatow NLC pozostawiajacy wiecej wolnych przestrzeni dla
zwiazku aktywnego.

W rozprawie doktorskiej zastosowano wybrane substancje z grupy lipidow oraz
surfaktantow, ktore w znakomite] wigkszosci odznaczajg si¢ biodegradowalnoscia,
biozgodnoscig 1 biokompatybilnos$cia ze skorg. Znajduja si¢ one rowniez na liScie
substancji o statusie GRAS (Generally Recognized as Safe). Z grupy statych lipidow do
badan uzyto, m.in.: modyfikowany wosk pszczeli, behenian glicerylu, palmitynian cetylu,
wosk z sumaka lakierodajnego (berry wax). Jako ciekte lipidy przetestowano
sredniotancuchowe triglicerydy (caprylic/capric triglyceride) oraz oleinian decylu.
Uktady stabilizowano surfaktantami: z grupy alkilopoliglukozydow (glukozyd decylowy,
glukozyd cetearylowy), Poloxamerem 188 (kopolimer blokowy tlenku etylenu i tlenku
propylenu), estrami kwaséw oleju kokosowego 1 sacharozy, monooleinianem

polioksyetylenosorbitolu 1 cholanem sodu.
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5. Metody otrzymywania Nanoczastek Lipidowych stosowane w

pracy doktorskiej

Istnieje wiele réznych technik otrzymywania nanoczastek lipidowych, w zasadzie
sg one wspolne zarowno dla pierwszej jak 1 drugiej generacji. Najbardziej popularnymi
metodami s3: homogenizacja pod zwigkszonym cisnieniem, homogenizacja za pomoca
ultradzwiekoéw, metoda mikroemulsyjna, emulsyfikacja 1 odparowanie rozpuszczalnika
oraz metoda kontraktora membranowego. W pracy zastosowano dwie metody
otrzymywania nanoczastek lipidowych — homogenizacje¢ wysokoci$nieniowg oraz
ultrasonifikacje.

Homogenizacja pod zwigkszonym ci$nieniem (HPH) jest najchetniej stosowang
metodg ze wzgledu na szereg zalet w porownaniu do innymi innych technik, tj. tatwos¢
przenoszenia skali, unikanie rozpuszczalnikdw organicznych oraz krotki czas produkcji
[14]. Wysokoci$nieniowe homogenizatory przepuszczaja ciecz przez waskie rurki
o $rednicy kilku mikrondw pod cisnieniem od 100 do 2000 barow. Ciecz ta, na bardzo
krotkich odcinkach osigga ogromng predkosé, ponad 1000 km/h. Bardzo duze sity
Scinajace 1 kawitacyjne rozbijaja czastki do rozmiaréw submikronowych. Typowa
zawarto$¢ lipidow miesci si¢ w granicach 5-10% 1 nie stanowi problemu dla
homogenizatora, ale udato si¢ rowniez osiggna¢ lipidowa nanodyspersje przy wyzszych
stezeniach lipidow, nawet do 40% [15].

Metoda wysokoobrotowej homogenizacji 1 dyspersji ultradzwickami jest dos¢
rozpowszechniona 1 tatwa w przeprowadzeniu. Faze lipidowa ogrzewa si¢ powyzej
temperatury topnienia lipidow 1 wprowadza substancj¢ aktywna, a nastepnie dysperguje
si¢ w wodnym roztworze surfaktantu. W trakcie procesu, krople emulsji osiagaja
rozmiary ponizej 1 um, poprzez energi¢ mechaniczng homogenizatora lub ultradzwieki.
Powstaje wowczas uktad o wysokiej energii wewnetrznej, co moze prowadzi¢ do
aglomeracji czastek lipidu podczas przechowywania. Proces ten mozna zahamowac
zwigkszajac stgzenie emulgatora, pamigtajac przy tym, ze jego nadmiar moze prowadzic¢
do toksycznosci produktu [16]. Na rysunku 3 przedstawiono schematycznie proces

otrzymywania nanoczastek lipidowych z zastosowaniem ultradzwiekow.
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Mieszanie Pre-emulsja z cieklym Nanoczastka Lipidowa

rdzeniem
Mieszanina lipid/materiat Ciekly rdzen lipidowy Staly rdzen lipidowy
bioaktywny z materiatem bioaktywnym z materialem bioaktywnym

Mieszanie
60-70°C P EEE——
Tworzenie
mikroemulsji
Wodny roztwor surfaktantu Powloka surfaktantu

Powloka surfaktantu

Rysunek 3. Schemat ogo6lny otrzymywania nanoczastek lipidowych z zastosowaniem
ultradzwigkow.

6. Ocena wlasciwosci fizykochemicznych otrzymanych NLC

Charakterystyka wiasciwosci fizykochemicznych otrzymanych nanono$nikow jest
mozliwa dzigki ro6znym technikom analitycznym, ktére z powodzeniem pozwalajg
okresli¢ ich jakos¢. Kluczowe parametry konieczne do oceny NLC to, m.in.:

e rozmiar oraz rozklad wielkosci czastek,

e potencjat zeta,

e stabilno$¢ fizyczna w funkcji czasu (ocena makroskopowa, turbiscan),
e morfologia czastek,

e lepkosc.

Srednia wielko$é czastek oraz rozklad wielkosci czastek, wyrazony zazwyczaj
w postaci wskaznika polidyspersyjnosci (PDI), naleza do najwazniejszych wtasciwosci
NLC, poniewaz okreslajg ich stabilno$¢ fizyczna, a takze maja wptyw na szybkos¢
uwalniania substancji aktywnej. Sam rozmiar nanostrukturalnych nosnikoéw lipidowych
zalezy od szeregu czynnikow, jak chociazby sktadu formulacji czy metody 1 warunkow
jej otrzymywania. Sredni rozmiar miesci si¢ w zakresie submikronowym i wynosi od
kilkudziesigciu do kilkuset nanometrow [9]. W niniejsze] pracy pomiary rozmiarOw

czastek wykonano przy zastosowaniu instrumentu analitycznego opartego na technice

18



dynamicznego rozpraszania $wiatta (DLS). Technika ta pozwala na doktadne,
wiarygodne 1 powtarzalne oszacowanie wielko$ci czastek dyspersji. Wymagane stezenie
czastek w zawiesinie wynosi zwykle od 0,001% do 40%. Metoda pomiaru polega na
okreslaniu wspotczynnika dyfuzji matych czagstek zawieszonych w ptynnym osrodku,
dzigki pomiarowi intensywnosci rozpraszanego przez nie Swiatla. Czastki rozpraszajg
swiatto, powodujac fluktuacje natezenia rozproszenia w funkcji czasu. Dzigki korelacji
fluktuacji mozliwe jest okreslenie rozktadu wielkos$ci czastek. Technika DLS umozliwia
analizg czastek o $rednicy od kilku nanometrow do okoto 3 mikronow, czyli takich, ktore
wykazujg zauwazalne ruchy Browna. Warto$¢ wskaznika polidyspersyjnosci (PDI), ktory
stosowany jest do okreslania rozkladu wielko$ci czastek, pozwala okresli¢ fizyczng
stabilno$¢ NLC. W celu uzyskania stabilnej dyspersji warto§¢ PDI powinna znajdowac
si¢ w przedziale 0,1 — 0,5 [17-19].

Waznym parametrem stosowanym do oceny stabilno$ci dyspersji nanoczastek
lipidowych jest takze potencjat zeta (ZP). Potencjat zeta (potencjat elektrokinetyczny) nie
jest potencjatem powierzchni czastki. Tworzy si¢ on w miejscu, gdzie stykaja si¢ jony
znajdujace si¢ na powierzchni fazy zdyspergowanej z jonami fazy ciagtej, czyli na
granicy poslizgu. Potencjal ten jest miarg oddziatywania elektrostatycznego miedzy
czastkami, ktore mogg przemieszczac si¢ wzgledem siebie zachowujac si¢ jak niezalezne
byty. Wysoka warto$¢ potencjalu zeta powoduje, ze agregacja czastek jest mniej
prawdopodobna, co jest spowodowane odpychaniem miedzy czastkami. Minimalna
warto$¢ potencjatu zeta, ktora pozwala na uzyskanie stabilnego uktadu wynosi £ 30 mV.
W przypadku wartosci okoto +20 mV mozna stwierdzi¢ krotkotrwalg stabilnos¢
dyspersji. Jezeli wszystkie czastki w uktadzie majg wysoka dodatnig lub ujemng warto$¢
potencjatu elektrokinetycznego, wtedy ze wzgledu na taki sam tadunek beda si¢ one
wzajemnie odpycha¢ 1 nie dojdzie do ich agregacji [6,18,20]. Wiele komercyjnych
przyrzadow stosowanych do pomiaru potencjatu zeta jest zintegrowanych z urzadzeniami
DLS w celu analizy tadunku czastek oraz ich rozmiaru za pomocg jednego instrumentu
analitycznego. W pracy pomiaru $redniego rozmiaru czastek (z-ave), rozktadu wielkosci
czastek (PDI) oraz potencjatu zeta (ZP) dokonano za pomocg jednego urzadzenia
(Zetasizer, NanoZS, Malvern Instruments).

Stabilnos¢ otrzymanych uktadéw badano takze makroskopowo, potwierdzajac lub
wykluczajac mogace wystapi¢ w czasie procesy destabilizacyjne, jak $mietanowanie czy
koalescencja. Po obserwacjach makroskopowych stabilnos¢ wytypowanych formulacji

dodatkowo potwierdzano za pomocg urzadzenia analitycznego Turbiscan Lab® Expert
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analizujacego probke przez wsteczne rozpraszanie $wiatta. Metoda ta ma wiele zalet, jest
niedestrukcyjna gdyz nie wymaga rozcienczenia probki do analizy 1 daje informacje
0 mogacym wystapi¢ w czasie procesie destabilizacji. Pomiary za pomocg urzadzenia
Turbiscan  opieraja si¢ na zmiennosci  frakcji  objetoSciowe]  czastek
(kremowanie/sedymentacja) lub sredniej wielkosci (koalescencja), co skutkuje zmianami
sygnatu wstecznego 1 sygnaléw transmisyjnych [21,22]. Sygnaty te wystepuja w funkcji
czasu 1 s3 przedstawione graficznie w postaci dodatnich (wzrost rozproszenia
wstecznego) lub ujemnych pikéw (spadek rozproszenia wstecznego). Gdy profil
rozproszenia wstecznego znajduje si¢ w przedziale + 2% mamy do czynienia ze stabilnym
w czasie uktadem NLC, odchylenia powyzej 10% oznaczaja mogaca wystapi¢ w czasie
destabilizacje.

Mikroskopia optyczna jest wazng procedurg pozwalajacg ustali¢ czy stosunkowo
wigksze czastki wykryte za pomocg techniki dynamicznego rozpraszania swiatta (DLS)
sa w rzeczywistosci czastkami czy tez wigkszymi aglomeratami nanoczastek. Analiza
mikroskopowa z zastosowaniem $wiatla spolaryzowanego dostarcza rowniez informacji
o obecnosci krysztatdow zarowno wynikajacych z rekrystalizacji matrycy lipidowej jak
rowniez krysztaléw pochodzacych od zainkorporowanej substancji aktywnej. W pracy
do obserwacji zmian zachodzacych w uktadach nanoczestek lipidowych zastosowano
mikroskop optyczny Motic B1 Series.

Zaawansowane techniki mikroskopowe, jak SEM (skaningowa mikroskopia
elektronowa) czy TEM (transmisyjna mikroskopia elektronowa) sa czesto stosowane
w celu uzyskania informacji dotyczacych rozmiaru czastki, topografii powierzchni,
morfologii oraz wewng¢trznej struktury nanostrukturalnych nosnikow lipidowych.
Technika SEM pozwala na uzyskanie trojwymiarowego obrazu powierzchni probki. Jest
ona bombardowana skoncentrowang wigzka elektronéw, a informacja dotyczaca
morfologii obiektu jest otrzymywana dzigki elektronom wtornym, ktore s emitowane
z powierzchni probki. W celu przeprowadzenia analizy NLC musza one zostac
wysuszone, a nastepnie pokryte ztotem lub platyng. Pomiary prowadzone sg w warunkach
proézni. TEM pozwala na uzyskanie dwuwymiarowych obrazéw. Technika ta
w porownaniu do SEM charakteryzuje si¢ lepsza zdolnoscig rozdzielczg 1 pozwala na
uzyskanie informacji o wewnetrznej strukturze nanoczgstek lipidowych. Podobnie jak
w przypadku SEM probka musi by¢ w postaci suchego proszku. Ponadto, w celu
uzyskania lepszego kontrastu zostaje ona wybarwiona solami metali cigzkich, a jej

grubo$¢ do analizy nie powinna przekracza¢ 100 nm [18]. W pracy morfologi¢
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nanoczastek charakteryzowano za pomocag skaningowego mikroskopu elektronowego
pracujacego w trybie transmisyjnym (JEOL JSM-7500F).

Najbardziej znany sposOb wytwarzania preparatdow zawierajgcych nanoczastki
lipidowe o pozadanych wtasciwosciach reologicznych obejmuje wprowadzenie dyspersji
NLC do produktéw do miejscowych zastosowan na skore, takich jak kremy czy
hydrozele. Niestety, tego rodzaju interwencja ma kilka wad polegajacych, m.in. na
ograniczonej, realnej do wprowadzenia do koncowego preparatu, ilosci NLC, mozliwe;j
niezgodnosci ze stosowanymi zwigzkami zwigkszajagcymi lepkos$¢ 1 innych bardziej
ztozonych etapach wytwarzania [23,24]. Dlatego wtasciwosci reologiczne, takie jak
lepkos$¢, sa bardzo waznymi parametrami dyspersji NLC przeznaczonych do zastosowan
miejscowych [25]. W pracy pomiary lepkosci przeprowadzono za pomocag reometru

rotacyjnego Brookfield, stosujgc uktad pomiarowy stozek/ptytka.

7. Krotki opis badan skladajacych si¢ na rozprawe doktorskg

Poczatkowo przeprowadzone w ramach realizacji pracy doktorskiej badania
dotyczyly opracowania parametréw otrzymywania 1 charakterystyki nanoczastek
lipidowych (NLC). Badano zarowno wptyw parametréw otrzymywania jak 1 sktadu pre-
emulsji na wtasciwosci otrzymanych formulacji. W celu otrzymania optymalnych pod
wzgledem wlasciwosci  fizykochemicznych  dyspersji  nanoczastek lipidowych
zastosowano kilka rodzajow lipidéow stalych (modyfikowany wosk pszczeli, behenian
glicerolu, palmitynian cetylu, wosk z sumaka lakierodajnego) 1 ciektych (triglicerydy
kaprylowo/kaprynowe, oleinian decylu). Uklady stabilizowano r6znymi surfaktantami
(alkilopoliglukozydami, Tweenem 80, Poloxamerem 188, cholanem sodu) badz ich
mieszaning. Otrzymane preemulsje poddawano ultrasonifikacji, gdzie zmiennymi
parametrami byty czas i moc. Sredni rozmiar i rozktad wielkosci czastek badano stosujac
technik¢ dynamicznego rozpraszania Swiatta (DLS). Ruchliwos¢ elektroforetyczng
czastek mierzono za pomocg urzadzenia Malvern Zetasizer Nano ZS, a przeksztatcen do
wartos$ci potencjatu zeta przeprowadzono z zastosowaniem rownania Helmholtza-
Smoluchowskiego. Morfologi¢ nanoczastek okreslono za pomocg mikroskopu
skaningowego JEOL JSM-7500F pracujagcego w trybie transmisyjnym. Otrzymane
wyniki dowiodty, ze zarowno parametry procesu otrzymywania jak 1 sktad majg znaczacy

wpltyw na wlasciwosci 1 struktur¢ NLC. Rozmiar optymalnych czastek miescit si¢
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w granicach 60-80nm, a warto$¢ potencjatu zeta siegata -30mV. Stabilnos¢ tych uktadow
zostala nastepnie potwierdzona przez obserwacje makroskopowe [6].

Nanoczastki lipidowe wykazuja potencjal jako transdermalne systemy nosnikdéw
dla stabo rozpuszczalnych, hydrofobowych zwigzkéw aktywnych, a dodatkowo moga
kontrolowa¢ ich uwalnianie 1 zmniejsza¢ ogodlnoustrojowy efekt uboczny [26].
Zrozumialym jest zatem fakt, ze dobor odpowiednich uktadow NLC odgrywa kluczowa
rolg¢ w transdermalnym dostarczaniu substancji czynnych.

Glownym zalozeniem kolejnego etapu badan skladajacych si¢ na niniejsza
rozpraw¢ byta ocena potencjalu wytypowanych formulacji NLC jako systemow
no$nikowych dla wybranych zwigzkow z grupy mono-, di- 1 triterpenow.
Przedstawicielem monoterpenow byl kwas geraniowy, ktory oprocz tego, ze jest zanany
ze swych wlasciwosci przeciwgrzybiczych [27], moze takze dziata¢ jako S$rodek
depigmentacyjny dla skory, gdyz jest inhibitorem tyrozynazy [28]. Forskolina,
przedstawiciel diterpendéw, wykazuje korzysci terapeutyczne w objawach tuszczycy
1 reguluje poziom cAMP w komoérkach skory [29]. Co wigcej, dowiedziono, ze zwigzek
ten wykazuje aktywno$¢ przeciwnowotworowa [30,31]. Jest ona rowniez naturalng
substancja pozwalajacg uzyska¢ zdrowg opalenizne [32]. Reprezentantem triterpendw byt
kwas ursolowy, ktory jest bardzo dobrze znany ze swych wtasciwosci antyoksydacyjnych
[33], przeciwzapalnych [34] oraz immunoregulacyjnych [35]. Ponadto, kwas ursolowy
wykazuje dzialanie hepatoprotekcyjne 1 przeciwnowotworowe [36,37].

W ramach badan rozpatrywano wplyw struktury chemicznej substancji aktywnych na
profile uwalniania, oraz oceniono wlasciwosci fizykochemiczne NLC z wybranymi
terpenami [7]. Uklady otrzymano metoda homogenizacji ultradzwigkowej stosujac
wytypowane w wyniku wczesniejszych badan, optymalne receptury nanoczastek
lipidowych. Charakteryzowaly si¢ one sferycznym ksztaltem 1 stosunkowa
jednorodnoscig (analiza SEM), a $redni rozmiar czgstek wynosit 101, 106 1 98 nm,
odpowiednio dla NLC z kwasem geraniowym, forskoling i kwasem ursolowym (analiza
DLS). Wartosci potencjatu zeta formulacji byly bliskie -30 mV wskazujac na ich dobra
stabilno$¢ fizyczng. Badania in vitro uwalniania substancji aktywnych z NLC
przeprowadzono metoda dializacyjng [38] stosujac membrany celulozowe (Spectra/Por®
Dialysis Membrane) oraz mieszaning PBS/etanol jako roztwor akceptorowy. Wyniki
badan wykazaly, ze struktura chemiczna substancji aktywnej wplywa na proces jej
uwalnianie z nosnika NLC. Badane mono-, di- i triterpeny uwolnily si¢ z nanoczastek

lipidowych w stosunkowo duzej ilosci, (56,8% - kwas geraniowy, 55,6% - forskolina
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1 61,7% - kwas ursolowy). Otrzymane profile uwalniania charakteryzowat przebieg
dwufazowy z gwaltownym wyrzutem w ciggu pierwszych kilku godzin, po ktérym
nastgpito stopniowe uwalnianie. Przeprowadzone badania potwierdzity duzy potencjat
nanoczastek lipidowych jako systemow dostarczania aktywnych zwiazkow terpenowych
zaroOwno do natychmiastowego jak 1 przedtuzonego w czasie uwalniania. Biorac pod
uwage wprowadzanie substancji aktywnych do skory, istotne jest zarowno szybkie jej
uwalnianie w poczatkowych godzinach kontaktu preparatu ze skoérg (np. w przypadku
kosmetykow), jak réwniez stopniowe, przedtuzone w czasie, zapewniajace dostarczania
leku przez dluzszy okres czasu.

By dodatkowo potwierdzi¢ potencjal aplikacyjny wytypowanych nanoczastek jako
obiecujagcych  systeméw  dostarczania hydrofobowych zwigzkéw  aktywnych,
przeprowadzono proby otrzymania stabilnych formulacji z kwasem a-liponowym
(ALA). Jako naturalny antyoksydant, kwas ten cieszy si¢ w ostatnim czasie coraz
wickszym zainteresowaniem. Dziatanie przeciwutleniajace kwasu liponowego, jak i jego
zredukowanej formy — kwasu dihydroliponowego (DHLA), polega na reagowaniu
z wolnymi rodnikami 1 reaktywnymi formami tlenu w celu ich unieszkodliwienia.
W reakcji kwasu liponowego z wolnym rodnikiem powstaje kationorodnik kwasu
liponowego, ktory stanowi zdecydowanie mniejsze zagrozenie dla komorek niz np.
rodnik hydroksylowy. Kationorodnik ALA jest tawo przeprowadzany w kwas liponowy
dzicki innym przeciwutleniaczcom wewnatrzkomorkowym, ktére nastepnie sg
regenerowane przez DHLA. Proces ten prowadzi do ostatecznego wyeliminowania
wolnego rodnika [39]. Dodatkowo, ALA 1 DHLA wspomaga regeneracj¢
przeciwutleniaczy wewnatrzkomorkowych takich jak witamina C czy E, a takze
zredukowanej formy glutationu [40]. Co wigcej, ALA ma zdolno$¢ do chelatowania
metali cigzkich, a ostatnio wykazano rowniez jego dziatanie przeciwzapalne [41]. Z racji
swoich wilasciwosci jest potencjalnym zwigzkiem do stosowania w kosmetykach anti-
ageing, poniewaz moze zapobiega¢ skutkom stresu fotooksydacyjnego w skorze.
Jednakze ze wzgledu na jego wysoka lipofilowo$¢ zastosowanie ALA w tradycyjnych
nosnikach, takich jak emulsja, jest znacznie utrudnione. Dodatkowym problemem jest
fakt, ze kwas ten jest wyjatkowo podatny na degradacj¢ przez $wiatto stoneczne
1 charakteryzuje si¢ nieprzyjemnym zapachem zwigzkow siarki [42].

Aby uniknag¢ wyze] wymienionych trudno$ci 1 poprawi¢ stabilnosé
fizykochemiczng kwasu a-liponowego zainkorporowano go do, opartych na

modyfikowanym  wosku pszczelim 1 triglicerydach karylowo/kaprynowych,
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nanostrukturalnych no$nikow lipidowych [8]. Gtownym celem badan na tym etapie pracy
doktorskiej byto przygotowanie uktadow nosnikowych o r6znym stosunku lipidu statego
do cieklego, przeznaczonych do miejscowego podania kwasu liponowego. Mozliwo$¢
zastosowania preparatow ALA-NLC zostata zilustrowana przez kompleksowa
charakterystyke nos$nikow. Okreslono profil uwalniania substancji czynnej wraz
z wlasciwosciami fizykochemicznymi NLC obcigzonych substancja aktywna.
Dodatkowo zbadano kinetyke uwalniania kwasu liponowego przez dopasowanie danych
eksperymentalnych do czterech modeli kinetycznych: zerowego rzgdu, pierwszego rzedu,
Higuchi’ego, Korsmeyer’a— Peppas’a. W celu okreslenia mechanizmu uwalniania kwasu
liponowego obliczono wyktadnik uwalniania dyfuzyjnego (n) [43], za§ wybor najlepiej
pasujacego modelu kinetycznego oparto na poréwnaniu wspotczynnika determinacji
(R?). Opracowane formulacje charakteryzowaly si¢ dobrg stabilno$cig fizykochemiczng
1 odpowiednimi wtasciwosci reologicznymi. Uwalnianie ALA z systemow NLC okazato
si¢, podobnie jak w przypadku terpendéw, dwuetapowe, z poczatkowym ,,wyrzutem”
substancji aktywnej, a nastgpnie stopniowym uwalnianiem w czasie. Stezenie fazy
lipidowe;j 1 stosunek lipidow statych do ciektych wptywaty na szybko$¢ uwalniania ALA
z preparatow. Kinetyka uwalniania substancji aktywnej przebiegata zgodnie z modelami
matematycznymi zaktadajacymi, ze gtownym czynnikiem wplywajacym na kinetyke
uwalniania substancji aktywnej z NLC jest proces dyfuzji. W przypadku formulacji
o mniejszym stezeniu emulgatora, kinetyka przebiegata zgodnie z modelem Higuchi’ego,
co wskazuje, ze proces uwalniania substancji czynnej z NLC jest zlozony. Oprocz
dyfuzji, na uwalnianie substancji aktywnej moze wptywac erozja matrycy lipidowe;j [44].

Wyniki potwierdzaja, ze otrzymane uklady moga by¢ obiecujagcym rozwigzaniem
dla kontrolowanego uwalniania kwasu liponowego z preparatow do zastosowan na skorg.

Ostatni etap przeprowadzonych w ramach realizacji pracy doktorskiej badan
obejmowat analiz¢ in vitro przenikania wybranej substancji aktywnej przez skore [9].
Jako substancje aktywnag wytypowano forskoling, za$ jako optymalng formulacje, NLC
otrzymane metodg homogenizacji pod zwigkszonym cisnieniem (HPH). Badanie
przenikania przeprowadzono stosujac jako membrane skore ludzka, pochodzaca
z zabiegdw chirurgii plastycznej. Przed kazdym eksperymentem oceniano integralnos¢
skory mierzac transepidermalng utrate wody (TEWL). Badania prowadzono przy uzyciu
systemu MicroettePlusR (Hanson Research, USA), w komorach Franza, w temperaturze
32°C, stosujgc mieszaning PBS/etanol (60:40, V/V) jako roztwor akceptorowy. Probki

roztworu do analizy, (w celu pomiaru u stezenia stosowano technike HPLC), pobierano
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automatycznie przez 24 godziny. W celach porownawczych badano takze przenikanie
forskoliny z nanaoemulsji o podobnym sktadzie.

Wyniki potwierdzily, ze otrzymane preparaty NLC mozna zastosowaé jako
skuteczne systemy do kontrolowanego uwalniania forskoliny przez skore, np. jako
nosniki dla preparatow o duzym potencjale w leczeniu raka skory, ze wzgledu na

wlasciwosci samej substancji aktywne;.

Doktadny opis wszystkich eksperymentéw, materiatow, metod analitycznych oraz
dyskusja wynikéw znajduja si¢ w publikacjach [Lason, Acta Biochim Pol, 2013],
[Lason, Colloid Surface A, 2016], [Lason, Colloid Surface A, 2017], [Lason, Acta
Biochim Pol, 2018], stanowigcych zataczniki do pracy. W publikacjach mozna odnalez¢
takze krytyczny przeglad literatury $wiatowej omawiajacej problemy w recepturowaniu
1 dostarczaniu hydrofobowych 1 wrazliwych substancji czynnych oraz zalety wynikajace

z zastosowania w tym celu nanostrukturalnych nosnikow lipidowych.

8. Podsumowanie przeprowadzonych badan

W ramach pracy doktorskiej otrzymano 1 scharakteryzowano, pod katem wilasciwosci
fizykochemicznych, szereg formulacji nanostrukturanych nos$nikéw lipidowych (NLC).
Najwazniejsze osiggnigcia wynikajace z przeprowadzonych badan to:
e wykazanie, ze zarowno sktad jak 1 parametry procesu otrzymywania znaczaco
wplywaja na wlasciwosci NLC,
e potwierdzenie, ze obydwie metody otrzymywania formulacji NLC (HPH
1 ultrasonifikacja) pozwalajg otrzymac stabilne uktady ze zwigzkiem aktywnym,
e wskazanie optymalnych formulacji nanostrukturalnych nos$nikow lipidowych
opartych na biodegradowalnych 1 biozgodnych surowcach, jako potencjalnych
nos$nikow substancji aktywnych do zastosowan dermatologicznych,
e otrzymanie stabilnych uktadow nosnikowych dla zwiazkéw z grupy mono-, di-
1 triterpendéw o zadowalajacych wilasciwosciach fizykochemicznych ($redni

rozmiar czastek 1 potencjat zeta) oraz reologicznych,
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e wykazanie, ze badane terpeny, w tym kwas geraniowy, forskolina 1 kwas
ursolowy, uwalniajg si¢ z NLC w stosunkowo duzych ilosciach, a ich struktura
chemiczna wptywa na profile uwalniania,

e potwierdzenie na przyktadzie kwasu a-liponowego, ze opracowane formulacje
NLC stanowig obiecujacy nosnik dla zwigkszenia stezenia i wydtuzenia trwatosci
substancji aktywnej,

e zwrocenie uwagi na dwufazowy profil uwalniania substancji aktywnych z NLC,
z szybkim poczatkowym przebiegiem 1 stopniowym uwalnianiem w drugim
etapie; obydwa etapy sg interesujgce w przypadku preparatow nanoszonych na
skore, pierwszy moze by¢ przydatny w celu poprawy przenikania skladnikow
aktywnych, drugi w przypadku przedluzonego 1 kontrolowanego w czasie
dostarczania zwigzkow czynnych przez skore,

e wykazanie, ze modele matemayczne Higuchi’ego oraz Korsmeyer’a — Peppas’a
najlepiej opisujg kinetyke uwalniania z NLC lipofilowych substancji aktywnych,

e wykazanie na podstawie badan in vitro przenikania przez skore, ze otrzymane
uktady NLC mozna zastosowa¢ jako skuteczne systemy do kontrolowanego
dostarczania zwigzkow aktywnych, takich jak forskolina, do glebszych warstw

skory.

Podsumowujac, wuzyskane wyniki potwierdzaja, ze przygotowane uklady s3
odpowiednimi nos$nikami do kontrolowanego uwalniania badanych zwigzkéw
aktywnych 1 moga by¢ obiecujacym rozwigzaniem dla dostarczania lipofilowych

substancji czynnych przez skore.
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Nanostructured Lipid Carriers (NLC) formulation*

Elwira Lason™, Elzbieta Sikora and Jan Ogonowski

Institute of Organic Chemistry and Technology, Cracow University of Technology, Krakéw, Poland

Nanostructured lipid carriers (NLC) are stable colloidal
formulations with notable advantages for drug deliv-
ery systems. Thanks to their physicochemical stability,
biocompatibility, biodegradability and controlled drug
release, they have received increasing attention for the
last several years. The aim of the study was to prepare
and characterize nanostructured lipid carriers (NLC).
Both, the effect of the process parameters and the ef-
fect of the preemulsion composition on the NLC prop-
erties were investigated. In the work, different type of
surfactants (i.e. decyl glucoside, Poloxamer188, Tween
80, sodium cholate) and their combinations were used
to stabilize NLC dispersions. Moreover, several kinds of
solid lipids (modified beeswax, gliceryl behenate, cetyl
palmitate and berry wax) and liquid lipids (caprilic/capric
triglyceride and decyl oleate) were applied. An ultrasoni-
cation method using a probe type sonicator was used
to obtain NLC, and the time and energy of the process
were modified throuhout. The physicochemical proper-
ties of the formulations, such as particle size, size distri-
bution, polidispersity index were studied using the dy-
namic light scattering (DLS) method. The electrophoretic
mobility of obtained particles was also measured, using
the Zetasizer Nano ZS Malvern Instrument based on the
Laser Doppler Velocimetry (LDV) technique. Knowing the
value of electrophoretic mobility of particles for given
conditions, the zeta potential was determined. The ob-
tained results showed that the process parameters and
the composition of the preemulsion had significant im-
pact on the nanoparticles structure. The optimal formu-
lations size ranged between 60 and 80 nm, and the val-
ue of their zeta potential was up to -30mV. The stability
of these systems was further confirmed by macroscopic
observation.

Key words: nanostructured lipid carriers, NLC, liquid lipids, solid li-
pids, ultrasonication
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INTRODUCTION

Nanosized drug delivery systems have been intensive-
ly investigated in recent years (Saraf ez al, 2011a; Saraf
¢t al., 2011b). They can generally be divided into two
groups: polymeric and lipidic systems. The number of
products containing polymetic nanoparticles on the mar-
ket, is restricted due to the toxicity of polymers and a
lack of proper large-scale production techniques. That is
why a great deal of interest has been focused on lipid-
based carriers represented by solid lipid nanoparticles

(SLN) and nanostructured lipid catriers (NLC) (Sawant ez
al., 2008; Chen ez al., 2010). Both of them can be widely
applied to deliver active ingredients through oral, paren-
teral and topical routes (Almeida ez al, 2007; Miller ez
al., 2007; Schafer-Korting ez al., 2007).

SLN are prepared by replacing the liquid lipid (oil) of
an oil in water (o/w) emulsion with a solid lipid or a
blend of solid lipids. These lipids consist of biodegrada-
ble, physiological lipids or lipidic substances and stabiliz-
ers, which are generally recognized as safe (GRAS) (Das
et al., 2011). However, there are some potential limita-
tions concerning SLN’s structure. During storage, they
can transform to the low energy, more ordered 3 modi-
fication. Due to their high degree of order, the number
of imperfections in the crystal lattice is reduced, leading
to active ingredient expulsion within a short period of
time (Westesen ¢/ al., 1997). NLC were introduced to
overcome the potential difficulties with the SLN’s struc-
ture. They are composed of the blend of solid and liq-
uid lipids (oils), which induces a melting point depres-
sion compared to the pure solid lipid, but the particles
are still solid at room and body temperature. The incor-
poration of liquid lipids in those structures inhibits the
crystallization process by mixing “spatially” different
molecules. This results in significant differences in the
particle matrix structure. NLC possess many imperfec-
tions, which supports an increase in active loading ca-
pacity and a decrease in or avoidance of active substance
expulsion during storage (Miller ¢# al, 2002a; Radtke ef
al., 2007; Hu et al., 2006).

Lipid nanoparticles can be produced by various tra-
ditional dispersion techniques. Considering industrial
needs, high pressure homogenization is conventionally,
the most preferred and popular method for the prepara-
tion of these nanocarriers (Miiller ¢ al., 1995; Pardeike ez
al., 2009). However, ultrasonic dispersion may offer an
appropriate alternative for the laboratory scale, due to
a relatively low cost of the apparatus and, what is also
very important, a rapid nature of production (Schwarz ez
al., 2012).

Most of the reports about lipid nanoparticles focus on
certain bioactive-loaded carriers. Entrapment efficiency,
loading capacity, release profile and stability of active in
these formulas are investigated. As for drug-free NLC
systems, the effect of vatious surfactants (Han e al,
2008; Kovacevic ¢ al, 2011) and influence of different
lipids on the formulation (Zheng ¢/ al, 2013) have been

He-mail: elason@chemia.pk.edu.pl

*Presented at the 5th Central European Congress of Life Sciences
,EUROBIOTECH 2013, Krakéw, Poland.

Abbreviations: NLC, Nanostructured lipid carriers
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Table 1. Formulation of NLC systems (%wt.)

Composition of the lipid nanoparticle dispersions produced with six surfactants and their combination. The particle matrix consisted of
Apifil as solid lipid and Myritol as liquid lipid with changed ratios is from 1 to 15. Formulation 16 was prepared with different liquid lipid

and 17-19 with different solid lipid.

. Apifil (%) solid  Myritol 312 (%) PlantaCare Poloxam- TegoCare Crodesta Tween80 Sodium Wiater
lipid liquid lipid 2000UP (%) er188 (%) CG-90 (%) SLAOLQ (%) (o) cholate (%) (o)
1 7 3 4 - - - - - 86
210 5 4 - - - - _ 86
3 - 10 4 - - - - — 86
4 9 1 4 - - - - - 86
5 7 3 2.5 1.5 - - - - 86
6 7 3 — 4 — — _ _ 86
7 7 3 2.5 - 1.5 - - — 86
8 7 3 — — 4 — _ _ 86
9 7 3 2.5 - - 1.5 - - 86
10 7 3 - - - 4 - - 86
1 7 3 - - 2 - - - 86
12 7 3 25 - - - 1.5 - 86
13 7 3 - - - - 4 - 86
14 7 3 25 - - - - 1.5 86
15 7 3 - - — - — 4 86
16 7 3 Cetiol V 4 - — - - - 86
17 7 Compritol 3 4 - — - - — 86
18 7 Cutina Cp 3 4 - - - — _ 86
19 7 Berrywax 3 4 - - 86

also studied. The validity of such research could provide
useful information for further application.

In this study, the drug-free NLC were prepared
through the ultrasonication method. The effect of com-
position (different kind of surfactants, solid and liquid
lipids) and parameters of the emulsification process on
NLC formation and their properties were investigated.
The physicochemical features of the obtained formu-
lations were analyzed using the dynamic light scatter-
ing (DLS) electron microscope working in transmission

mode (TEM).

MATERIALS AND METHODS

Materials. As solid lipids, Apifil® (modified bees-
wax) and Compritol® 888ATO (gliceryl behenate from
Gattefossé GmbH, Germany), Cutina® CP (cetyl pal-
mitate from BASF, Germany) and Berry Wax (Kahl-
Wax, Germany) were used. As liquid lipids, Myri-
tol®312 (caprilic/capric triglyceride) and and Cetiol®V
(decyl oleate) from BASF, Germany, were applied.
PlantaCare® 2000UP (decyl glucoside from BASF,
Germany), Poloxamer 188 (Sigma-Aldrich, Poland),
TegoCare CG-90 (Evonik Degussa International, Po-
land), Crodesta SL40LQ (Croda, Poland), Tween-80
(Caleo, Poland) and sodium cholate (Sigma-Aldrich,
Poland) were chosen as surfactant. The distilled wa-
ter was obtained by Millipore Direct-Q 5UV purifica-
tion system.

Preparation of NLC. NLC were prepared bin
the melt-emulsification and ultrasonication processe.
A certain amount of solid lipid and liquid lipid was
blended and melted at 80°C, to form a homogenous
and clear oil phase. The melted lipid phase was then
dispersed in the 4%wt. surfactant water solution, at

the same temperature, by the aid of agitation at 800
rpm for 5 min. The obtained preemulsion was fur-
ther treated by probe-type sonicator (Sonics Vibra-
Cell, Sonics & Materials, INC.), at varying time (2,
5, 10 min) and energy (15 and 35 W) of the process
(Fig. 2d), and while maintaining the temperature at
least 5°C above the melting point of the lipids. Sub-
sequently the dispersions were cooled down to room
temperature. The composition of the obtained formu-
lations is shown in Table 1.

Particle size analysis. Particle size analysis was per-
formed by dynamic light scattering (DLS), using the Ze-
tasizer Nano ZS Malvern Instrument. Prior to the mea-
surements all samples were diluted using ultra-purified
water to generate suitable scattering intensity. DLS yields
the hydrodynamic diameter (mean diameter, z-average)
and the polydispersity index (PI) as a measure of the
particle size distribution. The mean diameter and PI of
the investigated samples were obtained by calculating the
average of three measurements, at an angle 173°, in 10
mm diameter disposable plastic polystyrene cells. All the
experiments were performed at 25°C.

Zeta potential analysis. Zeta potential (ZP) of NLC
dispersion was determined by the measurement of the
clectrophoretic mobility, using Malvern Zetasizer Nano
7S (Malvern Instrument, UK). The conversion into the
ZP was petformed using Helmoltz-Smoluchowski equa-
tion. The measurements for ecach sample were repeated
three times.

Morphology analysis. The morphology of lipid na-
noparticles was investigated using the JEOL JSM-7500F
microscope, working in the transmission mode. For each
measurement, the samples were prepared by dispersing
a drop of the NLC formulation on a copper grid, which
was covered with a carbon film.
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Figure 1. Particle size distribution curves of the optimal formulation (no 1).

RESULT AND DISCUSSION

Particle size analysis and physical stability

It is believed that the particle size distribution is one
of the most important parameter for the evaluation of
the stability of colloidal systems. Figure 1 shows the par-
ticle size distribution of the nanoparticulate dispersion.
The mean particle size of sample number 1 is 56 nm.
This formulation indicated the maximum stability.

Effect of different parameters on
a particle size and zeta potential
measurement

As a result of comparison of the
influence of different lipids on a par-
ticle size (Fig. 2A), it has been found
that the average particle size of NLC
dispersions is the highest for Com-
pritol 888 ATO. This is the solid li-
pid characterized by a melting point
(69—74°C) much more higher than
for other lipids. Moreover PI for
this type of lipidic matrix possesses
values of 0.367, which implies po-
lidisperse populations. Typical values
for o/w emulsions range from 0.1
to 0.25 (Kovacevic ez al, 2011). The
best size result was obtained for the
formulation containing Apifil.

Concerning emulsifiers, the best results were obtained
for PlantaCare (alkylopolyglucoside) and its combination
with other surfactants (Fig. 2B).

The date presented in Fig. 2C show that particle size
increases with the increase of the lipid content, which is
in agreement with the other research group (Sieckmann e
al., 1994). The same situation was observed when solid
to liquid lipid ratio increased (Fig. 2C, formulation no 1
and 4).
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Figure 2. Influence of different parameters on a particle size and zeta potential measurement.
(A) Influence of different lipid (solid and liquid), (B) Influence of emulsifier (single or combination), (C) Influence of solid to liquid lipid

ratio, (D) Influence of ultrasound parameters. The number of samples

from the figures corresponds to the one from Table 1.
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Figure 3. Microphotographs of NLC formulation. A and B represent the views from different positions with different amplification

factors (15000 and 25000 respectively).

Ultrasonication parameters, applied to obtain the for-
mulations containing Apifil and Myritol (7:3), dispersed
in 4% wt. PlantaCare solution, influenced the mean
particle size. The smallest particle size was achieved by
treating the sample with a probe-type sonicator for 10
min at 35 W and its value was 56 nm (Fig. 2D).

Zeta potential is an important factor used to evalu-
ate the stability of lipid nanoparticle dispersions. Gener-
ally, particles are stable when the absolute value of the
zeta potential is more than 30 mV. In our case, for the
optimal formulation (no 1) ZP was around —38 mV.
This is the formulation with nonionic surfactant, which
could not ionize into charging group like ionic, but dem-
onstrated its ZP. The same observation was made by
other researchers (Jain e/ al, 2011).  The reason might
be molecular polarization and the adsorption of emulsi-
fier molecule on the charge in water. It was absorbed
to the emulsifier layer of particle/water interface, and an
clectric double layer similar to ionic was formed. Even
better results of ZP value were also obtained for Polox-
amer 188 (44.3 mV) and its mix with PlantaCare (—41.9
mV) but the mean particle size of these formulations
was too large (263 and 442 nm, respectively). Also good
results of ZP value were observed for the system based
on the combination of PlantaCare with Tween-80 (—50.1
mV), but in the case of the formulation containing only
Tween-80, ZP dramatically increased (17.9 mV). On the
other hand, nanoparticle dispersion obtained using the
combination of PlantaCare as nonionic surfactant with
ionic Sodium cholate exhibited not only reasonable ZP
values (48.5 mV), but also mean particle size (120 nm).
Unfortunately, in contrast to formulation 1 (chosen as
optimal), they were stable for no longer than 2 weeks.

TEM observation

TEM images of the dried suspension of NLC (no 1)
are presented in Fig. 3. The two pictures represent the
views from different positions with different amplifica-
tion factors. Both indicate that the NLC particles are
spherical. The diameter is around 60-200 nm. The sam-
ple for TEM images was 10% lipid (solid to liquid 7:3),
dispersed in 4% PlantaCare® aqueous solution. Accord-
ing to the size data based on DLS method, the mean
diameter was 56 nm. The size difference obtained by

TEM and DLS may come from the fact that DLS do
not “measure” the particle size but detect the light scat-
tering effects, which are used to calculate the particle
size. What is more, our NLC formulation, obtained by
ultrasonication method, was not a perfect homogenous
system (PI 0.237).

CONCLUSION

The obtained results showed that the composition of
preemulsion and the process parameters exert signifi-
cant influence on the nanoparticles structure. Stable for-
mulation, of particles size approximately 60 to 80 nm,
was prepared by ultrasonication of the mixture for 10
min, at 35 W, maintaining the temperature at least 5°C
above the lipid melting point. APG and its combination
showed best results, as a stabilizing agent.
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The main objective of this study was to evaluate the potential of nanostructured lipid carriers (NLC) as
a delivery system for mono- (geranic acid), di- (forskolin) and triterpenes (ursolic acid). The influence of
the actives chemical structure on their release profile were investigated along with the physicochem-
ical properties of terpene-loaded NLC. The formulations were prepared by ultrasound homogenization
method using modified beeswax as a solid lipid and caprylic/capric trigliceryde as a liquid lipid. The
systems were stabilized by alkylopolyglucoside. The average particle size for formulations with geranic

Keywords: L acid (NLCGA), forskolin (NLCF) and ursolic acid (NLCUA) was 101.1 + 0.4, 106.4 + 1.4 and 97.6+ 0.9 nm,
Nanostructured lipid carriers 5 . . .

Terpenes respectively. In vitro release studies of the terpenes were performed at the 32 °C, using cellulose mem-
Controlled release brane (Spectra/Por® Dialysis Membrane) and PBS/ethanol mixture as a receptor solution. The obtained
Geranic acid results confirmed a high physical stability of the formulations and showed that the achieved systems are
Forskolin suitable carriers for all, mono- di- and triterpenes.

Ursolic acid © 2016 Elsevier B.V. All rights reserved.

1. Introduction

Terpenes represent the most various group of structurally dif-
ferent natural compounds with more than 40,000 representatives.
They are widely applied not only as fragrance or flavor compound,
but also as pharmaceuticals, nutraceuticals and even agrichemi-
cals [1]. Terpenes consist of isoprene units (CsHg), they may be

* Corresponding author.
E-mail address: elason@chemia.pk.edu.pl (E. Lason).

http://dx.doi.org/10.1016/j.colsurfa.2016.06.021
0927-7757/© 2016 Elsevier B.V. All rights reserved.

lipophilic or hydrophilic, volatile or non-volatile, cyclic or acyclic
[2,3].

Monoterpenes, apart from their fragrance properties show
antibacterial or antifungal activity, while di- and triterpenes are
known for their significant biological activity [4].

Geranic acid (Table 1) is a monoterpene representative which
can be applied as a perfuming agent [5] and is also known for strong
antifungal properties against the two maize pathogens Fusarium
graminearum and Colletotrichum graminicola [6]. Because of its
inhibitory effect for tyrosinase [7,8] and low cell toxicity, geranic
acid can act as an skin depigmentation agent [9].
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Fig. 1. SEM micrographs of NLC formulation. A is unloaded NLC, B, C and D represent terpene-loaded formulations, NLCGA, NLCF and NLCUA, respectively.

Table 1
Characteristics of used terpenes.

Common name Structure Molecular weight logP Polar surface

area (A%)

[o]
Geranic acid MOH 168.23 2.82 3730

Forskolin 410.501 136 113.29

Ursolic acid '~ 456.36 6.58 57.53

HO'

Forskolin (Table 1), a labdane diterpene, can be used for treat-
ment of allergies, cardiovascular diseases, as natural remedy for
urinary tract infections [10] or weight loss enhancer. It activates

adenylate cyclase, resulting increases of the cAMP level [11]. The
therapeutic benefit of forskolin in symptoms of psoriasis and its
ability to regulate the cAMP levels in skin cells has been reported
[12]. There are also clinical studies demonstrating the effect of
forskolin in reducing intraocular pressure in glaucoma [13-15].
Moreover, this diterpenoid has been reported to possess anticancer
activity [10,16] and appeared in the literature as a natural substance
to obtain a healthy tan [17].

Ursolic acid (Table 1) is a pentacyclic triterpenoid very well
known for its hepatoprotective and anticancer effects [18,19]. It
possess a wide range of biological functions including antioxida-
tive [20], antiinflamatory [21] and immunoregulatory effect [22].
It has been also reported that ursolic acid inhibit protein tyrosine
phosphatase 1B, enhancing insulin receptor phosphorylation and
stimulating glucose uptake [23].

Since the mentioned above terpenes, appear to offer great ben-
efits, it is understood that the proper carrier plays an important
role in their release. Therefore, the development of an efficient
terpene-loaded system is of great interest.

Nowadays, lipid nanoparticles demonstrate a potential as
transdermal delivery systems for low soluble, lipophilic active
compounds. They can control release of drug into the systemic cir-
culation and reducing systemic side effects [24]. Lipid-based colloid

Table 2

Physicochemical properties of the terpene loaded NLC and “placebo” NLC formulations.
Formulation Name T=0 T=24h

Z-ave [nm]+SD ZP [mV] +SD PDI+SD Z-ave [nm] +SD ZP [mV]+SD PDI+SD

NLCGA 101.1 £ 04 -33.1+0.1 0.275 + 0.007 103.6 + 0.6 -293 +£0.9 0.265 + 0.009
NLCF 1064 + 1.4 -303+1 0.220 + 0.010 108.3 + 1.1 -37.0+0.3 0.197 + 0.006
NLCUA 97.6 + 0.9 —382 4+ 0.1 0.204 £ 0.013 97.7 + 1.5 -383+14 0.203 £ 0.010
NLC 108.8 + 0.6 —40.1 + 1.1 0.265 + 0.004 103.1 + 0.6 —36.0 £ 0.7 0.224 + 0.009
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Fig. 2. Viscosity curves of terpene-loaded NLC before and after 24 h release for (a) — geranic acid, (b) — forskolin, (c) — ursolic acid and (d) — “placebo” NLC.

carriers possess numerous features that are advantageous for top-
ical route of application [25]. Both, solid lipid nanoparticles (SLN)
and nanostructured lipid carriers (NLC), are systems providing con-
trolled release profiles for many active ingredients [26-28]. They
are composed of biodegradable and biocompatible lipids and could
be good transdermal systems for decreasing cytotoxicity of some
drugs [29]. NLC consist of a mixture of solid and liquid lipids and
were introduced as a second generation of lipid-based nanoparticle
drug vehicles. They overcome the limitations associated with SLN
including limited drug-loading, drug expulsion during storage and
risk of gelation [30-32]. However it should be noted that the effi-
ciency of topical delivery system depends not only on the carrier
properties but also on the physicochemical characteristics of the
active penetrant.

The aim of the study was to investigate the effect of the terpenes
chemical structure on their release from NLC.

2. Materials and methods
2.1. Materials

Geranic acid (GA) and ursolic acid (UA) were purchased from
SIGMA-Aldrich Chemie GmbH, Germany. Forskolin was provided
by Sabinsa Europe GmbH, Langen, Germany. The characteristics of
used terpenes are presented in Table 1. Apifil® (modified beeswax)
from Gattefossé GmbH, Germany was used as solid lipid material
of NLC. Medium chain trigliceryde oil, Labrafac®CC, was chosen as
liquid lipid material of NLC. All formulations were stabilized by
alkylpolyglucoside (PlantaCare®2000UP), which was supplied by
BASF Chem Trade GmbH, Burgbenheim, Germany. Ethanol (SIGMA-
Aldrich Chemie GmbH, Germany) was of high performance liquid
chromatography (HPLC) grade. All other reagents and solvents were
of analytical reagent grade. The ultra-purified water was freshly
prepared by a MiliQ® System (Millipore, Schwalbach, Germany).

2.2. Preparation of nanostructured lipid carriers

Terpene-loaded NLC dispersions were prepared by ultrasound
homogenization method. At the beginning, aqueous and oil phases
were prepared separately. Solid lipid (7% wt), liquid lipid (3% wt)
and proper terpene active compound (0.075% wt) were melted
at 80° C to prevent recrystallization of lipids during the process.
The mixture of the surfactant (4% wt) and water was heated to
the same temperature and added to the melted oil phase, under
magnetic agitate with 600 rpm for 5 min. The obtained milk-like,
hot pre-emulsion was further processed by probe-type sonicator
(Sonics Vibra-Cell, Sonics & Materials, INC.) for another 5 min. Sub-
sequently, the homogenous NLC dispersions were cooled down
to room temperature. Terpene-loaded oils for comparative study
were prepared by mixing actives with Labrafac®CC oil by a Vortex
machine and gently heating, if necessary, until their total dissolu-
tion.

2.3. NLC characterization

2.3.1. Particle size and polydispersity index analysis

The average particle size and polydispersity index (PI), which
stands for the width of particle size distribution, were characterized
by dynamic light scattering technique (Zetasizer Nano ZS, Malvern
Instruments Ltd., UK) at a fixed angle of 173° and a temperature of
25°C. The samples were analyzed after appropriate dilution with
using double-distilled water prior to generate a suitable scatter-
ing intensity. The measurements were carried out in triplicate and
standard deviation was calculated.

2.3.2. Measurement of zeta potential

Long-term stability of the prepared NLC was determined by Zeta
potential measurement. The zeta potential was measured using
Zetasizer Nano ZS and the measurements were conducted in tripli-
cate. The samples were diluted in double-distilled water before the
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Fig. 4. Release profiles of terpenes from NLC dispersions for geranic acid (NLCGA),
forskolin (NLCF) and ursolic acid (NLCUA) respectively, expressed as percentage wt%
of released actives (Q[%]) as a function of time. Each value represent the mean +S.D.
(n=3).

analysis. Particles with a large positive or negative zeta potential
(£30mV) will repel each other and will not aggregate [33].

2.3.3. Morphology

To determine the shape and surface morphology of the nanopar-
ticles JEOL JSM-7500F microscope, working in the transmission
mode, was used. A drop of terpene-loaded NLC dispersion was
placed on the surface of carbon-coated copper grid. Then, the sam-
ple was allowed to dry for contrast enhancement and analyzed.

2.3.4. Rheological measurement

Viscosity measurements of NLC formulations were performed
using a Brookfield Rheometr Model — R/S plus, equipped with a
cone/plate measuring system (cone C75-1), at 25°C, in the range
of shear rate values from 1 to 1000s~!. The measurements were
carried out for the fresh formulations (t=0) and after 24 h of the
release test.

2.4. Invitro release study

In vitro release studies of terpene-loaded NLC were per-
formed by dialysis bag method [34], using the cellulose membrane
(Spectra/Por® Dialysis Membrane) of molecular weight cut-off
between 6 and 8 kDa. An appropriate amount of active-loaded NLC
was placed in the dialysis bag which was sealed and suspended
in the compartment with 200 ml of receptor solution (the mixture
of PBS/ethanol in ratio 60/40 v/v) maintained at 32°C=+0,5°C and
stirred at 200 rpm. Sink conditions were accomplished for all of the
terpenes during the performance of the dialysis. The concentration
of the release terpenes in the receptor medium was analyzed by
HPLC (Dionex Ultimate 3000 DAD) equipped with UV detector and
XBridge column (250 mm x 4,6 mm; 3,5 wm) with precolumn. The
mobile phase was isocratic, acetonitrile:water (80:20) and the flow
rate was set to 0.5 ml/min. The assay was monitored at the wave-
length of 210 nm, sample injection volume was 20 pl, run time for
mono- and diterpene 20 min and for triterpene 25 min.

3. Results and discussion
3.1. Preparation and physicochemical characterization of NLC

Terpene-loaded (0.075% wt) nanostructured lipid carriers with
the same components and composition, only differing in kind of the
actives was obtained from natural and skin friendly materials. The
solubility of the actives in oil used was first determined and was
3,5 pg/mL for forskolin and ursolic acid and 8 pg/mL for geranic
acid. The formulations contained geranic acid (NLCGA), forskolin
(NLCF) and ursolic acid (NLCUA) and also “placebo” NLC (without
the active) were prepared by the ultrasound method. All obtained
systems appeared as a milky-like dispersions, bluish after dilution.

For colloidal systems like NLC, the particle size and repulsive
forces between the particles are very important in assessing the
stability [35]. The average particle size distribution reported as
the polydisperity index (PDI) and zeta potential of the prepared
formulations are presented in Table 2. To confirm stability of the
systems the data for freshly prepared samples (T=0) and after 24 h
were compared. The mean particle size (T=0) of 101.1, 106.4, 97.6
and 108,8 nm were obtained for NLCGA, NLCF, NLCUA and NLC,
respectively, with PDI values lower than 0.3, suggesting a nar-
row size distribution [25]. Zeta potential (ZP) for NLC systems, was
—33.1, —30.3, —38.2 and —40.1 mV for NLCGA, NLCF, NLCUA and
NLC, respectively. The ZP values higher than, or close to [-30| mV,
confirm good physical stability of the formulations. No significant
changes between mentioned physicochemical parameters, were
observed after 24 h (Table 2).
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The morphology of terpene-loaded NLC and unloaded NLC is
shown in Fig. 1. The images revealed the presence of nearly spher-
ical particles, uniform in size. Micrographs also exhibited the
agglomeration of nanoparticles (especially Fig. 1B correspond to
geranic acid-loaded NLC), which might be due to the lipid nature
of the carrier and the drying process during sample preparation for
SEM analysis [36].

3.2. Rheological properties

Rheological properties like viscosity are critical parameters of
NLC dispersions for applications in pharmaceutical and cosmetic
products [37]. Fig. 2 shows the viscosity curves of the samples. The
obtained formulations showed non-Newtonian, pseudoplastic flow
character and shear thinning behavior, as the viscosity decreased
with increasing shear rate and reached an approximately constant
value at high shear rates. No significant differences were observed
in all systems before and after the terpenes release tests.

3.3. Invitro release study

In vitro release of terpenes from NLC was studied by dialysis
method, using PBS(pH = 7.4)/ethanol mixture as receptor solution,
in accordance to the European Pharmacopoea [38]. The released
actives, expressed as weight percent ratio between released active
and the total entrapped active, is reported as a function of incuba-
tion time. Samples were investigated for a period of 24 h and each
sample was analyzed in triplicate.

In Fig. 3 release from terpene-loaded NLC was observed over ter-
pene oil (caprilic/capric triglycerides) solution serving as reference
formulations. The release rates became higher from oil only in case
of geranic acid and it might be due to the higher solubility of this
terpene in oil, which ultimately increased the loading of the active
and could be easily released by diffusion. Another reason might
be due to the linear molecule structure and the lowest molecular
weight when compared to two other terpenes. The NLC dispersions
of forskolin and ursolic acid showed much higher release than those
from the oil. An inescapable fact was that the terpenes release from
NLC started with an initial burst in the first few hours, then fol-
lowed by a sustained release behavior. Burst release can be useful
to improve the penetration of the active, whereas sustained release
provides the active over an extended period of time.

The terpenes release profiles from NLC with time are shown in
Fig.4.Inall cases the release was found to be biphasic, with the burst
effect at the beginning followed by gradual release of all the actives.
The initial fast release might be due to the fact that most of the lig-
uid lipid being located in the outer shell of the nanoparticles, which
lead to a drug-enriched shell and consequently to burst release
at initial step [36]. Another reason might be explain by presence
of unentrapped drug in the NLC dispersion. The observed differ-
ences are probably the effect of terpene structure and lipophilicity
and their association with the lipid matrix of NLC. Lipophilicity is
one of the most important physicochemical parameters influencing
bioavailability of actives. Strongly lipophilic molecules (with high
logP, value > 4) are characterized by low bioavailability because of
their high affinity to the carrier structures [39]. The terpenes with
lower lipophilicity like forskolin (logP =1.36) were able to remain
associated for a longer time with the lipid nanoparticles, while the
highest lipophilic one — ursolic acid (logP = 6.58) was released more
easily from the NLC matrix.

Another parameter linked closely to bioavailability is polar sur-
face area (PSA). It is a parameter by which we can provide the ease
of molecules passive transport through the biological membranes.
Currently, an equally large cognitive role is assigned to this param-
eter as to that of logP (lipophilicity). Taking into consideration these
two parameters, the most preferred bioavailability of bioactive

compounds are reached by those with the highest logP value and
PSA below 100 A2 [39]. In our case the highest final release of active
(nearly 70%) was achieved in case of ursolic acid (NLCUA) which
represent the uppermost lipophilicity and PSA=57,53 A2 (Table 1).

4. Conclusions

Stable, terpene-loaded nanostructured lipid carriers have been
prepared by applying ultrasound homogenization method. The
obtained geranic acid (GA), forskolin (F) and ursolic acid (UA) —
NLC were spherical and uniformly nano-sized with mean particle
size of 101.1+£ 0.4, 106.4 + 1.4 and 97.6 £ 0.9 nm, respectively. Zeta
potential values of the formulations were close to —30 mV, indicat-
ing their good physical stability. The results of release studies have
shown that mono-, di- and triterpenes (geranic acid, forskolin and
ursolic acid) incorporated in the NLC released in high percentage
(up to 56.79 +3.95%, 55.57 +6.89%, 61.68 & 3.67%, respectively).
The actives release was found to be biphasic, with the burst effect at
the first few hours, followed by gradual release. The terpenes with
lower lipophilicity were able to remain associated for a longer time
with the lipid nanoparticles, while higher lipophilic was released
easier from the NLC matrix. Generally, it can be concluded that the
terpenes chemical structure influence on their release profiles.

The obtained results support the great potential of the nanos-
tructured lipid carriers as the terpenes delivery system and both,
burst and sustained release, which are of interest for dermal appli-
cation. Burst release can be useful to improve the penetration of
the actives, sustained in turn, supplied the active over a prolonged
period of time.
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ARTICLE INFO ABSTRACT

The main objective of this study was to prepare nanostructured lipid carriers as long term stable carrier systems
for the topical delivery of alpha lipoic acid (ALA). The ALA-loaded NLC were prepared by the ultrasound
homogenization method, using mixture of Apifil CG and Myritol 312 as the lipid phase. The systems were
stabilized by Plantacare 2000 UP. The stability of obtained formulations was assessed using macroscopic and
microscopic analysis. Physicochemical properties of the carriers, such as particle size, polydispersity index, zeta
potential and their viscosity were studied. In vitro release studies of the active were performed at the 32 °C, using
cellulose membrane and the phosphate buffer (PBS, pH = 7,4) as a receptor solution. The obtained results
confirmed a high physical stability of the empty and ALA-loaded formulations and showed that the prepared
systems are suitable carriers for controlled release of ALA and can be a promising solution for skin delivery of
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this antioxidant.

1. Introduction

Alpha lipoic acid (ALA), also known as thioctic acid is naturally
occurring kind of organosulfur compounds, synthesized by some plants
and animals, involving humans [1]. As a biological antioxidant, ALA
had received significant attention for the last few years [2,3]. Along
with its reduced form, dihydrolipoic acid (DHLA), they have been
considered as possessing reactive oxygen species scavenging action [4]
and are recognized to revitalize other antioxidants from their inactive
forms [5]. ALA also works as a chelator of transition and heavy metals
and more recently, has been introduced to have anti-inflammatory
properties [6]. Its versatile benefits as an antioxidant allows to apply it
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in many fields such as curing drug, vitamins supply in health food and
in cosmetic as an anti-aging active material because it may prevent
photooxidative stress in the skin [7]. ALA shows favorable physico-
chemical properties for dermal delivery but high lipophilicity makes it
difficult to formulate in traditional carriers like emulsion. Additional
problem is that the acid is extremely vulnerable to degradation by the
sunlight and is characterized by unpleasant sulfur smell [8,9].

To avoid the above-mentioned shortcomings and improve physico-
chemical stability of alpha lipoic acid, its encapsulation in nanos-
tructured lipid carries (NLC) was implemented. NLC in comparison to
the traditional carriers like emulsions, liposomes and polymeric nano-
particles show some advantages i.a. biocompatibility and physiological
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lipids-like composition, avoidance of organic solvents in the prepara-
tion process, high bioavailability, controlled release behavior of the
active substance and suitability to scaling-up production [10-12].

So far, results of numerous investigations have demonstrated the
ability of lipid nanoparticles to be great carriers for delivering lipophilic
compound improving at the same time insolubility challenges [13-16].
Nanostructured lipid carriers offer effective, controlled delivery and
bioavailability of the lipophilic drugs [5]. Therefore, these colloidal
lipid systems are recommended for many administration routes of the
numerous actives, including its topical application [17,18].

The principal aim of this study was to prepare ALA-loaded NLC
formulations as long term stable carrier systems for the alpha lipoic acid
topical delivery. The applicability of the ALA-NLC formulations was
illustrated by comprehensive characterization of the carriers. The re-
lease profile of the active was investigated along with the physico-
chemical properties of ALA-loaded NLC.

2. Materials and methods
2.1. Materials

The active ingredient ( + )-a-Lipoic acid (ALA) was purchased from
SIGMA-Aldrich Chemie GmbH, Germany. Table 1 shows the main
properties of the acid. Modified beeswax (Apifil") used as solid lipid and
medium chain trigliceryde (Myritol"312) chosen as liquid lipid were
delivered from Gattefossé GmbH, Germany and BASF Chem Trade
GmbH, Burgbenheim, Germany, respectively. All NLC formulations
were stabilized by alkylpolyglucoside surfactant (PlantaCare”2000UP),
which was supplied by BASF Chem Trade GmbH, Burgbenheim, Ger-
many. All reagents and solvents were of analytical grade. The ultra-
purified water was freshly prepared by a MiliQ” System (Millipore,
Schwalbach, Germany).

2.2. NLC preparation

All NLC dispersions in accordance with the composition presented
in Table 2 were prepared by ultrasound homogenization method. The
oil and aqueous phases were prepared independently. The proper
quantity of solid lipid, liquid lipid and the active compound in the case
of the ALA-loaded formulations, were melted at 80° C. The concentra-
tion of a-lipoic acid (ALA) was 0,5% wt. for all loaded NLC. The aqu-
eous phase with an adequate concentration of the surfactant were he-
ated to the same temperature and added to the melted oil phase, under
magnetic stirring, with 600 rpm, for 5 min. So, obtained dispersion of
the hot pre-emulsion, was further processed for another 5 min, by ultra
sound homogenization, using probe-type sonicator (Sonics Vibra-Cell,
Sonics & Materials, INC.) Subsequently, the obtained homogenous NLC
systems were cooled down to room temperature resulting in lipid phase
recrystallization to form empty or ALA-loaded nanoparticles. ALA oil
solution for comparative study were prepared by dispersing the active
in Myritol"312, using IKA" Vortex shaker.

Table 1
Characteristics of lipoic acid.

Structure Molecular logP  Polar surface area
weight A2
206.318 211 373
S—g ?
OH
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Table 2
The composition of loaded and unloaded NLC formulations.

Formulation Name Ingredients (% wt.)

0il Solid Lipid Surfactant Water ALA
NLCI 13 2 7 q.s. -
NLC-ALA 1 13 2 7 qs. 0.5
NLC IT 3 7 4 q.s -
NLC-ALA II 3 7 4 q.s. 0.5
NLC III 2 8 5 q.s. -
NLC-ALA III 2 8 5 qs. 0.5
Oil-ALA 99.5 - - - 0.5

2.3. NLC characterization

2.3.1. Particle size, polydispersity index and zeta potential analysis

The particles size (Z-ave), polydispersity index (PDI) and zeta po-
tential of the systems studied were determined using dynamic light
scattering technique (Zetasizer Nano ZS, Malvern Instruments Ltd., UK),
at a fixed angle of 173°, and a temperature of 25° C. The Zeta potential
(ZP) as a quantification of a particle surface charge was performed by
measuring the electrophoretic mobility of particles dispersed in a li-
quid. The formulations samples were analyzed after appropriate dilu-
tion, with double-distilled water prior, to generate a suitable scattering
intensity. For each samples the measurements were carried out in tri-
plicate and average values of the parameters and standard deviation
were calculated.

2.3.2. Stability study

The stability of NLC formulations was firstly evaluated by macro-
scopic observation and estimating the cream increasement in time. The
samples were checked during storage at room temperature, for three
weeks, in case of any destabilization processes (creaming or coales-
cence) would occur. Light microscopy is an important procedure to
know if the relatively larger particles detected by dynamic light scat-
tering technique (DLS) are really particles or agglomerates of nanosized
particles as well as solid lipid crystals formation. Motic B1 Series optical
microscope, equipped with a camera was used to observe changes of the
formulations structure during storage time.

2.3.3. Rheological measurement

Viscosity measurements of NLC formulations were performed using
Brookfield Rheometr Model — R/S plus, equipped with a cone and
plate type measuring system (cone C75-1), at 25 °C, in the range of
shear rate values from 1 to 1000 s ~*. The measurements were carried
out for the fresh formulations (t = 0) and after 24 h storage.

2.4. In vitro release investigation

In vitro release behavior of lipoic acid from various NLC systems
were performed by dialysis bag method [19], using the dialysis cellu-
lose membrane (Spectra/Pofn Dialysis Membrane) of molecular weight
cut-off between 6 and 8 kDa. An appropriate amount of ALA-loaded
NLC was filled into the dialysis bag which next was placed into ther-
mostatic dialysis chamber, containing 200 cm® of a receptor solution
(PBS, pH = 7,4), maintained at 32 °C + 0,5 °C and stirred at 200 rpm.
Sink conditions were accomplished for all of the terpenes during the
performance of the dialysis. At the predetermined intervals of time,
1 cm® of the receptor solution with the released active was withdrawn
and the same volume of fresh receptor solution was added to maintain
the constant volume. The concentration of the released ALA, in the
receptor medium, was analyzed spectrophotometrically using Nano-
color UV-vis Spectrophotometer (Machery-Nagel), at room tempera-
ture. The amount of active released from the formulations was ex-
pressed as the ratio of the quantities of substances released to the total
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amount of the incorporated compound, as a function of time. Samples
were collected and analyzed for 24 h.

2.5. Study of the ALA release kinetic

Kinetic evaluation of release profiles was determined by fitting the
experimental data to equations describing different kinetic orders and
plotted as percent of the ALA released vs time (zero order equation), log
percentage of the active released vs time (first order equation), per-
centage of the active released v/s square root of time (according to
Higuchi equation), and as log of the drug released percentage vs log
time (in accordance with Korsmeyer- Peppas Eq.). To determine the
mechanism of the drug release the diffusional release exponent (n) was
calculated [20-22]. The selection of the best fitting kinetic model was
based on the comparison of a determination coefficient (R?).

3. Results and discussion
3.1. Preparation and physicochemical characterization of NLC systems

In the present study NLC obtained as a suitable carriers for a-Lipoic
acid (ALA) were composed with natural and skin friendly materials. All of
the dispersions, varying in different solid to liquid lipid ratio and sur-
factant concentration, were produced by the ultrasound homogenization
method and appeared as a milky-like systems, bluish after dilution.

The assessment of NLCs stability by macroscopic observation of all
the prepared nanocarriers was satisfying and any destabilization pro-
cess, like creaming or sedimentation occurred in time. The obtained
lipoic acid loaded nonstructural lipid carriers (NLC-ALA) were ex-
amined by optical microscopy (OM) to detect roughly any presence of
agglomerates or crystals. Fig. 1 shows the micrographs of ALA-loaded
NLCs. The samples presented in Fig. 1 are homogeneous in particle size
and contain no crystals.

The particle size and polydisperity index (PDI) are important
characteristics of NLCs that influence the distribution of nanoparticles

Colloids and Surfaces A 532 (2017) 57-62

[23]. The average particle size (Z-ave), size distribution reported as the
PDI and zeta potential of the prepared formulations are presented in
Table 3. The mean particle size of fresh unloaded NLC was
189.3 + 1.2, 184.4 = 0.6. and 119.0 = 0.6. nm for NLC I, NLC II
and NLC III, respectively. Z-ave of appropriate ALA-loaded NLC indicate
insignificant changes in particle size and was 2259 * 2.9,
273.3 + 4.2 and 280.8 = 1.7 nm for NLC-ALA I, NLC-ALA II and
NLC-ALA III, respectively. For all formulations PDI values were equal or
lower than 0.3, suggesting a narrow size distribution [24]. The data for
freshly prepared samples (T = 0) and after 24 h were of close value
what confirm stability of the systems. In addition, all ZP values ex-
ceeded an absolute value of 20 mV also pointing to satisfying stability.

3.2. Rheological properties of ALA-loaded NLC

The most known method to produce lipid nanoparticles formula-
tions with the desired rheological properties involves incorporating
NLC dispersions into topical products like creams or hydrogels.
Unfortunately, this kind of intervention has several drawbacks like
limited NLC loading, possible incompatibilities with the added viscosity
enhancer and more complex manufacturing steps [18,25,26]. That is
why rheological properties such as viscosity are very important para-
meters of NLC dispersions for topical applications [27,28]. The viscosity
of each sample as a function of shear rate is presented in Fig. 2. The
results showed a shear thinning behavior for all the samples, as the
viscosity decreased with increasing shear rate, indicating non-New-
tonian, pseudoplastic flow character. Unloaded formulations (NLC I,
NLC II, NLC III) are characterized by a lower viscosity when compared
to fresh systems loaded with active substance. But when we collate the
viscosity of the fresh loaded formulations and systems after 24 h it can
be observed, that in case of NLC-ALA I their viscosity increased after
storage, whereas for NLC-ALA II and NLC-ALA III the insignificant de-
crease was noticed. This is most likely related to the different solid to
liquid lipid ratio. For NLC-ALA I it was like 2:13 (%wt.) and for NLC-
ALA 11 as well as NLC-ALA III it was 7:3 and 8:2 (%wt.), respectively.

N . Fig. 1. Juxtaposition of OM photographs showing different
Sample Mlcrographs Of fl'eSh Mlcrographs Of stabile ALA-loaded NLC in the day of preparation and after 3
name Samples Samples after 3 Weeks weeks. No crystals and agglomerates could be detected after
storage at room temperature (magnification 100 x 10).
storage
NLC-ALAI

L )

NLC-ALAII ;

) i

NLC-ALA IIT
I |
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Table 3
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Physicochemical parameters of the NLC and NLC-ALA formulations freshly prepared and after 24 h.

Formulation Name T=0 T = 24h
Z-ave [nm] + SD ZP [mV] + SD PDI + SD Z-ave [nm] + SD ZP [mV] + SD PDI + SD
NLC I 1893 + 1.2 -358 = 0.1 0.081 + 0.006 187.7 + 0.6 -323 + 04 0.165 + 0.017
NLC-ALA 1 2259 = 29 —-34.1+0.1 0.21 4 = 0.010 209.6 = 1.4 -31.1 £ 0.9 0.183 = 0.014
NLC II 184.4 = 0.6 -36.5 = 0.3 0.309 = 0.009 174.8 * 3.6 -323 = 1.1 0.281 = 0.004
NLC-ALA IT 2733 * 4.2 -221 = 1.4 0.226 * 0.007 3227 * 2.9 -242 = 1.6 0.223 * 0.011
NLC III 119.0 * 0.6 -347 = 0.1 0.177 + 0.013 1227 + 0.8 -31.6 = 0.9 0.187 + 0.012
NLC-ALA III 280.8 = 1.7 -225 + 1.1 0.179 = 0.009 303.1 + 2.3 -21.0 = 1.5 0.230 + 0.007
a
(@ WNLCT "
1000
= NLC-ALAL t=0 .
=4=NLC-ALA I
— = ~#-NLC-ALA I
i . NLC-ALA I, t=24h £ NALAT
[-¥ —=Oil-ALA
100 | °
=
>
=
172
=3
2 Time [h]
> Fig. 3. Release profiles of alpha lipoic acid from NLC dispersions with different solid to
10 liquid lipid ratio and from oil solution, expressed as percentage wt% of released actives.
10 1000
Shear rate [1/s]
(bl)OOO *«NLCII dialysis method, with pH 7.4 PBS solution as receptor medium was
M applied. The reason of use this dissolution medium was in accordance
. = NLC-ALAL, t=0 to the European Pharmacopoea [29]. The amount of released active,
@ ¢ NLC-ALA IL t=24h expressed as weight percent ratio between concentration of the released
ﬁ“; active and the total amount of entrapped active, was reported as a
function of incubation time. The active containing receptor solution
£ 100 4
‘; samples were collected for a period of 24 h, each sample was analyzed
.‘i in triplicate.
51 The release profiles of lipoic acid are shown in Fig. 3. Comparing
£ results presented in Fig. 3 we can see that the highest and comparable
> 10 amount of the active substance was released from NLCs (for NLC-ALA I,
10 100 1000 NLC-ALA 1I, NLC-ALA III was 14.143%, 14.007%, 12.471%, respec-
Shear rate [1/s] tively) than from the oil solution (5.428%). However, in case of NLC-
ALA T the active release rates is a bit higher than for NLC-ALA II and
(c)  NLC III NLC-ALA III. This might be the effect of higher content of the liquid
1000 lipid in the formulations. The enriched shells possessed considerable
— "a . = NLC-ALA III, t=0 higher solubility for lipophilic actives so the substance was easier
s e "oy loaded to higher amount and as the consequence the drug could be
é_" - = NLC-ALA III, t=24h easily released as well as by the its diffusion or the matrix erosion
é o0y, manners [30,31]. NLC-ALA II and NLC-ALA III contained the same
B 100 amount of total lipid concentration varying insignificantly in solid to
‘B liquid lipid ratio and their release trends appeared quite similar. What
é is more NLCs with a smaller particle size and consequently a high
=z surface area show rapid and higher release rates like it can be observed
S 8
in case of NLC-ALA I [23,32]. Additionally, the observed difference
10 between release profiles of lipoic acid from NLC-ALA I and NLC-ALA II
10 100 1000 and NLC-ALA III could be related to the viscosity of the formulations.

Shear rate [1/s]

Fig. 2. Viscosity curves of unloaded and ALA-loaded NLCs for fresh samples and after
24 h storage for (a) — NLC-ALA I, (b) — NLC-ALA I, (¢) — NLC-ALA IIL

3.3. Invitro release study

The studies of active compound release from nanostructured lipid
carriers is not only an important step during the development stages of
new formulations but also a routine quality control test for ensuring
uniformity of the final product [18]. In the in vitro ALA release tests,

60

The NLC-ALA I system is less viscous than the others. However, in all
cases the release from ALA-loaded NLC was higher than that observed
from the oil solution (Oil-ALA).

From the character of ALA release profiles it could be concluded
that its release from the NLC systems showed two-step characteristic,
with the burst effect at the beginning followed by gradual release
during the last hours of the process. Both, burst and sustained release
are of great interest for dermal applications. Burst release can be useful
to improve the penetration of the active, whereas sustained release
provides the active over an extended period of time [30].
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Table 4
The kinetic model parameters fitting to the release results.

Model Parameter Formulation
NLC-ALAT NLC-ALAII NLC-ALA  Oil-ALA
jis

Zero-order R? 0.6988 0.8217 0.8466 0.9573

Ko [mg/h] 0.0003 0.0003 0.0003 0.0002

First order R? 0.5145 0.5014 0.6438 0.6079

K [h™1] 0.0565 0.0853 0.0665 0.1156

Higuchi R? 0.8461 0.9410 0.9509 0.9942

Ky [mg/h'/?]  0.3473 0.3294 0.3555 0.1691

Korsmeyer- R? 0.9275 0.9138 0.9788 0.9648
Peppas Kyp [h77] 0.05 0.025 0.039 0.00664

n 0.3876 0.5892 0.4187 0.7161

3.4. Kinetic analysis

Kinetic evaluation of release profiles was determined by fitting the
experimental data to equations describing different kinetic orders. The
selection of the best fitting kinetic model was based on the comparison
of the determination coefficient (R?). The calculated parameters of ki-
netic models used for description of the lipoic acid release from dif-
ferent nanostructured lipid carriers and the oil are presented at Table 4.

The data shown in Table 4 indicated that the simple kinetic models
for drug release i.e., a zero-order or a first-order do not fit the observed
results. In case of formulation NLC-ALA II, and Oil-ALA the release
profiles could be best explained by Higuchi model as the plots showed
high linearity (R? = 0.9410, and R? = 0.9942, respectively). This
model suggests that pure diffusion release mechanism took place and
the release medium did not enter into nanoparticles. The drug release
mechanism from these carriers was diffusion controlled. However, in
the case of NLC-ALA II, the n value was higher than 0.5 suggesting that
more than one mechanism may be involved in release process like
erosion or swelling of the matrix. Whereas, the release of lipoic acid
from vehicle NLC-ALA I and NLC-ALA III occurred according to the
Korsmeyer-Peppas model and Fickian diffusion release (n = 0.3876
and n = 0.4187, respectively) which indicates predominantly diffu-
sional drug release.

The obtained data are in accordance with the literature reports
confirming that the release of drugs from nanostructured lipid carriers
occurs mainly according to the Higuchi and Korsmeyer-Peppas models
[33-36].

4. Conclusions

Our studies provided the evidence that the stable ALA-loaded NLCs
were successfully prepared by the ultrasonification method. The ela-
borated formulations are promising vehicle to improve the alpha lipoic
acid loading capacity and elongate the half-life of the active. The ob-
tained carriers are nano-sized with good physicochemical stability and
satisfying rheological properties. The release of ALA from the NLC
systems was found to be two-step, with the burst effect at the beginning
followed by gradual release of the active during the time. The initial
rapid release can be useful to improve the penetration of the active,
whereas sustained release provides the active over an extended period
of time. Lipid phase concentration and solid to liquid lipid ratio influ-
enced the release rate of ALA from the formulations. The Higuchi or
Korsmeyer-Peppas models for drug release, fits well the experimental
data.

To sum up the obtained results confirm that the prepared systems
are suitable carriers for controlled release of ALA and can be a pro-
mising solution for skin delivery of lipophilic active substances.

Colloids and Surfaces A 532 (2017) 57-62
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Nanostructured lipid carriers (NLC) composed of the
substances generally recognized as safe (GRAS) were
obtained by using a hot high-pressure homogenization
technique (HPH). The influence of the number of homog-
enization cycles and concentration of a decyl glucoside
surfactant on the NLC properties were studied. The sys-
tem’s stability was assessed by macroscopic observa-
tion, light backscattering and zeta potential measure-
ments. NLC particle size was measured using dynamic
light scattering (DLS). The kinetically stable formulations
were loaded with forskolin and selected for in vitro drug
permeation study using the Franz cell method. Concen-
tration of forskolin in the receptor solution (i.e. ethanol/
PBS mixture) was analyzed with high performance liquid
chromatography (HPLC) with UV detection. The obtained
results have shown that NLC formulations could be used
as effective carriers for forskolin permeation through the
skin.
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INTRODUCTION

Nanostructured lipid carriers (NLCs) one of the main
types of lipid nanoparticles, are alternative carrier systems
next to emulsions, liposomes and polymeric nanocap-
sules. And as a second generation of lipid nanoparticles
they have many advantages over solid lipid nanoparticles
(SLN). NLCs are produced using blends of solid and liq-
uid lipids (oils) in contrast to SLNs, which contain only
solid lipids. A certain amount of oil in NLCs leads to
a less perfect crystal structure, which contributes to an
increased active loading capacity and minimizes, or even
prevents, the expulsion of drug during storage (Miiller ez
al., 2002a; Zheng et al., 2013).

Therefore, lipid nanoparticle formulations with solid
matrix have shown great potential as carriers for topi-
cal administration of pootly soluble active ingredients.
Over the past few years they have been studied inten-
sively for dermal applications, for both pharmaceutical
and cosmetic applications (Miiller ez @/, 1995; Miiller

¢t al., 2002a; Pardeike ez al, 2009; Miller es al., 2007).
They have many advantages important for this kind of
products, e.g. they increase skin hydration and occlusive
properties (Wissing & Miiller, 2003) enable the modified
release profile (Jenning ef al., 2000; Souto ez al., 2004) in-
crease skin penetration related to a targeting effect and
avoidance of systemic absorption (Liu ez al., 2007; Chen
et al., 2006). Moreover, lipid nanoparticles enhance the
stability of chemically labile drugs and active ingredients
(Souto & Miller, 2005; Uner ¢ al., 2005; Junyapraserta ez
al., 2009).

Recent research has indicated that nanoparticular sys-
tems, such as lipid nanoparticles (SLNs, NLCs) show
improved uptake and skin targeting (Gelfuso ez al., 2016).
Nanoparticles like liposomes (De Leeuw ez al., 2009) oil-
based dispersions (Konan ez al, 2002) polymeric parti-
cles (Gomes ¢t al., 2007) or gold nanoparticles (Cheng
et al., 2008) have been successfully applied to create a
new drug delivery system for treatment of skin cancer.
The main focus has been put on diagnosing and treating
metastatic melanoma, which is the deadliest skin cancer
(Vyas et al., 2012). Many chemotherapeutics administrat-
ed systematically are cytotoxic to healthy cells, therefore
nanomedicine aims to design nanoparticles which could
selectively deliver drug specifically to the melanoma cells
(Chen et al., 2010; Dhar ¢f al., 2011).

Forskolin is a diterpene produced by the Indian Co-
leus plant (Colens forskoblii) and an interesting active com-
pound showing potential to protect skin from the UVB
damage. It activates adenylyl cyclase and therefore in-
creases the intracellular levels of cAMP (cyclic adeno-
sine monophosphate) (Burlando ez 4/, 2010). It has been
demonstrated that inducing pigmentation with forskolin
provides effective protection against UVB-induced DNA
damage and skin cancer in mice deficient for a DNA re-
pair enzyme. Passeron and others (Passeron ez al., 2009)
demonstrated in their study that forskolin protects ke-
ratinocytes from UVB induced apoptosis independent-
ly of the amount of melanin in the skin. They proved
that it enhances the removal of cyclobutane pyrimidine
dimers and 6,4-photoproducts, which are the two ma-
jor types of UVB-induced DNA damage, and facilitates
DNA  repair. These results imply new preventive ap-
proaches with topical formulations containing forskolin,
which could be applied to the skin before sun exposure.
Moreover, forskolin has appeared in the literature as a
natural substance to obtain a healthy tan (Spry ef al.,
2009).

The objective of this study was to develop and op-
timize stable NLC formulations based on mixture of
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beeswax and caprylic/capric triglycerides as the cartiers
for topical administration of forskolin, which could be
potentially used as an alternative drug carrier.

MATERIALS AND METHODS

Materials. In this study we used the following solid
lipids: Apifil® (PEG-8 beeswax; Gattefossé GmbH, Weil
am Rhein, Germany) Cutina®CP (cetyl palmitate, BASF
Chem Trade GmbH, Burgbenheim, Germany) Com-
pritol®888ATO (glyceryl behenate, Gattefossé GmbH,
Weil am Rhein, Germany) Carnauba wax (Kahlwax,
Kahl GmbH & Co. KG, Trittau, Germany). Labra-
fac®CC (caprylic/capric triglycerides, Gattefossé GmbH,
Weil am Rhein, Germany) and Cetiol®V (decyl oleate,
BASF Chem Trade GmbH, Burgbenheim, Germany)
were liquid lipid used. PlantaCare®2000UP (decyl glu-
coside, BASF Chem Trade GmbH, Burgbenheim, Ger-
many) was applied as a surfactant. An active substance,
Forslean  (Colens  Forskoblii Root Extract containing
95% of forskolin) was purchased from Sabinsa Europe
GmbH, Langen, Germany). The ultra-purified water was
freshly prepared by a MiliQ® System (Millipore, Schwal-
bach, Germany).

Forskolin solubility. Prior to the NLCs production
a lipid screening was performed to determine the most
suitable lipids with respect to the solubility of forskolin
to be incorporated. This was done by heating the sol-
id lipid, 5°C above its melting point, and dissolving an
increasing amount of forskolin therein. After dissolu-
tion, the mixture of lipids and the active ingredient was
cooled down to room temperature for solidification and
then visually examined for the presence of crystalline
forskolin. Additionally, to exclude presence of forskolin
crystals in the lipid matrix, we used Leica Reichert Poly-
var 2 microscope with a hot plate and a polarizer.

Preparation of NLC. Free and forskolin-loaded
NLCs were prepared using hot high-pressure homoge-
nization method (HPH). A certain amount of solid lip-
id (Apifil®) and liquid oil (Labrafac®CC) were melted in
various solid to liquid lipid ratios (Table 1) at 80°C, to
get a uniform oil phase. When needed, forskolin was
added to the oil phase. Next, the melted lipid phase was
dispersed in the hot surfactant water solution by using
high speed magnetic stirrer (Agimatic-N, P Selecta) at
750 rpm, for 5 min. The obtained pre-emulsion was sub-
sequently homogenized at 75°C, using the high-pressure
homogenizer (Microfluidics Corporation, Newton Mas-
sachusetts) at 275 bar. The number of homogenization

Table 1. The NLC systems’ composition and obtaining parameters.

cycles ranged from 3 to 6. For a comparative study, a
nanoemulsion was prepared, using Labrafac®CC as an oil
phase, and production parameters that were the same as
for NLCs with 3 homogenization cycles.

Zeta potential analysis. Zeta potential (ZP) of NLC
dispersions was determined by the measurement of the
electrophoretic mobility, using Malvern 4700C Sub Mi-
cron Particle Analyzer. The conversion into the ZP was
performed using Helmholtz-Smoluchowski equation. ZP
was measured at room temperature after dilution of sam-
ples with deionized water. The measurements for each
sample were repeated three times.

Particle size measurements. Mecan particle size of
the lipid dispersions (z-ave) and the polydispersity index
(PI) which is a measure of the width of the size distri-
bution, were determined using Dynamic Light Scattering
(DLS) method, using Malvern 4700C Sub Micron Parti-
cle Analyzer. Analyses were performed using a 90° scat-
tering angle at 25°C. Prior to the measurements, all sam-
ples were diluted with deionized water to have a suitable
scattering intensity. During the experiment, refractive in-
dex of the samples was set at 1.450. For each sample the
analysis was performed three times to determine mean
values.

NLC stability studies. The stability of NLC formu-
lations was firstly evaluated by macroscopic observation
and estimating the “cream” increasement in time by
measuring the height of delamination. The samples of
equal volume were observed daily over three weeks, and
any destabilization processes (creaming or coalescence)
were measured.

After macroscopic observation, the stability of the
most stable NLC formulations was additionally assessed
by light backscattering, by means of a Turbiscan Lab®
Expert (Formulation SA, France) at constant tempera-
ture (32°C). Transmission and backscattering data were
acquired for 24 h, in intervals of 2 hour, according to
the method proposed by Caldero and others (Caldero e#
al., 2011).

In vitro skin permeation studies. For the skin per-
meation study, human skin samples obtained by ab-
dominoplasty surgeries were kindly provided by Clinica
Sagrada Familia, Barcelona, Spain. Before each experi-
ment, skin integrity was evaluated by measuring the tran-
sepidermal water loss (TEWL) of skin pieces. In vitro
permeation through human epidermis (0.4 mm) from
the same donor was assessed using the MicroettePlusR
system (Hanson Research, USA). The experiments were
performed at 32°C£0.5, 400 rpm, using mixture of PBS

Ingredients (%owt.)

Formulation name

Number of homogenization cycles

oil solid lipid surfactant
NLC-3 3 7 2
NLC-4 3 7 4
NLC-5 4.5 10.5 2
NLC-6 6 14 2 }
NLC-7 4.5 10.5 4
4
6 14 4
5
6

*water up to 100% wt., 270 bar, 75°C
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12
_ Apifil® 32
E10 Cutina CP® n.d.
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Figure 1. Effect of NLC's composition on creaming phenomena - .
(3 cycles, p=275 bar, T=75°C). Compritol® 888 ATO / Cetiol V 12
Cutina CP®/ Labrafac® CC n.d.

(pH 7.4)/ethanol (60:40, V/V) as receptor solution
(sink conditions). An adequate amount of formulation
(0.350 ml) was placed in the donor part at Franz diffu-
sion cells. Samples of 700 ul were withdrawn automati-
cally from the receptor compartment. The acceptor fluid
was collected subsequently during 24 h. The number of
replicates per formulation was n=0.

Estimated permeation parameters were: flux at steady
state (/) by means of a linear regression (cumulative
permeated amount ss. time, slope) lag time (TL) (X-in-
tercept) permeability coefficient (K =],/ Cmuion) PATt-
tion parameter P, and the apparent length of diffusion
parameter P, (according to: Okamoto (Okamoto e/ al.,
1986) and Selzer (Selzer e# al., 2013). The steady state flux
through the membrane is given by: [ =C, -+ K=C, - (K -
D)/L, where C; is the constant forskolin concentration in
the donor compartment, K is the partition coefficient ve-
hicle/skin, D is the diffusion coefficient of the permeant
in the skin and L is the effective diffusion path length.
Since L is unknown, the expression (K -+ D)/L can be
replaced by the product of P, and P, parameters, being
P=K - L and P,= D/I? the calculation of P, is ob-
tained from 1/6-7T;.

The parameters calculated were compated by a non-para-
metric statistical assay (Kruskall-Wallis Z) (»<0.05) accord-
ing to Williams and others (Williams ez a/., 1992) and fol-
lowed by Kruskal-Wallis Multiple-Comparison Z-Value
Test.

HPLC analysis. Concentration of the active ingre-
dient in acceptor medium of the permeation assays
was analyzed using HPLC Waters instrument, operated
at room temperature, consisting of an automatic auto
sampler system, equipped with UV detector and Spher-
isorb ODS column (5 mmXx15 ¢cmx0.46 cm). The mo-
bile phase was isocratic (60 volumes of acetonitrile and
40 volumes of water) which remained constant through-
out the entire analysis. The flow rate was set to 0.5 ml/
min. The assay was monitored at the wavelength of 210
nm, sample injection volume was 20 pl and run time 10
min. The active ingredient’s content was identified by
comparing its retention time and UV spectra. The cali-
bration curve was constructed from linear plots of peak
area versus concentration.

RESULTS AND DISCUSSION

Forskolin solubility in lipids

A precondition for a successful encapsulation of
forskolin into NLC system is its applicable solubili-

*Ratio of solid to liquid lipid ratio was 70/30; n.d., not analyzed amount

ty in the lipid. Therefore, the four chosen solid lip-
ids (Apifil®, Cutina®CP, Compritol®888ATO, Carnau-
ba wax) and their mixture with liquid lipids (Labra-
fac®CC, Cetiol®V) in the ratio 70:30 were screened.
The obtained results showed that the best solvent for
forskolin was Apifil®/ Labrafac®CC mixture (Table
2). It was further chosen to produce forskolin-loaded
NLCs.

NLC stability

The high-pressure homogenization technique, using a
varying number of process cycles was applied for NLCs
preparation. Moreover, influence of lipids’ concentration,
solid to liquid lipids ratio, and concentration of surfac-
tant on NLCs’ stability were studied.

Figure 1 shows the results of creaming phenomena
for formulations with different composition, obtained
by HPH method (3 cycles, p=275 bar, T=75°C). It
has been found that increase in the solid lipid content
in formulation: 7, 10.5, and 14% for NLC-3, NLC-
5, and NLC-6, respectively, resulted in a creaming in-
creasement.

NLC formulations were prepared applying a varying
number of homogenization cycles (3, 4, 5, or 6). Fig-
ure 2 shows the influence of the number of homoge-
nization cycles on NLCs’ stability (composition of the
formulations, pressure and temperature of homogeni-
zation were maintained constant). The obtained results
show that creaming with 3 homogenization cycles and

Eto

E

o =7 days
£ 14 days
E =21 days
-2

(]

12 ||||

NLC-8/3 NLC-9/4 NLC-10/5 NLC-11/6
cykles cykles cycles cycles

o N & O ®

Figure 2. Influence of the number of homogenization cycles on
creaming phenomena.
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Figure 3. Influence of surfactant concentration on creaming
phenomena (Il NLCF, 2% of surfactant; Il NLCF, 4% of sur-
factant).

6 homogenization cycles were similar. Taking into con-
sideration the economy and efficiency of the homoge-
nization process, 3 cycles of the microfluidizer setting
were finally chosen to obtain forskolin loaded NLC.

The choice of surfactant and its concentration has
an impact on the quality of NLC dispersion (Mulla
& Khazi, 2009). In our work decyl glucoside (Planta-
Care®2000UP) was chosen as an emulsifier because of
its dermatologically compatible properties and unpre-
served form, which is very important in skin care prod-
ucts. A sufficient amount of a surfactant must be used
to cover the newly formed surfaces, created during
high-pressure homogenization process. The influence
of the surfactant content on creaming phenomena in
the formulations of the same lipid concentration is pre-
sented in Fig. 3. Increasing the surfactant content from
2% to 4% wt. resulted in an increase of the systems
stability. The concentration above 4% wt. was not con-
sidered, as it was observed that higher concentration of
PlantaCare®2000UP caused foam formation during the
high-pressure homogenization process.

Zeta potential (ZP) is often a key factor used to eval-
uate the stability of colloidal dispersion. Particle aggrega-
tion is less likely to occur for charged particles with high
zeta potential (more than |30| mV) because of electric
repulsion. Generally, lipid nanoparticles (SLNs, NLCs)
are negatively charged on the surface (Schwarz & Men-
hert, 1999). In our formulations all the zeta potential val-
ues were less then =30 mV; nevertheless, destabilization
processes in form of creaming were observed in many
cases. Non-ionic surfactant, like alkyl polyglucoside, can-
not ionize into charging group like the ionic surfactants,
but indicates its ZP. It might be because of molecular
polarization and adsorption of surfactant molecule on
the charge in water, it was absorbed to the emulsifier
layer of particle/water interface, and an electric double
layer similar to ionic was formed (Han e al., 2008).

Table 3. The optimal formulations for drug encapsulation.

IN-em |IN-emF IINLC IINLCF  IINLC  IIINLCF

Figure 4. Influence of forskolin on creaming phenomena

I N-em, nanoemulsion; | N-emF, forskolin-loaded nanoemulsion;
Il NLC formulation with 2% wt. of surfactant; || NLCF, forskolin-
loaded formulation with 2% wt. of surfactant; Il NLC formulation
with 4% wt. of surfactant; Ill NLCF, forskolin-loaded formulation
with 4% wt. of surfactant.

Characterization of forskolin-loaded NLC

Considering the results obtained in the first part of
our study, we chose the optimal formulation for the
active ingredient incorporation. NLCs that contained
0.075% wt. of forskolin, 3% wt. of Labrafac®CC, 7% wt.
of Apifil® and 2% (II NLCF) or 4% wt. (III NLCF)
of PlantaCare®2000UP were prepared and characterized.
Moreover, a nanoemulsion (I N-emF) with this same
percentage of oil/surfactant was also prepared for com-
patison (Table 3).

During stability study of forskolin-loaded NLCs it was
confirmed (Fig. 3) that 4% wt. content of surfactant in
the formulations (III NLCF) is sufficient to obtain a sta-
ble system. It was also found that addition of forskolin
positively affected the stability of NLC systems. Figure 4
shows the effect of forskolin presence in the formula-
tions (I NLCF, III NLCF) compared to formulations
without the active ingredient (I NLC, III NLC) on the
process of creaming. It can be clearly seen, that NLCs
containing forskolin (II NLCF, III NLCF) do not show
the further creaming process after 7, 14 and 21 days,
contrary to formulations without the active ingredient.

Additionally, the stability analysis of the pre-selected
for 7n vitro skin permeation study formulation (III NLCF)
and the nanoemulsion prepared for a comparison (I
N-emF) were also assessed using Turbiscan Lab® Ex-
pert. This method is non-destructive, as no dilution of
the sample is necessary, and gives the information on
the kind of destabilization process. Turbiscan measure-
ments are based on the variation of the droplet volume
fraction (creaming/sedimentation) or mean size (coales-
cence) which result in the variation of backscattering and
transmission signals (Paolino e# 4/, 2011). These signals
occur as a function of time (and particle migration) and

Ingredients (% wt.)

Formulation name ZP [mV] Z-ave [nm] +S.D. PDI
Oil Solid lipid Surfactant Forskolin

| N-emF 10 - 2 0.075 -44.2 168.5+6.6 0.211

I NLCF 3 7 2 0.075 -32.3 174.8+5.3 0.315

Il NLCF 3 7 4 0.075 -36.5 184.4+3.8 0.309

*water up to 100% wt.
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Figure 5. Comparison of backscattering data of (A) nanoemul-
sion (I N-emF) and (B) Ill NLCF

are graphically reported in the form of positive (back-
scattering increase) or negative peaks (backscattering de-
crease). No variations of particle size take place when
the backscattering profile is within the interval *2%.
Variations greater than 10% represent destabilization
which will occur over time (Fig. 5).

In vitro skin permeation

The skin permeation of forskolin contained in the
NLC system (III NLCF) nanoemulsion (I N-emF) and
Labrafac®CC was studied. The results of the i witro
percutaneous permeation experiments are presented in
Fig. 6 and Table 4. As it can be observed, the highest
permeation through the skin profile of forskolin was
achieved in Labrafac CC® (»<0.05) and could be main-
ly attributed to a higher skin/vehicle partition coefficient
(reflected in the value of the parameter P)) that could
favor the active ingredient’s penetration through the stra-
tum corneum. The percentage of forskolin permeated at
24 h was very high (near 80%).

Both assayed nanoformulations showed similar per-
meation profiles. According to the permeation parame-
ters (Table 4) the calculated Kp enhancement ratio of
IN-emF with respect to IIINLCF is close to 1 (1.12).
This shows that the permeability coefficients were very
similar, which would be in accordance with the high li-
pophilicity of forskolin and the lipophilic nature of the
stratum corneum. However, the permeation was slightly
higher in case of the emulsion. This higher permeation
could be explained by a higher thermodynamic activity
of forskolin in the oil of the nanoemulsion (Labrafac

Forskolin 0.075%

50 -1 N-emF

«IIl NLCF

Percentage (%)

Labrafac® CC

Time (h)

Figure 6. Mean skin permeation profile of forskolin in na-
noemulsion (I N-emF) NLC (lll NLCF) and oil (Labrafac CC’).

CCP) with respect to the mixture Apifil/Labrafac CC®
of the NLC, according to its solubility in the oil phases
(Table 2). Thermodynamic activity is the main driving
force for skin permeation (Kemken, 1991) and it would
lead to fast diffusion of forskolin through the skin. This
is reflected in the P, diffusion parameter (median value
of 274 - 102 h™' ». 1.74 - 10> h! for nanoemulsion
and NLC, respectively). Moreover, in this study, the oc-
clusive effect of the NLC component (solid lipid) that
usually gives an enhancing effect on skin permeation, did
not exceed the effect of thermodynamic activity in the
nanoemulsion.

The nanocartier systems composed of caprylic/capric
triglycerides and a biologically compatible surfactant can
be considered as good vehicles for forskolin delivery into
the skin. According to the obtained results and consider-
ing that the developed formulations ate for topical appli-
cation and local purposes, the NLC formulation would
provide less forskolin in blood than the nanoemulsion
and in this sense it would be more appropriate.

CONCLUSION

The obtained results showed that not only composi-
tion (content of solid lipid, surfactant concentration) but
also parameters of homogenization influence the stabil-
ity of nanostructured lipid carrier formulations (NLCs).
The kinetically stable NLCs for forskolin encapsulation
containing 4% of emulsifier (decyl glucoside) were ob-
tained by HPH process, at T=75°C, p=275 bar and 3
pass number of the high-pressure homogenization set-
ting. Moreover, forskolin positively influenced the sta-
bility of NLC formulations. The skin permeation results
have shown that the obtained NLC formulations could
be used as effective carriers for a controlled release of
forskolin to the skin, and hence also as an alternative
drug carrier in the anticancer drug delivery.

Table 4. Median (and range) of permeation parameters (steady state flux (J,,) lag time (T,) permeability coefficient (Kp) P, and P, pa-

rameters, and percentage of permeated forskolin at 24 h (n=6).

Formula g h) i e s (s i
IN-emF 1.96'+0.47 6.66+3.28 2.82%+0.42 0.119°+0.071 3.29+2.27 25.15+£3.05
lINLCF 1774035 8.68+2.54 237%4046 0.124+£0.045 218+1.10 18214362
Labrafac"CC 6.11+0.44 6.26+1.00 8.15+0.58 0.306+0.054 2.72+0.47 73.12+5.01

*p<0.05 with Labrafac CC (Kruskal-Wallis Z-test)
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