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ROVIDITESEK JEGYZEKE

DLS: dinamikus fényszoras mérés (Dynamic Light Scattering)

ETES.: etil-trietoxi-szilan

FTES: fenil-trietoxi-szilan

HA: hatoanyag

HCPM: részecskék szoros illeszkedése az olaj-viz hatarfeliileten, azaz a PE csepp feliiletén
(Hexagonally Closed Pack Monolayer)

HE: hagyomanyos emulzi6

IR: infravords spektroszkopia

KM: kumulativ hatéanyag mennyiség vagy kumulativ illdolaj mennyiség (% vagy mg/cm?)
MA: teafa ill6olaj roviditése a latin név alapjan (Melaleuca alternifolia)

MFC: minimalis fungicid koncentracié (Minimal Fungicid Concentration)

MIC: minimalis gatlasi koncentracié (Minimal Inhibitory Concentration)

MTES: metil-trietoxi-szilan

PBS: PBS puffer vagy foszfatalt s6 oldat (Phosphated Buffer Saline)

PE: Pickering emulzid

PTES: propil-trietoxi-szilan

SMILES: Simplified Molecular Input Line Entry Specification, azaz egyszerlsitett,
begépelhetd molekula-leird rendszer

SN: szilika nanorészecske

TEM: transzmisszios elektronmikroszkop

TEOS: tetra-etoxi-szilan

TIO MA: 20 m/m%: tiokonazol és teafa illoolaj oldata, amely a tiokonazolt 20 m/m%-ban
tartalmazza

TIO: tiokonazol



1. IRODALMI ATTEKINTES

1.1. Emulziok a gyogyszertechnolégiaban

Az emulzidok jol ismert kolloid rendszerek, melyeket az ipar szamos teriiletén
alkalmaznak®. Az emulziok két, egymassal nem elegyedd folyadékbol 4116, kolloid diszperz
rendszerek, melyek termodinamikailag instabilak, stabilizalasukhoz feliiletaktiv anyagokat,
tenzideket, szilard anyagokat vagy kiilonbdz6 makromolekulakat (pl. fehérje, poliszacharid,
lipid) hasznalnak. A kolloidkémiai ismereteink naprol napra egyre boviilnek, ennek
koszonhetéen ma mar megkiilonboztetiink makro-, mikro- és nanoemulzidkat®2, melyek

tulajdonsagait 6sszefoglalva az 1. tablazathan lathatjuk.

Tulajdonsag Makroemulzié Mikroemulzio Nanoemulzio

Keletkezés energia befektetéssel spontan energia befektetéssel

kinetikai allandésag, nem kinetikai allandésag, nem

Stabilitd t di ikai 1l
avias egyensulyi rendszer ermodinamiial egyenstty egyensulyi rendszer
Hatdrfeliileti
Lo, 0>1 mN/m 0=0 mN/m 0>1 mN/m
fesziiltség
feluiletakti < od
e feliiletaktiv anyag (kis y u"e y IV, AnYag €8 sege (el et
Stabilizdtor . feliiletaktiv anyag (nagy nem feltétleniil sziikséges
koncentracioban) e
koncentracidban)
Cseppmeéret d <1 pm 100 nm < d <1 pm d <100nm
Megjelenés tejszer(i, zavaros attetsz6, atlatszo ajellegtdl fiigg
. S , Osszetett . .
Tipus ofv és vio, baszete o/v és v/o o/v és v/o

emulzidk

1. tablazat. Makro-, mikro- és nanoemulziok tulajdonsagainak ésszehasonlitasa.

Az emulzidkat szdmos kiilonbozé gyodgyszerforma eldallitasa sordn hasznaljak*,
tigymint krémek, gélek, transzdermalis tapaszok vagy infuziok formulalasa sordn®. Az
emulziok alkalmazasa tobb beviteli Gton is lehetséges, adhatok injekciokként (intravénas és
intramuszkularis médon egyarant)®’, oralis®- vagy topikalis alkalmazasban®, szemészeti-
és nazélis készitményekben . Az emulziés gyogyszerformak alkalmazisa megoldast
nyujthat tobbek kozott a vizben nehezen, vagy egyaltalan nem oldodo hatéanyagok [HA]
formulalasara; a HA biologiai hasznosithatésaganak novelésére; a HA boron keresztiil
torténd penetracidjanak fokozésara; célzott HA leadésra; a gydgyszerforma kiillemének,
allaganak, izének javitasara.

A gyogyszeripari fejlesztések sordn szamos 10 vegyiiletet és HAot allitanak eld,
azonban ezek csaknem 40%-a lipofil tulajdonsaggal rendelkezik, ezért vizben nehezen vagy

egyaltalan nem oldédnak, igy biohasznosulasuk is csekély2. Amennyiben a HAot szerves



oldoszerben vagy olajos fazisban oldjak/diszpergaljak, majd abbdl olaj a vizben tipusu
emulziot  készitenek, a HA  oldékonysdga ¢és  biohasznosithatosdga  oralis
gyogyszerkészitményekben novelhetd, a HA adszorpcidja a gyomor-bél traktusban
fokozhat6!2,

Az emulzids gyogyszerformat injekcid, illetve parenteralis taplalasra szant
készitmények eldallitasara is hasznaljak. Az elsé intramuszkularis injekcidval kapcsolatos
kisérletet az 1970-es években végezték, melyben Nakamoto és munkatarsai a mitomicin-C,
kemoterapias HA formulalasara tettek javaslatot'®. Munkajuk soran megallapitottéak, hogy
limfoma kezelésre joval hatékonyabb az emulziés forma, a tumorsejtekben a lipofil
tulajdonsag HA nagyobb mértékben felhalmozddik, mint oldatban torténd adagolas esetén.
Hashida és kollégai radioaktivan jelolt modell vegytiletet alkalmazva megallapitottak, hogy
a HA izomzatbdl torténd felszivodéasa lényegesen megnovelhetd viz az olajban tipust

1°. Az utébbi 30 évben szamos kisérlet és publikacié igazolja, hogy a

emulzié hasznalatava
kemoterapids- ¢és antimikrobds szerek, vakcindk intramuszkularis adagoldsa esetén az
emulzids gyogyszerforma bizonyul megfelelének®1”1® Az FDA jelenleg tobb, mint 20
emulzioés injekciot tart nyilvan, tobbek kozott a a HINI elleni, Audenz® védooltast!®. Az
intravénds vagy intramuszkularis emulzios gydgyszerforma adagoldsa sok szempontbol
elény6sebb, mint a HA oldatos injekcidjanak alkalmazasa. Klinikai vizsgalatokkal igazoltak,
hogy emulzidos forma esetén a helyileg fellépd fajdalom, irritacio, illetve vénagyulladas
mértéke jelentésen kisebb, vagy egyaltalan nem is jelentkezik?®. Emellett az emulzios
készitmények igazoltan alacsonyabb vese- €s m4j toxicitassal rendelkeznek, mint az oldatos
készitmények, ezaltal a HA napi toleralhaté dozisa is ndvelheté?.

A topikdlis terdpidban az emulzids gyodgyszerforma terjedt el leginkabb, a
gyogyszerhordozo rendszerek tobb mint 90%-4anak emulzié képezi az alapjat (krém, gél??).
A bor legkiilsé rétege, a stratum corneum 10-20%-ban lipidekbdl, 70%-ban fehérjékbdl all,
normal koriilmények kozott viztartalma 10-20%2. A bér felszinét alkot lipofil sebum réteg
kiilonboz6 zsirokbol és zsirsav észterekbél all, amely kotott allapotban vizet is tartalmaz?,
Dermalis- vagy transzdermalis készitmények esetén, foként viz az olajban tipusu emulzidkat
alkalmaznak, amelyek szerkezete nagyban hasonlit a bor sebum rétegéhez: a vizcseppek

3. Az olajos fazis helyes

diszpergalt allapotban vannak jelen az olajos fazisban?
megvalasztasaval (pl. trigliceridek vagy kis molekulaju zsirsavak, zsirsav észterek) a borrel
rendkiviili médon kompatibilis gyogyszerkészitmény llithaté el6?*. Ennek kdvetkeztében a
HA boron keresztiil torténd penetriciodja, felszivodasa egyarant jelentdsen megndvelhetd?®,

hidrofil és lipofil HA esetén egyarant.



Amennyiben az emulziot stabilizalé anyagokat, illetve az emulzid cseppméretét
helyesen valasztjuk meg, a gyogyszerkészitmény célzott HA leadast rendszerként is
milkodhet. Amikor célzott HA leadasu emulzids rendszert terveznek, a legfontosabb
tényez6, amelyet figyelembe kell venni, a célsejt vagy célszerv €s az emulzios csepp kozott
1étrejovo kolcsonhatasok. Ezt a kdlesonhatast harom fobb tényez6 befolyasolja: a kolloid
rendszer elektrokinetikai potencial értéke; az emulzids csepp mérete (tovabbiakban
részecskeméret); megfeleld, sejtspecifikus ligandumok hasznalata 26 . Osszességében
elmondhat6, hogy amennyiben az emulzids csepp megfeleléen nagy pozitiv toltéssel
rendelkezik ((>20 mV), a célsejtek sejtmembranjaval kolcsonhatasba 1ép, és endocitozissal
jut a sejmembranon at a sejt belsejébe?’ 28:29:30- A célsejt fizikai kémiai és biologiai
tulajdonsagainak pontos ismeretében olyan ligandumokat is valaszthatunk (pl. receptor®,
anitest®?), melyek segitségével specifikus kolcsonhatas alakithato ki, a célsejt és a kolloid
részecskék kozott. Természetesen a részecskék mérete is rendkiviil fontos tényezd, hiszen
transzportjuk mechanizmusa a méretik szerint valtozik. 50 nm részecskeméret alatt
paracellularis transzport, 50-500 nm koz6tt endocitozis, 500 nm felett pedig enterocitozis,
illetve nyirokrendszeren keresztiil torténd transzport jatszodik 1e®3. Az ismertetett tényezoket
figyelembe véve szdmos gyogyszerfejlesztés tortént és zajlik ma is. Az FDA tobb, célzott
HA leadasra alkalmas emulzios gyogyszerkészitményt is jegyez, ilyen példaul a Tipranavir
(Aptivus®), amelyet HIV fertdzés kezelésére alkalmaznak, és a Fenofibrate (Lipofen®)
koleszterin szintet csokkentd készitmény34,

A fenti szamos elényds tulajdonsagon til, olyan alapvetd gydgyszerészeti problémak
megoldasara is alkalmas lehet az emulzids gyogyszerforma, mint példaul a HA kellemetlen
izének vagy szaganak elfedése, illetve esetleges kellemetlen mellékhatasok kikiiszobolése
vagy fényérzékeny anyagok eltarthatosaganak novelése. Oralisan alkalmazando, emulzids
készitmények esetén a HA megfeleld iz-és szagfedése miatt a betegek konnyebben
elfogadjak és alkalmazzak azt, szemben a HA oldatos gyogyszerformajaval®. Szemészeti
felhasznalas esetén kimutattak, hogy amennyiben olaj a vizben tipust emulziot alkalmaznak,
az emulzids gyogyszerforma jobban toleralhatd, mint az egyszerti oldatos vagy szuszpenzids
forma, ezaltal szamos kellemetlen mellékhatés, pl. szemszarazsag, pirossag is elkeriilheté®.
A fényérzékeny HAok, mint példaul az A- vagy E-vitamin tovabb eltarthaté emulzios
gyogyszerformaban, mivel az emulziét stabilizald agensek az olajos és vizes fazis
hatarfeliiletén, azaz az emulzids csepp feliiletén elhelyezkedve egyfajta védoréteget

alakitanak ki, amely megvédi a fényérzékeny HAokat a degradaciotol®.



Az emulzidkat, igy a gyogyszerészi emulzidkat is csoportosithatjuk a stabilizalasuk
modja szerint. A hagyomanyos emulziokat [HE] feliiletaktiv anyagokkal/tenzidekkel
stabilizaljak, eltarthatosagukat pedig tartositoszerekkel novelik®®. A szilard részecskékkel
stabilizalt emulzidkat Pickering emulzidoknak nevezziik [PE], neviiket Spencer Umfreville
Pickering brit vegyészrdl kaptak, aki els6ként irta le a szilard anyagok olaj és viz

hatérfeliileten torténd felhalmozodasanak jelenségét®’

. HEk esetén a feliiletaktiv anyagok
adszorbealdodnak és felhalmozodnak az olaj és viz hatarfeliiletén, ezaltal stabilizalva az
emulziot. A PEkban a szilard részecskék a feliiletaktiv anyagokhoz hasonldan a viz és olaj

hatarfeliileten halmozodnak fel, igy stabilizalva az emulzios rendszert (1d. 1. dbra).

Pickering emulzi6 Hagyomanyos emulzio

ulajos

‘? \‘ YT felitletalktiv
anyag
— LR
réazocalko
vizes fazis vizes fazis

1. abra: Pickering emulzids- és hagyomanyos emulzios csepp sematikus abraja, olaj a vizben tipusi
emulzié esetén.

A PEk és HEk fizikai kémiai tulajdonsagai ¢és bioldgiai rendszerekben valo
viselkedésiik meglehetdsen kiilonbozik, amely az eltérd stabilizalod dgensnek koszonhetd. A
termodinamikai Osszefliggések, melyek leirjak az egyes emulziok kialakulasat, stabilitasat
¢s egyéb kolloidkémiai viselkedését, nem beszélve az ¢€l6 rendszerekben torténd

alkalmazasukrol, rendkiviil 6sszetettek.



1.2. Hagyomainyos- és Pickering emulziok a gyégyszerészetben

Az emulzios gyogyszerhordozo rendszerek alkalmazasa az 1.1 fejezetben ismertetett
elényos tulajdonsagaik ellenére szamos hatrannyal is jar. Mivel a legtobb, jelenleg
alkalmazott emulzids készitmény HE, ezért azok kivétel nélkiil tartalmaznak feliiletaktiv
anyagokat, tenzideket. Alkalmazasuk biztonsagossaga ezaltal kérdéses, mivel a feliiletaktiv
anyagok ¢s tenzidek allergias reakciokat valthatnak ki, hosszu tavon alkalmazva
karcinogének is lehetnek 3, illetve az oralis adagolasra szant emulzids készitmények
emésztdszerv-rendszeri problémakat is okozhatnak®. Ha az emulzidkat feliiletaktiv anyagok
helyett biokompatibilis szilard részecskékkel stabilizaljuk, tehat PEkat alkalmazunk, akkor
az elébb emlitett karos hatasok kikiiszobolhetk lehetnek.

A HEk ¢és PEk ugyanolyan elénydsen haszndlhatok, amennyiben a HA kémiai és
fizikai  behatasoktol  torténé  védelme, a HA  oldékonysaganak  és/vagy
biohasznosithatosaganak ndvelése a cél*C. PE esetén a HAot tartalmazo emulzids cseppet
szilard részecskék boritjak, amely réteg hatékonyabban képes megvédeni a HAot példaul a
fény okozta degradacioval szemben, mint a feliiletaktiv anyagok alkotta réteg*.

Az oralis alkalmazisra szant PEk nagy elonye a HEkal szemben, hogy
biokompatibilis részecskéket alkalmazva a cseppeket boritd védoéréteg megelézheti a HA

okozta gasztrointesztinalis irritaciot*?

. Tovabba adott pH értéken degradalodo részecskét
alkalmazva elérhetd a gyomorban/vékony-/vastagbélben torténd célzott felszivodas™®.

A PEt stabilizalo részecske lehet maga a HA is, nanokristaly** vagy nanorészecske®
form4jaban. PE formaval tobb HA alkalmazasa is lehetséges egyetlen emulzidban, hiszen a
diszpergalt fazis is tartalmazhat HAot, illetve maguk a stabilizalo szilard részecskék is
adszorbealt allapotban. Amennyiben dsszetett PEt készitiink*,4” harom vagy tébb HA
formulalasa is lehetséges, egyazon készitményben: egy HA a belsé diszpergalt fazisban, a
masik HA a kiils6 diszpergalt fazisban, a harmadik HA pedig a részecskékben, kotott
allapotban. Ezzel a formulalasi modszerrel elérhet6 akar szinergista hatas is az egyes HAok
kozott, igy nemcsak a dozist lehet csokkenteni, hanem egy készitménnyel akar harom is
kivalthato, ami a betegek szamara rendkiviil elényos lehet.

Szamos kutatas foglalkozik topikalis hasznélatra szant PEk fejlesztésével, amelyrol
tobb atfogd tanulmény is sziiletett®8:4®. Vizsgaltak tobbek kozott a HA béron torténd
adszorpciojat, felszivodasat™, illetve a HA és a PEt stabilizalo részecskék akkumulalodasat

és biohasznosulasat®. Chevalier és kollégai szilika nanorészecskéket hasznaltak viz az

olajban tipust PE formulalasra, a vizes fazisban hidrofil modell HAot oldottak, majd in vitro
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kisérletekben, bor modellen vizsgaltdk a HA boron keresztiil torténd felszivodasat®.
Kisérleteikben megallitottak, hogy a PEbol haromszor tobb HA szivddik fel, mint a HEbOI.
A PE adszorpcidjanak mechanizmusa nem teljesen ismert, a nagyobb hatékonysag
feltételezhetden annak koszonhetd, hogy a szilard részecskék €s a bor sejtjei kozott erdsebb
kolcsonhatds jon létre, mint a feliiletaktiv anyagok és a bérsejtek kozott*®. Ugyanezen
kutatocsoport elvégezte lipofil HA PE formulélést is, és vizsgaltak topikalis terapiaban
torténé alkalmazasat*®. Ebben az esetben is a fenti tendencia volt megfigyelhets. A
modellként alkalmazott sertésboron végzett kisérletek azt mutattak, hogy 24 ora elteltével a
bér mélyebb rétegeiben, a stratum corneumban a HA felhalmozodik, tovabba lasst és
folyamatos HA leadas figyelhetd meg. Ezzel szemben, HE esetén a HA nem jut el a bor
mélyebb rétegeibe, az a sebumban koncentralodik. Hasonlé eredményeket mutatnak azok a
kisérletek is, ahol a topikalis terapiara szant PEkat keményitSvel® vagy ciklodextrinekkel®®
stabilizaltak. Osszességében tehat elmondhatd, hogy a boéron keresztiil torténd felszivodas
elénydsen valtozik, ha PE format alkalmaznak HE helyett.

A PEk oldatokhoz, illetve HEkhoz képest nagyobb mértékii biohasznosulasa, mind
oralis mind topikalis terapiara szant készitmények esetén, valosziniileg annak kdszonhetd,
hogy a PE cseppjeit boritd szilard részecskék preferaltan kotddnek a sejtekhez®. A
nanotechnologia fejlédésének koszonhetéen egyre tobb kutatds foglalkozik a
nanorészecskék ¢és a sejtek kozotti kolesonhatds felderitésével, melyek mindegyike
kimondja, hogy elsdsorban a részecskék mérete™ és feliileti tulajdonsaga®°®’ hatarozza meg
a kolcsonhatés 1étrejottét és annak erdsségét. A részecskék sejtmembranhoz vald kotddéset
kiilonféle mechanizmusokkal magyarazzak. A részecskék spontan adszorbealddhatnak a
sejtmembran feliiletére®®, vagy a sejtmembranba dgyazodhatnak®. Lesniak és kollégai 2013-
ban igazoltak azt a feltételezést, miszerint a nanorészecskék tigy 1épnek kolcsonhatasba a
sejtekkel, hogy el0szor a sejtmembran felszinén taldlhatd fehérjékkel és lipidekkel
kolesonhatéasba 1épnek, un. korona komplexet hoznak 1étre, majd ez a komplex képes atjutni
endocitézissal a sejtmembranon®. Jelenleg nincs pontos ismeretiink egyik feltételezett
kolcsonhatas mechanizmusat illetéen sem. Ennek ellenére azonban Vasir és Labhasetwar
kisérletiikben mennyiségileg igazoltdk, hogy a modell hatdanyag a sejtmembranok
feliiletéhez 10-szer nagyobb erdvel kotddik, ha oldatos forma helyett nanorészecske
hordozohoz adszorbealodik ®1, ezaltal az intracellularis hatoanyag leadas lényegesen

hatékonyabb.
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A PE forma masik eldny0s tulajdonsaga, hogy segitségével szabalyozott HA leadas
érhetd el. Ez egyrészt a szabalyozhato cseppméretnek koszonhet6 (1d. 1.4.3 fejezet), masrészt
az un. diffaz rétegen at torténé HA ledasnak. Simovic és kollégaja tanulmanyukban
bebizonyitottak, hogy a nanorészecskék spontan hatarfeliiletre torténd adszorpcioja a PE
cseppek feliiletén egy réteget hoz létre (Id. 2. abra)®. Ennek a rétegnek a fizikai kémiai
tulajdonsagai, ugymint vastagsaga, stirlisége vagy a réteget alkotd részecskék nagysaga,
mind befolyasolja a HA kioldodasat a cseppekbdl a kiils6 fazisba. A diffuzids rés teriiletét,
melyet az dbran szaggatott vonal jeldl, a részecskék mérete hatdrozza meg. Minél nagyobb

a részecskék mérete, annal nagyobb a diffuzids rés terililete, azaz nagyobb méretii

részecskékkel valo stabilizalas esetén nagyobb mértékii lesz a HA kioldodasa.

szilard részecske

vizes fazis

2. abra: Olaj a vizben tipusi Pickering emulzios csepp sematikus abraja. A szaggatott vonallal jel61t
egyenld szara haromszog teriiletének nagysaga adja meg a diffizids rés nagysagat, amely a részecskeméret
fliggvénye.
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1.3.  Pickering emulziok alkalmazasa a gyégyszerészet kiilonb6z6 teriiletén
1.3.1. [llloolajok formulalasa mikrobiologiai vizsgalatokhoz

Az illbolajok alkalmazasa egészen az okorig nyulik vissza, napjainkban is nagy
népszeriségnek orvendenek, szdmos elonyds tulajdonsaguk miatt. Az ill6olajok aromas,
illékony, lipofil tulajdonsagt vegyiiletek, melyeket kiilonb6z6 ndvényi alkotokbol vonnak
ki . Az illéolajok rendkiviil komplex &sszetételiiek, kiilonbozé koncentracidoban
tartalmaznak tobbek kozott terpéneket, savakat, alkoholokat, aldehideket, alifas
szénhidrogéneket, lakton szarmazékokat, nitrogén- és kén heterociklusos vegyiileteket,
kumarin szarmazékokat, stb®. A hagyomanyos orvoslas és megfigyelések alapjan az
illoolajok tobb megbetegedés kezelésére és megeldzésére is alkalmasak lehetnek, hatasukat
ma mar kutatdsokkal is alatdmasztottak. Igazoltak tobbek kozott antibakterialis &,
antioxidans®®, antiviralis®’, gyulladascsokkent6®® és tumor ellenes® hatékonysagukat is. Az
illoolajokrol kimutattak, hogy bakteridlis- vagy gombas megbetegedés kezelése esetén nem
alakul ki veliik szemben rezisztencia, amely komplex kémiai Osszetételiiknek, illetve a
komponenseik kozott esetlegesen fellépd szinergista hatasnak koszonhetd’®72,

Az illoolajok alkalmazasaval kapcsolatos egyik gyakori tévhit, hogy veszélytelenek,
irritdciot nem okoznak és hosszi tavon is hasznalhatok 2. Bar komoly mellékhatasokat
valéban nem valtanak Ki, allergias reakciok felléphetnek alkalmazasuk soran, amely foként
kiilséleges hasznélatuk alatt figyelhetd meg’®. Annak érdekében, hogy az illdolajokat
megfeleld adagolasban, beviteli Giton és biztonsagosan lehessen a gyogyaszatban alkalmazni,
mikrobiologiai vizsgalatok elvégzése és a hatasmechanizmusuk pontos feltérképezése
sziikséges. Mindemellett sziikség lenne olyan gyogyszerforma fejlesztésére, amellyel az
esetleges irritaciok €s mellékhatasok kikiiszobolhetok.

Tekintettel arra, hogy az illoolajok lipofil tulajdonsaguak, biologiai vizsgalatuk
rendkiviil nehézkes, mivel azok kivétel nélkiil vizes kozegben torténnek®. Az illdolajok
vizoldhatosaganak novelése érdekében altalaban kiilonbozd szerves oldoszereket és/vagy
feliiletaktiv anyagokat hasznalnak, oldoszerek koziil ilyen példaul a DMSO, etanol,
metanol™, feliiletaktiv anyagok koziil pedig a kiilonbozé Tween-ek’™®. Az eldbb felsorolt
anyagok hamisithatjdk a vizsgalati eredményeket, mivel megvaltoztatjdk a tesztmédium
fizikai kémiai tulajdonsagait, raadasul dnmagukban is rendelkeznek példaul antibakteridlis
hatassal ’® "7, Masrészt a szerves oldoszerek alkalmazasa elésegiti az amugy is illékony
olajok parolgasat a vizsgalatok soran, kiilondsen magasabb inkubaciés hémérsékleteken

(t>35 °C), ez pedig szintén hamis teszteredményekhez vezet.
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Az ill6olajok formulalasara és tesztelésére a PE forma alkalmas lehet. Ahogy azt
korabban irtuk, ha formulalasukhoz olyan részecskét valasztunk, amely biokompatibilis,
azzal az alkalmazas soran fellépd irritdciok és mellékhatasok lehetnek kikiiszobdlhetok.
Tovabba ha biologiailag inert részecskével dolgozunk, az a bioldgiai mérések eredményét
sem hamisitja. Tovabbi elénye a PEknak, hogy az illdolaj parolgasat csokkentik, olaj a
vizben tipusi emulzid készitése esetén, melyet Cossu és kollégai ', illetve Wang
kutatocsoportja’® kisérleti uton be is bizonyitott. A parolgas csokkenésének oka a mar
korabban is emlitett, cseppek felszinén kialakulo, szilard részecskékbdl allo védoréteg (Id.

1.2. fejezet és 2. dbra).
1.3.2. Fogaszati biofilm helyi kezelése

A fogakon lerako6dd fogkd és lepedék szamos egészségiligyi problémat okozhat,
hiszen nem megfelelé szajhigiénia esetén az a baktériumok melegagya lehet®. A fogkd
baktériumok 4altal képzett biofilm, amelynek f6 korokozédi a kiilonbdzd Streptoccocus
fajok®. A biofilm baktériumok altal képzett, egy feliileten dsszetapadt, egybefiiggd réteget
jelent®2, A baktérium sejtek gyakran az altaluk termelt, nyalkanak is nevezett extracellularis
polimer anyagba d4gyazodva helyezkednek el, amely fehérjék és poliszacharidok
keverékébol alll. A fogaszati biofilmek kialakulasaért felelés baktérium, a Streptococcus
mutans®® hidrofil jellegfi, tortuézus pordézus szerkezetli biofilmet képez®, porusmérete a
felsébb rétegekben 1,7-2,7 pm kozott van, az alsobb rétegekben pedig 0,3-0,4 pm kozott®,

A fogkdben és lepedékben 1évo baktériumok tevékenységének kovetkeztében a szaj
pH értéke elsavasodik, ami a fog 4svanyi anyag tartalmat csokkentheti, ezaltal konnyen
kialakulhat szamos fogaszati probléma, ugymint fogszuvasodas, foginygyulladas vagy
foginyvérzés®!. Természetesen a fogkd kialakuldsa megeldzhetd megfelelden Kivitelezett
fogmosassal és fogselyem hasznalataval®. Mivel azonban a fogmosis énmagéaban nem elég
hatékony, ezért sziikség van egyéb termékek alkalmazasara is, példaul a szajvizekre,
amelyek kémiai uton képesek eltavolitani a fogkdvet, vagy megelézni annak kialakuldsat®®.
A felndtt populacio korében szerencsére széles kdrben elterjedt a szajviz hasznélata®’, ezért
fontos, hogy az megfeleld és biztonsagos Osszetétell legyen.

A kereskedelemben kaphaté szajvizek tobbek kozott klor-hexidint, hexetidint,
oktenidint, triklozant tartalmaznak®’. A felsorolt HAok hasznalata hosszil tdvon szamos
mellékhatast okozhat, példaul szajszarazsagot vagy foginyvérzést®®, illetve a baktériumok
egy ido utdn rezisztenssé valnak velilk szemben®. A névényi kivonatok alkalmazésa

szajvizekben az utdbbi iddben egyre inkabb elterjedt, szamos kutatdcsoport bizonyitotta,
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hogy a novényi kivonatokkal ugyanolyan hatékonysag érhetd el, mint a fenti HAokkal®.
Tovabbi elényiik, hogy kedvez6 mellékhatas profillal rendelkeznek, és veliik szemben nem
alakul ki bakterialis rezisztencia®'. Olddszerek koziil leginkabb kiilonbozé alkoholokat,
példaul etanolt, propilén-glikolt, glicerint alkalmaznak, a feliiletaktiv anyagok koziil pedig
kiilonféle poliszorbatok vagy natrium-lauril-szulfat talalthatok meg a szajvizekben®? %,
Klinikai vizsgalatok bizonyitjdk, hogy a feliiletaktiv anyagok hossztdvon torténd
alkalmazasa a szajnyalkahartya irritaciojat okozhatja °* . Az emlitett problémak
kikiiszobolésére fontos lenne olyan szajvizet késziteni, amely megfeleld mennyiségben
tartalmaz illoolajat, a formulacid pedig olyan segédanyagokat tartalmaz, amelyek hosszl
tavl hasznalata is biztonsagos.

A fogkrémekben mar régdta alkalmaznak szilikat, mint polirozé vagy abraziv
segédanyagot ®° | melynek biztonsagossagat tobb vizsgalatban is bebizonyitottak % .
Amennyiben biztonsagosan alkalmazhat6, illdolaj tartalmu szajvizet szeretnénk késziteni,

formulécioként alternativa lehet a PE, melyet szilika részecskékkel stabilizalunk.
1.3.3. Korémgomba helyi kezelése és problémai

A koromgomba gyiijtéfogalom, magiban foglal minden olyan gomba okozta
megbetegedést, ami a kéz- és ldbkormoket érinti®. Vilagszerte a felnétt lakossag tobb, mint
11%-4t érinti a kéromgombdas megbetegedés®, amely a kordm betegségeinek koriilbeliil
50%-4t teszi ki%. A koromgombas megbetegedések kezelésére szamos modszer all
rendelkezésre, tigymint oralis és topikalis készitmények alkalmazasa, tovabba a korom
mechanikai- vagy kémiai kezelése!®. Ezek kombinaciojat is alkalmazzik, elsésorban

krénikus megbetegedések esetén®

. A terapia azon tll, hogy hosszll id6t vesz igénybe
(atlagosan 10-12 honap), nagyon alacsony gyogyulasi ratat mutat, a megbetegedés az esetek
tobb mint 70%-ban visszatérd problémat okoz'%.

Az oralis készitmények adasaval érhetd el a legnagyobb hatékonyséag, azonban nagy
hatranyuk, hogy hosszl ideig kell alkalmazni Oket (3-4 honap), amely alatt szamos

mellékhatast valtanak ki, tovabba maj- és vese toxicitast is mutatnak'%2

. Mivel javarészt a
1désebb korosztalyt érinti a probléma, ezért az oralis koromgomba ellenes gyodgyszerek
interakcioba 1éphetnek az egyéb gyogyszereikkel, igy sok esetben a terapia ezen formaja
ellenjavallt’®, Tlyen esetekben elsésorban a topikalis készitményeket javasoljak, amely a
betegek szamara is sokkal elfogadottabb kezelési modszer. Hatranya azonban a helyileg hat6

crer

igy a felszivodds nagyon csekély, ami a terapia hatékonysagat csokkenti, a kezelés
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103 Annak ellenére, hogy a megbetegedést okozd gombdk

iddtartamat pedig tovabb noveli
fonalai karositjak a kéromlemezt, és mikroporusokat hoznak létre annak feliiletén'®, a HA
diffazioja mégis kismértékii. Ennek oka a korom hidrofil feliileti tulajdonsaga és keratinizalt
szerkezete, amely gatolja a nagy molekulatomegl, lipofil jellegii, antifungalis HAoOK

107

és/vagy segédanyagot alkalmaznak, példaul mechanikai (reszelés)!®, foszforsavas- 1 vagy

t108, Az elokezelések ellenére a HA még igy is csak

keratolit enzimekkel torténd elokezelés
nagyon kis mennyiségben éri el a fertézés valodi helyét, a koromagybort %,

Az azolokat, mint antifungalis HAokat az 1980-as évektdl alkalmazzak oralis- és
topikalis terapidban egyarant, tobbek kozott koromgomba kezelésre, illetve a klinikumban
is hasznalatosak bérfeliileti- és szisztémas gombas betegségek kezelésében!'®. Az azol
szarmazékok gyogyszertechnoldgiai formuldldsanal gondot okoz, hogy vizben gyakorlatilag
oldhatatlanok (<0,01 mg/mlI)'%° igy a topikalis terdpidban alkalmazott készitmények szerves
oldoszereket is tartalmaznak. A jelenleg elérheté koromlakkok szinte kivétel nélkiil
tartalmaznak szerves oldoszereket, mint a HA oldékonysagat novelé segédanyagokat. A

szerves oldoszerek alkalmazasanak hatranya, hogy bizonyitottan negativan hatnak a HA

addédik, hogy a szerves oldoszerek a felvitel utan gyorsan elparolognak, igy a HA nagy
részben a korom feliiletén marad'!2. Szamos kutatds bebizonyitotta, hogy a vizes alapu
gyogyszerkészitményekbdl a HA nagyobb mértékben diffundal at a koromlemezen, mint a
szerves oldoszer alap készitményekbol 112114 Ennek oka, hogy a korom hidrofil
tulajdonsagu, vizes kozegben hidratalodik, duzzad, igy a vizes alapu formuléacié konnyebben
penetral a koromlemezbe'!*. Tovabbi probléma az azol szarmazékokkal, hogy hosszan tarto
kezelés mellett a gombak rezisztenssé valnak veliik szemben, igy a kezelés egy id6 utan
hatastalanna valik!®.

Az azol szarmazékok és illéolajok kombinacidja megoldast kinalhat a fenti
problémadra, mivel az antifungalis hatdssal rendelkezd illoolajokkal szemben nagyon ritkan
alakul ki rezisztencia’. Rosato és kollégai bebizonyitottak, hogy az azolok és illdolajok
kozott szinergista hatas is felléphet!!®, melyet valosziniileg az eltérd hatdsmechanizmusuk
okoz. Az azol szarmazékok gatoljak a gombak citokrom-P-450 és a lanoszterol-demetilaz
enzimét, ezaltal megakadalyozzdk az ergoszterol szintézisét, ami végiill a gombak
pusztuldsat okozza®'’. Az illéolajok més tton fejtik ki hatdsukat: a gombak sejtfalat és
sejtalkotoit karositjak'!8, Az azol szarmazékok lipofil jellege!!® miatt j61 oldhatok lehetnek

illéolajokban, amely lehetdvé teheti egyiittes alkalmazéasukat topikalis terapiara szant
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gyogyszerkészitményben. Tekintettel arra, hogy a vizes kdzegl gyogyszerkészitményekbdl
a HAok nagyobb mértékben penetralnak, ezért az azolok és illdolajok egyiittes formulalasara
egy olaj a vizben tipusti emulzi6 készitése nyajthat megoldast.

A koromlemezen keresztiil torténd HA leadast altalaban in vitro diffazios
vizsgalatokkal végzik, Franz cellat alkalmazva. A jelenleg altalanosan elfogadott modell
membranok, amelyeket kiilonboz6, koromgomba kezelését célzo gyodgyszerformak in vitro
diffuzios/penetracios tesztelésére hasznalnak, altalaban természetes eredettiek. Ilyen modell
membran példaul az Onkéntesektdl vett koromszelet '°, a holttestekrél eltavolitott

121 yagy emberi hajbo1'?2, esetleg allati eredetii szorbdl

koromlemez!?, a szarvasmarha pata
vagy tollbol preparalt keratin filmek 2. A természetes eredetii modell membranok
poérusmérete és feliileti tulajdonsaga rendkiviil heterogén, ezért hasznalatuk oriasi szorast

) 124,125 ami ellehetetleniti a kiilonboz

okoz az eredményekben (akar >46%
gyogyszerformak diffuzios tulajdonsagainak 6sszehasonlitasat.

Amennyiben 1) gyogyszerforma tesztelése a cél, még fontosabba valik olyan
membranok alkalmazasa az in vitro diffuzidos vizsgalatokban, melyek fizikai kémiai
tulajdonsagai jol definidltak. Véleménylink szerint a vizsgalatok sordn a legfontosabb, hogy
olyan modell membranokat alkalmazzunk, amelyek hidrofilitasa és feliileti toltése
hasonlatos a koromlemezhez illetve a koromagyborhoz, igy érdemben 6sszehasonlithato
lehet a kiilonbozd gyogyszerformak diffuizios tulajdonsaga. A kordmlemez negativan toltott,
vizes alapu hidrogélként viselkedik 1%, amely tulajdonsagok egyeznek az agar gél
tulajdonsagaval'?’. Irodalmi adatok alapjan &sszehasonlithato egy modell lipofil HA, a
Kléramfenikol diffuzids egyiitthatoja és fluxus értéke (Ciigramfenikol=5 Mg/ml, PBS pufferben

oldva) kiilénbz6 membranokon keresztiil, igymint agar gél*?®

, szarvasmarha pata és emberi
koromlemez'?®. A diffiziés koefficiensek és fluxus értékek a szarvasmarha pata vagy
koromlemez esetén is jO egyezést mutattak az agar géllel. A szamitott fluxus értékek a
kovetkezok: szarvasmarha pata 4,07+1,18-10° mg/cm?-s, agar gél 1,96+0,47-10"° mg/cm?s,
emberi koromlemez 8,21+2,11-107 mg/cm?s. A fluxus értékek 6sszehasonlitasa alapjan az
agar g¢él alkalmas modell koromlemez lehet az in vitro diffazios vizsgalatok soran.
Tekintettel arra, hogy fertézés szempontjabol a koromagybér kezelése a
legfontosabb, ezért célzott HA leaddsu készitmény tervezése esetén érdemes lehet kompozit
membrannal dolgozni. A kompozit membran egylittesen modellezheti a koromlemezt, és az

alatta elhelyezkedd koromagybort. Utobbihoz alkalmas modell a celluldz-acetdt membran,

mert altalanossagban haszndlt a topikalis készitmények boron keresztiil torténd
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c sy

penetracidjanak vizsgalatara'®; a koromdagybér anatomiai szempontbol pedig rendkiviil

hasonlatos a borre]31132
1.4.  Pickering emulziok tulajdonsagai — Kolloidkémiai attekintés
1.4.1. Stabilitas

A PEk stabilitasat els6sorban a szilard részecskék olaj-viz hatarfeliiletre torténd
adszorpcidja, illetve annak erdssége hatarozza meg. A részecskék hatarfeliiletre torténd
adszorpciodja tobbek kozott fligg a részecskék nedvesedési szogétol és az alabbi hatarfeliileti
fesziiltség értékektdl: szilard részecske-viz yg,_,,, szilard részecske-0laj y,_,, viz-0laj y;,_,.

Ahhoz, hogy a szilard anyagot a viz nedvesiteni tudja olajos kézegben, azaz olajos
folytonos fazisban, a viz adhézids energiajanak pozitivnak kell lennie [E4p (v/0)], @ viz

in. szétteriilési egyiitthatdjanak [S (v/0)] pedig negativnak®33:

Eqan(v/0) = ¥sz—0 — Yo >0
S(W/0) =Y¥sz—0 = Yo—v — Vsz—v < 0

Ezzel anal6g mddon a szilard részecske olajos fazissal torténd nedvesedése is felirhato
vizes kozegben, ahol az olajos fazis adhézios energidjanak szintén pozitivnak [E,q, (0/v)],

az olaj szétteriilési egyiitthatojanak [S (o/v)] pedig negativnak kell lennie:

Eadh(o/v) =-S(w/o) = Ysz—v + Yo—v — Vsz—0 > 0
S(O/U) = _Eadh(v/o) = Ysz—v — Yo—v — Ysz—0 < 0

Amennyiben a szilard részecske feliilete hidrofil, iigy azt inkdbb a viz nedvesiti, mig
a hidrofob részecskét inkdbb az olajos fazis nedvesiti. Kénnyen belathato, hogy amennyiben
a részecske tul hidrofil, akkor az nem a hatérfeliileten, hanem a vizes fazisban, diszpergalt
allapotban helyezkedik el, a hatarfeliileti adszorpcié tehat nem valosul meg; illetve ha tul
hidrofob, akkor az olajos fazisban marad diszpergalt allapotban. A részecske részleges

nedvesedését vizes (6,,) és olajos (6,) fazisban a Young-egyenlettel irhatjuk le:

cos O, =
YU—O
Vsz—v = Vsz—o
cos @, =
)/U—O

Amennyiben a részecskék nedvesedése részleges, azaz az olajos és vizes fazis egyarant
nedvesiti Oket, adszorpcidjuk a hatarfeliiletre nagyon erds lehet. Az adszorpcid

szabadenergidja ( AG,q4s, ), azaz egy részecske hatarfeliiletrél torténd kiszakitdsdhoz
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sziikséges munka aranyos a hatarfeliileti fesziiltséggel és a részecske méretével (R)P341%,
Amennyiben a 6, < 90°:
AGaasz; = —TR?*Yo_p(1 — cos 6,)
ha pedig 6, > 90°:
AGgasz; = —TR?*Yo_p(1 + cos 6,)

A részecskék adszorpcids energidja akkor a legnagyobb, amikor a nedvesedési szogiik 90°,
azaz egyforman nedvesiti ket az olajos és vizes fazis, igy ebben az esetben érhet6 el a
legnagyobb emulzi6 stabilitas®.

Nagy kiilonbség a PEk és a HEk kozott, hogy a szilard részecskék nagysagrenddel
nagyobb adszorpcids energiaval rendelkezhetnek, mint a feliiletaktiv anyagok, amely
bizonyos esetekben olyan mértékii is lehet, hogy az adszorpcid irreverzibilisnek
tekinthet6'®’. French és kollégai kiilonbozd részecskék kombinalasaval elérték, hogy a PEK
termodinamikailag stabilnak tekintheték!®®. Ezzel szemben a feliiletaktiv anyagok minden
esetben reverzibilisen adszorbealédnak a hatarfeliiletre, a molekuldik gyakorlatilag
rendkiviil gyors adszorpcids-deszorpcids egyensulyban vesznek részt'%,

Az adszorpcids szabadenergiat leird Osszefliggésbol lathatjuk (AG.qs, ), hogy a
részecskék nedvesedési szogén tul azok mérete is befolyasolja az adszorpcids energia
nagysagat. A képletet vizsgalva megallapithato, hogy minél kisebb a részecske mérete, annal
kisebb lesz az adszorpcids szabadenergia értéke. Ennek értelmében a kisebb részecskék
gyengébben adszorbedlodnak az olaj-viz hatarfeliiletre, mint a nagyobb részecskék, melyet
Binks és kollégai szamitasokkal igazoltak is™*’. Fontos megjegyezni azt is, hogy egy
bizonyos részecskeméret alatt (d<0,5 nm, szabalyos gdmb alakot és sik geometridjl olaj-viz
hatérfeliiletet feltételezve) az adszorpcids energia mértéke olyan elhanyagolhatdan kicsi,
hogy az mar a részecskék hémozgasabol adodo kinetikus energia nagysagaval 6sszevethetd.
Ez gyenge adszorpcids kolcsonhatast eredményez, amely a feliiletaktiv anyagok
hatarfeliiletre torténd adszorpcidjanak energiajaval 6sszevethetd mértékiit®.

Altalanossagban 1igy tekintik, hogy a részecskék elhelyezkedése az olaj-viz
hatarfeliileten hexagonalis szoros illeszkedéssel, egy rétegben torténik (angolul Hexagonally
Closed Pack Monolayer [HCPM]). Ez gyakorlatilag azt jelenti, hogy a PEt stabilizalo
részecskék az emulzios cseppet egy rétegben teljesen befedik, igy 6vva meg az emulziot a
koaleszcenciatol. Az alabbi optikai mikroszkopos felvételen jol megfigyelheté az eldbb
emlitett HCPM réteg kialakulasa, amely Aveyard publikacidjaban lathaté eredetiben (1d. 3.

abra).
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3. abra: Viz az olajban tipust emulzi6 cseppjérol késziilt optikai mikroszképos felvétel. Az emulzios
csepp monodiszperz méreteloszlasu részecskékkel (d=3,2 pm) van stabilizalva, a méretskala 50 pm. Forras:
R. Aveyard et al. Advances in Colloid and Interface Science 2003, 100-102, 503-546.

Ha feltételezziik, hogy a PEk készitése soran a részecskék minden esetben HCPM
rétegben helyezkednek el a cseppeken, akkor arra kovetkeztethetiink, hogy a részecskék
koncentracioja nagyban befolyasolja a PE stabilitasat. Gelot és kollégai végeztek is
tanulmanyt ezzel kapcsolatban és megallapitottdk, hogy adott olaj-viz rendszerre,
stabilitasa is csokken, azaz itt nem teljesiil a HCPM boritottsadg; azonban til nagy részecske
koncentracié esetén a stabilitas szintén kedvezdtlen irdnyba valtozik!*?. Utobbi a részecskék,
idedlis koncentraci6 tartomanyban, azaz ahol a PE a legstabilabbnak bizonyult,
feltételezhetd a HCPM réteg kialakulésa.

A HCPM réteg kialakulasanal a részecskék koncentracidja mellett nagyon fontos
szerepe van a részecskék méretének is. Ha a cseppméretet allandonak tekintjiik és csak a
részecskemeéret valtozasat vizsgaljuk, akkor megallapithatd, hogy minél kisebb a részecske
mérete, annal tobb sziikséges beldliikk ahhoz, hogy a teljes HCPM boritottsagot elérjiik.
Minél tobb részecske adszorbedlodik az olaj/viz hatarfeliileten, annal inkabb lecsdkken a
hatéarfeliileti fesziiltség, ami megovja a cseppeket a koaleszcenciatdl, igy a stabilitas is

~ 141 , 142

jelentésen megn: . A nagyobb részecskék lassabban diffunddlnak az olaj/viz

hatarfeliiletre, mint a kisebb részecskék, ezaltal a teljes HCPM boritottsag eléréséhez sok
ido kell, bizonyos esetekben nem is teljesiil a réteg kialakulasa a csepp feliiletén43144,

A fentieket 0sszegezve elmondhato, hogy stabil PEkat allithatunk eld, ha megfeleléen
valasztjuk meg a stabilizald részecskék méretét, hidrofil/hidrofob jellegét (nedvesedési

s

egyseéges kitétel az emulziok stabilitasara, azt az alkalmazasnak megfeleléen hatdrozzak
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meg. A gyogyszerészetben az emulzidk stabilitasara vonatkozod, iranyado eldirast a VII.
Magyar Gyégyszerkonyv tartalmazza, mely a kovetkezét irjal®: .. Az emulzié minimum 15
percen beliil nem valhat szét, illetve a szétvalas jeleit nem mutathatja... Az emulzionak a
felhasznalasig vagy a felhasznalhat6sagi 1d6 végéig stabilnak kell maradnia”. Ennek alapjan
az emulziokat stabilnak tekintettem, amennyiben cseppméretiik legalabb 1 hétig nem
valtozott, tovabba nem Iépett fel aggregaciod vagy részecskék iilepedése, és fazisszétvalas

sem volt tapasztalhato.
1.4.2. Emulzio tipusa

Az 1.4.1 fejezetben targyalt részecskék nedvesedése nem csak a stabilitast, hanem a PEk
tipusat is befolyasolja. Amennyiben a nedvesedési szog 6, < 90°, akkor olaj a vizben,

illetve 6, > 90° esetén viz az olajban tipusti emulzi6 képzodik (1d. 4. dbra).

4. abra: Szabalyos gomb alaki részecske elhelyezkedése az olaj-viz hatarfeliileten. Amennyiben ¢,<90°,
olaj a vizben (balra), illetve ha ¢,>90°, akkor viz az olajban tipusu emulzi6 képzddik (jobbra).

1.4.3. Cseppmeéret

A PEk cseppméretét foként négy paraméter befolyasolja: az alkalmazott részecskék
mérete és koncentracioja, illetve a diszpergalt fazis kémiai Osszetétele és mennyisége. Az

alabbiakban ezeknek a paramétereknek a hatésait targyaljuk.

crer

147

Wiley!*® és Golemanov**’ irtdk le, amelyet korlatozott koaleszcencia modellnek neveznek.

Olaj a vizben tipusu emulzidk esetén a cseppmeéret (D, /,,) az alabbi médon adhaté meg:

oo = (i7r2) ()
o/v = \Nrrz) \y,

ahol s a csepp feliiletének részecskékkel vald boritottsaga (% HCPM), N a részecskék

szama a vizes fazisban, r a részecske sugara, V/, az olajos fazis térfogata, V,, pedig a vizes

fazis térfogata. Hasonlo 6sszefliggés irhato le a viz az olajban tipusu emulzidk cseppméretére

(l V/O)'
/ N ]]O
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Ezek a modellszamitasok kizardlag abban az esetben alkalmazhatok, ha idealisak a
koriilmények, azaz a PEt stabilizalo részecskék szabalyos gomb alakuak, felsziniik teljesen
sima, részecskeméret eloszlasuk monodiszperz, illetve feltételezziik, hogy a cseppek HCPM
szerint teljesen boritottak. A szamitas a cseppméret elorejelzésére alkalmazhatdo a
gyakorlatban.

A 1.4.1 fejezetben emlitett HCPM kialakuldsa a cseppméret kialakulasaban is
meghatarozo. A HCPM réteg kialakuldsat nemcsak a részecskeméret és -koncentracio
hatarozza meg, hanem az emulzi6 diszpergalt fazisanak koncentracidja, amely kézvetleniil
hatdssal van a cseppméret kialakuldsara. A PEt stabilizadld részecske méretét ¢&s
tapasztaljuk, hogy a koncentracié novekedésével a cseppméret is n6'*8. Ennek oka, hogy
novekvd diszpergalt fazis koncentracid esetén a hatarfeliiletet nem tudjak teljesen HCPM
rétegben beboritani a részecskék, ezaltal a hatarfeliileti fesziiltség sem csokken le megfeleld
mértékben, igy a cseppméret fokozatosan nagyobb lesz. Amennyiben a diszpergalt fazis
koncentracioja elér egy kritikus értéket, az a cseppek koaleszcencidjat okozhatja, ami ezaltal
a stabilitasra is kedvezétlen hatassal van'4®,

Idealis koriilmények kozott, azaz szabalyos gomb alak, sima feliilet{i, monodiszperz
részecskével készitett PE esetén, ahol a cseppek HCPM boritasat feltételezziik, a cseppméret
egyszerli geometriai megkozelitéssel is szadmolhatd, melyet szamos kutatasban
alkalmaznak!*®®. A geometriai szamitassal osszefliggés irhato fel a cseppek mérete (D) és a
diszpergalt fazis/szilard részecske tomegaranyanak (M, /M,) segitségével:

6-My
PalszMs;

ahol p, a diszpergalt fazis strlisége, a,, pedig az Osszes, szilard részecskék altal boritott

D=

hatarfeliilet.

meghatarozza a PEk cseppméretét. Eltéré kémiai Osszetételli diszpergalt fazisoknak mas-
mas a hatarfeliileti fesziiltség értéke, amely befolyasolja egyrészt a PEk stabilitdsat, mivel
kozvetett hatdsa van a részecskékkel vald adhézi6 kialakulasara és a nedvesedésre (1d. 1.4.1
fejezet). Masrészt a hatarfeliileti fesziiltség értéke meghatarozza a gorbiilet nagysagat, azaz
a csepp méretét egy adott rendszerben. Az alabbi szamitassal meghatarozhatd, mekkora egy
adott rendszerben az az optimalis cseppméret, amely mellett a legstabilabb az emulzio. A
szamolas feltételezi, hogy a PEkat stabilizalo részecskék mérete és koncentracioja, illetve a

diszpergalt fazis koncentracidja allando:
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(D—1)?
D2 + r2

A képletben y,, a sik geometridjl, olaj-viz hatarfelilleten mért feliileti fesziiltség; y, a

Y =Yoo+ Yoo — ¥0)

minimalis hatérfeliileti fesziiltség HCPM cseppboritottsag esetén; D a csepp atmérdje
HCPM boritottsag esetén; r pedig a stabilizalo részecskék atmérdje. Az 5. abra kivéaloan
szemlélteti az optimalis cseppméretet, ahol a legkisebb a hatarfeliileti fesziiltség és stabil az

emulzid.

0.1 1

0.01 -

Hatarfeliileti fesziiltség (mN/m)

0.001 -
1 10 100 1000
cseppmeret (nm)

5. dbra: Idedlis cseppméret — optimalis hatarfeliileti 6sszefiiggést leir¢ fiiggvény, HCPM
cseppboritottsag esetén. A szamolasi eredmény és a kép forrasa: McClements, D.J. Nanoemulsions versus
microemulsions: terminology, differences, and similarities. Soft Matter 2012, 8, 1719-1729.

A cseppméretet az emulgedlasi energiaval is valtoztatni tudjuk. Elméletileg a
nagyobb emulgealasi energia kisebb részecskeméretet eredményez, am ez a gyakorlatban
nem mindig figyelhetd meg. Nagy emulgeéldsi energiat alkalmazva a részecskéknek nincs
elegendd idejlik kialakitani a cseppek feliiletén a HCPM réteget, ezéltal a cseppek még az
emulgedlas soran Osszefolynak, igy a valds cseppméret jelentdsen nagyobb lesz, mint az
elméletileg elérhet6!?®. Emiatt nincs egységes Osszefiiggés az emulgedlasi energia és a
kialakult, végsé PE cseppméret kozott, az optimalis koriilményeket kisérleti, tapasztalati

uton hatarozzék meg az egyes rendszerekre.
1.4.4. Stabilizalo részecskék tipusai

Annak érdekében, hogy kivant tulajdonsadgokkal rendelkezé PEkat tudjunk késziteni,
fontos a stabilizal6 részecskék helyes megvalasztasa, mivel azok mérete, alakja, érdessége,

nedvesedési szoge €s kémiai Osszetétele mind befolyadsolja a PEk tulajdonséagait. Az el6zo
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fejezetekben egyértelmiien leirtuk, hogyan hat a részecskék mérete €s a nedvesedési szoge
az emulziok paramétereire, ezért ezek targyalasatol ebben a fejezetben eltekintiink.

Ahogy azt a korabbiakban is irtuk, a PEK termodinamikai sajatsagait és egyéb
tulajdonsagait leird elméletek idealis koriilményekre vonatkoznak, azaz szabalyos gémb
alaku és sima feliiletli részecskékre. A gyakorlatban azonban stabilizalé dgensként nagyon

sok olyan anyagot alkalmaznak, amelyek alakja eltér az idealis gombtdl, ilyenek példaul a

k 151 k 152

lemezes szerkezeti agyagéasvanyo , a rad alakil szén nanocsove , a linearis

158 vagy a kiilonbozo fehérjék 4. Ezekben az esetekben

polimerlancokbol allo kitozan
nagyon nehéz eldre tervezni vagy megjosolni a PEk tulajdonsagait, altalaban kizarolag
tapasztalati iton vonhatdk le a PEk fizikai kémiai paramétereire vonatkoz6 Osszefiiggések.

A részecske alakja mellett az érdesség is szerepet jatszik a PEk cseppméretének és
stabilitasanak alakulasaban. Adriana San-Miguel és szerzotarsa specialis eljarassal,
szisztematikusan valtoztattdk a PEkat stabilizdld0 nanorészecskék érdességét, ¢és
megvizsgaltak, hogyan hat az érdesség valtoztatisa a hatarfeliileti adszorpciora *° .
Munk4juk soran vizsgaltdk a részecskék nedvesedési szogének hiszterézisét és a fellépd
maximalis kapillaris nyomast. Utobbi leirja a maximalis nyomast két folyadék hatarfeliilete,
azaz jelen esetben a csepp feliilete és a folytonos fazis kozott, amelybdl az emulzid

cseppallandosagara tudnak kovetkeztetni 26 .

Eredményeik alapjan egyértelmiien arra
jutottak, hogy az érdesség negativan befolyasolja a nedvesedést és a hatarfeliileti
adszorpcidt, ezaltal az emulziok stabilitdsat. A jelenség oka valosziniileg a nagymértékii
nedvesedési szog hiszterézisnek tulajdonithato, amely akar 60° is lehet egyetlen részecskén
beliil. A nagymértékii nedvesedési szog hiszterézis befolyasolja a részecskék €s a folyadékok
kozott fellépé maximalis kapilldris nyomast, amely felelds a stabilitasért’®" 158, Az érdesség
novekedésével a maximalis kapillaris nyomas csokken, amely az emulzi6 instabilitdsdhoz,
koaleszcenciahoz vezet.

A PEt stabilizal6 részecskék stirisége is hatassal van a cseppallanddsagra. A Stokes
altal definialt eloszlasi allandosagi torvényt felirva lathatjuk, hogy a két fazis szétvalasanak,
azaz a cseppek koaleszcencidjanak a sebess€gét (vgpores) Nagymértékben meghatarozza az
olajos (p,) és vizes fazisok (p,) kozotti stiriiség kiilonbség®®:

297 (py — Po)
EUe

Ha pontosan ismerjiik az alkalmazni kivant részecsekék méretét, tomegét &s

Ustokes =

stirliségét, akkor egyszerli geometriai megkozelitéssel kiszamithato, hogy egy adott méretii

csepp HCPM boritottsag mellett mekkora térfogath €s stirtiségili lesz. Az adatokat a Stokes
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eloszlasi allandosagat leird egyenletbe behelyettesitve pedig megjosolhatd a rendszer
cseppallanddsaga, azaz Kinetikai stabilitasa. A képletbdl latszik, hogy a fentieken kiviil a
cseppek mérete (r) és a folytonos kozeg viszkozitasa (7,,) is fontos tényezd, azonban ha
ezeket az értékeket allandonak tekintjiik, akkor szamitassal eldrejelezhetd a PEk stabilitasa,

kiilonboz6 részecskéket alkalmazva.
1.4.5. Pickering emulziokat stabilizalo szilika nanorészecskék

A PE stabilizalasara szamos szilard részecske alkalmas, lehet szerves vagy szervetlen
anyag is, a teljesség igénye nélkiil példaul természetes agyagasvanyok®®, polimerek?®!,

164 vagy szilika'®.

fehérjék®?, cellul6z!%?, keményitd
A szilika  nanorészecskék  [SNk]  széles  korben  elterjedtek a
gyogyszertechnologidban, tobbek kozott a topikalis terapidban is alkalmazzak dket kedvezd

k16 és csak rendkiviil nagy koncentracidban

tulajdonsagaik miatt, mivel biokompatibilise
toxikusak (c<10g/ttkg)*®’. A SNk a PEk stabilizdl6 4genseként is remek alternativat
kinalnak, mivel méretik ¢és hidrofil-lipofil jellegilk a szintézisiik koriilményeivel
befolyasolhato.

Els6ként Stober, Fink és Bohn végezte el a SNK szisztematikus szintézisét 1968-
ban'®, amely a mai napig alapjaul szolgal a SNk eléallitasanak, igy az ezzel a modszerrel
készitett részecskéket Stober szilikdnak is nevezik. A részecskék eldallitasa un. szol-gél
atalakulassal torténik, melyben a szilanol vegyiiletek katalitikus hidrolizise, majd
kondenzacidja és polimerizacidja jatszodik le. A reakcié mechanizmusa meglehetsen

169,170

Osszetett, a monomer addicios és aggregacios novekedési modellen!’, illetve ezek

kombinéciodjan alapul.

Az eredeti Stober szintézisben6®

a szabalyos gomb alaktl SNk eldallitasat kiilonb6zd
szilanol szarmazékokkal végezték (tetra-metil-szilan, tetra-etil-szilan, tetra-n-propil-szilan,
tera-n-butil-szilan ~ és  tetra-n-pentil-szilan), = ammonia  katalizalta  reakcidban,
szobahdmérsékleten. A reakciokdzeg minden esetben kiilonbdzd alkohol (metanol, etanol,
n-propanol, n-butanol) és viz megfelelé aranyu elegye volt. A SNk eldallitasanak elsd
1épéseként a komponenseket Osszekeverték, majd az ammoniat gazhalmazallapotban adtak
az elegyhez. A szintézisek idGtartama a reakcioelegy opalosodasanak kezdetétdl fiigg, amely

néhany perctdl akar 2 ordig is terjedhet. Kisérleteik soran a kovetkezd eredményekre

jutottak:
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- a reakcio megindulasat, azaz a szol-gél atalakulast az elegy opalosodasa jelzi.

- a viz mennyiségének tulzott novelése kedvezdtleniil befolyasolja a szintézist, mivel
aggregacio ¢és flokkulacidé mehet végbe a szilika részecskék kozott.

- nagyobb szénatomszamu alkoholok esetén lassabban megy végbe a reakcio, illetve
nagyobb méretli részecskék keletkeznek, mig alacsonyabb szénatomszamu
alkoholoknal a reakcié gyorsabban lejatszodik, a részecskék kisebbek lesznek.

- nagyobb szénatomszamu szilanolok alkalmazasakor nagyobb méretii részecskék jottek
létre, lassabb reakciosebesség mellett, mig a kisebb szénatomszdmu szilanolok
esetében a reakcid gyorsabban megy végbe, és a részecskék mérete is kisebb.

- az ammonia, mint katalizator mennyisége befolyasolja a részecskék méretét és alakjat,
nagyobb koncentraciéo mellett nagyobb részecskék keletkeznek, ezért egy bizonyos
koncentracio érték folott aggregalddast okoz, alkalmazasa nélkiil viszont alaktalan
részecskék jonnek létre.

- a részecskeméret 0,05-2 um kozott alakult.

Green és kutatocsoportjal’? a Stober szintézist tetra-etil-szilan prekurzorral (c=0,5
mol/dm?®) végezte el, a reakcié kozege metanol, etanol és propanol volt. A katalizator szintén
ammoénia volt, azonban vizes oldat formajaban adtdk a reakcidelegyhez (c=0,01-0,1
mol/dm?3). Stoberékhez hasonldan arra a megallapitasra jutottak, hogy a reakcid kozegét
biztosito alkohol szénatomszamanak ndvekedésével a végso részecskeméret is nagyobb lesz.
Tovabb4, hogy 0,01 mol/dm® amménia koncentracié alatt nem keletkeznek részecskék.

Plumeré és kollégail’® vizsgaltdk, hogyan hat a reakcié hdmérsékletének valtoztatasa
a kialakulo részecskeméretre. Munkajuk soran szintén tetra-etil-szilannal (vagy tetra-etoxi-
szilan, [TEOS]) dolgoztak (c=0,16-0,26 mol/dm®) és ammonia oldatot hasznaltak
katalizatorként (c=0,41-0,58 mol/dm?®). A hémérsékletet 25-75 °C kozott valtoztatva azt
talaltak, hogy a reakcié hdmérsékletének novekedésével a részecskeméret csokken (d=755-
100 nm). A részecskék polidiszperzitasi indexe 45°C homérséklet értékig szintén csokkent,
azonban e felett a hémérséklet felett novekedni kezdett, és a pasztazo elektronmikroszkopos
felvételek alapjan jol lathato volt a részecskék aggregicidja. Rahman kutatocsoportjanak®’,
illetve Kim és kollégainak ’® kisérleti eredményei is ugyanezt tdmasztottik al4, annak
ellenére, hogy eltéré TEOS és ammonia koncentracioval dolgoztak. Eredményeik alapjan
25-80°C kozotti reakciohOmérséklet emelkedés esetén a részecskeméret csokken, azonban
55°C felett a polidiszperzitasi index ndvekszik. Rahman-ék 0,13-1,65 mol/dm® TEOS és
0,78-5,27 mol/dm® ammonia koncentracioval dolgoztak, az altaluk eldallitott SNk mérete

40-160 nm kozott alakult. Kim kutatocsoportjanak kisérletei soran a TEOS és ammonia
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crer

szintetizalt SNk mérete 35-330 nm kozott alakult.

A viz koncentracioja szintén meghatarozo tényezé a kialakuld6 SNK méretének
szempontjabol. Lindberg és kollégail’®, tovabba Zukoski és kollégail’” 0,5-17 mol/dm3 viz
koncentracio érték kozott az alabbi tendenciat figyelték meg: a részecskeméret csokken, ha
a koncentracio 9-0,5 mol/dm? érték kozott csokken, azonban a részecskeméret névekedni
kezd 9 mol/dm? érték felett. Zukoski-ék 80-800 nm kozotti SNket allitottak el6 TEOSboL,
az ammoénia és TEOS molaranyat allandd értéken tartva (cTEOS=0,1-0,5 mol/dm?3).
Lindberg és kollégai 70-640 nm méretii SNket 4llitottak eld 0,1-0,4 mol/dm® TEOS és 0,2-
2 mol/dm® ammoénia koncentracié esetén. Nagyobb viz koncentracidval egyébként is ritkan

crer

szilanolok oldhatdsagat, ezaltal csokkenti a reakcid kitermelését és a noveli a reakcid
idejét!’™,

A fentiekbdl jol latszik, hogy a reakcidé minden egyes paraméterét rendkiviil
kortltekintéen kell megvalasztani ahhoz, hogy kivant méretli és morfologidju részecskét
kapjunk.

A SNk feliilete rendkiviil hidrofil a feliileti szilanol csoportok jelenléte miatt'’8, ezért
PE stabilizalo é4gensként torténd alkalmazasuk esetén sziikséges elvégezni a feliileti
modositasukat, hogy megfeleld hidrofil-lipofil feliileti tulajdonsdggal rendelkezzenek (ld.
1.4.4 fejezet). A SNk utdlagos feliileti modositasat egységesen az alabbiak szerint végzik
el179:180.181. A QN szintézis végeztével a reakcioelegyhez hozzaadjak a kivant funkcios
csoportot tartalmazo szilanol szarmazék alkoholos oldatat (az alkohol egyezik a reakcid
soran alkalmazottal), majd a reakcioelegyet legaldbb 6 oOrdn 4t kevertetik. A reakcid
végeztével a SNket feldolgozzak, az esetlegesen el nem reagalt feliileti modositd dgenst

mosassal eltavolitjak.
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2. CELKITUZES

Munkdm sordn olyan PEk eléallitisara torekedtiink, amelyek alkalmasak lehetnek
illoolajok és lipofil HA formuldlasdara, azok topikdlis alkalmazasara. A megfelelé
gyogyszerhordozo rendszerek elddllitasa sordn figyelni kell arra, hogy a PEk stabilitisa
és cseppmérete mindig az alkalmazdasnak megfeleld legyen, tovabba segitségiikkel célzott
HA leadas legyen elérheté. A PEk megfelel? fizikai kémiai tulajdonsagainak eléréséhez elsd
Iépésben méretpontos szilika nanorészecske szintézis elvégzését, majd azok
feliletmodositasat tliztiik ki célul; az igy elkésziilt szilika nanorészecskék felhasznalhatok
PEk stabilizalasara.

A nanotechnoldgia egyre nagyobb térhoditasa miatt a mai napig tobb kutatdcsoport
dolgozik azon, hogy megfeleld tulajdonsagu, lehetdség szerint 200 nm részecskeméret alatti,
monodiszperz méreteloszlast és szabalyos gomb alaktl Stober szilikat tudjanak eléallitani,
minél nagyobb reprodukalhatosdg mellett. Feldolgozva szdmos publikaciot a témaban
megallapitottuk, hogy jelenleg nem all rendelkezésre olyan kdzlemény, amely lehetové teszi
a SNk méretpontos szintézisét. Ez alatt azt értjiik, hogy nincs olyan szisztematikus vizsgalat
¢s eredmény, amely alapjan a kivant SN részecskemérethez kapcsoléddan ki tudnank
valasztani a reakcid egyes paramétereit, €és reprodukalhatdan szintetizalni azt. Ezért
kutatomunkam sordn célul tiiztem ki szisgtematikus SN szintézis megvalositisdat és
gyakorlati alkalmazhatosaganak, reprodukdlhatosaganak vizsgalatat. A Kkisérletek
paramétereinek tervezéséhez a jelenleg rendelkezésre allo kutatasi eredményeket hasznaltam

fel.

Mivel a formulalni kivant illoolajok és lipofil HA fizikai kémiai tulajdonsagai
(stirliség, viszkozitds, feliileti fesziiltség) esetenként jelentésen kiilonboznek, ezért
empirikus #aton hatarozzuk meg, hogy milyen méretii és feliileti tulajdonsdgu
részecskékkel torténjen a PEK stabilizdldsa.

Kamilla és fehériirom illoolaj formulalasat tervezziik elvégezni, és a PEkat
mikrobiologiai vizsgalatokra felhaszndlni. A mikrobiolédgiai kisérletek célja tobbek kozott
a PE formuléci6 antibakterialis és antifungélis hatdsanak vizsgéalata, melyhez Gram negativ,
Gram pozitiv baktériumokat, tovabba sejtes €s fonalas gombékat is felhasznalunk. Tovabba
vizsgalni kivanjuk, milyen hatasa van a PEknak a bakteridlis és fungalis biofilm

crer

PEk és sejtmodell kolcsonhatdasanak vizsgdalatat. A PE forma mellett, HE és etanolos
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oldatokat is vizsgdlunk minden egyes kisérletben, az egyes formak hatasanak

Osszehasonlithatosaga érdekében.

A fogaszati biofilmek helyi kezelését tiiztiitk ki tovabbi célul. Ahogy azt a
bevezetOben is irtuk, a biofilmek kezelésére szant szajvizek Szerves olddszereket és
feliiletaktiv anyagokat tartalmaznak, melyek nem kivant mellékhatdsok okozéi lehetnek!®,
Ezeknek a segédanyagoknak a hasznalata kikiiszobolhetd, ha PE forméat alkalmazunk. A PE
tulajdonsagait targyalva lathattuk, hogy a cseppmeéretiik valtoztathatd, segitségiikkel célzott
HA leadas érhetd el, amely fogaszati biofilmek kezelésénél is elényds lehet!®. Figyelembe
véve a Streptococcus mutans fogdaszati biofilm fizikai kémiai tulajdonsdgait, annak
kellemetlen mellékhatdasok nélkiili kezelésére, a 0,3 um méretnél kisebb cseppmeérettel
rendelkezo, olaj a vizben tipusu PEk megoldast jelenthetnek. A PE formuldlashoz négy
illoolajat valasztottunk, melyek mindegyike bizonyitottan rendelkezik antibakteridlis és
biofilm degraddcios hatdssal: borsmenta®, (Mentha x piperita L.), fahé;!8 (Cinnamomum
verum J. Presl.), kakukkf(i, (Thymus vulgaris L.) és szegfiiszeg®’, (Syzygium aromaticum
tesztelni. A mikrobiolégiai vizsgalatok mellett in vitro diffiuzios vizsgdalatokat is terveziink
elvégezni, melyben modell biofilm membrdannal dolgozunk. Modell biofilm membranként
agar gélt valasztottunk, mivel annak hidrofil jellege és tortuézus porozus szerkezete a S.
mutans biofilm tulajdonsigaival nagymértékben megegyezik'®18° A PE forma mellett
HEkat ¢és etanolos oldatokat is vizsgalunk minden egyes kisérletben, az egyes formak

hatdsanak 6sszehasonlithatosaga érdekében.

A masik, szintén topikalis terapidra szant PE formuldciot koromgomba kezelésére
szanjuk, mely azol szarmazék és illoolaj kombindciojat tartalmazza, amellyel varhatoan
elérhetd a bevezetoben emlitett antifungdlis szinergista hatds. Kisérleteinkhez az azol
szarmazékok koziil tiokonazolt [T10] valasztottuk, mivel széles spektrummal rendelkezd
antifungalis HA, amelyet a korom gombas fertézéseinek a kezelésére is alkalmaznak!®.
Nenoff és kollégai megallapitottak, hogy a teafa illdolaj (Melaleuca alternifolia illoolaj
[MA]) gatolja szamos klinikailag izolalt gomba szaporodasat, ezért javaslatot tettek annak
topikalis antifungélis terapiaban vald alkalmazasara'®l. Az olaj a vizben tipusii PE, mint
gyogyszerforma alkalmazdsa lehetové teheti a TIO és MA kell6 mennyiségben torténo
penetrdacidjat a koromlemezen keresztiil. Tovabba ha a PE cseppméretét megfeleloen
alakitjiuk, a csepp atdiffunddlhat a porusos koromlemezen, ezdltal eléri a fertozés valodi

helyét, a koromadgybort. A célzott HA leaddst in vitro diffuzios vizsgalatokkal tervezziik
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vizsgalni, melyben modell kéromlemez membrant, és kompozit membrdant egyardnt
haszndalunk. A megfeleloé PEk formuldlasan és jellemzésén kiviil, elvégezziik azok
mikrobiologiai vizsgdalatat Candida albicans és Trichophyton rubrum ellen, amelyek a
korémgomba megbetegedésért leginkabb felelés gombafajok'®. A PE forma mellett HEKkat
¢s etanolos oldatokat is vizsgalunk minden egyes kisérletben, az egyes formak hatasanak

Osszehasonlithatosaga érdekében.

Kisérleteinktdl és eredményeinktol osszességében azt varjuk, hogy sikeriil olyan illoolaj
és lipofil HA tartalmu PEK eléallitasat elvégezni, melyek tulajdonsagaiknal fogva nem
irritativak, stabil formulaciot eredményeznek és hosszi tavon is alkalmazhatéok

topikalis terapiaban.
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3.  VIZSGALATI ANYAGOK ES MODSZEREK

3.1.  Szilika nanorészecskék szintézise, feliiletmédositasa és vizsgalata

3.1.1. Szilika nanorészecske szintézis és feliiletmodositas soran felhasznalt vegyszerek és

eszkozok

Tetra-etoxi-szilan [TEOS] (Alfa Aesar Ltd., tisztasag 98%), metil-trietoXi-szilan [MTES]
Alfa Aesar Ltd., tisztasag 98%), etil-trietoxi-szilan [ETES] (Alfa Aesar Ltd., tisztasag 99%),
propil-trietoxi-szilan [PTES] (Alfa Aesar Ltd., tisztasag 97%), fenil-trietoxi-szilan [FTES])
Alfa Aesar, tisztasag 98%). Abszolut alkohol (VWR Kft., tisztasag >99.8%), 28 m/m%
a felhasznalas el6tt. A szintézisekhez ultratiszta vizet hasznaltam, melynek vezetoképessége
<5 uS (MembraPure Astacus viztisztitd UV kezel6fejjel ellatva, MembraPure GmbH). A
TEOS-t minden szintézis el6tt frissen desztillaltam, a desztillatumot 75-80°C kozott
gyljtottem, a desztillacid soran alkalmazott vakuum érték 4 mbar volt. A reakciok
reprodukdlhatosaganak érdekében minden egyes kisérlethez ugyanolyan geometridju
tivegeséket (mennyiségtol fliggden 8, 40 ml vagy 250 ml-es menetes iiveg, Vialab Kft.)
magnesbotot (atméré: 6/10/12 mm, hossz: 20 mm, PTFE bevonat, VWR Kft.) és
magneskever6t (IKA Combimag RCO, IKA Werke GmbH) hasznaltam.

3.1.2. Szilika nanorészecskék szintézise és feliiletmodositdsa

A szilika nanorészecskék (SNK) szintézise TEOS etanolos kozegben végzett
hidrolizisével tortént, ammonium-hidroxid katalizator jelenlétében. A TEOS koncentracioja
minden esetben allandd volt, c=0,26 mol/dm®. A reakcidé hémérsékletét, illetve az ammonia
- valtozd ammonia koncentracido 0,29-0,097 mol/dm® érték kozott, allandd viz
koncentracio 5 mol/dm?, hémérséklet 25°C

- valtozd viz koncentracid 2-5 mol/dm?® érték kozott, allandd ammonia koncentracio
0,29/0,194/0,097 mol/dm3, hémérséklet 25°C

- valtozo hémérséklet 25-50°C kozott, allandé ammonia koncentracid 0,29/0,194/0,097
mol/dm?3, allandé viz koncentracié 5 mol/dm?®

Els6 Iépésben elkészitettem a viz, alkohol és TEOS elegyét, és allandd hdmérsékleten
kevertettem 15 percig, majd ultrahangos vizfiirdébe helyeztem tovabbi 15 percre (Bandelin
Sonorex RK 52H, BANDELIN Electronic GmbH). Ezt kovetden folyamatos kevertetés

mellett hozzaadtam a megfelelé mennyiségii ammonium-hidroxid oldatot. A reakcidelegy

31



24 o6ran at keveredett 1000 rpm fordulatszamon, allandd hémérsékleten. A szintézis
végeztével, tovabbi felhasznalasig a SNeket tartalmazé anyaltigot szobahdmérsékleten
taroltam, mivel korabbi tapasztalataink azt mutattdk, hogy ilyen koriilmények kozott
aggregacio, illetve méret- vagy morfologiavaltozas nélkiil honapokig eltarthatok. Minden
kisérletet legaldbb haromszor ismételtem meg. A reakciok kitermelését a 9.1. szamu
mellékletben leirtak alapjan szdmoltam ki.

A SNk felilletmodositasat kiillonbozé szilanol (MTES, ETES, PTES, FTES)
szarmazékokkal végeztem el. Annak érdekében, hogy a feliiletmddositas jol szabalyozhat6
¢és lehetség szerint minél jobban reprodukalhatdé legyen, minden egyes kisérlet el6tt
egyszerll, geometriai megkozelitéssel kiszamoltuk, hogy a kivant feliileti boritottsag (%)
elérésé¢hez, hany mol szilanol szarmazékra van sziikség. A szadmitds egyszeriisége €s a
dolgozat véges terjedelme miatt a szdmolas menete a 9.2 szdmu mellékletben olvashato. A
feliiletmodositashoz adott mennyiségili szilanol szdrmazékot abszolut alkoholban oldottam,
az oldatot 5 percre ultrahangos fiirdébe helyeztem, majd folyamatos kevertetés mellett (1000
rpm) hozzdadtam a SNket tartalmazd szuszpenzidhoz. A reakcidelegyet 6 Ordn at
kevertettem (1000 rpm) szobahémérsékleten (25°C), majd a reakcid végeztével 50°C-ra
melegitve, folyamatos kevertetés mellett elparologtattam beldle az ammoniat. Az igy
elkésziilt modositott SN szuszpenziodk aggregacio, illetve méret- vagy morfologiavaltozas

nélkiil honapokig eltarthatok.
3.1.3. Meéretpontos szilika nanorészecske szintézis — Statisztikai modszer

Microsoft Excel® program segitségével elemeztiik a kisérleti eredményeket, melynek
célja volt, hogy Osszefliggéseket keressiink a SN szintézis reakcio koriilményei és a kapott
részecskeméretek kozott; €s vizsgaltuk, hogy a kapott 6sszefliggések alapjan méretpontosan
tervezhetd-e a SN szintézis.

A SN szintézis koriilményei és a kialakult részecskeméret kozotti osszefiiggéseket
linedris regresszio segitségével kerestiik. A modellek illeszkedésének megallapitasahoz
meghataroztuk a linedris regresszios egyiitthatot (R2), és megvizsgaltuk az egyes modellek
konfidencia intervallumait, hogy meghatarozzuk a modellek altal készitett elOrejelzes
pontossagat. A statisztikai elemzéshez legalabb harom parhuzamos kisérlet eredményébdl
szamitott részecskeméretek atlagat és szoras értékeit hasznaltuk fel. A statisztikai
eredmények segitségével tovabbi kisérleteket terveztink ¢és vizsgaltuk a gyakorlati

alkalmazhat6sagat.
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3.1.4. Részecskeméret meghatarozas - Dinamikus fényszoras meérés és transzmisszios

elektronmikroszkopiai vizsgalat

Az SNK részecskeméretét és részecskeméret eloszlasat dinamikus fényszoras méréssel
[Dynamic Light Scattering=DLS] vizsgaltam alkoholos és vizes kozegii szuszpenzidban
egyarant (Malvern Zetasizer Nano S, Malvern Panalytical Ltd.). A méréseket
autokorrelacios tizemmodban végeztem, egyszer hasznalatos, eldobhatdo polisztirol
kiivettakat hasznalva (optikai uthossz 10 mm, térfogat 4,5 ml, VWR Kft.). A DLS
mérésekkel meghatarozott eredmények alatdmasztasanak érdekében, illetve a SNk alakjanak
meghatarozasa miatt transzmisszioés elektronmikroszkopiai [TEM] vizsgalatokat is
végeztem (JEM 1200 EX II, JEOL Ltd.). A vizsgalatokhoz a SN szuszpenziokat legalabb
100-szorosra higitottam etanollal, majd tn. TEM gridekre, specidlis mintatartdé lemezekre
cseppentettem €s vakuum alatt, szobahdmérsékleten szaritottam ket 2 oran at. A TEM
gridek specidlis, karbon bevonattal ellatott réz mintatartok voltak, 200-as vagy 400-as
halosiiriiséggel (Micro to Nano Ltd.). A TEM felvételek a PTE AOK Kézponti

Elektronmikroszkopos Laboratoriumaban késziiltek, Prof. Dr. Seress Laszl6 segitségével.
3.1.5. Feliiletmodositas vizsgalata - Infravoros spektroszkopia

Az infravorés spektroszkopiai [IR] vizsgalatokhoz Shimadzu FT-IR-8400 S (Shimadzu
Corp.) késziiléket hasznaltam, DR800A diffiiz reflektancia mérésre alkalmas egységgel. A
spektroszkopiai mérésekhez a SNKket tartalmazd anyalugbol elészor 50°C-on
elparologtattam az ammoniat, majd a szuszpenziot centrifugaltam (15 000 rpm, 40 perc) és
ultratiszta vizzel haromszor mostam, illetve a tisztitasi 1épések kozott centrifugaltam. Az igy
kapott szilard anyagot 120°C-on szaritottam 48 oran 4t, majd a mintdkat a mérésekig vakuum
exszikkatorban taroltam (JEOL EM-DSCI10E, JEOL Ltd). Az IR mérési paraméterek a
kovetkezOk voltak: pormintakat vizsgaltunk mintael6készités nélkiil; hulldmhossz
tartomany 400-4500 cm™; szkennelési sebesség 5 nm/s; szkennelések szama 100; felbontas:

4 cmt: referencia: mattitott aluminium tikor.
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3.2. Illéolajok formulilasa mikrobiologiai vizsgalatokhoz
3.2.1. Kamilla és fehériirom illoolajat tartalmazo Pickering emulziok formulalasa

Munkam soran kamilla (Matricaria chamomilla, Aromax Kft.) és fehériirom
(Artemisia annua L., PTE AOK Laboratoriumi Medicina Intézet, Sourav Das sajat gy(ijtése
¢és desztillalasa) illéolajokkal dolgoztam.

A formulalas soran alkalmazott illdolaj koncentraciok 0,1-3,5 mg/ml értékek kozott
valtoztak. Kamilla illdolaj esetén a PEk stabilizalasahoz 20 nm méretii és 40%-ban propil
funkcios csoporttal modositott SNket [40PET], illetve fehériirom illoolaj esetén 20%-ban
propil funkcids csoporttal modositott SNket [20PET] hasznaltam, mivel el6kisérleteim soran
ezek bizonyultak megfeleld stabilizaldé agensnek (az eldkisérletek korilményeit ¢és
eredményeit lasd a 9.3. szamu mellékletben). A SNk koncentracidja a kisérletek soran
allando volt, 1 mg/ml.

Az emulgedlas két 1épésben tortént: az eléemulgedlds soran az illdolajok és SN
szuszpenziok elegyét ultrahangos vizfiirdébe helyeztem 2 percre (Bandelin Sonorex RK
52H, BANDELIN Electronic GmbH), majd az igy kapott emulziot tovabb emulgealtam
UltraTurrax segitségével (IKA Werke T-25 basic, IKA Werke GmbH) 2 percig 13 500 rpm
fordulatszamon. Az elkésziilt PEkat tovabbi felhasznéldsig szobahdmérsékleten (25°C),

fénytdl elzart helyen taroltam. Minden formulélést legalabb haromszor ismételtem meg.
3.2.2. Pickering emulziok vizsgalata — Cseppméret, emulzio tipusa, stabilitds

Vizsgaltam, hogyan valtozik az PEk cseppmérete és stabilitdsa az illdolaj
koncentracio fliggvényében. A PEk cseppméretét DLS méréssel hatdroztam meg. A
méréseket autokorrelacids lizemmodban végeztem és kvarc kiivettat hasznaltam (optikai
uthossz 10 mm, térfogat 3,5 ml, Hellma Analytics Ltd). Az emulzidk stabilitdsat szintén DLS
méréssel hataroztam meg, idoben kovetve a cseppméret esetleges valtozasat, tovabba
megfigyeltem, hogy id6ben valtozik-e a PEk kiilleme. Az emulzidkat stabilnak tekintettem,
amennyiben cseppméretiik legalabb 1 hétig nem valtozott, tovabba nem 1épett fel aggregécio
vagy részecskék iilepedése, és fazisszeparaciod sem volt tapasztalhato.

Az emulzidk tipusat vezetoképesség mérésekkel hataroztam meg, Mettler Toledo
Seven2Go S3 konduktométer ¢s InLab® 738-ISM vezetOképesseégi elektrod segitségével
(Mettler Toledo GmbH, Giessen, Germany). A vizsgalatokhoz 6sszehasonlitasként minden
esetben megmértem a kiillonb6z6 SN vizes szuszpenzidk, illetve az illdolajok

vezetOképesseget is.
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3.2.3. Pickering emulziok és sejtmembranok kozotti kolcsonhatas vizsgalata sejtmodellen

Sejtmodellként 3,5 um atmérd;i, unilamellaris liposzémakat készitettem Alexander
Moscho ¢és munkatarsainak munkéassdga nyoman, fosztfatidil-kolin felhasznalasaval
(Phospolipon 90G, Phospholipid GmbH). A foszfatidil-kolint kloroformban (tisztasag
>98%, VWR Kft.) oldottam fel 0,1 mol/dm?® koncentricioban, majd az oldatbél 150 pl
mennyiséget adtam 6 ml kloroform és 1 ml metanol (tisztasag >99%, VWR Kft.) elegyéhez.
Az oldatot cseppenként adagoltam 40 ml PBS pufferhez folyamatos kevertetés mellett (600
rpm). Az oldoszereket rotacids vakuumbeparlon tavolitottam el 40°C-on (Heidolph Laborota
4000, Heidolph Instruments GmbH & CO. KG, Germany). Az iiledéket 25 ml PBS pufferben
szuszpendaltam majd tovabbi felhasznalasig hiitészekrényben, 6-8°C kozott taroltam.

A sejtmodelles  vizsgalatoknal célunk volt kiilonb6zd  formuladcidkat
dsszehasonlitani, igy készitettem HEkat Tween80® feliiletaktiv anyaggal (Polysorbate80,
Acros Organics Ltd.), illetve etanolos oldatokat is. A formulaciokban az illdolajok
koncentréacidja azonos volt, a HEK Tween80® tartalma megegyezett az PEk SN tartalmaval,
ami 1 mg/ml. A hagyomanyos emulziok emulgealasandl a paraméterek a PEk eldallitdsaval
teljesen egyeztek (Id. 3.2.1 fejezet).

A sejtmodelles vizsgalatokhoz 5 ml unilamellaris liposzomat tartalmazo
szuszpenzidhoz 3 ml mintat adtam. A keveréket 600 rpm fordulatszamon kevertettem 24
vagy 48 oran at 37°C vagy 30°C-on, igy a mérési koriilmények megegyeztek a kamilla és
fehériirom 1lloolaj mikrobiologiai vizsgalatainak paramétereivel. 1 ml mintat vettem 1, 2 és
24 vagy 1, 2, 24 és 48 ora elteltével, majd a mintdkat 3000 rpm fordulatszamon 20°C-on
centrifugaltam 5 percig. Az unilamellaris liposzomakat gyiijtottem és abszolut etanolban
feloldottam. A kamilla és fehériirom illoolaj tartalmat UV-Vis spektrofotometrias méréssel
hataroztam meg (Jasco V-550 UV/VIS spektrofotométer), a kamilla illdolaj abszorpcids
maximuma Amax=290 nm, fehériirom illdolaj esetén Amax=248 nm volt. A spektrofotometrias
mérésekhez vak mintékat is készitettem, illoolaj nélkiil, azaz az unilamellaris liposzémakat
elegyitettem SN szuszpenzidval, Tween80® oldattal vagy etanollal, a keverékekkel pedig
ugyanugy jartam el, mint az ill6olaj tartalmi mintdk esetén, majd ezeket alkalmaztam a
megfeleld illoolaj tartalmu mintdk mérése soran referenciaként. Minden esetben harom

parhuzamos mérést végeztem.
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3.2.4. Mikrobiologiai vizsgalatok

A mikrobioldgiai vizsgalatokat PhD hallgato tarsam végezte, a vizsgalatok metodikajanak
sor. A leirdasok megtekinthetfk a dolgozatban, melynek adatai a kovetkezok: PTE
Gyogyszerésztudomanyok Doktori Iskola, PhD hallgato Sourav Das, témavezetd Prof. Dr.
Koszegi Tamas, a disszertacio cime ’'Investigation of antimicrobial and cytotoxic action of
plant extracts and essential oils’. Tovabba angol nyelven is olvashatd az alabbi
publikacidkban:

Sourav Das*, Barbara Horvath*, Silvija Safranko, Stela Joki¢, Aleksandar Széchenyi,
Tamés Kdszegi: Antimicrobial Activity of Chamomile Essential Oil: Effect of Different
Formulations. Molecules 2019, 24, 4321. *osztott els6 szerzok

Sourav Das*, Barbara Vords-Horvath*, Timea Bencsik, Giuseppe Micalizzi, Luigi
Mondello, Gyorgyi Horvath, Tamas Készegi, Aleksandar Széchenyi: Antimicrobial Activity
of Different Artemisia Essential Oil Formulations. Molecules 2020, 25, 2390. *osztott els6
szerzok

A mikrobiologiai vizsgalatok soran az alabbi korokozokkal dolgoztunk: Escherichia coli
PMC 201, Pseudomonas aeruginosa PMC 103, Bacillus subtilis SZMC 0209,
Staphylococcus aureus ATCC 29213, Streptococcus pyogenes SZMC 0119,
Schizosaccharomyces pombe ATCC 38366, Candida albicans ATCC 1001, Candida
tropicalis SZMC 1368, Candida dubliniensis SZMC 1470, Candida krusei SZMCO0779.
Meghataroztuk az illéolajok kiilonb6z6 formulacidinak MICgo [minimalis gatlasi
koncentracio=Minimum Inhibitory Concentration] és MECio [minimalis effektic
koncentracio=Minimum Effective Concentration] értékét, tovabba mikrobidlis oxidativ
egyensulyl vizsgalatokat, id0-halalozéasi kinetikai méréseket, a sejtek életképességének
diszkriminativ vizsgalatat, illetve egyes gombafajok esetén biofilm degradécids kisérleteket

végeztiink el.
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3.3.  Streptococcus mutans fogaszati biofilm kezelése Pickering emulziokkal
3.3.1. Kiilonbézo illoolajat tartalmazo Pickering emulziok formuldldsa

Munkam soran borsmenta (Mentha x piperita L.), fahéj (Cinnamomum verum J.
Presl.), kakukkfii (Thymus vulgaris L.) és szegfiiszeg (Syzygium aromaticum (L.) Merr. and
Perry) illoolajokkal (Aromax Kft.) dolgoztam. A formulalas soran alkalmazott illoolaj
koncentraci6 tartomany megfelelt az tin. cs6higitdsos eljaras soran hasznalt koncentraciod
tartomanynak, amellyel a kiilonboz6 illoolajok MIC értékét lehet meghatarozni adott
koérokozokra nézve. Az alkalmazott illdolaj koncentraciok ennek megfeleléen 0,05-2,00
mg/ml értékek kozott valtoztak fahéj, kakukkfii és szegfiiszeg olaj esetén, mig borsmenta
olajnal 0,15-3,25 mg/ml ko6zott. A mikrobioldgiai vizsgalatokat PhD hallgatd tarsam
képezi, ezért részletes ismertetésére itt nem keriil sor. A leirasok megtekinthetdk az alabbi
dolgozatban: PTE Gyogyszerésztudomanyok Doktori Iskola, PhD hallgatd Baldzs Viktoria
Lilla, témavezet6k Dr. Horvdth Gydrgyi, Dr. Krisch Judit, a disszertacio cime: Illéolajok
antibakterialis hatdsanak vizsgalata in vitro modszerekkel. Tovabba angol nyelven is
olvashat6 az alabbi publikécidoban: Barbara Horvath*, Viktoria L. Balazs*, Adorjan Varga,
Andrea Boszorményi, Béla Kocsis, Gyorgyi Horvath, Aleksandar Széchenyi. Preparation,
characterisation and microbiological examination of Pickering nano-emulsions containing
essential oils, and their effect on Streptococcus mutans biofilm treatment. Scientific Reports
2019, 9, 16611. *osztott elsd szerzok.

A PEk stabilizalasdhoz 20 nm méretli és 20%-ban etil funkcios csoporttal modositott
SNKket [20ET], illetve fahéj ill6olaj esetén 20 nm méretii hidrofil [HS20] és 40%-ban etil
funkcids csoporttal modositott SNket [40ET] hasznaltam, mivel elékisérleteim soran ezek
bizonyultak megfeleld stabilizalo dgensnek (az eldkisérletek paramétereit €s eredményeit
lasd az 9.4. szamu mellékletben). A SNk koncentracidja a kisérletek soran allandé volt, 1
mg/ml.

Az emulgeélas két 1épésben tortént: az eldemulgealas sordn az illdolajok és SN
szuszpenziok elegyét ultrahangos vizfiirdébe helyeztem 2 percre (Bandelin Sonorex RK
52H, BANDELIN Electronic GmbH), majd az igy kapott emulziét tovabb emulgeéaltam
UltraTurrax segitségével (IKA Werke T-25 basic, IKA Werke GmbH) 2 percig 13 500 rpm
fordulatszdmon. Az elkésziilt PEkat tovabbi felhasznalasig szobahdmérsékleten (25°C),

fénytdl elzart helyen taroltam. Minden kisérletet legalabb haromszor ismételtem meg.
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3.3.2. Pickering emulziok vizsgalata — Cseppmeéret, emulzio tipusa, stabilitds

Vizsgaltam, hogyan valtozik az PEk cseppmérete és stabilitdsa az illdolaj
koncentraci6é fiiggvényében. A PEK cseppméretét DLS méréssel hataroztam meg. A
méréseket autokorrelacios iizemmodban végeztem és kvarc kiivettat hasznaltam (optikai
uthossz 10 mm, térfogat 3,5 ml, Hellma Analytics Ltd). Az emulziok stabilitasat szintén DLS
méréssel hataroztam meg, idoben kovetve a cseppméret esetleges valtozasat, tovabba
megfigyeltem, hogy id6ben valtozik-e a PEk kiilleme. Az emulzidkat stabilnak tekintettem,
amennyiben cseppméretiik legalabb 1 hétig nem valtozott, tovabba nem Iépett fel aggregaciod
vagy részecskék iilepedése, és fazisszeparacio sem volt tapasztalhato.

Az emulzidk tipusat vezetoképesség mérésekkel hatdroztam meg, Mettler Toledo
Seven2Go S3 konduktométer és InLab® 738-ISM vezetdképességi elektrod segitségével
(Mettler Toledo GmbH, Giessen, Germany). A vizsgalatokhoz 6sszehasonlitasként minden
esetben megmértem a kiillonb6zé SN vizes szuszpenzidk, illetve az illdolajok

vezetoképességét is.

e rer

crer

itt nem keriil sor. A leirasok megtekintheték a 3.3.1 fejezetben emlitett dolgozatban és

publikacidban.
3.3.4. Invitro diffuzios vizsgadlatok modell biofilmen

Az in vitro diffiziés vizsgalatok soran a mintak illdolaj tartalma megegyezett az in
vitro biofilm degradacios kisérletek soran alkalmazott koncentracio értékekkel, azaz a MIC
felével [MIC/2], melyet el6zbleg csOhigitasos moddszerrel allapitottunk meg. A MIC/2
koncentracio értékek az alabbiak: borsmenta 0,98 mg/ml, fahéj 0,4 mg/ml, kakukkfii 0,20
mg/ml, szegfiiszeg 0,51 mg/ml.

Mind a biofilm degradaciods kisérletek, mind a diffuzids vizsgalatok soran célunk volt
dsszehasonlitani kiilonbdz6 formulaciokat, igy Tween80® feliiletaktiv anyaggal stabilizalt
emulzidkat, HEKat és etanolos oldatokat is készitettiink. Az illdolajokat ebben az esetben is
a fenti, MIC/2 koncentraci6 értékben alkalmaztuk, a Tween80® koncentracidja megegyezett
a SNk koncentraci6 értékével, azaz 1 mg/ml volt. A HEK formulalasa teljesen megegyezett

a PE formulalasaval (Id. 3.3.1 fejezet).
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A biofilm modellen végzett difftizios vizsgalatokat az in vitro biofilm degradacios
kisérleteknek megfeleld, 37°C-os hémérsékleten végeztem el. A vizsgalatokat statikus,
vertikalis Franz diffuzios cellakban végeztem (Hanson Microette Plus, Hanson Research 60-
301-106), hat parhuzamos cellat alkalmazva, amely mintanként hat parhuzamos mérést
eredményezett. A biofilm modell membran 2,1 mm vastag 2 m/m%-os agar gél volt,
melynek effektiv penetracios teriilete 2,54 cm?. A Franz cella térfogata 7 ml, amely foszfatélt
s6 oldat [Phosphated Buffer Saline=PBS puffer] receptor folyadékot tartalmazott (a PBS
puffer készitését és pontos Osszetételét lasd a 9.5. szamu mellékletben). A vizsgalando
mintak térfogata 600 ul volt. A vizsgalat id6tartama 6 ora volt, mintavétel az els6 fél draban,
majd minden egész oraban tortént. A mintavételi térfogat 2 ml volt, melyet minden esetben
potoltam friss PBS pufferrel. A minték illdolaj tartalmat UV-Vis spektroszkopiai vizsgalattal
hataroztam meg (Jasco V-550 UV/VIS spektrofotométer, ABL&E-JASCO Magyarorszag
Kft.).

A mintdk illéolaj tartalmanak meghatarozasat az egyes olajok abszorpcios
maximumanak értékén végeztem el, melyek a kovetkezOk: borsmenta Amax =237 nm, fahéj
Amax=292 nm, kakukkfi Amax=277 nm, szegfii Amax=281 nm. A Tween80® feliiletaktiv anyag
abszorpcidos maximum értéke Amax=225 nm, ezért abban az esetben, ahol a borsmenta
hagyomanyos emulzigjat vizsgaltam, a mérések kiértékelése sordn figyelembe kellett
vennem, hogy az abszorpcios cstcsok atlapolédnak/Gsszeadodnak. A borsmenta illoolajhoz
tartozo abszorpcids értékek pontos meghatarozasat tobb-hulldmhosszon végzett linearis
regresszié szamitasaval végeztem el, OriginPro8® szoftverrel (OriginLab Corp.), melyhez
elézetesen meghataroztam a Tween80® és a borsmenta illoolaj abszorpcids koefficienseinek

értékét az abszorpcidés maximumokhoz tartozo hullamhossz értékeken.
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3.4. Koromgomba helyi kezelése teafa illoolajat és tiokonazol hatéanyagot

tartalmazo Pickering emulzioval
3.4.1. Teafa illoolaj gazkromatografias analizise

34.1.1. Statikus gbztéranalizis szilard fizisi mikroextrakcioval (sHS-SPME)

A teafa illdolaj mintdkat [MA] (Melaleuca alternifolia illéolaj, Tebamol®, BIO-DIAT-
BERLIN GmbH) 20 ml-es, szilikon/PTFE szeptummal lezart ’headspace’ iivegben
vizsgaltuk. A minta statikus géztéranalizise szilardfazisi mikroextrakcioval tortént, CTC
Combi PAL tipust automata mintavev$ alkalmazasaval (CTC Analytics AG). A minta 5
perces 100°C-on végzett inkubaldsa utan a 65 um filmvastagsaga StableFlex poli-dimetil-
sziloxan/karboxen/divinil-benzol (CAR/PDMS/DVB) SPME szalat (Supelco Inc.) a minta
gdzterébe juttattuk, az extrakciot 20 percig végeztiik 100°C-on, majd a gazkromatografias
késziilék injektoraba vittiik, ahol deszorpcido ment végbe 250°C-on, 1 percig. Az injektalas
“split” modban 1:90 split arannyal tortént. Végiil a szalat nagy tisztasdgu nitrogén gazban

250°C-on 15 percig tisztitottuk €s kondicionaltuk.

3.4.1.2. Gézkromatografia és tomegspektrometria (GC-MS)

Az analizist Agilent 6890N/5973N GC-MSD (Agilent Technologies, Inc.) késziilékkel,
Supelco SLB-5MS kapillaris kolonnan (30 m x 250 pm x 0.25 pum) végeztiik. A kolonna
hémérséklete egy 3 perces izoterm szakasz utdn 60-250 °C—ra emelkedett 8 °C/perc flitési
sebesseéggel, a végsd homérsékletet 1 percig tartottuk. A vivogaz nagy tisztasagl, 6.0 hélium,
az aramléasi sebesség 1,0 ml/perc (37 cm/s) volt, ’constant flow” modban. A
tomegspektrometrias  detektalas  kvadrupol — tomegszelektiv  detektorral — (MSD)
elektronionizacidés modban (70 eV), teljes scan modban (41-500 amu, 3,2 scan/s) tortént. Az
adatokat MSD ChemStation D.02.00.275 software (Agilent Technologies, Inc.) segitségével
értekeltiik ki. A komponensek azonositdsa sordn a retencios adatokat €s tomegspektrumokat
a NIST 2.0 konyvtar adataival hasonlitottuk Ossze, a szdzalékos értékelést a csucs alatti

teriilet normalizacidjaval végeztiik el.
3.4.2. Tiokonazol oldhatosaganak meghatarozasa teafa illoolajban

34.2.1. Oldhatosag meghatdrozasa a Hansen-féle oldhatosagi paraméter segitségével

Miutan elvégeztik az MA gazkromatografids analizisét, és megallapitottuk melyek a
fokomponensei, elvégeztem a tiokonazol Hansen-féle oldhatésagi paramétereinek

szamitasat, melyhez az 5.0.11 Hansen Solubility Parameters in Practice (HSPiP) szoftverét
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hasznaltuk. Az angol betliszobol szarmazo, tn. SMILES azonositojat hasznaltam fel a
fokomponenseknek és a tiokonazolnak [SMILES: Simplified Molecular Input Line Entry
Specification, azaz egyszerisitett, begépelhetd molekula-leird rendszer], melyeket a
PubChem weboldal adatbazisabol vettem. A Hansen-féle oldhatosagi paraméter (&)
szamitasba veszi a molekulak kozott 1étrejove lehetséges diszperzids (84)-, polaris (8,)- és
hidrogénkétés (8,,) kolcsdnhatasokat!®?,
5= (83 +62+82)"
Az oldhatosagi paraméterek kiillonbségeit, az in. HSP kiilonbséget (A8) szamoltuk, ha ennek

az értéke 7 alatt van, a komponensek egymassal elegyednek, egymasban oldédnak®,

AS = |501dészer - Stiokonazoll

3.4.2.2. Tiokonazol kinetikai oldhatdsdganak meghatdrozésa

A tiokonazol [T10] (tisztasag >98%, Alfa Aesar GmbH) kinetikai oldhatosagat vizzel telitett

MAban oldészer addiciés mddszerrel hataroztam meg!®

. A hérom parhuzamos kisérletet
szobahdmérsékleten (25°C) végeztem el. Szuszpenzidt készitettem 25,0 mg TIO és 500 pl
MA keverékébol. Az MA térfogatat addig ndveltem folyamatosan, amig a szuszpenziobol
valodi oldatot nem kaptam. A szuszpenzid allapotat, illetve a szuszpenzio-valddi oldat
kozotti atmenetet DLS méréssel és vizualis megfigyeléssel vizsgaltam. DLS mérés esetén

manualis korrelaciot alkalmaztam, amellyel a mérési paraméterek allando értéken tarthatok,

igy a szuszpenzid-valodi oldat kdzotti d&tmenet egyértelmiien megfigyelhetd.

3.4.2.3. Teafa illoolaj és tiokonazol tartalmu Pickering emulzidk formulalasa

Els6 lépésben tiszta MAval dolgoztam, a PEk formulalasahoz kiilonb6z6 méret,
tovabba kiilonb6zé funkcios csoporttal és valtozo feliileti boritottsagban modositott SNket
hasznaltam fel. Végeztem kisérleteket arra vonatkozoan, hogyan befolyasolja a SN
koncentrécio, illetve az emulgealasi energia valtoztatdsa a PEk cseppméretét és stabilitasat.
Minden kisérletet legalabb haromszor ismételtem meg. Tekintettel a dolgozat terjedelmére
¢és a kisérletek mennyiségére, azokat a kisérleti koriilményeket €és eredményeket, amelyek
nem hoztdk a vart eredményeket pl. stabilitdsra vonatkozoan, a 9.6. szamu mellékletben
ISmertetem részletesen. A tovabbiakban a megfeleld fizikai kémia paraméterekkel
rendelkez6 PEk eldallitasanak modjat foglalom Gssze.

MA és TIO MA 20 m/m% olajos fazis esetén is a PEk stabilizalasahoz harom
kiilonb6z6, 20, 50 és 100 nm méretii, 20%-ban etil funkcids csoporttal modositott SNket
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hasznaltam fel [20ET20, 20ET50, 20ET100], mivel eldkisérleteim soran ezek bizonyultak
megfeleld stabilizalo dgensnek. A SNk koncentracidja a kisérletek soran allandoé volt, 1

Az emulgedlas két 1épésben tortént: az elé emulgedlds soran az illdolajok és SN
szuszpenziok elegyét ultrahangos vizfiirdobe helyeztem 2 percre (Bandelin Sonorex RK
52H, BANDELIN Electronic GmbH), majd az igy kapott emulziot tovabb emulgealtam
UltraTurrax segitségével (IKA Werke T-25 basic, IKA Werke GmbH) 2 percig 13 500 rpm
fordulatszamon. Az elkésziilt PEkat tovabbi felhasznaldsig szobahOmeérsékleten (25°C),

fénytol elzart helyen taroltam. Minden formulélést legaldbb haromszor ismételtem meg.

3.4.2.4. Pickering emulziok tulajdonsagainak meghatarozdsa — Cseppméret, emulzio

tipusa, stabilitas

A mérések soran vizsgéltam, hogyan valtozik a PEk cseppmérete és stabilitdsa az
olajos fazis koncentraciojanak, illetve az emulzidkat stabilizal6 SNk méretének
figgvényében. Ahogy az a bevezetdben ismertetésre keriilt, a PEk stabilitasat szamos
tényez0 befolyasolhatja, tobbek kozott az olajos fazis fizikai kémiai paramétereinek
valtozasa. Emiatt meghataroztam, miként véltozik a MA dinamikus viszkozitasa, ha 20
m/m% mennyiségben TIOt tartalmaz. A méréseket Ostwald-Fenske kapillaris
viszkoziméterrel végeztem el, 25°C hdmérsékleten, hdrom parhuzamos vizsgalattal.

A Pickering emulzidk cseppméretét DLS méréssel hatdroztam meg. A méréseket
autokorrelacids iizemmodban végeztem és kvarc kiivettat hasznaltam (optikai Gthossz 10
mm, térfogat 3,5 ml, Hellma Analytics Ltd). Az emulzidk stabilitasat szintén DLS méréssel
hataroztam meg, idoben kdvetve a cseppméret esetleges valtozasat, tovabba megfigyeltem,
hogy id6ben valtozik-e a PEk kiilleme. Az emulzidkat stabilnak tekintettem, amennyiben
cseppméretiik legalabb 1 hétig nem valtozott, tovabba nem Iépett fel aggregacid vagy
részecskék lilepedése, és fazisszeparacid sem volt tapasztalhato.

Az emulziok tipusat vezetOképesség mérésekkel hataroztam meg, Mettler Toledo
Seven2Go S3 konduktométer €s InLab® 738-ISM vezetOképesseégi elektrod segitségével
(Mettler Toledo GmbH, Giessen, Germany). A vizsgalatokhoz dsszehasonlitasként minden
esetben megmértem a kiilonbozé SN vizes szuszpenziok, illetve a MAnak és TIO MA 20

m/m% oldatnak a vezetoképességét is.
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3.4.2.5. Pickering emulziok in vitro diffuzios vizsgalata korommodellen

Az in vitro diffazidos vizsgalatoknal célunk volt kiilonb6z6 formulaciokat
osszehasonlitani, igy készitettem Tween80® feliiletaktiv anyaggal stabilizalt HEKkat, illetve
etanolos oldatokat is. A formulaciokban az olajos fazis koncentracidja azonos volt, a
hagyomanyos emulziok Tween80® koncentracidja megegyezett az PEk SN
paraméterck a PEk elGallitasaval teljesen egyeztek (Id. 3.2.1 fejezet).

Az in vitro vizsgalatokhoz 2,1 mm vastag, 6 m/m% agar gélt hasznaltam (tisztasag
>95%, VWR Kft.), illetve az agar gélt kombinaltam 0,8 mm vastag cellul6z-acetat
membrannal (Membranfilter Porafil, Macherey-Nagel GmbH&Co., pérusméret 0.2 pum).
Mindkét membran effektiv penetracios teriilete 2,54 cm? volt. Az agar gélt minden egyes
vizsgélat elott frissen készitettem el az alabbi modon. Az agar port ultratiszta vizben
diszpergaltam, majd a keveréket folyamatos kevertetés kozben melegitettem és forraltam,
egészen addig, amig az agar teljesen fel nem oldodott. A még forrd agar oldat 10 ml-ét 2,1
mm magas milanyag edénybe Ontdttem, és szobahdmérsékleten hagytam teljesen kihtilni,
illetve gélesedni. A gélesedést kdvetden az agar gélt PBS pufferben aztattam egy ¢éjszakan
at. Végiil sajat készitésii eszkozzel kivagtam és a 3,5 cm? méretii membrant és a Franz cella
donor részére helyeztem. A cellul6z-acetdt membrant szintén minden mérés eldtt bedztattam
PBS pufferbe, legalabb 1 ¢éjszakan at, szobahdmérsékleten.

A diffuzids vizsgalatokat statikus, vertikalis Franz cellaban végeztem 32°C-on, hat
cellat parhuzamosan alkalmazva, melyek effektiv penetracios teriilete 2,54 cm? (Hanson
Microette Plus, Hanson Research 60-301-106, Hanson Research Corp.). A Franz cellak
térfogata 7 ml, mely PBS puffer receptor folyadékot tartalmazott; a vizsgalt mintak térfogata
600 ul, a kevertetés sebessége 700 rpm volt. A mintavételi térfogat 2 ml volt, melyet minden
esetben potoltam friss PBS pufferrel. A mérés idotartama 2 6ra volt, mintavételezés az 5, 10,
vizsgéltam.

A mintak TIO tartalmat HPLC mérésekkel allapitottuk meg (SPD 10-A HPLC UV-
Vis detektorral, Shimadzu Europa GmbH), a metodika Bagary és kollégainak munkéjan
alapul®. A mintak elvéalasztisa monolit szilika oszlopon tortént (ODS-AM302, S-5um,
120A, YMC Co.). A mozg6 fazis (pH=7,0) Osszetétele a kovetkezd volt: metanol és 0,02
mol/dm?® K;HPO4=85/15 V/V% elegye, amely 0,2 V/V%-ban trimetil-amint tartalmazott,
minden vegyszer HPLC tisztasagi volt (HiPerSolv CHROMANORM®, VWR Kft.). A
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mozg6 fazist minden mérés el6tt frissen sziirtiik 0,2 pm poérusatmérdjii membranon (Merck
Millipore Nylon szirli, Merck KGaA). Izokratikus eluciot végeztiink 1,5 ml/min aramlasi

sebességgel, 32°C-on. A TIO retencids ideje 3,5 perc, a detektalas hullimhossza 254 nm.
3.4.3. Mikrobiologiai vizsgalatok Trichophyton rubrum és Candida albicans gombafajokon

A mikrobioldgia vizsgalatokat Sourav Das PhD hallgato tarsam végezte el a PTE TTK

Altalanos és Kornyezeti Mikrobiologiai Tanszéken.

3.4.3.1. A mikrobioldgiai vizsgalatok soran hasznalt miiszerek

UV-Vis spektrofotométer (Hitachi U-3900, Hitachi High-Tech Corporation); mikrobiologiai
inkubator (Thermo Scientific Heraeus B12, Thermo Fischer Scientific Ltd.); Biirker
sejtszamlalo kamra (Hirschmann Laborgerdte GmbH.), Multiskan EX 355 spektrofotométer

(Thermo Fischer Scientific).

3.4.3.2. Mikrobiologiai kisérletek sordn hasznalat anyagok

A mikrobiologiai kisérletekhez az alabbi anyagokat és vegyszereket hasznaltuk fel: steril 96-
lyuku mikrotiter lemez (Greiner Bio-One), burgonya dextr6z agar (BioLab Kft.). Steril 10
um porusatmérdji szirék (PluriSelect, pluriSelect Life Science GmbH). Dextr6z, adenin,
bakteriologiai pepton és agar a Reanal Labor Kft.t6l. Steril centrifuga csévek (TPP Techno
Plastic Products). Kiilonb6z6 taptalajokat készitettiink. Sabouraud dextréz agar (6sszetevok:
4% dextroz, 1% bakteriologiai pepton és 1,5% agar vizben). Elesztés dextréz agar
(0sszetevOk: 2% bakterioldgiai pepton, 1% élesztd kivonat, 2% dextréz, 1,5% agar vizben.
3-(N-morfolino)-propan-szulfonsav [MOPS] (Serva Electrophoresis GmBH), RPMI 1640
taptalaj (0sszetevok: 3,4% MOPS, 1,8% dextroz, 0,002% adenin) (Sigma-Aldrich Chemie
GmbH). Ultratiszta vizet hasznaltunk minden kisérlethez (<1.0 uS).

3.4.3.3. Gomba torzsek és tenyésztésiik

A koromgombas megbetegedésekért leginkabb felel6s két gombafajjal dolgoztunk:
Trichophyton rubrum (T. rubrum) DSM 21146 (Leibniz Institute DSMZ GmbH ) és Candida
albicans (C. albicans), utobbit az Altaldnos és Kornyezeti Mikrobiologiai Tanszék (PTE
TTK, Biologiai Intézet) bocsatotta rendelkezésiinkre.

Kisérleteink soran mar korabban leirt metodikat kovettiink a T. rubrum és C. albicans
gombak preparalasahoz!%1971%19- A T rubrum gombabol térzs szuszpenziot készitettiink,
7 napos, burgonya dextr6z agaron, 28°C-on, sporulacié céljabol késziilt tenyészetekbdl. 10

nappal késébb mar megfigyelheték voltak a gomba kolonidk, amelyek feliiletét steril
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eszkozzel kapartuk le és 10 ml ultratiszta vizet adtunk hozza. Az igy kapott, konidium
sporakat és gombafonalat egyarant tartalmazé oltvany szuszpenzidt steril centrifugacsdbe
pipettaztuk 10 um porusatmérdjii szlron torténd sziirést kovetden. A sziirés célja a
gombafonalak eltavolitasa volt, igy csak spordk maradtak az oltvanyban. Az oltvany spora
sejtszamlalo kamraval, illetve turbidimetrias méréssel tortént 520 nm hulldamhosszon (UV-
Vis spektrofotométer). Az igy elkésziilt sporakat tartalmazo oltvanyt hasznaltuk fel a tovabbi
kisérletekhez.

A C. albicans gombabdl torzs szuszpenziot készitettiink, 48 oran at, élesztds dextroz
agaron, 30°C-on tenyésztett mintabol. A 30°C-on végzett, 18 6rdn at tartd inkubaciot
kovetden, a sejteket kihaldsztuk, higitottuk 0,9%-os steril sdoldattal, majd a sejtek szamat
Biirker sejtszamlalé kamraban és turbidimetrias méréssel 595 nm hulldmhosszon pontosan

értékre allitottuk be. Az igy elkésziilt szuszpenzidt hasznaltuk fel a tovabbi kisérletekhez.

3.4.3.4. Antifungalis aktivitds meghatarozasa

A T. rubrum ¢és C. albicans minimalis gatlasi koncentracio értékének [Minimal
Inhibitory Concentration=MIC] meghatarozasat az alabbiak szerint végeztiik el 198:199:200.201.
Elkészitettiik a TIO és MA etanolos oldatat 0,5-300 pg/ml koncentracié tartoményban,
melyeket 96-lyuku mikrotiter lemezre vittiink. A kiilonbozé SNkkel stabilizalt PEkat és
hagyomanyos emulziokat egyarant teszteltiik ugyanebben a koncentracio tartomanyban.

100 pl gomba sporat vagy sejtet tartalmazo szuszpenziot adtunk 100 pl mintdhoz. A
vizsgélatoknal ligyeltiink arra, hogy a szuszpenzidk spora vagy sejt tartalma minden esetben
azonos legyen. Tovabbi informaciok a 3.4.3.5 és 3.4.3.6 fejezetben olvashatok. Kontrollként
meghataroztuk a 20ET20, 20ET50 és 20ET100 SN szuszpenziok, az etanol és a Tween80®

oldatanak antifungalis aktivitasat is.

3.4.3.5. Minimalis gatlasi koncentracid [MIC] meghatdrozasa T. rubrum esetén

crer

méréseket a ’Clinical & Laboratory Standards Institute (CLSI) M38-A2A’ protokollja
szerint végeztiik el. A mérések elokészitéséhez 100 pl térfogati szuszpenziot mikrotiter
lemezekre vittiink, majd inkubaltuk 28°C-on 7 napig. Ezt kdvetden ravittik a lemezre a
mintakat, melyeket RPMI médiummal higitottunk, majd inkubaltuk tovabbi 7 napig, 28°C-

on. A kontroll mintat hatdbanyagot nem, csak RPMI médiumot tartalmaz6 mintaval kezeltiik.
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A MIC értekek meghatarozésa vizudlis megfigyeléssel tortént, a kontrollal torténd

dsszehasonlitassal?®2. Minden kisérletet hatszor ismételtiink meg.

3.4.3.6. Minimalis gatlasi koncentriacio [MIC] meghatirozasa C. albicans esetén

crer

A mérések soran 2-10° sejt/ml koncentracioji C. albicans szuszpenziot alkalmaztunk. A
mérések a tovabbiakban a T. rubrum MIC értékeinck meghatarozasaval analog modon
torténtek, RPMI médiumban, kiilonbség az inkubacids idében és hémérsékletben volt, mely
C. albicans esetében 48 ora 30°C-on. A MIC értékek meghatarozasa spektrofotometrias
méréssel tortént 595 nm hulldmhosszon. A kontroll mintat hatéanyagot nem, csak RPMI

médiumot tartalmazé mintaval kezeltiik. Minden kisérletet hatszor ismételtiink meg.

3.4.3.7. A minimalis fungicid koncentricié [MFC] meghatarozasa

Az MFC ¢értékek meghatdrozdsa a kordbbiakban emlitett leirds alapjan, kisebb
modositasokkal tortént!®, A MIC értékek meghatirozisa utdn, minden egyes mikrotiter
lemezen 1évé mintabdl 10 ul térfogatot vettiink, majd kioltottuk steril Soubaroud dextr6z
agar lemezre. A lemezeket inkubaltuk 30°C-on 48 oran at. MFC értéknek azt a
legalacsonyabb hatdanyag koncentraciodt tekintettiik, ahol mar nem tapasztaltunk gomba

novekedést (>99.9% ndvekedés gatlas). Minden kisérletet hatszor ismételtiink meg.

3.4.3.8. Statisztikai kiértékelés

A mikrobiolégiai vizsgalatokhoz a statisztikai kiértékelést OriginPro7® szoftverrel végeztiik
el (OriginLab Corp.), fliggetlen mintas varianciaanalizist (an. egyutas ANOVA) alkalmazva,

asz ignifikancia szint p< 0.05 érték volt.
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4. EREDMENYEK ES KOVETKEZTETESEK

4.1.  Szilika nanorészecskék szintézise, feliiletmodositasa és vizsgalata
4.1.1. Szilika nanorészecskék szintézise és vizsgalata

A SNk szintézisét szamos paraméterrel befolyasolhatjuk, a reakcid koriilményei hatdssal
vannak a kialakult méretre, alakra és a diszperzitas fokara is. llyen paraméter a szilanol
prekurzor koncentracioja, az alkalmazott katalizator és annak koncentracidja, a viz
mennyisége €s a reakcid homérséklete. Annak érdekében, hogy atlathatova tegyiik az egyes
paraméterek valtoztatdsanak hatdsat a SNk tulajdonsagaira, a kisérletek soran mindig csak
az egyik paramétert valtoztattuk, a tobbit allando értéken tartottuk. A TEOS koncentracioja

minden egyes kisérlet soran alland6 volt, cteos=0,26 mol/dm?.

41.1.1. Ammonia, mint katalizator koncentracidéjanak hatasa a SNk szintézisére

Elsdként megvizsgaltam, hogyan hat az ammoénia, mint Kkatalizator

crer

hémérsékleten végeztem el, 25°C-on, a viz koncentracidja alland6 volt, c.i,=5 mol/dm?3. Az

igy szintetizalt SNk eredményeit az 2. tabldazatban lathatjuk.

Minta cNHs (mol/dm?3) dpis (nm) PDIbis drem (nm) PDItem

A 0,291 190,80+0,93 0,008 191,38 0,003
B 0,194 99,09+1,15 0,021 91,72 0,006
C 0,097 27,05+0,80 0,082 28,33 0,005
D 0,019 - - - -
E 0,009 - - - -
F 0,004 - - - -

2. tablazat: SNk tulajdonsagai valtoz6 ammonia koncentraciéval végzett reakciok esetén. Cteos=0,26
mol/dm?3, ¢,,=5 mol/dm?, T=25°C. PDIp.s: DLS mérésekbél kapott polidiszperzitasi index. PDlrem: TEM
felvételek alapjan szamolt polidiszperzitasi index. A szoras értékeket legalabb 3 parhuzamos mérés
eredményébdl szamoltuk.

A kisérleti eredményekbél arra kovetkeztethetiink, hogy 0,019 mol/dm® amménia
koncentracio alatt nem alakulnak ki részecskék, ezért a tovabbiakban a 0,291-0,097 mol/dm?
koncentracié tartomanyban vizsgaloédtunk (A-C minta), ahol a méretek 190,80-27,05 nm
kozott alakultak. Ebben a tartomanyban a szintézis nagy kitermeléssel végezhetd el (>80 %).
A SNk részecskeméret eloszlasa monodiszperz, amelyet a TEM felvételek is megerdsitettek

(Id. 6. dbra), illetve mindegyik szabalyos gomb alakd.

47



e VR
MICoacope  Accelsreing Voltage Magnficaton ccelerating Vorage Magn ficalion N 7 ion
JEM-1200EX W 0KV 20000 x 30V 50000 x 500 ot & 500 0m

6. abra: SNkrél késziilt TEM felvételek. cteos=0,26 mol/dm?, ¢,;,=5 mol/dm3, T=25°C A minta: d=191 nm,
B minta: d=91.7 nm, C minta:d=28.3 nm.

—500 nm— JE|

41.1.2. Homérséklet valtoztatdsanak hatasa a SNk szintézisére

Kovetkez6 1épésben a homérséklet valtoztatasanak hatasat vizsgaltam a SNK
szintézisére. A reakciok soran 25-50°C kozott dolgoztam, a viz koncentracidja allando volt,

Cviz=5 mol/dm?3. Az igy szintetizalt SNk eredményeit a 3. tabldzatrban lathatjuk.

Minta ¢NHs (mol/dm3) T (°C) dbiws(nm) PDIpits drem (nm) PDItem

T25A 0,291 25 190,80+0,93 0,008 191,4 0,003
T30A 0,291 30 170,50+1,17 0,002 169,7 0,001
T35A 0,291 35 153,60+0,91 0,014 155,1 0,007
T40A 0,291 40 142,70+1,02 0,023 145,2 0,008
T45A 0,291 45 96,35£0,99 0,041 95,9 0,008
T50A 0,291 50 69,32+0,88 0,016 67,8 0,012
T25B 0,194 25 99,09+1,15 0,021 91,7 0,006
T30B 0,194 30 88,60+1,06 0,018 81,8 0,004
T35B 0,194 35 67,81+0,77 0,005 64,5 0,015
T40B 0,194 40 56,11+0,85 0,041 55,4 0,003
T45B 0,194 45 41,87++0,75 0,048 42,1 0,007
T50B 0,194 50 30,15+0,69 0,455 32,0 0,031
T25C 0,097 25 27,05+0,80 0,082 28,33 0,005
T30C 0,097 30 22,51+0,25 0,095 23,19 0,002
T35C 0,097 35 12,08+0,06 0,146 14,06 0,026
T40C 0,097 40 10,43+0,12 0,226 10,99 0,018
T45C 0,097 45 7,49+1,04 0,467 6,53 0,019
T50C 0,097 50 6,11+0,20 0,455 8,91 0,074

3. tablazat: SNk tulajdonsagai valtozo hémérsékleten végzett reakciék esetén. Creos=0,26 mol/dm?,
Cviz=5 mol/dm3. PDIp.s: DLS mérésekbdl kapott polidiszperzitasi index. PDItem: TEM felvételek alapjan
szamolt polidiszperzitasi index. A szoras értékeket legalabb 3 parhuzamos mérés eredményébdl szamoltuk.

Az eredmények alapjan megallapithato, hogy novelve a reakcido hdmérsékletét a SNk
mérete csokken. A méret csokkenésének mértéke valtozd az egyes ammonia koncentraciok
esetén: 0,291 mol/dm® értéknél a részecskeméret 25-50°C kozott 190,80-69,32 nm
mérettartomanyban valtozik; alacsonyabb koncentracio értéknél, 0,194 mol/dm3-nél, a

részecskeméret 99,09-30,15 nm kozott; illetve a legalacsonyabb koncentracional, 0,097

48



mol/dm3-nél, az értékek 27,05-6,12 nm kozott valtoznak. Minden kisérletet legalabb
haromszor ismételtem meg, és a szords értékek alapjan ugy talaltuk, hogy a reakcidok
reprodukalhatosaga kivalo, tovabba a részecskék monodiszperzek (PDlprs: 0,002-0,091). A
SNk monodiszperzitasat alatamasztjak a TEM felvételek is (1d. 7. dbra), illetve jol lathato,

hogy a hémérséklet nem befolyasolja a részecskék alakjat, minden hdmérsékleten szabalyos

gomb alaku részecskék allithatok eld.

7‘):[::1: nr

3

7. abra: SNkrol késziilt TEM felvételek valtozé homérsékleten végzett reakciok esetén. Creos=0,26
mol/dm?®, ¢,,=5 mol/dm?3. A: T25B d=91,7 nm. B: T30B d=81,8 nm. C: T35B d=65,4 nm. D: T40B d=55,4
nm. E: T45B d=42,1, F: T50B d=32,0 nm.

Az eredményeket tanulmanyozva linearis Osszefiiggést talaltunk a SNk mérete és a
reakcid hémérséklete kozott, melyet méretpontos kisérlettervezésre hasznaltunk fel. Az

ezzel kapcsolatos szamitasokat és eredményeket lasd az 4.1.2 fejezetben.

4.1.1.3. Viz koncentracio valtoztatasanak hatdsa a SNk szintézisére

Ezekben a kisérletekben a reakcidkat allando homérsékleten, T=25°C-on végeztem
el, a viz koncentraciojat pedig 2-5 mol/dm? érték kozott valtoztattam. Az igy szintetizalt SNk

eredményeit a 4. tabldazatban lathatjuk.

49




Minta cNHs (mol/dm3) cviz (mol/dm3) dois (nm) PDIbis drem (nm) PDItem

VAl 0,291 5 190,80+0,93 0,008 191,4 0,003
VA2 0,291 4 142,70+3,34 0,041 146,6 0,004
VA3 0,291 3 58,50+2,17 0,061 54,7 0,010
VA4 0,291 2 52,18+3,72 0,059 50,7 0,013
VB1 0,194 5 99,09+1,15 0,021 91,7 0,006
VB2 0,194 4 58,97+1,58 0,043 60,3 0,002
VB3 0,194 3 34,50+2,08 0,095 33,6 0,011
VB4 0,194 2 27,81+8,16 0,073 28,2 0,013
VC1 0,097 5 27,05+0,80 0,082 28,3 0,005
v 2 0,097 4 9,54+1,15 0,263 20,3 0,008
VC3 0,097 3 7,58+1,64 0,190 15,7 0,006
VC4 0,097 2 6,92++2,23 0,250 6,5 0,019

4. tablazat: SNk tulajdonsigai valtozé viz koncentraciéval végzett reakcidk esetén. Creos=0,26 mol/dm?,
T=25°C. PDlpLs: DLS mérésekbdl kapott polidiszperzitasi index. PDItem: TEM felvételek alapjan szamolt
polidiszperzitasi index. A szoras értékeket legalabb 3 parhuzamos mérés eredményébdl szamoltuk.

mérete csokken. Hasonldan a reakcié hémérsékletével kapcsolatos kisérletek esetén, itt is
megfigyelhetd, hogy a részecskeméret csokkenésének mértéke valtozik, ha az ammoénia
koncentracioja valtozik. 0,291 mol/ dm® ammonia koncentracio esetén a SNk mérete 190,80-
52,18 nm kozott valtozik az 5-2 mol/dm? viz koncentracié tartomanyban; 0,194 mol/dm?®
koncentracié esetén a méretek 99,09-27,81 nm kozdtt valtoznak; mig 0,097 mol/dm?
koncentraciondl a valtozas 27,05-6,92 nm kozott figyelhetd meg. A SNk polidiszperzitasi
indexe itt mar joval nagyobb értékek kozott valtozik, mint a korabbi kisérletek esetén, amely
akar 0,250 is lehet.

Osszességében megallapitottuk, hogy a kevesebb, mint 3 mol/dm? vizzel szintetizalt
SNk nagyon polidiszperzek, illetve nem szabalyos gdmb alaktiak, utébbit a TEM felvételek
erGsitették meg (Id. 8. abra). Ebben az esetben is megfigyeltiink linearis 6sszefiiggést a SNk
mérete €s a reakcio soran alkalmazott viz koncentracioja kozott, azonban az adatokat nem

hasznaltuk fel méretpontos kisérlettervezésre a jelentds alakvaltozas miatt.
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8. dbra: SNkrél késziilt TEM felvételek viltozo viz koncentraciéval végzett reakciok esetén. TEos=0,26
mol/dm?, T=25°C A: VB1 d=91.7 nm. B: VB2 d=60.3 nm. C: VB3 d=33.6 nm. D: VB4 d=28.2 nm.
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4.1.2. Szilika nanorészecskék méretpontos szintézise a homérséklet befolyasolasaval

Kisérleteink soran linearis Osszefiiggést talaltunk a homérséklet valtoztatasa és a
kialakult SNk részecskemérete kozott, melyet felhasznalva méretpontos kisérleteket

terveztiink. Az egyes ammonia koncentraciokhoz tartozo Osszefiiggéseket a 9. dbra

lathatjuk.
SNk meéret-homérséklet fliggése kiilonb6z6 ammoniakoncentracio esetén
200 _ o (NH3=0.201M
@' L
o cNH3=0.194M
150 L]
» c<NH3=0.0971M
= A,
g ;
; 100 .
..
¢ e
0 y=-08138x+ 44,412 o
R2=0,9326
- P
o
n 7 32 37 4L 7 52

T(°C)
9. abra: SNk méret-hémérséklet fiiggése kiilonboz6 ammonia koncentracié esetén.
A linedris regresszids egyenesek segitségével harom kiilonb6z6 homérseklet értékre (32, 43
¢és 48°C) szamoltuk ki a részecskeméretet, majd a SN szintéziseket el is végeztiik ezeken az
értékeken. Az 5. tdblazatban lathato, hogy a szamolt és kisérleti eredmények jO egyezést

mutatnak.

Linearis 6sszefiiggésbol szamolt adatok
T (°C) <¢NH3=0,291 mol/dm3 c¢NH3=0,291 mol/dm? ¢NH3=0,291 mol/dm3

32 159,7 78,4 18,07
43 105,7 47,4 9,13
48 81,24 33,3 5,06

Kisérleti eredmények
T (°C) <¢NH3=0,291 mol/dm3 c¢NH3=0,291 mol/dm? ¢NH3=0,291 mol/dm3

32 158,6 76,74 16,9
43 104,2 49,04 5,8
48 77,3 35,0 5,6

5. tablazat: SN méret-homérséklet linearis 6sszefiiggésbol szamitott adatok, és ez alapjan végzett
kisérletek eredményei.

Ezt kovetden a szamitott és kisérleti adatok felhasznalasaval statisztikai elemzést végeztiink,

célunk volt, hogy megadjuk, milyen megbizhatdésaggal végezheté el a méretpontos SN
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szintézis. A statisztika szamitdsok eredményeit grafikusan a 10. dabran lathatjuk, az egyes
ammonia koncentraciokra szamitott konfidencia intervallumokat, illetve az illesztés josagat

pedig a 6. tdbldzatban olvashatjuk.

SNk méretpontos szintézise

® Kisérleti eredmények ctNH3=0,219 M
200 -

® Tervezett meéret cNH3=0,291 M

@ Kisérleti eredmények <NH3=0,194 M
Tervezett méret cNH3=0,194 M

® Kisérleti eredmények <NH3=0,097 M

Tervezett méret cNH3=0,097 M

0

23 28 33 T (°C) 38 43 43

10. abra: SNk méretpontos szintézise és tervezése. A szaggatott vonalak az also6- és fels6 konfidencia
intervallumokat jeldlik, a folyamatos vonal pedig a kisérleti eredmények alapjan szamitott, varhatd
eredményeket mutatja.

cNH:; (mol/dm?) Linearis regresszio KI R?
0,291 M y=-4,906x+316,720 93% 0,9909
0,194 M y=-2,819x+168,630 95% 0,9846
0,097 M y=-0,814x+44,412 92% 0,9326

6. tablazat: SNk homérsékletfiiggo szintézisének statisztikai elemzése. KI: konfidencia intervallum. R:
regresszios érték.

Kovetkeztetésképpen elmondhatd, hogy a hémérséklet pontos szabdlyozasa lehetévé teszi
kivant részecskeméretli SNk eldallitasat. A kiilonb6zé ammonia koncentracié értékek esetén
mas-mas részecskeméret intervallumban tervezhetiink (Id. 11. dbra). 0,291 mol/dm?
ammonia koncentraci6 érték esetén 65 és 200 nm kozott tervezheté a méret, 0,194 mol/dm?®
értéknél 30 és 100 nm kozott, mig 0,097 mol/dm® koncentracional 30 nm alatti SNk

szintetizalhatok, ahol a méretek egészen finomhangolasa lehetséges 6,1-22,5 nm kozott.
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11. 4bra: Szilika nanorészecskék méretpontos szintézise az ammonia koncentracié és h6mérséklet
befolyasolasaval.

4.1.3. Szilika nanorészecskék feliiletmodositasa és vizsgalata

Ahogy azt a bevezetdben targyaltuk, a SNk feliileti modositasara azért volt sziikség,
hogy a kezdetben csak —OH funkcios csoportokat tartalmazd, ezaltal rendkiviil hidrofil SNk
feliileti tulajdonsagait, azaz hidrofil-lipofil jellegét valtoztatni tudjuk. Mivel a SNKket
kiilonboz6 illdolajokat tartalmazé PEk stabilizalasahoz szeretnénk a tovabbiakban
felhasznalni, ezért kiilonbozé funkcids csoportokkal (metil-, etil-, propil- és fenil) és
kiilonb6z6 mértékben boritott (10-50%) részecskét allitottunk el6. Az igy késziilt, kiillonb6z6
SNk, illetve a kiindulasi hidrofil SNk [HS] tulajdonsagait a 7. tdbldzatban lathatjuk.
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SN Funkcios Feliileti D1em

minta csoport boritottsag (%) Dous (nm) — PDIois (nm) PDImey
HS20 - - 20,1+0,2 0,008 20,0 0,011
HS50 - - 52,7+0,9 0,017 53,0 0,037
HS100 - - 105,2+3,6 0,021 103,0 0,083
10MET metil 10 20,8+0,7 0,051 20,0 0,010
20MET metil 20 20,5+0,9 0,060 21,0 0,057
10ET etil 10 20,2+1,3 0,041 20,0 0,044
20ET etil 20 20,1+0,8 0,072 22,0 0,011
50ET etil 50 21,0+0,9 0,066 20,0 0,015
20ET50 etil 20 54,2427 0,178 55,0 0,337
20ET100 etil 20 110,7+4,1 0,231 112,0 0,349
10P propil 10 19,71+0,9 0,082 21,0 0,107
20P propil 20 21,07+0,9 0,064 20,0 0,083
50P propil 50 24,1+1,2 0,096 25,5 0,071
10F fenil 10 20,3+0,9 0,120 21,0 0,095
20F fenil 20 20,5+1,3 0,125 22,0 0,115

7. tablazat: Kiilonb6z6 funkciés csoportokkal és mértékben médositott SNk tulajdonsagai. A DLS
méréseknél megadott szoras értékeket legalabb 3 parhuzamos mérési eredmény alapjan adtuk meg.

Az eredmények alapjan jol lathatd, hogy a SNK részecskemérete és polidiszperzitasi indexe
nem valtozott jelentdsen a felilletmddositas hatasara. A DLS mérések alatamasztisara,
illetve a modositott SNk morfologiajanak vizsgalatira TEM felvételeket is készitettiink.
Néhany modositott SN képe a 12. és 13. dbrdkon lathatd. A felvételeken jol latszik, hogy a
részecskék valoban megdrizték méretiiket és diszperzitas fokukat, illetve szabalyos gdmb
alakjukat. Ez alapjan kijelenthetjiik, hogy a SNk utélagos feliiletmodositasa a méretiikre és

a morfologidjukra nincs hatéssal.
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12. abra: Propil funkciés csoportokkal médositott SNk TEM felvétele. A:20P d=20,0 nm. B: 50P d=25,5

nm
o

13. abra: Etil funkcios csoporttal 20%-ban feliilletmodositott SNk TEM felvételei, modositas elott és
utan. A: HS100, d=103.0 nm. B: ET100, d=110.7 nm. C: HS50, d=53.0 nm. D: ET50, d=55.0 nm. E: HS20,
d=20.0 nm. F: ET20, d=20.0 nm.

A SNk feliillet modositasanak sikerességet infravords spektroszkopia mérésekkel

igazoltuk. Annak érdekében, hogy a kiilonb6z6 SNket érdemben 6ssze tudjuk hasonlitani,
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el6szor a felilletmodositas nélkiili, hidrofil SNrél készitettiink IR spektrumot (Id. 14. dbra).
A sziloxan lancokra jellemzé Osszes vegyértékrezgés beazonosithaté: 810 cm™ Si-O-C
aszimmetrikus vegyértékrezgések; 972 cm™ Si-OH sikban deformal6do vegyértékrezgések;
1090-1207 cm™ Si-O-Si aszimmetrikus és szimmetrikus vegyértékrezgések; 1393 cm™ —C-
H deformaciés vegyértékrezgés; 1645 cm™ hullimszdmnal a sziloxan lancok kozott

adszorbealt vizre jellemzé cstcsot lathatunk; 3100-3700 cm™ Si-OH kétések és a minta

viztartalmabol adodé —OH csoportok vegyértékrezgéseinek atlapolasa.
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14. abra: HS20 SN infravoros spektruma. Részecskeméret 20 nm, feliileti modositas nélkiil.

A 15. dbran lathatoak a 20 nm méretii, metil-, etil- és propil funkcios csoportokkal
modositott SNk infravords spektrumai. Mindegyik SN esetén megfigyelhetjiik ugyanazokat
a vegyértékrezgéseket, amelyek a hidrofil SNnél is lathatok, tehat amelyek a sziloxan
lancokra jellemzoek. 808 és 960 cm™ értékeknél a Si-O-C aszimmetrikus, illetve a Si-OH
sikban deformalodé vegyértékrezgéseket lathatjuk. 1645 cm™ hullimszadmnal ebben az
esetben is a sziloxan lancok kozott adszorbedlt vizre jellemzd csucs figyelheté meg, mig
3176-3620 cm™ kozott a Si-OH kotések és a minta viztartalmabol adodé —OH csoportok
vegyértékrezgéseinek atlapolasa lathatd. Az 1145-1272 cm? Si-O-Si aszimmetrikus és
szimmetrikus vegyértékrezgések estén a csucsok intenzitasa csokken a hidrofil SN
értékeihez viszonyitva, illetve csokkend tendencia figyelhetd meg a feliiletet borité funkcios

csoportok szénatomszamanak novekedésével. Tovabba a sikeres SN feliiletmodositast
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igazolja a 2892 és 2971 cm™ értékeknél megjelend dublett cstics, amely a —CHa, illetve —
CH: csoportok aszimmetrikus és szimmetrikus vegyértékrezgéseit jelzi, alifas csoportokban,

melyek intenzitasa nd a funkcids csoportok szénatomszdmanak novekedésével.
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15. abra: Metil-, etil- és propil funkciés csoportokkal médositott SNk infravoros spektruma.
Részecskeméret 20 nm, feliileti boritottsag érték minden esetben 20%.

A fenil csoportokkal modositott SNk esetén szintén megfigyelhetjiik a sziloxan lanc
vegyértékrezgéseit (1d. 16. adbra): 818 és 966 cm™ értékeknél a Si-O-C aszimmetrikus, illetve
a Si-OH sikban deformalodd vegyértékrezgéseket lathatjuk; 1149-1285 cm™ értékeknél
pedig a Si-O-Si aszimmetrikus és szimmetrikus vegyértékrezgésekre jellemz6 csticsokat. Itt
is megjelenik a Si-OH kotésekre és a minta viztartalmara jellemz6 széles csucs 3080-3560
cmt kozott. Az 1434 és 1599 cm™ hullamszamoknal megjelend csucsok a fenil csoportok
jelenlétére utalnak. El6bbi a ciklusos C-C kotésekre jellemzd, sikban torténd deformacios
vegyértékrezgéshez kothetd, utdobbi pedig szintén ezen kotés megnyuldsara jellemzd
vegyértékrezgés. Az ujjlenyomat tartomanyban jelentkezd 700 és 750 cm™ hullamszam
értékekhez tartozo csticsok a fenil csoportok C-H kdotései kozott 1étrejovo, sikban ollozo

rezgéseire; illetve a Si-C szimmetrikus kotésnytlasara vonatoznak.
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16. abra: Fenil funkciés csoporttal médositott SNk infravoros spektruma. Részecskeméret 20 nm,
feliileti boritottsag érték 20%.

Az infravoros spektroszkopiai vizsgalatok eredményeibdl 0Osszességében az
kovetkezik, hogy minden esetben sikeres volt a SNk felilletmodositasa. Tovabba a
kiilonb6zé szénatomszam®l funkcids csoportok is jol beazonosithatok a jellemzd

vegyértékrezgések megjelenése, illetve azok intenzitasanak valtozasa alapjan.

Az 4.1 fejezetben targyalt eredményeink jelenleg publikalas alatt vannak, a kézirat tervezett
cime, a szerzOk és a valasztott folydirat az alabbiak:

Barbara Voros-Horvath, Ala’ Salem, Szilard Pal, Aleksandar Széchenyi. Systematic
study of reaction conditions for size controlled synthesis of silica nanoparticles.
Colloids and Surfaces A: Physicochemical and Engineering Aspects, Elsevier kiado QI
besorolas, IF: 3,990
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4.2. Tlléolajok formulilasa mikrobiologiai vizsgalatokhoz

4.2.1. Kamilla és feheriirom illoolajat tartalmazo Pickering emulziok formuldlasa és

vizsgalata

A kamilla és fehériirom illoolajok felhasznalasaval késziilt PEk tulajdonsagai a 8.
tablazatban lathatok. Mindkét illdolaj esetében 20 nm részecskeméretii SNkkel dolgoztam,
kamilla illoolaj esetén 50%-ban propil funkcidés csoportokkal feliiletmodositott
részecskékkel kaptunk megfeleld stabilitast, mig fehériirom illdolaj esetén mar 20%-0s
feliileti boritottsag elegendd volt a kivant stabilitds eléréséhez, amely akar 5 honap is lehet.
A tablazatban az emulziok cseppméretének szoras értékei nem kertiltek feltiintetésre, azok
1,2-11,4% kozott alakultak.

Az emulzidk tipusat vezetOképesség méréssel hataroztam meg. A vezetOképesség
értékek a kiilonbdz6 SN vizes szuszpenzidkra az alabbiak: 20P20 223,5 uS-cm™! és 50P20
193,2 pS-em ™t A tiszta kamilla és fehériirdm illdolajok vezetdképesség értékei 0,018
uS-em ™t és 0,056 uS-cm ™. A PEk vezetdképességének értéke a 8. tdbldzatban lathatd. Az

értekek egyértelmiien arra utalnak, hogy mindegyik PE olaj a vizben tipust emulzi6.

Stabilizald C Vezet6ké 5
I1160laj a, thzalo o Desepp (nm)  Stabilitas Megjelenés ezetokepesseg
agens (mg/ml) (uS-cm™)
Kamilla 50P20 0,1-3,5 292-1290 3-5 hénap opalos 183,5-164,0
Fehériirom 20P20 0,2-3,5 160-1415 3-5 hénap opalos 212,0-197,3

8. tablazat: Kamilla és fehériirom illéolajat tartalmi PEk tulajdonsagai

4.2.2. Pickering emulziok és sejtmembranok kozotti kolcsonhatas vizsgalata sejtmodellen

Az unilamellaris liposzomak olyan foszfolipid kettésrétegbdl felépiilé vezikulumok,
melyek alkalmasak sejtek vagy bioldgiai membranok modellezésére?®®. Felhasznaljak Oket
tobbek kozott a sejtek vagy sejtmembranok és kiilonboz6é hatdoanyagok, gydgyszerformak
vagy biologiailag aktiv vegyiiletek kozott 1étrejové kolcsonhatdsok tanulmanyozasara.
Ebben a kisérletben célunk volt megvizsgalni, hogy a kamilla és fehériirom illdolaj
kiilonboz6 formuléacidi esetén milyen az intracellularis hatdanyag leadas, mely esetiinkben
illéolaj leadast jelent. Az unilamellaris liposzomak és illdolajok kozotti kolesonhatas
vizsgalatok soran torekedtem arra, hogy a reakciokoriilmények megfeleljenek az egyes
illoolajok mikrobioldgiai vizsgalatai soran alkalmazott koriilményeknek. A sejtmembranon
atjutott illoolaj mennyiséget tn. penetralt kumulativ illéolaj mennyiségben fejeztem ki [PM,

%].
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Kamilla ill6olaj esetén 24 oras vizsgalatokat végeztem 37°C-on, amely megegyezik a
baktériumokkal végzett kisérletek koriilményeivel. Az elsé mintavétel 1 ora elteltével
tortént, itt az illdolaj 27,2%-a penetralt keresztiil a sejtmembranon PE esetén, mig a HE és
az oldatos mintakbol nem penetralt detektalhato illoolaj mennyiség (1d. 9. tdbldzat). A
kovetkezd mintavétel 2 ora utan tortént, ahol a PEbol mar 48,3% illdolaj leadast mértiink,
HE esetén ez az érték csupan 0,5% volt, mig az etanolos oldatnal tovabbra sem volt mérhetd
mennyiség. Az utolso, 24 orat kovetd mintavétel soran a PEbol 82,2% illoolaj tavozott, a

HEDbOI 66,8%, az etanolos oldatbol pedig 35,5%.

Formulacio PMin PM:n PMaan
PE 272+3,7 483+51 822+49
HE - 05+0,1 66836
EtO - - 355+1.0

9. tablazat: Unilamellaris liposzémak és kamilla illéolaj kiilonb6z6 formulacioi kozotti
kolcsonhatas vizsgalatanak eredményei. PM: Penetralt kumulativ illoolaj mennyiség (%). Ckamilla
10=0,1 mg/ml. Szoras értékek 3 parhuzamos mérésbdl szamolva.

Fehériirom 1illoolaj estén két kiilonbozd vizsgélatot végeztiink a formulacidk és
unilamellaris lipszomak kozott; az egyik esetben 24 oran at tortént a kisérlet 37°C-on, a
masik esetben 48 o6ran at, 30°C-on. Elobbi a kiilonb6zo baktériumokkal torténd
kolcsonhatast, utobbi a sejtes gombakkal torténd kolcsonhatast modellezi. Mindegyik
reakciokoriilmény kozott PEk esetén mértem a legnagyobb PM értékeket (1d. 17. dbra), a
fehériirom illdolaj koncentracié az unilamelléris liposzémak belsd, vizes fazisaban 29,8%
volt 48 orat kovetben 30°C-on, és 59,2% 24 ora utdn 37°C-on. A HE formaknal ezek az
értékek 25,0% ¢és 27,3%-nak adodtak, mig a legkisebb PM értékeket az etanolos oldatoknal

mértem.
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17. abra: Unilamellaris liposzomak és fehériirom illéolaj kiilonb6z6 formulaciéi kozotti kolesonhatas
vizsgalatanak eredményei. A: 30°C 48 ora, sejtes gomba modell. B: 37°C 24 6ra, baktérium modell. Szoras
értékek 3 parhuzamos mérésbdl szamolva. Crengrirsm= 0,2 mg/ml (* P < 0.05 és ** P < 0.01). PE: Pickering
emulzié. HE: hagyomanyos emulzi6. EtO: etanolos oldat.

Az eredmények alapjan kijelenthetd, hogy a kamilla és fehériirom illdolaj esetén
egyarant a PEk bizonyultak a leghatdsosabbnak a kiilonb6z6 formulacidk koziil, amelyekbdl

mar rovid 1d6 utan jelentds mértékii az illdolaj penetracidja a sejtmembranon keresztiil.
4.2.3. Kamilla és fehériirom illoolajok kiilonbozé formulacioinak mikrobiologiai vizsgalata

A kamilla és fehériirom illoolajok felhasznalasaval késziilt PEk, HEk és oldatos
formulaciok mikrobiologiai eredményei egy PhD disszertacio alapjat képezik, ezért ezekrol
részletesen itt nem esik szo, azok a 3.2.4 fejezetben emlitett dolgozatban és publikaciokban
olvashatok.

Osszességében elmondhatd, hogy a PEk kiemelkedd antifungalis és antibakteridlis
hatassal rendelkeznek a HEhoz vagy etanolos oldathoz képest. Mivel a mikrobiologiai
vizsgalatok eredményei jO egyezést mutatnak a sejtmodellen végzett kisérletekkel, ezért
feltételezhetjiik, hogy a PEk nagyobb hatékonysdga a sejtmembranon keresztiil torténd

effektivebb penetracionak kdszonhetd.
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4.3.  Streptococcus mutans fogaszati biofilm kezelése Pickering emulziokkal
4.3.1. Kiilonbozo illoolajat tartalmazo Pickering emulziok formulalasa és vizsgalata

A kiilonbozo illoolajokbol késziilt PEk és HEk cseppméretére és stabilitasara
vonatkoz6 eredményeket a 10. tdblazatban lathatjuk. A tablazatban az emulziok
cseppmeéretének szoras értékei nem keriiltek feltiintetésre, azok 1,8-8,3% kozott alakultak.

Az eredmények azt mutatjdk, hogy az emulzidk cseppmérete nd az olajos fazis
kisérletekhez és in vitro diffuzidés vizsgalatokhoz hasznalt emulziok esetén az egyes
illéolajok koncentracioja MIC/2 érték volt: borsmenta 0,98 mg/ml, fahéj 0,40 mg/ml,
kakukkfti 0,20 mg/ml, szegfiiszeg 0,51 mg/ml, ezekhez az emulzidkhoz tartozd cseppméret
¢s stabilitas értékek a 11. tablazatban lathatok.

A PEk stabilitasa egyértelmiien jobb, mint a HEké, a kakukkfii és borsmenta
illéolajbol késziilt PEk mutatkoztak a legstabilabbnak, amelyek cseppmérete és kiilleme
tobb mint 4 honapig nem valtozott, mig ugyanezen olajokbol késziilt HEk stabilitasa csupan
4 illetve 2 hét volt. Fahéj illoolaj estén HS20 nanorészecskékkel is elvégeztem a PEk
formulalasat, amelyek azonban alacsony stabilitasuk (4 nap) miatt kitlinnek a tobbi PE forma
koziil.

Az emulzidk tipusat vezetOképességgel hataroztam meg. A vezetOképesség értékek
a kiilonbdzé SN vizes szuszpenzidkra az alabbiak: 281,4 215,0 és 207,3 uS-cm* HS20,
20ET20 és 40ET20 nanorészecskék esetén. A HEKk stabilizalo d4gensének, azaz a Tween80®
vizes oldatanak vezetéképessége 199,8 uS-cm ™. A kiilonbozé illdolajok vezetdképessége:
borsmenta 0,071 pS-cm™?, fahéj 0,043 uS-cm ™, kakukkfii 0,065 uS-cm 2, szegfiiszeg 0,048
nuS-cm . A PEk vezetSképességének értéke olajos fazis és stabilizalo agens szerint
Osszefoglalva a 10. tabldzatban lathaté. Az értékek egyértelmiien arra utalnak, hogy

mindegyik PE olaj a vizben tipust emulzio.
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Midolaj IO Sta’bilizél() Decsepp Stabilitas VezetGképesség
(mg/ml) agens (nm) (uS-cm™)
0,15-3,25 20ET20 295-1445 16 hét 208,1-197,0

Borsmenta 0,15-0,70 Tween80 255-470 1 hét 195,3-178,0
0,80-3,25 Tween80 510-1090 2 hét 170,5-168,4
0,05-2,00 HS20 400-4800 4 nap 269,0-255,2
0,05-2,00 20ET20 196-3100 8 hét 210,6-196,0

Fahéj 0,05-2,00 20ET40 310-5080 8 hét 200,7-194,4
0,05-0,50 Tween80 240-480 3 hét 195,5-177,0
0,60-2,00 Tween80 620-3010 2 hét 175,2-166,0
0,05-0,4 20ET20 155-395 16 hét 209,8-206,3

Kakukkfii 0,50-2,00 20ET20 450-1680 16 hét 205,0-198,6

0,05-2,00 Tween80 150-1720 4 hét 188,4-175,3
0,05-5 20ET20 180-4300 2 hét 199,2-165,1

Szegfliszeg 0,05-0,70 Tween80 155-245 2 hét 147,1-130,3

0,80-2,00 Tween80 355-3920 1 hét 128,8-110,5

10. tablazat: Kiilonb6zo illoolajok felhasznalasaval késziilt PEk és HEk tulajdonsagai. 10: ill6ola;j

L 1. clO 1o s12 2 eqens
Ill60laj (mg/ml) Stabilizalé 4gens  Decsepp (nm) Stabilitas
20ET20 210210 16 hét
0,98
Borsmenta Tween80 31049 2 hét
HS20 220+4 4 nap
B 20ET20 245412 8 hét
Fahéj 0,40 40ET20 25546 8 hét
Tween80 240420 3 hét
| 20ET20 25545 16 hét
Kalukkfd 0.2 Tween80 245420 4 hét
| 20ET20 37022 2 hét
Szegfliszeg 0,51 Tween80 320437 1 hét

11. tablazat: Kiilonb6z6 illéolajok felhasznalasaval késziilt PEk és HEK tulajdonsagai. 10: illoolaj. Az
illéolaj koncentracioja a MIC/2 értékkel egyezik meg.

crer

crer

masik PhD disszertacio témajat képezik, igy ezek részeletes ismertetésére itt nem keriil sor.

Osszefoglalasként elmondhaté, hogy a fahéj illéolaj PE formajaval sikeriilt a legjobb
eredményeket elérni, ebben az esetben a Streptococcus mutans okozta biofilm degradacio
85,9%-o0s volt. Részletes eredmények, illetve a biofilmek kezelés eldtti és utani allapotarol
késziilt pasztazo elektronmikroszkopos felvételek a 3.3.3 fejezetben emlitett disszertacioban

¢és publikécioban olvashatok.
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4.3.3. Invitro diffuzios vizsgalat biofilm modell membranon

A biofilm modell membranon végzett diffuzios kisérletek célja az volt, hogy
Osszefliggést talaljunk az in vitro biofilm degradacios kisérletek eredményei és a kiilonb6z6
illoolaj formulaciok diffuzios viselkedése kozott. Mivel a PEk és HEk cseppmérete az egyes
illéolajoknal kozel egyezett, ezért feltételezhetd, hogy eltérd difftizids viselkedésiiket az
eltér6 kolloidkémiai tulajdonsagok okozzak. A kiilonb6zé illoolajok diffuzios profiljai
nagyon hasonlok, ezért tekintettel a dolgozat terjedelmére, ebben a fejezetben csak a fahéj
illéolajra vonatkozo6 eredményeket abrazoltam grafikusan (ld. 18. abra), a tobbi a 9.7. szamu
mellékletben megtalalhato; illetve minden eredmény lathato a 12. tdbldzatban. A biofilm
modell membranon atdiffundalt illéolaj mennyiséget kumulativ illéolaj mennyiségben

fejeztem ki [KM, %)].

Il160laj cIO (ng/ml) Formulacié Deepp (nm) KM (%)

EtO - 69,7+14,1

Borsmenta 0,98 HE 31049 69,019,2
PE 20ET20 210£10 81,1+2,2

EtO - 10,5+1,6

HE 240+20 30,7+1,2

Fahéj 0,40 PE HS20 220+4 32,3+1,2

PE 20ET20 245+12 51,4+1,0
PE 40ET20 255+6 33,8+2,5

EtO - <LOD
Kakukkfti 0,20 HE 245+20 9,4+0,4
PE 20ET20 25545 18,9+0,5
EtO - 12,9+2,8
Szegfliszeg 0,51 HE 320+37 21,5+0,1

PE 20ET20 370+22 27,5+4,0
12. tablazat. Kiilonbozé illéolajok és formulaciok in vitro diffazids vizsgalatainak eredményei. 10:
illéolaj. KM: kumulativ illdolaj mennyiség 6 Ora utan.

Altaldnossagban elmondhaté, hogy minden illéolaj esetén a PE formabol torténik
legnagyobb mennyiségben a diffizio, majd ezt koveti a HE forma és az etanolos oldat.
Annak ellenére, hogy a kakukkfii illoolaj MIC értéke a legkisebb, ami a legjobb
antibakterialis hatdsra utalna, a biofilm degradacids készsége alacsony, ami jO egyezést
mutat a diffiizios tulajdonsagaval. Ebben az esetben ugyanis etanolos oldat esetén a biofilm
modell membranon atdiffundalt KM mennyisége nem is mérhet6 (<LOD)), illetve HE és PE
esetén is alacsonyak az értékek, 9,4 és 18,9%. A legnagyobb KM értékek borsmenta illdolaj
esetén adodtak, mely PE esetén, tobb, mint 80% volt. Fahéj illoolaj esetén a legnagyobb KM
érték PE 20ET20 forma esetén érhetd el, mely 51,4%, szemben a PE HS20 (32,3%) és PE
40ET20 (33,8%) formékkal. Bar a borsmenta PE KM értéke joval magasabb, mint a fahéj
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illoolaj ugyanezen formulacidjahoz tartozd értéke, mégis utdbbival érheté el a
leghatékonyabb biofilm degradaci6. A jelenséget magyarazhatja, hogy fahéj illdolaj MIC
értéke alacsonyabb, mint a borsmenta illoolajé.

Osszességében elmondhato, hogy az in vitro biofilm degradéacios és in vitro diffuzios
vizsgalatok eredményei azt mutatjadk, hogy a megfeleld hidrofil/lipofil karakterrel
rendelkezd részecskékkel torténd PE stabilizalds hozzdjarulhat a megfeleldé mennyiségii

ill6olaj célba juttatasdhoz.

&0 Fahéj 10 in vitro diffuizios vizsgalata biofilm modell membranon

—i—HE

50 PE HS20
—a— PE 20ET20
—a— PE 20ET40
40

EtO

th °

18. abra. Fahéj illoolaj in vitro diffuzios vizsgalata biofilm modell membranon. KM: kumulativ ill6olaj
mennyiség. A kiilonb6z6 formulaciok olaj koncentracio crng10=0,40 mg/ml. Az emulzidk cseppmérete
DHE:240 nm DHSZZZO nm, Dpe 20ET20:245, Dee 20ET40:255 nm.
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4.4, Koromgomba helyi kezelése teafa illoolajat és tiokonazolt tartalmazé Pickering

emulziokkal
4.41. Teafa illoolaj gazkromatografias analizisének eredménye

Az MA pontos Osszetételét a 13. tablazatban olvashatjuk, illetve a kromatogramot a 9.8.
szamu mellékletben lathatjuk. A komponensek azonositasa standard vegyliletek retencios
idejének Osszevetésével ¢€s pontosan ismert Osszetételi teafa illoolaj elemzésének
Osszehasonlitasaval tortént. Két {6 komponenst azonositottunk be, melyek a p-cimén 35,2%-

ban, illetve a terpinén-4-ol 32,5%-ban.

Retenciés id6 Komponensek szazalékos
Komponens . .. ;
tr (min) Osszetétele (%)

a-tujén 5 1.7
a-pinén 52 4.6
2-p-mentadién 5.2 0.6
B-pinén 6.2 1.2
[B-mircén 6.4 0.8
a-terpinén 7.0 1.4
p-cimén 7.3 35.2
terpinil-acetat 7.3 2.1
cineol 7.4 5.8
Y-terpinén 8 7.6
terpinolén 8.6 1.7
terpinén-4-ol 10.7 32.5
a-terpineol 11 2.6
aromadendrén 15.5 0.7
epiglobulol 16.4 1.2

13. tablazat. Teafa illoolaj gazkromatografias analizise. A tablazatban két parhuzamos mérési eredmény
atlagértékei vannak feltiintetve. A két 6 komponenst vastag betiivel jeldltiik.

4.4.2. Tiokonazol oldhatésagdanak meghatarozasa teafa illoolajban

A Hansen-féle oldhatosagi paraméterek szamitasa alapjan egyértelmiien
kijelenthettiik, hogy a TIO oldodik a MAban. A szamitas adatait és eredményeit lasd a 9.9
szamu mellékletben.

A kinetikai oldhatésadg meghatarozasanak eredménye alapjan a TIO maximalis
oldhatosaga 0,213 mg/ml érték volt, ami 23,8 m/m% koncentracionak felel meg. Ennek
alapjan a PEk formulalasa soran kicsivel a maximalis oldhatosagi érték alatt maradva, 20
m/m% koncentracioban dolgoztunk. A kisérleti adatok a 9.10. szamu mellékletben

tekinthetok meg.
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4.4.3. Teafaolaj és tiokonazol tartalmu Pickering emulziok formuldlasa és vizsgalata

A PEk fizikai kémiai tulajdonsagat szamos paraméter befolyasolhatja, tobbek kozott az
olajos ¢és vizes fazisok kozott kialakuld hatarfeliileti fesziiltség, a stabilizalo részecskék
mérete, nedvesedési szdge, koncentracidja, az olaj/viz fazisok aranya, az emulgedlas

energiaja. Munkam sordn megvizsgaltam, miként hat a PEk cseppméretére €s stabilitasara

crer

crer

a kisérleteket tekintem &t, amelyek stabilitds és cseppméret szempontjabol megfeleld
eredményeket hoztak. A tovabbi kisérletek és eredményeik a 9.6. szdmu mellékletben
olvashatok.

Binks és Horozov kutatasaik soran kimutattdk, hogy a PEk cseppméretét befolyasolni
lehet a stabilizalo részecskék méretének valtoztatdsaval, ha a tobbi paramétert, tobbek kozott
az olajos és vizes fazis aranyat allando értéken tartjuk®. Az 4ltaluk leirt jelenség a mi
kisérleti eredményeinkben is megfigyelhetd, mind az MA és a TIO MA olajos fazis
felhasznalasaval késziilt PEk esetén is. Ugyanazon olajos fazis koncentracio esetén a
cseppmeéret novekszik, ha a PEkat stabilizalo SNk mérete nd. Példaul csak MAt tartalmazo
emulzioknal, 4,48 mg/ml koncentracio estén a cseppméret PE 20ET20 esetén 1400 nm, mig
PE 20ET50 mintanal 1700 nm, PE 20ET100 mintanal pedig 1850 nm (Id. 14. tabldzat). A
koncentréaci6 tartomany barmely értékénél vizsgalodva ugyanezt a tendenciat figyelhetjiik
meg, a maximalis cseppméretek 17,91 mg/ml MA értéknél PE 20ET20 esetén 1850 nm, PE
20ET50 emulziénal 2300 nm, és PE 20ET100 mintanal 3080 nm. A kiilonb6z6 méretii SNk
alkalmazasa stabilizal6 agensként nem csak a cseppméretre, hanem a stabilitasra is hatassal
van. Eredményeink alapjan megfigyelhetd, hogy a kisebb részecskeméret esetén stabilabb
emulziot kapunk, ugyanazon MA koncentracié értéknél. 4,48 mg/ml MAt tartalmazé PE
esetén a stabilitds 20 hét 20ET20 részecske alkalmazéasa esetén, amely 1 hétre csokken

20ET50 és 20ET100 SNnel torténd stabilizalaskor (1d. 14. tablazat).
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Ha Osszehasonlitjuk az MA felhasznalasaval késziilt PEk tulajdonsagait a TIO MA
olajos fazissal késziilt PEkéval, lathatjuk, hogy a cseppméret-stabilizdld6 SN méret és
cseppméret-olajos fazis koncentracio osszefiiggések a fent leirt tendenciat mutatjak (Id. 15.
tablazat). Ugyanazon olajos fazis koncentracional végezve az eredmények 6sszehasonlitasat
megfigyelhetjiik, hogy a cseppméret szignifikdnsan nem véltozik, azonban a stabilitds
jelentdsen csokken. Példaul a PE 20ET20 tipust emulzional, 6,27 mg/ml olajos fézis
koncentracio értéknél csak MA felhasznaldsaval az emulzi6 stabilitdsa 20 hét, mig TIO MA
formulalasa esetén jelentOsen lecsokken 8 hétre. Ugyanez az Gsszefliggés figyelhetdé meg a
PE 20ET50 és PE 20ET100 esetén is, ahol a stabilitas MA és MA TIO esetén 10 hét és 1 hét
helyett, 8 hétre és 10 percre csokken (Id. 15. tablazat).

Valészintileg azért nincs jelentds valtozas a PEk cseppméretében, amikor MA helyett
TIO MA oldatat hasznaljuk, mert a f0bb paraméterek, azaz az emulgeélas koriilményei, a
stabilizalashoz hasznalt SNk mérete ¢és feliileti boritottsdga, az olajos és vizes fazis
stirisége is kozel allandd marad, a TIO oldasat kovetden is. Az MA dinamikus
viszkozitasanak értéke 9,2608-10° Pa-s (25°C), siirlisége 0,895 g/cm? (25°C), mig a TIO
MA értékei 9.4147-103 Pa-s és 0,931 g/cm?® (25°C).
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PE 20ET20 PE 20ET50 PE 20ET100
€ olajos fizis Desepp (nm) Stabilitas Deasepp (nm) Stabilitas Desepp (nm) Stabilitas
(mg/ml)
0,90 770+35,2 1 nap 1010 + 43,8 1 nap 1050 + 310,5 1 nap
1,79 840+70,3 1 nap 1080 + 105,1 1 nap 1290+ 300,7 1 nap
2,69 1280+98,2 5 hét 1420 +110,7 3 hét 1510+ 210,8 1 nap
3,58 1320+100,5 5 hét 1640 + 95,6 3 hét 1820 + 360,2 1 hét
4,48 1400+101,2 20 hét 1700 + 115,3 1 hét 1850 + 410,6 1 hét
5,37 1450+85,7 20 hét 1690 + 98,1 10 hét 1910 + 420,0 1 hét
6,27 1620+62,9 20 hét 1630 + 57,2 10 hét 2000 £ 100,3 1 hét
7,16 1800+71,0 20 hét 1780 + 88,5 10 hét 2010+ 80,1 4 hét
8,96 1660 + 56,7 20 hét 1690 + 70,4 8 hét 2050 + 73,4 4 hét
11,19 1890 + 41,2 20 hét 2150 +210,3 8 hét 2180+27,3 4 hét
13,43 1840 + 141,0 20 hét 2300+ 177,0 8 hét 2690+ 100,7 4 hét
16,12 1820,0 99,6 20 hét 2200 + 98,5 8 hét 3100 + 105,2 4 hét
1791 1850 + 496,6 20 hét 2300+ 124,0 8 hét 3080 + 73,0 4 hét
C olsjos fizis Megjelenés Megjelenés Megjelenés
(mg/ml) PE 20ET20 PE 20ET50 PE 20ET100
0,90 krémesedés iilepedés krémesedés
1,79 krémesedés iilepedés krémesedés
2,69 opalos iilepedés krémesedés
3,58 opalos opalos krémesedés
4,48 opalos opalos krémesedés
5,37 opalos opalos opalos
6,27 opalos opalos opalos
7,16 opalos opalos opalos
8,96 opalos opalos opalos
11,19 opalos tejszerti tejszerti
13,43 opalos tejszerti tejszerti
16,12 tejszerti tejszerti tejszerti
17,91 tejszerti tejszerti tejszerti

14. tablazat. MA olajos fazis felhasznalasaval késziilt PEk tulajdonsagai. A szoras értékek 3 parhuzamos
kisérletb6l és mérésbol szamolt adatok.
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PE 20ET20 PE 20ET50 PE 20ET100
€ olajos fizis Desepp (nm) Stabilitas Deasepp (nm) Stabilitas Desepp (nm) Stabilitas
(mg/ml)
0,90 430+ 39,6 10 perc 1280 + 62,8 1 nap 1070 + 438,5 30 perc
1,79 615+22,2 30 perc 1320 + 95,9 1 nap 1350 + 531,8 30 perc
2,69 890 +103,3 30 perc 1440 + 83,5 1 nap 1630 + 464,5 30 perc
3,58 1250 + 94,5 1 nap 1650 + 51,5 2 nap 1730 + 514,5 10 perc
4,48 1320 +32,5 8 hét 1670 + 216,8 2 nap 1850 +107,9 10 perc
5,37 1440 +100,2 8 hét 1620 +79,7 8 hét 1890 + 333,8 10 perc
6,27 1470 + 35,2 8 hét 1610 + 34,4 8 hét 1950 + 95,0 10 perc
7,16 1470 + 62,5 8 hét 1670 + 62,8 8 hét 1940 + 20,1 1 hét*
8,96 1660 + 56,7 8 hét 1690 + 70,4 8 hét 2070 + 51,2 1 hét*
11,19 1890 + 41,2 20 hét 2200 +188,9 8 hét 2200+ 59,5 1 hét*
13,43 1840 + 141,0 20 hét 2250 +170,8 2 hét* 2800,0 + 85,7 1 hét
16,12 1820,0 99,6 20 hét 2080 + 160,1 2 hét* 2850 + 184,3 1 hét
1791 1850 + 496,6 8 hét 2380 +157,0 2 hét* 3090 + 116,6 1 hét
C olsjos izis Megjelenés Megjelenés Megjelenés
(mg/ml) PE 20ET20 PE 20ET50 PE 20ET100
0,90 krémesedés iilepedés krémesedés
1,79 krémesedés iilepedés krémesedés
2,69 krémesedés iilepedés krémesedés
3,58 opalos opalos krémesedés
4,48 opalos opalos krémesedés
5,37 opalos tejszerti krémesedés
6,27 opalos tejszerti krémesedés
7,16 opalos tejszerti tejszerti
8,96 opalos tejszerti tejszerti
11,19 tejszerti tejszerti tejszerti
13,43 tejszerti tejszerti aggregacio, iilepedés
16,12 tejszerti tejszerti aggregacio, iilepedés
17,91 opalos tejszerti aggregacio, iilepedés

15. tablazat: MA TIO 20 m/m% olajos fazis felhasznalasaval késziilt PEk tulajdonsagai. *A csillaggal
jelolt emulziok 1 hétig 6rzik meg stabilitasukat, azonban kb. 30 masodpercig tart6 felrazast kvetéen
visszanyerik eredeti cseppméretiiket és Gijra 1 hétig stabilak maradnak. A szoras értékek 3 parhuzamos

kisérletbdl és mérésbol szamolt adatok.
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Tovabb vizsgalva a cseppméretet megallapitottuk, hogy a 20ET20 PEk esetén linearis

Osszefliggés van a cseppméret €s az olajos fazis koncentracioja kozott. MA olajos fazis

esetén 0,9-7,16 mg/ml, mig MA TIO olajos fazis esetén 0,9-5,37 mg/ml koncentracid

tartomanyban figyelheté meg a linearitas (Id. 19. és 20. dbra) A linearis Osszefiiggéseket

felhasznalva kiszdmoltuk a tervezett cseppmérethez tartozo olajos fazis koncentracidjat,

majd elkészitettilk az emulzidkat. A 16. tablazatban és az abrakon egyarant lathatd, hogy a

20ET20 részecskék alkalmazasaval a PEk cseppmérete jol tervezhetd, amely hozzajarulhat

célzott HA leadasu PEk készitéséhez.
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19. abra

@ PE 20ET20
o Tervezett cseppmeéret
' ® - . P
° o Kiserleti cseppmeret
0 1 2 3 4 6 7 8
¢ (mg/ml)
: MA felhasznalasaval késziilt 20ET20 PEk cseppméretének tervezhetosége. Harom parhuzamos

mérési eredménybdl, a cseppméretek szorasértékei 2,1-4,4% kozott alakultak.
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20. abra: MA és TIO felhasznalasaval késziilt 20ET20 PEk cseppméretének tervezhetosége. Harom
parhuzamos mérési eredménybdl, a cseppméretek szorasértékei 1,8-3,9% kozott alakultak.

MA 20ET20 PE MA TIO 20ET20 PE
Colajos fazis Dcsepp D: Ct Colajos fazis Dcsepp Dt Ct
D D
(mg/m)  (qm) | (m) (mg/m) O™ | (mg/mh)  (qm) | (m) (mg/mp  DF T

0,90 770 | 1000 2,03 1010+21,2 0,90 430 500 1,09 495+8,9
1,79 840 | 1200 3,24 1240+35,9 1,79 615 750 2,14 725+26,9
2,69 1280 | 1500 5,25 1480+47,4 2,69 890 | 1000 3,17 1180+69,6
3,58 1320 | 1700 6,53 1725+£75,9 3,58 1250 | 1500 5,25 1550+144,2

4,48 1400 4,48 1320
5,37 1450 5,37 1440
6,27 1620
7,16 1800

16. tablazat: MA és MA TIO olajos fazis felhasznalasaval késziilt, 20ET20 PEK cseppméretének
tervezhetosége.* Az als6 indexben megjelend roviditések: t=tervezett, k=kisérleti iton meghatarozott.

A PEk tipusat vezetOképesség méréssel hataroztam meg. A vezetOképesség értékek a
kiilonbdzé SN vizes szuszpenziokra az aldbbiak: 215,0, 211,4, és 268,3 uS-cm™! 20ET20,
20ET50 és 20ET100 részecskék esetén. Az MA vezetSképessége 0,058 uS-cm™!, mig az MA
TIO oldataé 0,063 uS-cm ! értéknek adodott. A PEk vezetdképességének értéke olajos fazis
és stabilizald6 SN tipus szerint Osszefoglalva a 17. tdabldzatban lathaté. Az értékek

egyértelmiien arra utalnak, hogy mindegyik PE olaj a vizben tipusu emulzio.
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Colajos fazis

Stabilizalé SN  Olajos fazis Vezet6képesség (uS-cm™)

(mg/ml)
20ET20 MA 165,3-261,0
20ET20 MA TIO 149,4-259,3
50ET20 MA 09-179 167,2-246,0
50ET20 MA TIO o 155,8-250,4
100ET20 MA 150,2-263,9
100ET20 MA TIO 139,9-257,50

17. tablazat. Kiilonb6z6 TIO vagy TIO MA olajos fazist tartalmazé PEk vezetéképességének
meghatarozasa. A vezetoképesség értékek alapjdn mindegyik PE olaj a vizben tipusti emulzio.

4.4.4. Invitro diffiizios vizsgdlatok kérommodellen

A vizsgaltok soran célunk volt a kiillonbozé formulaciok diffuzids tulajdonsagainak
Osszehasonlitasa, ezért a PEkon kiviill HEkat és etanolos oldatot is készitettem. Harom
kiilonb6zd méretli, de azonos feliileti boritottsagi SNvel készitettem PEkat, melyek a
stabilizalo részecske eltéré méretébdl adédoan mas-mas cseppmérettel rendelkeztek, az
alabbiak szerint: PE 20ET20 Dcsepp=1850 nm, a PE 20ET50 Dcsepp=2380 nm, PE 20ET100
Desepp=3090 nm (Id. 18. tablazat). A HE cseppmérete 2470 nm volt, amely dsszevethet6 a
PEk cseppméretével, igy feltételezhetjiik, hogy az eltérd diffuzios viselkedésiik a kiilonbdzd
kolloid rendszerek tulajdonsagaibol adodik. A formulaciokban az olajos fazis koncentracioja
azonos volt, 17,91 mg/ml, ami 3,58 mg/ml TIO hatdéanyagot jelent. Az abrakon és a
szovegben megjelend KM rovidités a kumulativ TIO mennyiségét jelenti, %-ban kifejezve.

A kisérleti eredmények PEk esetén sokkal hatékonyabb TIO diffiiziét mutattak az agar
membranon keresztiil (PE 20ET20 KM=89,88%), mint a HE (KM=35,02%) vagy etanolos
oldat esetén (KM=18,33%) (ld.18. tablazat és 21. abra). Tovabba megfigyelhetd, hogy
minél kisebb a PE cseppmérete, annal tobb HA képes atdiffundalni az agar membranon;
1850 nm esetén a KM 89,88%, mig 3090 nm cseppméretnél csak 45,22%.

A kompozit membranon torténd vizsgaldodas esetén megallapitottuk, hogy az oldatos
mintabol gyakorlatilag a teljes HA mennyiség keresztiiljut a membréanon, és csak nagyon kis
mennyiség marad a célteriileten, azaz a modell koromagybor feliiletén (2,4%) (Id. 22. dbra
¢és 18. tablazat). A PE 20ET20 minta esetén ez az érték joval kedvezébb: agar gélen a TIO
89,88%-a jutott keresztiil, a kompozit membranon pedig csupan 5,7%, igy a tobbi TIO
tartalom, azaz 84,18% a célteriileten maradt. Ez a mennyiség PE 20ET50 esetén 61,1%, mig
PE 20ET100 esetén 45,13%. Az eredmények alapjan tehat kijelenthetjiik, hogy PEk

alkalmazasaval elérhet6 a célul kitizott célzott HA leadas.
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KM KM KM KM
. Stabilizalo A A 51 K . K .
Minta . Desepp (nm) gar gar gé ompozit ompozit
agens gél (%)  (mg/cm?) membran membran
(%) (mg/cm?)
ETO - - 18,33 0,26 15,90 0,22
HE Tween80 2470,0 + 89,1 35,02 0,49 11,01 0,15
PE 20ET20 20ET20 SN 1850 + 496,6 89,88 1,26 5,70 0,08
PE 20ET50 20ET50 SN 2380 + 157,0 67,18 0,95 6,06 0,05
PE 20ET100 20ET100 SN 3090 +116,6 45,22 0,63 0,09 0,001

18. tablazat: Koromlemezen torténtd in vitro diffuzios vizsgalatok eredményei TIO MA olajos fazist
tartalmazo PEK esetén. ETO: etanolos oldat. HE: hagyomanyos emulzio. KM: kumulativ tiokonazol
mennyiség 2 orat kovetden. A TIO koncentracioja minden esetben 3,58 mg/ml volt.

J'DD r . r - r L)
In vitro diffazios vizsgalatmodell koromlemezen —
—e—EtO — |
0 —e—HE
PE 20ET20
PE 20ET50 67,18
—e— PE 20ET100
&0
g
P>
¥
40
20
o
o 25 50 75 100

t (min)

21. abra. In vitro diffazios vizsgalatok eredményei modell koréomlemezen. KM: kumulativ hatéanyag
mennyiség. A formulaciok tiokonazol koncentracigja 3,58 mg/ml. A kiilonb6z6 emulzidk cseppméretei: HE
2470,0 + 89,1 nm, PE 20ET20 1850 + 496,6 nm, PE 20ET50 2380 + 157,0 nm, PE 20ET100 3090 + 116,6
nm.
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= In vitro diffazios vizsgalat kompozit membranon
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22. abra. In vitro diffuzios vizsgalatok eredményei kompozit membranon. KM: kumulativ hatbanyag
mennyiség. A formulaciok tiokonazol koncentracidja 3,58 mg/ml. A kiilonbdzé emulzidk cseppméretei: HE
2470,0 + 89,1 nm, PE 20ET20 1850 + 496,6 nm, PE 20ET50 2380 + 157,0 nm, PE 20ET100 3090 + 116,6
nm

445. T. rubrum és C. albicans gombafajokon végzett mikrobiologiai vizsgalatok

eredményei

A T. rubrum és C. albicans gombafajokra meghatarozott MIC és MFC értékeket a
19. tablazathan, illetve a 23. és 24. abrdn lathatjuk. Az etanolos oldat formajaban torténd
vizsgalatok alapjan egyértelmiien latszik, hogy mind a T. rubrum, mind a C. albicans esetén
a kombinacioban alkalmazott MA és TIO MFC és MIC értékek is jelentésen csokkentek, a
kiilon-kiilon alkalmazott MA és TIO értékekhez képest. Ez alapjan megallapithatjuk, hogy
valoban fellép szinergista hatas az illoolaj és az azol szarmazék kozott.

A kiilonb6z6 formulaciok Osszehasonlitasakor lathatjuk, hogy a PEk joval
hatékonyabbak a két gombafaj ellen, mint a TIO MA HE vagy etanolos oldat formaja. A
20ET100 PE mutatja a legnagyobb hatékonysagot a gombdak ellen, MIC és MFC értéke T.
rubrum ¢és C. albicans esetén is a legalacsonyabb.

crcr

tartalmazo PE formanak van 1étjogosultsaga a koromgomba helyi kezelésében.
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Minta T. rubrum C. albicans
MIC (ug/ml) MFC (ug/ml) MIC (ug/ml) MFC (ug/ml)

EtO-TIO 4,68 37,5 18,75 74,88
EtO-MA 74,88 149,92 74,88 149,92
EtO-TIO MA 10,43 83,47 11,24 89,95
HE 5,21 83,47 11,24 89,95
PE 20ET20 5,21 41,73 5,61 22,48
PE 20ET50 2,6 20,86 2,8 11,24
PE 20ET100 1,29 10,43 2,8 11,24

19. tablazat: Minimalis gatlasi koncentraciéo [MIC] és minimalis fungicid koncentracié [MFC]
meghatarozasa T. rubrum és C. albicans esetén.

" [ R[]
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EtO EtO EtO HE FPE PE PE
20ET20 20ET50 20ET100
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3 ' . v A
74 88
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E€O EO E©O HE PE PE PE
20ET20 20ET50 20ET100
23. abra. Minimalis gatlasi koncentracio [MIC] meghatarozasa T. rubrum (A) és C. albicans (B)
gombafajokon. Az abran feltiintetett mennyiségek pug/ml értékben vannak kifejezve. A z6ld csillag (*) és a
piros csillag (*) a szignifikans értékeket mutatjak (p<0,01), TIO és MA esetén.
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24. abra. Minimalis fungicid koncentracié [MFC] meghatarozasa T. rubrum (A) és C. albicans (B)
gombafajokon. Az abran feltiintetett mennyiségek pug/ml értékben vannak kifejezve. A zold csillag (*) és a
piros csillag (*) a szignifikans értékeket mutatjak (p<0,01), TIO és MA esetén.
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5.  OSSZEFOGLALAS

Munkank soran célunk volt SNK méretpontos, reprodukalhatd szintézisének
megvaldsitasa, majd ezt kovetden a nanorészecskék megfelelé mértéki feliileti modositasa.
Stober reakcidban, tetra-etoXi-szilan prekurzorbdl allitottunk el6 SNKet kiilonb6z6
reakciokoriilmények kozott, majd kerestiik a reakciok paraméterei €s a nanorészecskék
tulajdonsagai kozotti osszefiiggéseket. Osszefoglaldsképpen elmondhatjuk, hogy sikeriilt
megvalositani 6-191 nm kozotti szilika nanorészecskék szintézisét, melyek mérete az
ammonia koncentrdcidjanak, a homérsékletnek és a viz koncentrdcidjanak valtoztatasaval
szisztematikusan befolydsolhato. Kisérleteink bebizonyitottak, hogy az altalunk vizsgalt
koriilmények kozott, linedris Osszefliggés all fenn az ammoénia koncentracido és a
részecskeméret, a reakcid homérséklete €s a részecskeméret, illetve a viz koncentracioja és
a részecskeméret kozott. A linedris dsszefiiggés segitségével pontosan megtervezhetd, hogy
adott méretii SN elddllitasahoz milyen reakcio koriilményeket kell alkalmaznunk. A méret
szabalyozasahoz elsdsorban az ammonia koncentraci6 és/vagy a homérséklet valtoztatasat
javasoljuk, mivel ebben az esetben kaptunk szabalyos gomb alaki és monodiszperz
részecskeméret eloszlasu SNket.

A SNk hidrofil-lipofil jellegének valtoztatasahoz elvégeztiik a felilletmodositasukat.
A felillet modositasanak mértékét geometriai megkozelitéssel szamitottuk ki, majd ez
alapjan terveztiik meg a kisérleteket. A reakciokban kiilonboz6 funkcids csoportokat
tartalmazo szilanol szarmazékokat hasznaltunk fel, ugymint metil-, etil-, propil- és fenil-
trietoxi-szilant. A sikeres feliiletmddositdst infravorios spektroszkopiai vizsgalatokkal
igazoltuk, tovabba megidllapitottuk, hogy a modositds hatdsdra a részecskék mérete, alakja

és polidiszperzitisa nem valtozik.

A SNket PEKk stabilizalasara hasznaltuk fel, célunk volt az alkalmazasnak megfeleld
cseppméretii és stabilitasti emulziok eldallitasa. Elséként kamilla és fehériirom illéolajok
formulalasat végeztiik el, mikrobiologiai vizsgalatokhoz. Munkam soran legalabb 3
honapig stabil, olaj a vizben tipusu PEKat dllitottam eld, melyek cseppmérete 160-1415 nm
kozott alakult. A formulalashoz 20 nm méreti SNket hasznaltam fel. Kamilla ill6olaj esetén
50%-ban, mig fehériirom illoolaj esetén 20%-ban propil funkcids csoportokkal
feliiletmodositott SNk bizonyultak megfeleld stabilizald agensnek a 0,1-3,5 mg/ml illdolaj
koncentracié tartomanyban. Mindkét illoolaj esetén a PE forma joval hatékonyabbnak
bizonyult az oldatos és HE formdval szemben, kiilonbizé Gram negativ és Gram pozitiv

baktériumok, illetve gombak kezelésénél egyardnt.
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A kiilonbozo formulaciok és a sejtmodell kozotti kolcsonhatds vizsgalata soran
megdallapitottuk, hogy a PE formabdl nagysdagrenddel nagyobb a sejtmembrdanon keresztiil
torténd penetrdcio, mint oldatos vagy HE forma esetén. Amennyiben feltételezziik, hogy a
PE cseppek adszorbealodnak a sejtmembranra, az azon Keresztill torténé nagyfoku

penetraciot két jelenség okozhatja 24 .

Az illdolajok passziv diffuzidoval jutnak at a
sejtmembranon, amelyet az adszorpcid miatt, helyileg kialakulé nagy koncentracié gradiens
okoz; vagy a PE cseppek endocitozissal kozvetleniil a sejtbe jutnak. A pontos mechanizmus
jelenleg tisztazasara var. A mikrobiologial vizsgalatok soran megfigyeltiik, hogy mig a SNk
inertek, dnmagukban nem valtanak ki sem antibakterialis, sem antifungalis hatast, addig az
etanol, mint olddszer, illetve a Tween80® feliiletaktiv anyag 6nmagédban is rendelkezik
antimikrobas hatassal. A PEK hatékonyabb sejtmembranon Keresztiill torténé

penetracidja, és a SNK inert tulajdonsaga mind azt igazolja, hogy a PE megfelel6 lehet

illoolajok formulalasara és mikrobioldgiai vizsgalatara.

Munkdnk sordn, melyben a Streptococcus mutans fogdszati biofilm helyi kezelését
tiiztitk ki célul, sikeriilt kivant cseppméretii és stabilitisu, olaj a vizben tipusu PEKat
eloallitanunk, borsmenta, fahéj, kakukkfii és szegfiiszeg illoolajbol egyarant. Stabilizalo
agensként a 20 nm méretii, 20%-ban etil funkcids csoportokkal modositott SNk bizonyultak
megfelelének. A PEK cseppmérete 210-370 nm Kozétt alakult, amelyek méretiiknél fogva
alkalmasak lehetnek a biofilm kisebb porusaiba, igy mélyebb rétegeibe torténd célzott
illoolaj szallitasara. Az elkészitett emulziok minden esetben legalabb 1 hétig stabilak voltak,
bizonyos esetekben a stabilitas a 4 honapos idOtartamot is elérte.

A mikrobiologiai vizsgdlatok alapjin megdllapitottuk, hogy az illéolajok PEival joval
hatékonyabb biofilm degraddcio értheté el, mint az oldatos vagy HE formadval.
Feltételezhetden a kiilonbség a formuléaciok eltérd difftzios tulajdonsadgainak koszonheto.
diffazios vizsgalatat modell biofilm membranon. A diffizios vizsgdalatok eredményei
osszhangban voltak a mikrobiologiai vizsgalatokkal. A legnagyobb illoolaj mennyiség a
PEkbol diffundalt 4t a membranon, minden illdolaj esetén, majd ezt kovette a HE és az
oldatos forma. A kakukkfii ill6olaj rendelkezik a legjobb antimikrobas hatassal, mivel MIC
érteke ennek a legalacsonyabb. Ennek ellenére alacsony biofilm degradacios aktivitast
mutat, ami a diffuzids vizsgalatok eredményével magyarazhat6, mivel PE esetén is
kevesebb, mint 19% kakukkfii illoolaj diffundalt 4t a modell biofilm membranon. A

leghatékonyabb biofilm degradacié a fahéj illoolaj PE formajaval érhet6 el, mely esetben
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85,9%-o0s a degradacio, ¢s a diffuzios vizsgalat soran mért kumulativ illdolaj mennyiség
51,4% volt. Osszességében megallapithatjuk, hogy a SNkkel stabilizalt, olaj a vizben
tipusi PEK hatékonyabb gyégyszerformanak bizonyulnak a S. mutans fogaszati

biofilm helyi kezelésére.

A kéromgombds megbetegedések helyi kezelésére szdnt PEK eldallitdsa és vizsgadlata
soran megdallapitottuk, hogy a két lipofil hatoanyag, a tiokonazol és a teafa illoolaj
formulalasa elvégezheto egyazon gyogyszerkészitményben. A Hansen oldhatdsagi
paraméter szamitasaval, majd a kinetikai oldhatosag vizsgalataval megdllapitottuk, hogy a
tiokonazol nagy mennyiségben (>20 m/m%) oldhaté a teafa illéolajban, igy oldatuk
felhaszndalhato a PEK olajos fazisaként. Mikrobiologiai kisérleteket végeztiink
Trichophyton rubrum és Candida albicans gombafajok esetén, melyek igazoltik a
kezdeti feltevésiinket, miszerint a tiokonazol és teafa illoolaj kizott szinergista hatds lép
fel. Ezt a MIC és MFC értékek meghatarozasaval erdsitettiik meg.

A PEK eléallitasa soran azonos feliileti modositasu (20% etil), azonban harom
kiilonb6z6 méretii SNvel dolgoztunk. Eredményeink azt mutatjak, hogy a PEKat stabilizalo
SNk mérete befolyasolja a cseppméretet €s a stabilitast is: kisebb részecskeméretii szilikat
alkalmazva kisebb cseppméret €s nagyobb stabilitds érhetd el. Amennyiben 20 nm méretli
szilikat hasznalunk, a PEK cseppmérete linedrisan valtoztathatd az olajos fazis
melyben a nagy molekulatomeg, lipofil tulajdonsagu tiokonazol atjut a kéromlemezen, €s
a fert6zés helyén, azaz a koromagyboron marad. Ehhez in vitro diffuzids vizsgalatokat
végeztiink el, modellezve a koromlemezt és a koromagybort. A diffuzios vizsgalatok
eredményei egyértelmiien bizonyitottik, hogy a PE forma alkalmazdsdval elérheté a
célzott hatoanyag leadds, szemben a tiokonazol oldatos vagy HE formadjdval. Tovabba a
leadott hatéanyag mennyisége az emulziot stabilizalo részecskék méretének, igy a
cseppméretnek a vdltoztatasaval befolydsolhato. Az eredményeket 0Osszegezve
elmondhatjuk, hogy a PE alkalmazasa igéretes lehet koromgombas megbetegedések

célzott, helyi kezelésére.
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9. MELLEKLETEK

9.1. Szilika nanorészecske szintézis kitermelésének szamitasa
A szilika nanorészecskék szintézise soran a kitermelést az alabbiak szerint hataroztuk meg.

Az irodalmi adatok alapjan, és masok munkajanak megfelelden feltételezziik, hogy a

hidrolizis soran a TEOS az alabbi reakcio szerint alakul at:
Si(0C,Hg), + mH,0 — Si(0CyHs) 41 (OH),, + mC,HsOH

A reakci6o egyenlete alapjan kiszamithatd, hogy az altalunk alkalmazott TEOS és viz

mennyiségének felhasznalasaval hany mol, illetve gramm SN képzddik.

A ténylegesen keletkezett SN mennyiségének meghatarozasahoz a SNket tartalmazo
anyaligb6l eldszor 50°C-on elparologtattam az ammonidt, majd a szuszpenziot
centrifugaltam (15 000 rpm, 40 perc) és ultratiszta vizzel hdromszor mostam, illetve a
tisztitasi 1épések kozott centrifugaltam. Az igy kapott szilard anyagot 120°C-on szaritottam
48 oran at, majd a mintakat a mérésekig vakuum exszikkatorban taroltam 3 napig (JEOL
EM-DSCI10E, JEOL Ltd.). Ezt kovetéen meghataroztam a keletkezett SN tomegét, majd

abbol szamoltam a reakcio kitermelését.

1 T. Kozlecki et al.: Improved Synthesis of Nanosized Silica in Water-in-Oil
Microemulsions. Journal of Nanoparticles 2016, 5, 1-9. DOI: 10.1155/2016/8203260
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9.2.  Feliileti boritottsag szamolasa szilika nanorészecskék feliileti modositasahoz

A dolgozat 3.1.2 fejezetében targyalt SNK feliileti modositasat megel6zéen az alabbi
geometria megkozelitéssel szdmoltam ki a reakcidhoz sziikséges szilanol szarmazékok
molaris mennyiségét.

A modositani kivant SN méretét (DLS méréssel meghatarozott részecske sugara rgy ),
tomegét (mI%) és stirtiségét (p)! figyelembe véve kiszamithatd a megfelelé mennyiségt,
modositani kivant SN Gsszfeliilete (Afy ). Ehhez els6 1épésben 1 db SN térfogatat szamitjuk
Ki

3
. 4mtrgy
SN T T3

majd ebbdl a stirliség felhasznalasaval kiszamolhaté 1 db SN tomege
Mgy = Vo ep
Az 6sszes SN tomege (mgy ), amelynek a feliiletét modositani kivanjuk, ismert, mivel az a
nanorészecskét tartalmazo szuszpenzié koncentracidjabol megadhat6. Igy a modositani
kivant SN (ngy) szama egyszer( osztassal megadhato:
mgy

Ngy = 1
Mgy

Ha tudjuk, hogy 1 db SNnek mekkora a feliilete
Asy = Amrdy
akkor az 9sszes modositani kivant SN feliilete (AJy) az alabbi képlettel szamolhato
ASy = ngy - Agy

Kovetkezd 1épésben azt szamoltam ki, mekkora 1 db szilanol szarmazék feliilet igénye.
Figyelembe kell venniink, hogy a szilanol szarmazékok molekula geometridja tetraéderes,
¢és a SNk feliileti modositas soran a Si-O-CH,-CHs csoportok reakcidjan keresztiil kotodnek
a feliilethez. Ezekbdl az kovetkezik, hogy 1 db szilanol molekula 1 db haromszdgnek
megfeleld teriiletet (Tj) foglal el a SNk feliiletén. Ennek a haromszognek a teriilete
kiszamithato, ha tudjuk a Si-O csoportok kotéstavolsagat (dy: 163 pm) és kotésszogét?
(ay: 153,65°):
my = dj - COS

ahol m;, a haromsz6g magassaga. Az adatokbdl a haromszog teriilete megadhato:
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3
Th=5'm%'\/§

A kivant feliileti boritottsag értéket, azaz hogy a SN feliiletét milyen mértékben kivanjuk
modositani, szazalékban adjuk meg (x), igy a modositashoz sziikséges szilanolok molaris
mennyisége (ng,) megadhato:

Al - x

nS Z
Ty

! Vladimir M. Masalov et. al. Direct Observation of The Shell-Like Structure of SiO>
Particles Synthesized by the Multistage Stober Method. NANO Brief Reports and Reviews,
2013, 8(4) 1350036. DOI: 10.1142/S1793292013500367

2 Lickiss, P. D. The Synthesis and Structure of Organosilanols. Advances in Inorganic
Chemistry, 1995, 42, 147-262. DOI:10.1016/s0898-8838(08)60053-7
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9.3. Kamilla és fehériirom illéolajokkal késziilt Pickering emulziék formulilasa és

vizsgalata - Elokisérletek

Eldkisérleteim soran 20 nm méretii SNkel dolgoztam, melyek feliileti boritottsagat
valtoztattam és vizsgaltam, hogyan hat a feliileti boritottsdg valtoztatdsa a kamilla és
fehériirom illoolajokbol késziilt PEk cseppméretére és stabilitasara. A 20. tdbldzatban
lathatdo SNket hasznéltam a formulalas soran, a PEk formulalasa és vizsgalata megegyezett

a 3.2.1 és 3.2.2 fejezetben leirtakkal.

SN minta Funkciés csoport Feliileti boritottsag (%)

20ET etil 20
50ET etil 50
10P propil 10
20P propil 20
50P propil 50

20. tablazat: Kamilla és fehériirom illoolajok PEinak formulalasahoz hasznalt SNk tulajdonsagai

Tekintettel arra, hogy a fehériirom illdolaj sajat desztillalast olaj és csak véges
mennyiség (<5 ml) allt beldle rendelkezésre, ezért az eldkisérletek sordn allandd olaj
koncentracioval dolgoztam. A két illdolaj koncentracio értékének meghatarozasa
mikrobiologiai el6kisérletekben tortént, ez alapjan a kamilla illdolaj koncentracié 100 ug/ml,
mig a fehériirtim ill6olaj koncentracioja 200 ug/ml volt.

A kisérleti eredmények alapjan a kamilla illoolaj PE készitésére az S0P, azaz 20 nm
méretli és 50%-ban propil funkcios csoportokkal modositott SNk, mig fehériirdm illdolaj
esetén a 20P, azaz 20nm méretli €s 20%-ban propil funkcids csoportokkal modositott SNk
bizonyultak megfelelének (Id. 21. tablazat).
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Il6olaj St?;i;inzjlé (p;‘;l) Desepp (nm) Stabilités Megjelenés
20ET 100 251422 1 nap fazisszeparacid
50ET 100 258+11,6 1 hét opalos

Kamilla 10P 100 243+29,2 5 nap fazisszeparacid

20P 100 260+45,6 1 hénap opalos

50P 100 292+4,4 3 hénap opalos

20ET 200 591+15,6 5 nap fazisszeparacid

50ET 200 581+57,8 1 hénap opalos
Fehériirom 10P 200 297+7,6 2 hénap opalos

20P 200 160+2,2 3 honap opalos

50P 200 358,7+17,1 1 hénap fazisszeparacio

21. tablazat: Kamilla és fehériirom illolaj tartalmu PEk tulajdonsagai. 10: ill6ola;.
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9.4. Kiilonbo6zo illéolajokkal Kkésziilt Pickering emulziok formulilisa fogaszati

biofilm kezelésére — Elokisérletek

Eldkisérleteim soran 20 nm méretii SNkel dolgoztam, melyek feliileti boritottsagat
valtoztattam ¢és vizsgaltam, hogyan hat a feliileti boritottsag valtoztatasa a kiillonb6zo
illéolajokat tartalmazo PEK cseppméretére és stabilitasara. A 22. tablazatban lathatdo SNket
hasznaltam a formulaléas soran, a PEk formulélésa és vizsgalata megegyezett a 3.3.1 és 3.3.2

fejezetben leirtakkal.

SN minta Funkciés csoport Feliileti boritottsag (%)

HS20 - -
10MET metil 10
20MET metil 20

10ET etil 10

20ET etil 20

40ET etil

10P propil 10
20P propil 20

22. tablazat: Kiilonb6z6 illoolajok PEk formulalasahoz hasznalt SNk tulajdonsagai

Osszeségében elmondhaté, hogy mindegyik illdolaj esetén a 20ET, azaz a 20nm méretii és
20%-ban etil funkcios csoportokkal mddositott SNk bizonyultak a leginkdbb megfelelonek,
itt az emulzidk 2-16 hét kozott Orizték meg stabilitdsukat, azaz cseppméretiik és opalos
megjelenésiik valtozatlan maradt (1d. 23. tablazat) A cseppméretek szorasértéke 1,7-7,5%

kozott valtozott, de az adatok nagy szama miatt nem kertilt feltiintetésre.
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Stabilizald Cio

Il160laj sgens (mg/ml) Decsepp (nm) Stabilitas Megjelenés
10MET 0,15-3,25 400-1175 5 nap fazisszeparalddas
20MET 0,15-3,25 420-1210 5 nap fazisszeparalodas

10ET 0,15-3,25 327-1405 4 hét opalos
Borsmenta
20ET 0,15-3,25 295-1445 16 hét opalos
10P 0,15-3,25 310-1650 8 hét opalos
20P 0,15-3,25 300-1585 8 hét opalos
HS20 0,05-2,00 400-4800 4 nap fazisszeparalddas
10MET 0,05-2,00 390-3450 5 nap fazisszeparalddas
20MET 0,05-2,00 405-3715 5 nap fazisszeparalddas
10ET 0,05-2,00 295-3300 2 hét opalos
Fahéj
20ET 0,05-2,00 196-3100 8 hét opalos
40ET 0,05-2,00 310-5080 8 hét opalos
10P 0,05-2,00 380-5060 6 hét opalos
20P 0,05-2,00 440-5115 6 hét opalos
10MET 0,05-2,00 230-1480 1 hét opalos
20MET 0,05-2,00 225-1570 4 hét opalos
10ET 0,05-2,00 190-1880 6 hét opalos
Kakukkf(i
20ET 0,05-2,00 155-1680 16 hét opalos
10P 0,05-2,00 650-2100 2 nap fazisszeparalddas
20P 0,05-2,00 710-2990 2 nap fazisszeparalddas
10MET 0,05-2,00 485-3050 1 nap fazisszeparalddas
20MET 0,05-2,00 390-3320 1 nap fazisszeparalodas
10ET 0,05-2,00 210-4730 1 hét opalos
Szegfliszeg
20ET 0,05-2,00 180-4300 2 hét opalos
10P 0,05-2,00 355-4215 1 hét opalos
20P 0,05-2,00 680-5120 5 nap fazisszeparalodas

23. tablazat: Kiilonb6z6 illéolajat tartalmazé PEk tulajdonsagai.
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9.5.  PBS puffer oldat készitése

A PBS puffer, azaz foszfattal pufferalt sooldat készitéséhez az alabbi vegyszereket
hasznaltam fel: nagy tisztasagh NaCl, nagy tisztasagi KCI (tisztasag 99-100,5%),
Na:HPO4-2H20 (tisztasag>99.0%), és KHoPOj4 (tisztasag>99.0%), cc. HC1 oldat (37 m/m%).
Minden anyagot a VWR Kft.-t6l vasaroltunk. A PBS puffer sszetétele a kovetkezo: 137
mM NacCl, 2,7 mM KCI, 10 mM NazHPOs, 1,8 mM KH2POs. pH értékét tomény sosavval

7,4-re allitottam be. A puffert minden mérés elott, frissen készitettem el.
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9.6. Teafa illoolaj tartalmi Pickering emulziok készitése és jellemzése -

Elokisérletek

Eldkisérleteim soran 20 nm méretii SNkel dolgoztam, melyek feliileti boritottsagat
valtoztattam és vizsgaltam, hogyan hat a feliileti boritottsag valtoztatdsa a MAt tartalmazé
PEk tulajdonsagaira. A 24. tabldzatban lathatd SNket hasznaltam a formulalas soran, melyek
koncentracioja 1 mg/ml. Az emulgealas energia alland6 volt: 2 perc UH kezelés, majd

UltraTurraxszal torténé homogenizalas 13 500 rpm fordulatszamon, 2 percig.

SN minta Funkciés csoport Feliileti boritottsag (%)

10MET metil 10
20MET metil 20
10ET etil 10
20ET etil 20
10P propil 10
20P propil 20
10F fenil 10
20F fenil 20

24. tablazat: MA tartalmu PEk formulalasahoz hasznalt SNk tulajdonsagai
A PEKk stabilitasa a legkevésbé stabiltol a leginkabb stabil felé haladva a kovetkezd:
10F<20F<IOMET<20MET<10P<20P<10ET<20ET. Lathatjuk, hogy a felilletmodositd
funkcids csoport tekintetében fenil<metil<propil<etil a sorrend, illetve annal stabilabbak az

emulzidk, minél nagyobb mértéki a szilika nanorészecskék feliileti boritottsaga (Id. 25.

ey

crer

Osszeségében elmondhatd, hogy a 20ET, azaz a 20nm méretli és 20%-ban etil
funkciods csoportokkal modositott SNk bizonyultak a leginkdbb megfelelonek, itt az
emulzidk tobb mint 4 honapig is megorizték stabilitasukat, azaz cseppméretiik és opélos

megjelenésiikvaltozatlan maradt.

A cseppméretek szorasértéke a nagy mennyiségli adat miatt a tablazatban nem kertilt

feltiintetésre, az értékek 2,3-6,9% kozott alakultak.
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Stabilizdlo Cour N Dy (i) Stabilitas Megjelenés
SN (mg/ml) (mg/ml)
10MET 1,791-2,686 1 290-1055 10-30 perc krémesedés
10MET 3,314-6,268 1 1420-4440 1 nap opalos
10MET 7,164 1 4525 30 perc fazisszeparalodas
20MET 1,791-2686 1 480-1560 10-30 perc krémesedés
20MET 3,314-4,475 1 1355-1420 6 6ra - 1 nap opalos
20MET 5,373-7,164 1 1575-1510 30 perc- 2 6ra fazisszeparalodas
10ET 1,791 1 1630 30 perc krémesedés
10ET 2,686-5,373 1 1150-6250 1-2 nap opalos
10ET 6,268-7,164 1 5287-6101 2 6ra fazisszeparalodas
20ET 1,79-3,58 1 770-1320 5 hét opalos
20ET 4,48-7,16 1 1400-1800 20 hét opalos
20ET 3,314 0.5 4125 6 6ra opalos
20ET 3,314 1 1690 20 hét opalos
20ET 3,314 2-15 3130-4200 30 perc fazisszeparalodas
10P 1,791-3,582 1 515-980 5 hét opalos
10P 4,477-5,373 1 1020-1350 5 hét opalos
10P 6,268-7,164 1 1530-1570 10 hét opalos
20P 1,791-3,582 1 450-1220 8 hét opalos
20P 4,477-5,373 1 1310-1400 10 hét opalos
20P 6,268-7,164 1 1480-1510 10 hét opalos
10F 1,791-3,582 1 440-2360 10-30 perc krémesedés
10F 4,477-5,373 1 2210-2690 5 6ra opalos
10Ph 6,268-7,164 1 1520-3290 10 perc fazisszeparalodas
20F 1,791 1 945 30 perc krémesedés
20F 2,686-4,477 1 1435-1445 6 6ra -1 nap opalos
20F 5,373-7,164 1 1635-3690 10-30 perc fazisszeparalodas

25. tablazat. MA tartalmu PEk tulajdonsagai.
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9.7.  In vitro diffuzids vizsgalat biofilm modell membranon

o0 BorsmentalO in vitro difft1zios vizsgalata biofilm modell membranon

—&—HE
—e—PE 20ET20

0 EtO

20

10

0 1 2 t(h) s 4 5 6

25. abra: Borsmenta illoolaj in vitro diffuzios vizsgalata biofilm modell membranon. KM: kumulativ
illéolaj mennyiség 6 orat kovetden. 10: illdolaj. HE: hagyomanyos emulzi6. PE: Pickering emulzié. EtO:
etanolos oldat. A kiilonb6z6 formulaciok olaj koncentracioja chorsmentaio=0,98 mg/ml. Az emulziok
cseppmérete Due=310 nm, Dpe 20e120=210.

. Kakukkf IO in vitro diffiazios vizsgalata biofilm modell membranon

—a—HE
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—e— PE 20ET20
15
=
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26. abra: Kakukkfii illoolaj in vitro diffuzios vizsgalata biofilm modell membranon. KM: kumulativ
illéolaj mennyiség 6 o6rat kovetden. 10: illdolaj. HE: hagyomanyos emulzié. PE: Pickering emulzi6. A
kiilonboz6 formulaciok olaj koncentracidja crakukkii E0=0,20 mg/ml. Az emulzidk cseppmérete Dne=245 nm,
Dee 20eT20=255 nm.
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ES Szegfiiszeg IO in vitro diffG1zios vizsgalata biofilm modell membranon

) [— 250
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27. abra: Szegfiiszeg illoolaj in vitro diffizios vizsgalata biofilm modell membranon. KM: kumulativ
illéolaj mennyiség 6 orat kovetden. 10: illoolaj. HE: hagyomanyos emulzi6. PE: Pickering emulzié. EtO:
etanolos oldat. A kiilonb6z6 formulaciok olaj koncentracidja Cozegfiiszeg 10=0,51 mg/ml. Az emulzidk
cseppmérete Due=320 nm, Dpe 20e120=370 nm.
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9.8. Teafailloolaj gazkromatogramja

Abundance
7.318
1.6e+07
1.4e+07 10.780
1.2e+07
1e+07
8000000 8.024
6000000 745
5.198
4000000
10984
7.881
2000000 5015 8.612
551530 15.556.405
| O N O O O U O T SO
4.00 6.00 800 1000 12.00 14.00 1600 18.00 20.00 22.00 2400 26.00  28.00
Time-->
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9.9. Tiokonazol oldhatésaganak meghatarozasa teafa illéolajban Hansen-féle

oldhatosagi érték szamitasaval

Komponens dd o O o

p-cimén 174 227 244 17.72

terpinén-4-ol 17.26 4.05 7.15 19.12
y-terpinén l6.6 1.69 3.68 17.09

tiokonazol  20.59 6.87 544 22.38

26. tablazat. A tiokonazol és a teafa illoolaj harom komponensének HSP értékei.

Tiokonazol és az egyes Tavolsag*  Ad Add  AD,  Adn
komponensek dsszehasonlitasa
p-cimén 8,4 4,7 3,19 4,6 3
terpinén-4-ol 74 3,3 3,33 2,82 1,71
Y-terpinén 9,7 53 3,99 518 1,.76

27. tablazat. Szamitott oldhat6sagi paraméterek. A tiokonazol oldhatosaganak dsszehasonlitdsa a teafa
illéolaj harom komponensével. * A HSP tavolsag a szoftver altal generalt szamérték, amely a molekulak
kozotti tavolsagot irja le az Gin. Hansen térben.

Oldoszer1 Oldoszer2 Oldoszer3 V%1 V%2 V%3

p-ciméne  terpinén-4-ol vy-terpinén 18 82 0

p-ciméne  terpinén-4-ol vy-terpinén 46,7 43,2 10,1

28. tablazat. Szamitott oldhat6sagi paraméterek
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9.10. Tiokonazol kinetikai oldhatésaganak meghatarozasa teafa illéolajban oldoszer

addicios modszer segitségével

A DLS mérés soran manualis korrelacidval torténtek a mérések, a paraméterek az
alabbiak: minta térfogat 0,5 ml, hémérséklet 25°C, mérési pozicid 0,45 mm, csillapitas 4, 11
mérés, kvarc kiivetta (optikai ithossz 10mm, térfogat 3,5 ml, Hellma Analytics Ltd).

A kezdeti szuszpenzi6 TIO tartalma 56 m/m% volt, melyhez folyamatosan
adagoltam az MA illdolajat és vizsgaltam, hogyan valtozik a szuszpenzi6 fényszorasanak
intenzitasa, illetve a szuszpendalt részecskék mérete. A 28. és 29. abra lathatjuk a mérési
eredményeket. A részecskék mérete és a fényszoras intenzitdsa is folyamatosan csokken,
majd 30 m/m% TIO koncentracio6 értéknél az atlagos beiitésszam és a részecskék mérete is
lecsokken, illetve 24 m/m% alatt nincs értékelhetd adat. Az eredmények alapjan a 24 m/m%
hatarértéket tekintjiik a kinetikai oldhatosag értékének, mivel itt torténik meg a szuszpenzio-

valodi oldat kozotti atmenet.

2500

2000

1500

@

Atlagos beiitésszam (keps)

35 30 25 20 15 10
¢ (m/m %)

28. abra: TIO Kkinetikai oldhatosaganak meghatarozasa DLS méréssel.
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29. abra: TIO kinetikai oldhatésaganak meghatirozasa DLS méréssel.
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1 | INTRODUCTION

| Szilard Pal | Aleksandar Széchenyi

Abstract

In the field of essential oil research, the low water solubility of essential oils (EOs)
causes several problems, not only in pharmaceutical applications, but also in micro-
biological experiments. The aim of our work was to prepare Pickering emulsions
with tea tree, thyme, and anise EOs stabilized with silica nanoparticles, in order to
enhance their availability for microbiological tests. We have examined the influence
of surface properties and concentration of silica nanoparticles and dispergation
energy on emulsion stability and droplet size. In vitro diffusion experiments have
been performed on model agar gel membranes, with the stable Pickering emulsions
and conventional emulsions of EOs stabilized with Tween 80 surfactant. We have
examined the influence of surface modifying group type, surface coverage of silica
nanoparticles, and droplet size of the emulsions on the diffusion properties of the
EOs. Our results show that highly stable Pickering emulsions can be prepared with
silica nanoparticles of 20 nm diameter and 20% of surface covered with ethyl
groups, in a wide EO concentration range. The cumulative amount of the EO was
more effective in Pickering emulsions than in conventional emulsions for tea tree
and thyme EOs, whereas the opposite case was true for anise EO. As the droplet
size of the Pickering emulsion decreases, the cumulative concentration of the EO
increases. In this work, we have shown that the Pickering emulsions of EOs are a
suitable form for EO transport through complex membranes, and hopefully can be

effectively applied in microbiological and pharmaceutical experiments.

KEYWORDS
emulsion preparation, essential oils, Pickering emulsion, silica nanoparticles, static Franz

diffusion cell method

order to establish the bioavailability and biopharmacy of EOs, but the

In recent times, essential oils (EOs) have increased in popularity
because they come from natural sources, and have proven antimicro-
bial,* antioxidant,? and anticancer activities,® among others. The main
advantages of EOs is their natural complexity, and the fact that they
cause less unfavourable side effects than other active substances.
Unfortunately, their behaviours and mechanisms of action are not well
described scientifically, so our current knowledge is often based on
data from traditional medicine. Scientists must make a huge effort in

pharmaceutical examinations are made difficult because of the unfa-
vourable physical chemical properties of EOs, such as hydrophobicity
and low water solubility. In the case of testing antimicrobial activity,
the direct use of EOs is almost implausible: without any solvents the
oil remains on the surface of the cell culture medium and cannot inter-
act with bacteria. As a result of these unfavourable physical chemical
properties, the use of EOs in pharmaceutics is limited.

We can overcome some of these problems by preparing oil-in-
water EO emulsions, but the materials used for the stabilization of

Flavour Fragr J. 2018;33:385-396.
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emulsions, like surfactants and co-solvents, can cause irritation or
other side effects.> They can even influence the role and the
effect of active components, which then can lead to the misinter-
pretation of experimental data. To avoid the use of these
materials we can use solid particles to prepare stable emulsions of
EOs, termed Pickering emulsions. These emulsions were named
after Spencer Umfreville Pickering, who was the first to
describe the physical chemical phenomenon of the adsorption of
solid particles on the interface of two immiscible liquids.®
Pickering emulsions can be oil-in-water (O/W), water-in-oil (W/O),
or multiple-type emulsions, similar to surfactant-stabilized
emulsions.

The surfactants are amphiphilic molecules, with a hydrophilic
and a lipophilic group. When surfactants are used for emulsion sta-
bilization they adsorb on the liquid-liquid interface: the hydrophilic
group stays in the water phase, whereas the lipophilic group
remains in the oil phase.” The adsorption of solid particles at lig-
uid-liquid interfaces is determined by the wettability or the contact
angle of the particles.® For hydrophilic particles the contact angle is
less than 90° and a larger portion of the particle resides in the
water phase, whereas for hydrophobic particles the contact angle is
greater than 90°, and a larger portion of the particle resides in the
oil phase. The ideal state is when the wettability of the particles is
the same in both oil and water, with a contact angle of 90°. In this
case the same portion of the particle is in both phases. This state
can be achieved by the systematic surface modification of stabiliz-
ing particles.

The adsorption of surfactants and solid particles is a sponta-
neous, reversible process. The surfactants adsorb more weakly than
the solid particles at the liquid-liquid interface, and the surfactant
molecules are in a state of rapid adsorption—-desorption equilibrium
at the interface. On the other hand, the solid particles have higher
adsorption energy, and their adsorption and desorption is slower
than surfactant molecules,” and in some cases we can consider this
as irreversible adsorption. Because of this phenomenon the stability
of Pickering emulsions can be the same or better than conventional
emulsions. The stability of Pickering emulsions is advantageous in
pharmaceutical studies, where the duration of an experiment can be
several days, and this can be advantageous for therapeutic applica-
tions.

Besides the stability of the emulsion, two important parameters
for pharmaceutical experiments and therapy are the size and the
density of the emulsion droplets. Both of these characteristics can
influence the uptake of EOs by the target cells or tissues.’® If we
apply solid nanoparticles as an emulsion stabilizer, the adsorption of
nanoparticles on the cell culture medium (e.g. agar medium), on the
cell membrane, or on the surface of microorganisms can also
enhance the adsorption or resorption of EOs, and their compo-
nents.!! In some cases, we can achieve targeted delivery of pharma-
ceutically active substances as the surface of the stabilizer
nanoparticles can be easily modified with different targeting chemi-
cal groups, proteins, or enzymes.*!

As a result of the rapid development of nanotechnology, several
types of nanoparticles used for pharmaceutics are available for use
as emulsion stabilizing agents, e.g. chitosan,*? starch,'® cellulose,'*
poly(lactide-co-glycolide) (PLGA),*> or metal- and semi metal oxides,
such as silica.t

Silica nanoparticles are widespread because they are biologically
inert, their synthesis can be easily performed by the one-step sol gel
method,?” the synthesized particles are monodispersed,*® their sur-
face can be simply modified with different chemical groups,'® they
are physically stable, and they are non-toxic over a wide range of
the concentrations°.

The aim of this work was to prepare silica nanoparticle stabi-
lized Pickering emulsions of tea tree EO (Melaleucae aetheroleum),
thyme EO (Thymi aetheroleum), and anise EO (Anisi aetheroleum)
with well-defined properties, such as droplet size and stability. We
have chosen these essential oils because in the future we would
like to use Pickering emulsions of these Eos for onychomycosis
topical treatments, and their antimicrobial activities have already
been examined against Trichophyton rubrum fungi?¥2® In these
tests the EOs have been used in the form of a solution or an
emulsion. For the diffusion experiments, agar gel has been chosen
as the model membrane because the agar plate method is often
used in antimicrobial studies.?* We have investigated the influence
of the ratio of EO, water, and silica nanoparticles, the type of sur-
face modification of nanoparticles, and the energy of emulsifica-
tion on droplet size and the stability of the formulated emulsions,
and their diffusion through agar gel membrane.

2 | EXPERIMENTAL

2.1 | Materials

The following chemicals were used for the experiments: absolute
ethanol (AnalaR NORMAPUR®; purity >99.8%; VWR Chemicals,
Debrecen, Hungary); ammonium solution (AnalaR NORMAPUR® ana-
lytical reagent; 28w/w%; VWR Chemicals); Butvar B-98 (Acros
Organics, USA); ethyltriethoxysilane (ETES; purity 96%; Alfa Aesar,
Ward Hill, MA, USA); HCI (37w/w% Ph. Eur.; VWR Chemicals); KCI
(AnalaR NORMAPUR®, Reag, Ph. Eur.; VWR Chemicals); KH,PO,
(AnalaR NORMAPUR®, Reag. Ph. Eur.; VWR Chemicals); methyltri-
ethoxysilane (MTES; purity 98%; Alfa Aesar); NaCl (AnalaR NORMA-
PUR®, Reag. Ph. Eur.; VWR Chemicals); Na,HPO, (anhydrous >99%;
AnalaR NORMAPUR®, Reag. Ph. Eur.; VWR Chemicals); phenyltri-
ethoxysilnae (PhTES; purity 98%; Alfa Aesar); tetraethoxysilane
(TEOS; purity 98%; Alfa Aesar); ultrapure water (Astacus, analytical
with UV; membraPure, Hennigsdorf, Germany). The EOs were anise
EO (Aromax Ltd, Budapest, Hungary), tea tree EO (Aromax Ltd), and
thyme EO (Aromax Ltd).

Agar gel membranes were prepared as described previously,?®
and prior to the diffusion experiments the membranes were cut into
discs (38 mm in diameter and 2.1 mm thick) and placed into the
membrane holder of the vertical diffusion cells.
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2.2 | Synthesis and surface modification of
hydrophilic silica nanoparticles

The synthesis of 20-nm diameter hydrophilic silica was performed in
a mixture optimized in our previous work,?® based on the original
work of Stéber, Fink, and Bohn.*” Briefly, a solution of TEOS and
water in ethanol was prepared (Table 1). After 20 min of vigorous
stirring and 20 min of ultrasonic treatment (Sonorex RK 52H; Ban-
delin, Berlin, Germany), ammonium hydroxide was then added to the
mixture. The reaction mixture was stirred at 1000 rpm with a mag-
netic stirrer for 24 h at room temperature 20-25°C. The synthesised
hydrophilic silica nanoparticles were stored and were found to be
stable without aggregation and any change in size or morphology for
several months in the residual reaction solution.

Surface of hydrophilic silica was modified with MTES, ETES, or
PhTES in a post-modification process. The desired surface coverage
of silica nanoparticles was calculated. The calculation is based on a
simple geometrical approach, and the parameters used for calcula-
tions were size, weight, and density of silica nanoparticles, with a
surface requirement of three silanol group, presuming that it will
bound to the surface of the silica nanoparticle by all three bonds.
The surface modifying agents were dissolved in ethanol and then
added to a native silica nanoparticle suspension, and the mixture
was stirred for 6 h at room temperature at 1000 rpm. Seven differ-
ent modified silica nanoparticles were prepared (Table 1).

The ammonium hydroxide and ethanol content were always
removed by fractional distillation (Laborota 4000; Heidolph, Sch-
wabach, Germany) from the modified silica suspension, prior to
emulsion preparation. The water content was supplemented three
times. The concentration of silica nanoparticle water-based suspen-

sion was finally adjusted to 1 mg/cm?.

TABLE 1 Parameters of hydrophilic and surface-modified silica
nanoparticle synthesis

Parameters of hydrophilic silica nanoparticle synthesis

cTEOS cNH3 cH,O cEtOH T t
Sample (mol/dm®  (mol/dm® (mol/dm® (mol/dm3® (K) (h)
HS 0.26 0.05 5 15 298 24

Parameters of surface modified silica nanoparticle synthesis

Surface

coverage Vimodifying T t
Sample Modifying agent (%) agent (W)*  (K)  (h)
10MET methyltriethoxysilane 10 24.40 298 6
20MET 20 48.80 298 6
5ET ethyltriethoxysilane 5 26.32 298 6
10ET 10 52.64 298 6
20ET 20 105.27 298 6
10Ph phenyltriethoxysilane 10 59.11 298 6
20Ph 20 118.23 298 6

*The volume of the modifying agent refers to 500 mg of hydrophilic sil-
ica nanoparticles. In the name of samples the number signs the surface
converage in percent, and the ET,MET or Ph abbreviations sign the modi-
fying groups. HS signs hydrophilic silica nanoparticles.
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2.3 | Physicochemical characterization of
hydrophilic and modified silica nanoparticles

The hydrodynamic diameter (d) and polydispersity index (PDI) were
determined by dynamic light scattering (DLS) using a Malvern Zetasizer
Nano S instrument (Malvern Panalytical Ltd, Malvern, UK). The zeta
potential of silica nanoparticles was determined by electrophoretic
light scattering (ELS) using a Malvern Zetasizer Nano Z instrument. We
examined the size and morphology of silica nanoparticles with trans-
mission electron microscopy (TEM) (JEM 1200 EX Il; JEOL Ltd,
Akishima, Tokyo, Japan). For microscopic experiments, 200 mesh cop-
per grids (Micro to Nano Ltd., Haarlem, Netherland) were coated with
Butvar B-98 thin film (Sigma Aldrich Ltd., Budapest, Hungary).

2.4 | Preparation of O/W-type EO emulsions

We have worked with different emulsifier concentrations, with the
suspension of surface-modified silica nanoparticles in the case of Pick-
ering emulsions and Tween 80 in the case of conventional emulsions.
We have also varied the concentration of EOs. In the pre-emulsifica-
tion process the mixtures were sonicated for 2 minutes, and then were
homogenized with UltraTurrax (IKA Werke T-25 basic) for 2 minutes
at 13 500 rpm. For the examination of the influence of emulsification
energy on emulsion droplet size and stability, the emulsions were
homogenized for different, longer times at 21 000 rpm (Table 2).

2.5 | Physicochemical characterization of emulsions

The droplet size of the emulsion was determined with DLS using a Mal-
vern Zetaziser Nano S instrument. Each sample was prepared in tripli-
cate. We consider the emulsions to be stable for the diffusion
experiments, when the droplet size does not change within at least
24 hours, and creaming, sedimentation, or disproportionation do not
occur in this period. The emulsions were stored at a constant tempera-
ture: 25 °C. The stability of the emulsions was monitored by periodical
droplet size determination. With the large volume of experimental data
obtained, the standard deviations of droplet sizes have not been indi-

cated in the tables or in the text. All the values were between 0.8-13.5%.

2.6 | In vitro diffusion studies — static Franz
diffusion cell method

Agar gel membranes (2 w/w%) were used in six parallel static vertical
Franz diffusion cells (Hanson Microette Plus, 60-301-106; Teledyne
Hanson Research, Chatsworth, CA, USA). The effective penetration
area was 2.54 cm?, and the volume of the receiver chamber was
7 ml. The receiver solution was phosphate-buffered saline (PBS) buf-
fer. The volume of the sample emulsions was 600 pl, and 2ml sam-
ples were collected after half an hour, and then every hour, for a
total duration 6 hours. The withdrawn sample volume was replaced
with fresh PBS buffer. The temperature was 37 °C. The EO content
was determined by UV-Vis spectroscopy (Jasco V-550 UV/VIS Spec-
trophotometer; Jasco Inc., Easton, MD, USA).
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TABLE 2 Parameters of preparation of Pickering and
conventional emulsions of essential oils (EOs). All the samples were
homogenized by UltraTurrax

Preparation of Pickering and conventional emulsions of tea tree EO

Stabilizing Cetabilizi th - v .

agent Coi (g/L) agent (&/L) (min) (1/min)
10MET 1.791-7.164 1 2 13 500
20MET 1.791-7.164 1 2 13 500
5ET 1.791-7.164 1 2 13 500
10ET 1.791-7.164 1 2 13 500
20ET 0.895-7.164 1 2 13 500
20ET 3.314 0.5-15.0 2 13 500
20ET 3.314 1 2 21 000
10Ph 1.791-7.164 1 2 13 500
20Ph 1.791-7.164 1 2 13 500
Tween 80 0.895 1 2 13 500
Tween 80 3.314 1 2 13 500
Tween 80 4.775 1 2 13 500

Preparation of Pickering and conventional emulsions of thyme EO

Stabilizing Ctabilizi t izati v

agent Coil (g/L) agent (/L) (min) (2/min)
20ET 0.9135-7.308 1 2 13 500
20ET 2.740 0.5-15.0 2 13 500
20ET 2.740 1 2 21 000
Tween 80 2.740 1 2 13 500

Preparation of Pickering and conventional emulsions of anise EO

Stabilizing Cstabilizi th izati Vh i

agent Coil (&/L) agent (8/L) (min) (2/min)
20ET 0.979-7.832 1 2 13 500
20ET 2937 0.5-15.0 2 13 500
20ET 2937 1 2 21 000
Tween 80 2.937 1 2 13 500

TABLE 3 Physical and chemical parameters of the silica
nanoparticles

dpLs Polydispersity index drem Zeta potential ¢

Sample (nm) (PDIpys) (nm) (mV)

HS 20.1 0.008 20 -116

10MET 20.8 0.051 20 -34.9
20MET 20.5 0.060 20 -24.0
5ET 20.4 0.010 20 -10.8
10ET 20.2 0.041 20 -9.5
20ET 19.8 0.072 20 -6.0
10Ph 20.3 0.120 20 203
20Ph 20.5 0.125 20 83.1

The wavelengths of the absorption maxima are as follows: tea tree
EO, Amax = 204 nm; hyme EO, Amax = 275 nm; and anise EO, Ayax =
261 nm. As the Tween 80 surfactant has maximum absorption at
209 nm and the silica nanoparticle absorbs UV light at 220 nm, this

value is based on our previous experiments. The absorption of EOs and
Tween 80 or silica nanoparticles added to the absorbance spectra over
the course of measurements, and so every adsorption spectrum was
resolved with oriciNPrO 8 (OriginLab, Northampton, MA, USA), and the
peaks were calculated according to Gaussian distribution.

The standard deviation of diffusion study results have been indi-

cated in the figures with error bars.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization of silica
nanoparticles

On the basis of our previous work we have successfully synthesized
20-nm hydrophilic silica nanoparticles (HS), with a mean diameter of
20.1 nm and PDI of 0.008, measured by DLS (Table 3).

In order to confirm the size determined by DLS, and to investigate
the morphology, we have examined the samples with TEM. The TEM
images show that the HS are 20-nm in diameter, highly monodis-
persed, nearly spherical, and have a smooth surface (see Figure 1).

Our aim was to prepare silica nanoparticles with different surface
properties, in order to tune the hydrophilic/lipophilic characters of
the particles. After the modification process all the samples were
examined with DLS and TEM. The results show that all the silica
nanoparticles retained their initial size, and that all the samples are
spherical, highly monodispersed, and have a smooth surface
(Table 3).

The ELS measurements give us information about successful sur-
face modification, as it can be clearly seen that zeta potential
decreases with increasing surface coverage, e.g. at 5ET, ¢ =-
10.8 mV, and at 20ET ¢ = -6.0 mV. The modifying agent also influ-
ences the surface potential: at less lipophilic methyl functional
groups the zeta potential is { = -34.9 mV at 10MET sample, and at
the same surface coverage but with a more lipophilic functional phe-
nyl group this value is { = 20.3 mV (Table 3).

3.2 | Formulation and characterization of Pickering
emulsions
3.2.1 | Influence of the surface modification of

silica nanoparticles on the emulsion stability

We have used tea tree EO, and silica nanoparticles modified with
methyl, ethyl, and phenyl groups to different extents: 10MET,
20MET, 5ET, 10ET, 20ET, 10Ph, and 20Ph. We have chosen the
concentration range between the minimum inhibitory concentration
value of Trichophyton rubrum and the toxic level, so that the concen-
tration of tea tree EO was systematically varied in the range of

0.895-7.164 g/L. All the emulsion parameters can be seen in Table 4.

The least stable emulsions are emulsions stabilized with 10Ph
nanoparticles. With this stabilizing agent the Pickering emulsions are

stable in a concentration range of 4.477-5.373 g/L, and only for
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FIGURE 1 Transmission electron microscopy (TEM) images of silica nanoparticles: A, HS nanoparticles; B, 5ET nanoparticles; C, 10ET
nanoparticles; D, 20ET nanoparticles. The size of the nanoparticles is 20 nm

5 hours. The most stable Pickering emulsions are stabilized with
20ET. In the concentration range of 2.238-4.477 g/L, the stability is
4 months, whereas in the concentration range of 0.895-2.238 g/L,
the emulsions remain stable for 1 day. The appearance of the stable
emulsions in every case is opalescent.

As we have found here, and in our previous studies,?” the most

stable emulsions are stabilized with 20ET nanoparticles, and so

further examinations and emulsion formulations were performed
with these nanoparticles.

In the case of thyme EO, the emulsions were stable in the
concentration range of 2.274-4.567 g/L: at a concentration of
2.274 g/l the emulsion was stable for 2 months,
concentration of 4.4567 g/L the emulsion was stable for 1 day
(Table 5.)

and at a
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TABLE 4 Droplet size and stability of Pickering and conventional emulsions of tea tree essential oil (EO). The stability was measured with

dynamic light scattering (DLS) periodically for at least 1 week

Parameters of Pickering and conventional emulsions of tea tree EO

Stabilizing Coil Cstabilizing th Noation
agent (g/L) agent(g/L) (min)
10MET 1.791-2.686 1 2
10MET 3.314-6.268 1 2
10MET 7.164 1 2
20MET 1.791-2686 1 2
20MET 3.314-4.475 1 2
20MET 5.373-7.164 1 2
5ET 1.791-2.686 1 2
5ET 3.314-3.582 1 2
5ET 4.475-7.164 1 2
10ET 1.791 1 2
10ET 2.686-5.373 1 2
10ET 6.268-7.164 1 2
20ET 0.895-4.477 1 2
20ET 5.373 1 2
20ET 6.268-7.164 1 2
20ET 3.314 0.5 2
20ET 3.314 1 2
20ET 3.314 2-15 2
10Ph 1.791-3.582 1 2
10Ph 4.477-5.373 1 2
10Ph 6.268-7.164 1 2
20Ph 1.791 1 2
20Ph 2.686-4.477 1 2
20Ph 5.373-7.164 1 2
Tween 80 0.895-4.775 1 2

*Three parallel samples and measurements

The stability of anise EO is similar, with the emulsions being
stable in the concentration range of 1.958-4.895 g/L:
stable for 2 days at 1.958 g/L, and stable for 1 week at 4.895 g/L
(Table 6).

3.2.2 | Influence of the energy of emulsification on
emulsion stability

We changed the rotational speed and the duration of homoge-
nization with a constant 20ET nanoparticle concentration (1 g/L)
and with a constant EO concentration. The droplet size of the
Pickering emulsion of thyme EO can be reduced by the applica-
tion of a higher shear rate and an extended time of emulsifica-
tion, which correlates with the energy of emulsification. We have
found that the size changed from 1586 nm (13 500 rpm, 2 min)
to 1015 nm (21 000 rpm, 4 min). Both emulsions remained stable

Daverage
Vhe i droplet”
(1/min) (nm) Stability Appearance
13 500 292-1055 10-30 min creaming
13 500 1420-4442 1 day opalescent
13 500 4525 30 min disproportionation
13 500 478-1557 10-30 min creaming
13 500 1355-1421 6 h-1 day opalescent
13 500 1574-1513 30 min-2 h disproportionation
13 500 1025-1436 6h opalescent
13 500 1436-3702 2 days opalescent
13 500 2731-4469 10 min-2 h disproportionation
13 500 1628 30 min creaming
13 500 1147-6247 1-2 days opalescent
13 500 5287-6101 2h disproportionation
13 500 775-3202 1 day- opalescent

4 months

13 500 2793 2h creaming
13 500 3740-4209- 30 min disproportionation
13 500 4126 6h opalescent
13 500 1686 4 months opalescent
13 500 3128-4199 30 min disproportionation
13 500 443-2359 10-30 min creaming
13 500 2213-2686 5h opalescent
13 500 1522-3292 10 min disproportionation
13 500 945 30 min creaming
13 500 1435-1447 6 h-1 day opalescent
13 500 1638-3686 10-30 min disproportionation
13 500 701-1851 1 week opalescent

for 2 months, and the stability did not change with droplet size.
More significant decreases were observed with the Pickering
emulsion of anise EO, with droplet sizes changing from 5274 to
1477 nm, and with the stability reduced from 7 to 5 days
(Table 6).

3.2.3 | Influence of different formulation
parameters on the emulsion droplet size of tea tree
EO

We have investigated how the surface coverage influences the dro-
plet size of Pickering emulsions with a tea tree EO concentration of
at 3.582 g/L, with a stabilizing agent concentration of 1 g/L, and with
constant emulsification energy. We have found that the phenyl
group-modified, silica nanoparticle-stabilized emulsions have a smal-

ler droplet size than the methyl- or ethyl-modified silica
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TABLE 5 Droplet size and stability of Pickering and conventional emulsions of thyme essential oil (EQ). The stability was measured with

dynamic light scattering (DLS) periodically for at least 1 week

Parameters Pickering and conventional emulsions of thyme EO

Coil Cstabilizing agent th ization
Stabilizing agent (g/L) (g/L (min)
20ET 0.914 1 2
20ET 1.827-4.567 1 2
20ET 5.481-7.308 1 2
20ET 2.740 0.5 2
20ET 2.740 1-2 2
20ET 2.740 5-15 2
20ET 2.740 1 2
20ET 2.740 1 2
20ET 2.740 1 4
20ET 2.740 1 6
Tween 80 2.740 1 2

*Three parallel samples and measurements

Vh ization

*
D ge droplet

(1/min)
13 500
13 500
13 500
13 500
13 500
13 500
13 500
13 500
21 000
21 000
13 500

(hm)

613
1649-2942
4720-5435
3524
1668-2205
1598-2358
1568

1251

1015

4139

1476

Stability

30 min

5 h-4 months
1h

1h

1 day-4 months
1h

4 months

1 day

1 day

10 min

1 week

Appearance
creaming
opalescent
disproportionation
opalescent
opalescent
disproportionation
opalescent
opalescent
opalescent
disproportionation

opalescent

TABLE 6 Droplet size and stability of Pickering and conventional emulsions of anise essential oil (EO). The stability was measured with

dynamic light scattering (DLS) periodically for at least 1 week

Parameters for Pickering and conventional emulsions of anise EO

Vh

Coil Cstabilizing agent  th ization
Stabilizing agent (g/L) (g/L) (min)
20ET 0.979 1 2
20ET 1.958-4.895 1 2
20ET 5.874-7.832 1 2
20ET 2.937 0.5-2 2
20ET 2.937 5-7.5 2
20ET 2.937 10-15 2
20ET 2.937 1 2
20ET 2.937 1 2
20ET 2.937 1 4
20ET 2.937 1 6
Tween 80 2.937 0.5-2 2

*Three parallel samples and measurements

nanoparticles, e.g. at 20Ph the droplet size is 2065 nm, at 20ET the
droplet size is 2662 nm, and at 20MET the droplet size is 2820 nm.
The higher surface coverage results in larger droplet sizes: the 5ET
stabilized emulsion droplet size is 1436 nm, the 10ET size is
2063 nm, and the 20ET is 2662 nm (Table 7).

In the concentration range of 0.895-4.447 g/L for tea tree EO
and for a concentration of 1 g/L for 20ET, where the emulsions are
stable, there is a linear correlation between the tea tree EO concen-
tration and the droplet size (Figure 2; Table 8).

Based on this finding, we have calculated the desired droplet
size of emulsions, and founded that the droplet size of tea
tree EO can be exactly planed in this range (Figure 2, emulsions
with tailored droplet size).

(2/min)
13 500
13 500
13 500
13 500
13 500
13 500
13 500
21 000
21 000
21 000
13 500

D. 1< doplet*
(nm)

5084
4555-5240
5564-5065
2718-5362
1391-1501
4090-4900
5274

2640

1393

1544
816-1249

Stability

30 min

2 day-4 months
1 hour

1 week—4 months
2 hours

20 min

4 months

4 months

4 months

5 days

1 week

Appearance
creaming
opalescent
disproportionation
opalescent
creaming
disproportionation
opalescent
opalescent
opalescent
opalescent

opalescent

TABLE 7 Droplet size of Pickering emulsions of tea tree essential
oil (EO). The concentration of the oil was held constant at 3.582 g/L,
and the concentration of the modified silica nanoparticles was also

kept constant at 1 g/L

Stabilizing
agent

10MET
20MET
S5ET
10ET
20ET
10Ph
20Ph

Modifying agent

Surface

methyltriethoxysilane 10

20

ethyltriethoxysilane 5

10
20

phenyltriethoxysilane 10

20

coverage (%)

Droplet size
(nm)

1420
2820
1436
2063
2662
1141
2065
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Droplet size as a function of tea tree EO concentration
Pickering emulsions with planned droplet size
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FIGURE 2 Droplet size as a function of tea tree essential oil (EO) concentration. The droplet size of tea tree EO can be predicted in the
0.895-4.477 g/L concentration range. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 8 Droplet size of Pickering emulsions of tea tree essential
oil (EO) stabilized by 20ET silica nanoparticles. The concentration of
20ETis 1 g/L

3.3 | In vitro diffusion studies — static Franz
diffusion cell method

For the in vitro diffusion studies, we chose samples where the dro-

¢ ko Droplet size plet size remained stable for at least 1 day. In order to ensure com-
Sample (g/L) (nm) parability, we used Tween 80 surfactant-stabilized emulsions of the
20ET-TT-1 0.895 775 same composition as the Pickering emulsions, namely the concentra-
20ET-TT-2 1.343 968 tion of the stabilizing agent in the emulsions — the modified silica
20ET-TT-3 1.791 1346 nanoparticles or Tween 80 — and the EO and the emulsification
20ET-TT-4 2938 1394 energies were always kept the same.
20ET-TT-5 2.685 1658
20ET-TT-6 3.134 1686 3.3.1 | In vitro diffusion studies with Pickering
20ET-TT-7 3.582 2662 emulsions of tea tree EO
20ET-TT-8 4.477 3202
The influence of silica nanoparticle surface coverage on tea tree EO
diffusion through agar membrane has been determined. Because the
100 In vitro release of tea tree EO from Pickering- and classical

emulsion through agar agar gel membrane
Influence of surface coverage
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FIGURE 3 |In vitro diffusion of tea tree essential oil (EO) from Pickering and conventional emulsions through agar gel membrane. The
influence of silica surface coverage was examined. The stabilizing agents for the Pickering emulsions were: 5ET, 10ET, and 20ET. The
stabilizing agent of the conventional emulsion is Tween-80 surfactant. The concentration of tea tree EO is 3.314 g/L. The concentration used
for all of the emulsion stabilizing agents is 1 g/L. [Colour figure can be viewed at wileyonlinelibrary.com]
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100 In vitro release of tea tree EQ from Pickering- and classical
emulsion through agar agar gel membrane
=0 Influence of modifying agent
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FIGURE 4 In vitro diffusion of tea tree essential oil (EO) from Pickering and conventional emulsions through agar gel membrane. The
influence of the silica surface modifying agent was examined. The stabilizing agents of the Pickering emulsions were: 20MET, 20ET, and 20Ph.
The stabilizing agent of the conventional emulsion is Tween-80 surfactant. The concentration of tea tree EO is 3.314 g/L. The concentration
used for all of the emulsion stabilizing agents is 1 g/L. [Colour figure can be viewed at wileyonlinelibrary.com]
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In vitro diffusion of tea tree essential oil (EQ) from Pickering emulsions through agar gel membrane. The influence of the droplet

size of the emulsion was examined. The stabilizing agent used for the Pickering emulsions was ET20, at a concentration of 1 g/L. The
concentrations of tea tree EO were: 0.895, 3.314, and 4.775 g/L. The droplet sizes of the Pickering emulsions were: 775, 1686, and 3202 nm.
The figure clearly shows that the smaller droplet size gives the most effective diffusion of the Pickering emulsions. [Colour figure can be

viewed at wileyonlinelibrary.com]

ethyl group modified silica nanoparticle-stabilized Pickering emul-
sions were the most stable emulsions, and the first diffusion studies
were performed with 5ET, 10ET, and 20ET emulsion stabilizing
agents. The concentration of nanoparticles and EO was constant:
1 g/L for 20ET and 3.314 g/L for EO. The highest cumulative level
was obtained with the highest ethyl group coverage: 87.23% with
20ET, 71.48% with 10ET, and 65.37% with 5ET (Figure 3).

In the second set of experiments, the influence of the stabilizing
agent used for the Pickering emulsions of tea tree EO were exam-
ined. For the experiment we used 20MET, 20ET, and 20Ph stabiliz-
ing agents, the concentrations of which were kept constant at 1 g/L.
The tea tree EO concentration was the same as used in previous

experiments: 3.314 g/L. The results clearly show that the highest
cumulative EO level was 87.23% using 20ET stabilizing silica
nanoparticles, and that EO diffusion was least effective with
Tween 80 surfactant-stabilized emulsion, in this case only 8.76%
(Figure 4).

In the next step the influence of droplet size on diffusion was
examined. The droplet sizes examined were 775, 1686, and
3202 nm. The concentration of 20ET was the same in each emul-
sion: 1 g/L. Predictably, the highest cumulative level was obtained
with the smallest droplet size: at 775 nm, almost all of the tea tree
EO oil (98.10%) diffused through the agar membrane. By contrast,
with the biggest droplet size of 3202 nm, the cumulative level was
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FIGURE 6 |In vitro diffusion of thyme essential oil essential oil (EO) from Pickering and conventional emulsions through agar gel membrane.

The emulsification energy has an influence on droplet size, and so the effectiveness of diffusion was examined. The stabilizing agent of the
Pickering emulsions was ET20, and the stabilizing agent in the conventional emulsion was Tween-80 surfactant. The concentration of thyme
EO was 2.740 g/L, and the concentration of all of the emulsion stabilizing agents was 1 g/L. The droplet size of 20ET-TH-3 was 1586 nm,
whereas the droplet size of 20ET-TH-E3 was 1015 nm. [Colour figure can be viewed at wileyonlinelibrary.com]
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In vitro diffusion of anise essential oil (EO) from Pickering and conventional emulsions through agar gel membrane. The

emulsification energy has an influence on droplet size, and so the effectiveness of diffusion was examined. The stabilizing agent of the

Pickering emulsions was ET20, and the stabilizing agent in the conventional emulsion was Tween-80 surfactant. The concentration of anise EO
was 2.937 g/L, and the concentration of all of the emulsion stabilizing agents was 1 g/L. The droplet size of 20ET-AN-3 was 5274 nm, whereas
the droplet size of 20ET-AN-E4 was 1477 nm. [Colour figure can be viewed at wileyonlinelibrary.com]

much lower, at 67.18%. Diffusion with the same composition using
conventional Tween 80-stabilized emulsions is far less effective, with
an accumulative level of tea tree EO in the range of 0.53-8.76%

(see Figure 5).

3.3.2 | In vitro diffusion studies with Pickering
emulsions of thyme and anise EOs

In the case of Pickering emulsions of thyme and anise EOs, the influ-

ence of the droplet size of the emulsion on diffusion was

investigated. In every case the emulsion stabilizing agent was 20ET,
and its concentration was 1 g/L. For Tween 80 surfactant-stabilized
emulsions the surfactant concentration was also 1 g/L. Similarly, to
tea tree EO diffusion, the cumulative level was higher with the smal-
ler droplet size. In the case of thyme EO diffusion, the cumulative
level of EO was 3.57% with a droplet size of 1015 nm, and it was
2.96% with a droplet size of 1586 nm. For the conventional emul-
sion this value was lower, at 2.0% (Figure 6).

The diffusion of anise EO differs from that of tea tree EO and
thyme EO. The cumulative level of EO was 0.88% with a droplet size



HORVATH &7 AL.

of 1477 £ 98.2 nm, and dropped to 0.41% with a droplet size of
5274 nm. As opposed to tree tea EO and thyme EO, the cumulative
release of anise EO was higher for the conventional emulsion, at
1.73% (Figure 7).

4 | CONCLUSION

The synthesis of hydrophilic silica nanoparticles and their engineered
surface modifications with ethyl, methyl, and phenyl functional
groups have been successfully performed. The synthesized silica
nanoparticles were highly monodispersed, spherical, and have a
smooth surface.

We have prepared Pickering emulsions with tea tree, thyme, and
anise EOs, stabilized with 20-nm silica nanoparticles. The most stable
emulsions were stabilized with particles modified by ethyl group,
with a calculated surface coverage of 20%, and in some cases the
emulsions are stable for up to 4 months. For tea tree EO the desired
droplet size can be tailored to the stable range, where the concen-
tration of EO is between 0.895 and 4.447 g/L, and the concentration
of 20ET is 1 g/L. With these conditions we can make emulsions with
the desired droplet size that can be used for droplet size-dependant
targeting.

Furthermore, in vitro diffusion experiments have been performed
with EOs in agar gel membranes with vertical static Franz diffusion
cells. The cumulative level of tea tree EO is outstanding with 20ET-
stabilized Pickering emulsions, and notwithstanding the low cumula-
tive level of thyme EOs, the results clearly show that the cumulative
levels of EOs are higher with Pickering emulsions than with conven-
tional Tween 80-stabilized emulsions, excepting the case of anise
EO. This information is very useful for researchers who deal with
the microbiological properties of EOs using the agar-plate method,
or for other pharmaceutical examinations. The difference between
the cumulative levels of tea tree EO and thyme or anise EOs can
arise from differences in the physical chemical properties of the EOs,
such as surface tension and viscosity, which also determine the for-
mulation and diffusion of EOs.

We hope that our work will contribute to a better understand-
ing of the effect of EOs in microbiological, biotechnological, and
pharmaceutical experiments, and could plausibly open new routes
for the potential exploitation of EOs in pharmaceutical applica-
tions.
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Preparation, characterisation

and microbiological examination
of Pickering nano-emulsions
containing essential oils, and their
effect on Streptococcus mutans
biofilm treatment
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Béla Kocsis3, Gyorgyi Horvath? & Aleksandar Széchenyi'”

Essential oils (EOs) are commonly applied in mouth care products like mouthwashes, mostly as

an ethanolic solution or by usage of surfactants as solubilising agents. In this study, we present a
formulation for preparation of Pickering nano-emulsions (PnE) of EOs as a novel form for application
of EOs in mouth care. For the preparation of PnE, we have synthesised surface-modified silica
nanoparticles with a mean diameter of 20 nm, as well as we have examined the effect of EOs
concentration on PnE droplet size and stability. In vitro study of their effect on the Streptococcus mutans
biofilm as the main pathogen of dental health problems has been performed. We have found that EOs
in the PnE form has the highest effectiveness against biofilm formation. Diffusion through the biofilm
model membrane was studied to explain this observation. We have found that PnEs have a better
performance in the transportation of EOs trough model membrane than the ethanolic solutions and
conventional emulsions (CEs).

Dental plaque is a thin biofilm layer built by microorganisms, mainly Streptococcus species'. Microbial activity
in the dental plaque causes a local decrease of pH value and weakens the mineralised tooth structures that can
lead to several tooth diseases like caries, gingivitis, and periodontitis. For this reason, the removal of dental
plaque is the most important part of mouth hygiene. The daily removal is commonly achieved by mechanical
methods, such as tooth brushing, usage of tooth floss or interdental brushing?. Tooth brushing is used by most of
the population, while only a small percentage uses tooth floss or interdental brushing regularly®. The efficacy of
mechanical methods differs in a great extent. The plaque removal by tooth brushing mainly depends on the time
and technique of brushing, and on the quality of toothbrushes?, but usually, the desired plaque removal is not
reached by this method. That is why an additional technique, such as chemical plaque removal or prevention, is
often used. Chemical plaque removal or prevention can be achieved by application of mouthwashes, whom usage
is widespread among the grown population. The commercially available mouthwashes usually contain amine-
fluoridine, chlorhexidine, hexetidine, octenidine, triclosan or plant extracts as antibacterial agents®. Most of them
cause some side effect after prolonged usage, except plant extracts like EOs. G. Pizzo et al. demonstrated that EOs
have the same efficacy as aminefluoridin or CHX so that they can replace these ingredients in mouthwashes®.
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The EOs based commercial products that are used for treatment or prevention of dental diseases are contain-
ing surfactants, solvents or co-solvents to enhance the water solubility of EOs’. Among the solvents, different
alcohols (e.g. ethanol, propylene glycol, glycerine) are applied in mouthwash or gargles. Commonly used sur-
factants are polysorbates (20, 60 or 80)® and SLS (Na-lauryl-sulphate)®, which are used as emulsion stabilisers or
EO solubilising agents. Unfortunately, the surfactants can cause mucous membrane irritation by damaging their
cell membranes; additionally, at long-term usage, they can get into the blood circulation and cause other side
effects'”. The alcohols can cause dehydration of the mouth, which makes the mucous membrane more sensitive
to infections or other diseases'!.

Additionally, the application of solvents and surfactants in microbiological tests can lead to misinterpretation
of the experimental data, because alcohols and surfactants also have antimicrobial activity'? that is why the effect
of essential oils cannot be unambiguously determined. To avoid the use of solvents and surfactants, yet to provide
the availability of EOs on the test or treatment site, Pickering emulsions can be prepared, which are emulsions
stabilised with solid particles'?. For this purpose, we can use biologically inert, non-toxic particles, e.g. cellulose'%,
silica!® or PLGA!® particles, which are widely used in pharmaceutical technology.

Pickering emulsions can have the same or better stability than the conventional, surfactant stabilised emul-
sions interface!”. The adsorption of the solid particles and surfactants on the liquid-liquid interface is a spontane-
ous, reversible process. The adsorption energy of solid particles on the liquid-liquid interface is higher than the
adsorption energy of surfactants. In some cases, where the adsorption energy of solid particles is extremely high,
adsorption process can be considered as irreversible!”. Because of their stability, Pickering emulsions can be used
in pharmaceutical and medical applications.

Beside emulsion stabilisation, the solid particles may interact with biofilm, and targeted EO transportation
can also be achieved!s. The effectiveness of targeted EO delivery depends on the emulsion type, the emulsion
stabilisation agent and emulsion droplet size'*?. Usually, the biofilm consists of polysaccharide matrix, and it is
impermeable for many pharmaceutically active ingredients, that is why the treatment of stiff bacterial colonies
is challenging?!. Because of the hydrophilic properties of Streptococcus mutans biofilm??, an O/W type emulsion
should be applied. When the emulsion is stabilised by the particles with appropriate hydrophilic/lipophilic sur-
face character, which can adsorbed preferably on the biofilm, targeted delivery can be reached. The emulsion
droplet size also plays an important role in the delivery of EOs: the mean pore size of biofilms in the top layer
ranges from approximately 1.7-2.7 um and 0.3-0.4 um in the bottom layers?. Because of the pore size of biofilms
we can assume, that if the emulsion droplet size is less than 300 nm, the droplets can penetrate deep into the
biofilm matrix.

We aimed to prepare O/W type Pickering emulsions with four EOs, such as cinnamon bark (Cinnamomum
verum J. Presl.), clove (Syzygium aromaticum (L.) Merr. and Perry), peppermint (Mentha x piperita L.) and
thyme EO (Thymus vulgaris L.) and to examine the influence of the EOs concentration on droplet size and
stability of Pickering emulsions. Their antimicrobial activities against Streptococcus mutans have been studied
before?*, moreover several researchers have found that these EOs can act as biofilm inhibitors with other bacterial
strains®>~2%, Their ethanolic solutions and conventional emulsions (CEs) have also been tested to compare the
effectiveness of different EO delivery forms.

We have also examined the diffusion properties of different EO forms through model membrane, to explain
the difference in their antibacterial or inhibitory effects. In the case of cinnamon EO we have prepared and
examined PnE with SNPs that have different hydrophilic/lipophilic surface character to determine its influence
on the antibacterial activity and diffusion properties as model membrane agar gel was used, which is a suit-
able Streptococcus mutans biofilm model because they have similar hydrophilic properties and tortuous pore
structure®.

Results and Discussion

Synthesis and characterisation of silica nanoparticles. Hydrophilic silica nanoparticles (HS) were
synthesised by a method established by St6ber, Fink and Bohn, the mean diameter was 20 nm, and the PDI
was 0.008, determined by DLS. The stability of the PnEs can be influenced by the hydrophilic/lipophilic surface
properties of silica nanoparticles®. In our previous work®', we have ascertained that the PnEs with appropriate
stability and tailored size can be prepared with silica nanoparticles, which were partially surface modified with
ethyl groups. For this reason, we have modified the surface of HS by ethyl functional groups with a theoretical
surface coverage of 20% (20ET) and 40% (40ET).

The TEM examinations showed that the mean diameter of silica samples was mean 20 nm; they are highly
monodispersed, nearly spherical and have a smooth surface (see Fig. 1). In the case of HS high negative zeta
potential is expected, and the measurements confirm it. High number of free silanol groups at the surface causes
the negative zeta potential, as their pK value is approximatively 4.5, which means that some of them are disso-
ciated in the water suspension. The surface modification will decrease the number of free silanol groups on the
surface, which should cause the decrease of the zeta potential under the same conditions. The zeta potential of
HS suspended in water was ( = —116 mV. After surface modification the zeta potential values decreased with
increasing surface coverage. The values were (= —79 mV for 20ET and { = —63 mV for 40ET.

The surface modification of SNPs was examined with FT IR spectroscopy. No significant difference in the
position of the vibrational frequency for the SiO, functional groups was observed (see Fig. 2). The surface mod-
ification of HS with ethyl functional groups caused the decrease of the number of Si-OH groups on the surface
of SNPs, hence intensity of peaks belonging to v,Si-O-Si (1105 cm™!), VgegomSi-OH (1395 and 1645 cm™!) and
VgtrechS1-OH (3095-3685 cm™!) decreased, while the intensity of peaks of vSi-O-C increased (815cm™). New
peak attributed to the v-CH,- have appeared for the surface modified samples. Their vibrational frequencies are
the same in both cases, 2855 and 2930 cm ™}, but intensities are higher for the sample 40ET. The results clearly
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Figure 1. TEM images of silica nanoparticles. (A) HS. (B) 20ET. (C) 40ET.
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Figure 2. FT-IR spectra of silica nanoparticles.

show that the surface modification was successful, and the intensity of peaks v/,Si-O-C and v-CH, correlate to the
surface coverage with ethyl functional groups.

GC-MS and GC-FID analysis of essential oils. The exact composition of EOs was determined with gas
chromatography. The components were identified by comparing their retention times and relative retention fac-
tors with standards and oils of known composition. Two parallel measurements have been performed. The main
components are the follows eugenol 78.64% in clove EO, cinnamaldehyde 63.77% in cinnamon bark EO, menthol
50.4% and menthon 19.8% in peppermint EO, thymol 39.88% and p-cymene 19.2% in thyme EO. In Table 1.
other major components can be seen. We did not indicate or identify the compounds which were present signifi-
cantly under 1%; this is the reason why the totals are not 100%.

Preparation and characterisation of pickering nano-emulsions. The maximum concentration of
EOs was set to MIC value for all examined emulsions. The MIC values of pure EOs in ethanolic solutions were
previously determined against Streptococcus mutans with broth macrodilution test (see Part 3.4), for different EOs
these were: clove EO 1.02 g/L, cinnamon EO 0.80 g/L, peppermint EO 1.96 g/L, thyme EO 0.40 g/L. We have pre-
pared PnEs with HS, 20ET or 40ET stabilising agents, for CEs Tween80 surfactant was used, the concentrations
of stabilising agents were 1g/L for all experiments. The emulsions were stored at room temperature; t =25 °C.
Each experiment was made in triplicates. Stability of emulsions was determined from periodical droplet size
determination with DLS (see Table 2.). The emulsions were considered to stable when the droplet size did not
change within 24 hours, and creaming, sedimentation or disproportionation did not occur. Because of the large
number of experimental data, we did not indicate data for the standard deviations of droplet size in Table 2. All
values were in 1.2-8.3% range.

Because the volume fraction of EO (©,) was under 0.01 in every case, we could assume, that all PnEs and CEs
were O/W type emulsions. We have performed filter paper tests with CoCl, and dye test with Sudan red G to
confirm this assumption®.

The results confirmed that the PnEs could have same or better stability than CEs (see Table 2), because of the
high adsorption energy of solid nanoparticles on the liquid-liquid interface. The most stable emulsions are the
thyme EO containing ones, in this case the stability of PnEs was 4 months, while its CEs were stable for only 1
month.
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Results of GC measurements of essential oils

Percentage of compounds (%)

Cinnamon bark

Component RI Peppermint EO | Thyme EO | Clove EO | EO
a-Pinene 939 1.1 1.0 — 5.1
Camphene 951 — 2.0 — -
B-Myrcene 992 — 1.0 — —
Carvacrol — 5.9 — —
a-Terpinene 1017 — 3.2 — —
p-Cymene 1026 | — 19.2 — 1.9
Limonene 1044 14 — — 1.8
1,8-Cineole 1046 5.5 4.6 — 2.8
~-Terpinene 1060 — 6.7 — —
Linalool 1104 | — 5.6 — 4.0
Isopulegol 1150 | 1.0 — — —
Menthone 1156 19.8 — — —
Isomenthone 1159 | 7.0 — — —
Menthol 1172 50.4 — — —
Isomenthol 1183 |43 — — —
a-Terpineol 1190 — 1.0 — 2.2
Pulegone 1215 | 1.9 — — —
trans-Cinnamaldehyde 1266 — — — 63.7
Bornyl acetate 1289 | — 1.0 — —
Thymol 1297 — 39.8 — —
Isomenthyl acetate 1305 | 5.5 — — —
Eugenol 1373 — — 78.8 4.6
(3-Elemene 1394 — — — —
B-Caryophyllene 1417 | 1.3 4.2 13.5 42
Cinnamyl acetate 1446 | — — — 9.4
a-Humulene 1452 | — — 4.6 —
B-Cadinene 1473 | — — 1.1 —
Total: 99.2 98.2 98.0 99.7

Table 1. Composition of essential oils. The results of GC analysis show the average per cent of the two parallel
measurements of volatile compounds in every case. The values of standard deviation were below 4.5%. RI:
retention indices relative to C8-C30 n-alkanes. We did not indicate the unknown compounds and compounds
under 1%.

Parameters of Pickering- and conventional emulsions of essential

oils
Stabilizing | Dy,pper
Essential oil Cou (§/L) | agent (nm) Stability
0.05-1.02 | 20ET 155-1660 2 weeks
Clove EO 0.05-0.7 | Tween80 155-245 2 weeks
0.8-1.02 | Tween80 335-455 1 weeks
0.03-0.8 HS 400-4880 4 days
0.03-0.8 20ET 185-280 2 months
Cinnamon EO | 0.03-0.8 | 40ET 315-550 2 months

0.03-0.5 | Tween80 240-265 3 weeks
0.6-0.8 Tween80 275-3010 2 weeks
0.11-1.96 | 20ET 210-11450 | 4 month
Peppermint EO | 0.105-0.7 | Tween80 255-310 1 weeks
0.8-1.96 | Tween80 350-1090 2 weeks
0.05-0.4 | 20ET 155-395 4 months
0.05-0.4 | Tween80 150-240 1 month

Thyme EO

Table 2. Composition and characterisation of emulsions. Droplet size and stability were calculated from
data of 3 parallel samples. The concentration of stabilizing agent was constant 1 g/L. Droplet size standard
deviation =+1.2-8.3%. All emulsions are O/W type, which was determined with conductivity tests.
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Figure 3. Results of biofilm inhibition tests. Biofilm inhibition activity of different formulated EOs against
Streptococcus mutans, the concentration of EOs were the MIC/2 values. C: control. P: PnE form. E: ethanol/
ethanolic solution. Tw: Tween80 solution/CEs with Tween80 surfactant. Pp: peppermint EO, MIC/2: 0.98 g/L.
Cl: clove EO, MIC/2: 0.51 g/L. Cin: cinnamon EO, MIC/2: 0.40 g/L. Th: thyme EO, MIC/2: 0.20 g/L.

Inhibitory rate against Streptococcus mutans biofilm (%)

CHS Cin HS C40ET Cin 40ET C20ET Cin 20ET CinE Cin Tw

Figure 4. Results of biofilm inhibition tests in case of cinnamon EO. Biofilm inhibition activity of different
formulated cinnamon EO against Streptococcus mutans. The concentration of cinnamon EO was its MIC/2
values, 0.40 g/L. C: control. HS: PnE with HS stabilising agent. 20ET: PnE with 20ET stabilising agent. 40ET:
PnE with 40ET stabilising agent. E: ethanol/ethanolic solution. Tw: CE with Tween80 surfactant.

Biofilm formation and treatment. The EOs concentration was MIC/2 value in all examined emulsions
or solutions, which is a standard concentration for biofilm inhibition tests®%. Our results of the crystal violet assay
showed that the absolute ethanol and Tween80 solution have antibacterial effect, and they reduced the biofilm
mass, while the HS, 20ET and 40ET nanoparticle suspensions had no antibacterial effect, and they did not reduce
the biomass significantly.

Even so, the PnEs prepared with 20ET were the most effective forms in biofilm inhibition. For each EOs, the
ethanolic solutions and CEs showed less biofilm inhibition (see Fig. 3.); e.g. in the case of thyme EO, the inhibi-
tory rates (IR) were 26.9, 47.4 and 72.1% for ethanolic solution, CE and PnE respectively.

We have found cinnamon EO have the highest inhibition effect among tested EOs. The inhibitory rates for
its different forms are 59.7 for ethanolic solution, 69.0% for CE and 85.9% for PnE respectively. In this case we
have performed tests on the influence of the hydrophilic/lipophilic surface properties of stabilising SNPs on the
inhibitory effect on PnE. HS and 40ET nanoparticles stabilised PnEs were also tested in biofilm inhibition. The
results showed (Fig. 4), that in the case of 20ET nanoparticles stabilised PnE had better biofilm inhibition effect
(IR 85.9%) than 40ET (IR 81.5%), and HS stabilised ones (IR 69.4%).

In Fig. 5 we can see the SEM images of untreated and treated biofilms. Figure 5A,B are the images of untreated
control biofilms. The in vitro adherence of Streptococcus mutans colonies can be clearly seen, and thick coherent
biofilm has formed on the surface. The SEM images bear out the results of biofilm inhibition experiments. The
PnE of peppermint EO reduced the biofilm mass (Fig. 5C) minimally, while in the images of biofilms treated with
PnE of clove (Fig. 5D) and thyme EO (Fig. 5E) we can see bacterial colonies on the surface, but the adherence of
coherent biofilm was reduced.

The SEM images clearly show, high inhibitory effect of the PnEs of cinnamon EO. On the images of biofilms
treated with HS (Fig. F) and 40ET (Fig. H) stabilized PnEs of cinnamon EO we can see some coherent biofilm
spots, while on the image of biofilm treated with 20ET stabilized PnE of cinnamon EO (Fig. G), no coherent bio-
film formation can be observed.

In all the cases, a very good correlation of the inhibitory rate obtained by the crystal violet assay and the data
obtained from SEM images can be found.

In vitro diffusion studies. After the discussion on the results obtained from biofilm inhibition tests, an
assumption has been made that there should be a correlation between inhibitory rate and diffusion properties
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Figure 5. SEM images of biofilm and biofilms after treatment with a different formulation of cinnamon EO. The
EO concentrations equal with the MIC/2. (A,B) Control Streptococcus mutans biofilm, untreated. (C) Biofilm
treated with PnE of peppermint EO. (D) Biofilm treated with PnE of clove EO. (E) Biofilm treated with PnE of
thyme EO. (F) Biofilm treated with HS stabilised PnE of cinnamon EO. (G) Biofilm treated with 20ET stabilised
PnE of cinnamon EO. (H) Biofilm treated with 40ET stabilised PnE of cinnamon EO. The magnification is
1500x and 3000x for biofilm control, and 3000x for other samples, scale bar is 8 um.

trough biofilm of the EOs in different forms. To confirm this assumption, in vitro diffusion tests were performed.
Static Franz diffusion cell method was used with agar gel as model membrane. The EOs concentration was
the same that was used for the biofilm inhibition tests, MIC/2 values. The droplet size of the different types of
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Results of in vitro diffusion studies
Droplet size D | Cumulative EO
Essential oil Coin &/l Formula (nm) release(%)
Ethanolic solution — 129428
Clove 0.51 Conventional emulsion 320+37 21.540.1
Pickering nano-emulsion 370422 27.5£4.0
Ethanolic solution — 10.5+1.6
Conventional emulsion 240420 30.7+1.2
Cinnamon 0.40 Pickering nano-emulsion HS 220+4 323+1.2
Pickering nano-emulsion 20ET 245+12 51.4+1.0
Pickering nano-emulsion 40ET 255+6 33.8+2.5
Ethanolic solution — 69.7 +14.1
Peppermint 0.98 Conventional emulsion 310+9 69.0+9.2
Pickering nano-emulsion 210+10 81.1+22
Ethanolic solution — under LOD
Thyme 0.20 Conventional emulsion 245420 9.4+0.4
Pickering nano-emulsion 255+5 18.9+0.5

Table 3. Results of in vitro diffusion studies. The oil concentrations equal to MIC/2 values against Streptococcus
mutans. Droplet sizes and cumulative EO releases were calculated from three parallel samples.

60 In vitro diffusion of Cinnamon EO through agar gel membrane

-o-Pickering emulsion - HS nanoparticles

~e-Pickering emulsion - 20ET nanoparticles si4
50 Pickering emulsion - 40ET nanoparticles

‘Conventional emulsion - Tw80 surfactant
<#-Ethanolic solution

Cumulative EO amount (%)
w
2

0 1 2 t(h) 3 4 5 6

Figure 6. In vitro diffusion of cinnamon EO through agar gel membrane. The cinnamon EO concentration

is 0.40 g/l (MIC/2 against Streptococcus mutans). The stabilising agent of PnEs are HS, 20ET, and 40ET
nanoparticles, the stabilising agent of CE is Tween80. The concentration of emulsion stabilising agents is 1 g/I.
The droplet size of CE is D =320 nm, the PnE with HS D =220, PnE with 20ET D =245 nm, and PnE with 40ET
D=255.

emulsions was similar (see Table 3), and we could assume that the diffusion properties depend only on the type
of the emulsion or surface properties of emulsion stabilising agent. The diffusion profiles of different EOs are very
similar; this is why we have graphically presented only the in vitro diffusion study curve of cinnamon EO as it has
shown the highest inhibitory rate (see Fig. 6). The results of cumulative amount after 6 hours for all samples can be
seen in Table 3. The cumulative amount of EO means the diffused EO amount after 6 hours. The diffusion curves
of all the other samples can be seen in Supplementary Information.

Generally, we can conclude that the cumulative EO amounts were highest for PnEs. In the case of cinnamon
EO these values are: 51.4% for 20ET stabilised PnE, 30.7% for CE and 10.5% for ethanolic solution respectively. At
thyme EO, cumulative EO amount for ethanolic solution was under the limit of detection value.

Conclusions. We have successfully prepared O/W type PnEs of EOs with droplet size tailored for dif-
fusion trough biofilm porous structure (210-370nm). For the stabilisation of PnEs, we have synthesised and
surface-modified spherical silica nanoparticles. These emulsions remained stable for at least 1 week, in some cases
more, then 4 months.

We have determined MIC values against Streptococcus mutans for all examined EOs, and we have performed a
biofilm inhibition tests applying EOs in MIC/2 amount. We have tested tree forms for all examined EOs, ethanolic
solution, CE and PnE. The test results shown that the PnE form has highest antimicrobial effectiveness compared
to CE or ethanolic solutions for all examined EOs. We assume that the difference in effect should correlate with
the penetration of EOs in different form trough polysaccharide biofilm structure. To confirm this idea we have
studied the diffusion trough model membrane (agar gel). The results have shown that for all samples, there is a
direct relation of antimicrobial or inhibitory effect with diffusion properties of EOs in different form. The PnE
form had the highest cumulative amount for all EOs, and ethanolic solution had the lowest cumulative amount.
This result is an explanation why the PnE have antibacterial effect while ethanolic solution with the same EO con-
centration have inhibitory effect, which is clearly seen on the SEM images. The highest difference in the inhibitory

SCIENTIFIC REPORTS |

(2019) 9:16611 | https://doi.org/10.1038/s41598-019-52998-6


https://doi.org/10.1038/s41598-019-52998-6

www.nature.com/scientificreports/

rate of different forms has been observed in the case of thyme oil. The thyme oil has the highest antimicrobial
effectiveness in comparison with other examined EOs as its MIC value is lowest. The ethanolic solution did not
provide a measurable amount of thyme EO trough model membrane, and it had a very low inhibitory rate (27%).
The CE form had a cumulative amount of 9%, and the inhibition rate has increased to 47%, while the PnE form
had 19% of cumulative amount, and the inhibition rate increased to 72%. These results indicate that the delivered
amount of an EO with high antimicrobial effectiveness to the biofilm has the greatest effect on the inhibition
activity. Beside the droplet size, the appropriate hydrophilic/lipophilic surface character is very important for
effective delivery of EO to biofilm. We have found that PnEs stabilised with silica that has a moderate hydropho-
bic character (20ET), shows the highest delivery of EOs to biofilm that is accompanied with highest inhibitory
effect.

We can conclude that O/W type PnEs stabilised by nanoparticles with appropriate hydrophilic/hydropho-
bic surface properties, provide a new possibility for the application of EOs in pharmaceutical treatment against
Streptococcus mutans biofilm formation.

Materials and Methods
Materials. Chemicals for experiments were all analytical grade and used as received. The sources and grade of
all chemicals and materials used for experiments are discussed in the Supplementary Information.

Synthesis- surface modification and characterisation of silica nanoparticles. Synthesis of hydro-
philic silica was performed based on the work of Stéber, Fink, and Bohn*. The optimisation of the synthesis
process and surface modification with ETES was performed in our previous work®'. We characterised the silica
nanoparticles with DLS, TEM and FT-IR measurements. The brief synthesis route and further information about
the measurements are given in the Supplementary Information.

GC-MS and GC-FID conditions. Detailed information on the applied analytical method can be read in the
Supplementary Information.

Broth macrodilution test (BDT). With this test, we determined the MIC and MIC/2 values of each
EO against Streptococcus mutans. The test was based on the recommendations of the Manual of Clinical
Microbiology** associated with modifications published before®. Further details are given in the Supplementary
Information.

Preparation and characterisation of O/W type PnEs. The concentration of emulsifiers was set to
1 mg/ml and was kept constant for all experiments. The influence of EOs concentration on the emulsion drop-
let size was examined; it was varied until the minimum inhibitory concentration against Streptococcus mutans
(see Table 2.) The exact emulsification process, the droplet size, and stability measurements can be seen in the
Supplementary Information.

In vitro diffusion studies - Static Franz Diffusion cell method. The examination of diffusion prop-
erties was performed in static vertical Franz diffusion cells (Hanson Microette Plus. Hanson Research 60-301-
106). The essential oil content of samples was determined with UV-Vis spectroscopy (Jasco V-550 UV/VIS
Spectrophotometer). To compare the effectiveness of PnEs, we examined the diffusion of EOs in an ethanolic
solution and emulsion stabilised with Tween80 surfactant. Further information and details about the in vitro
diffusion study are given in the Supplementary Information.

Biofilm inhibition experiments. The biofilm inhibition experiments were performed on the base of
Peeters and co-worker’s study, with the crystal violet assay*. The detailed method is written in the Supplementary
Information.

Preparation of the biofilm samples for Scanning Electron Microscopy. The biofilm was imaged
by SEM (JEOL JSM-6300) as previously described®” with some modification (briefly see Supplementary
Information). To determine the effect of EOs and different formulations, we have used control samples that were
treated with ethanol and Tween80 solutions as well with the suspension of HS, 20ET or 40ET nanoparticles. Their
concentration was the same as it was in the ethanolic solution, CEs, and PnEs?®.
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Abstract: Essential oils (EOs) are highly lipophilic, which makes the measurement of their biological
action difficult in an aqueous environment. We formulated a Pickering nanoemulsion of chamomile
EO (Cre). Surface-modified Stober silica nanoparticles (20 nm) were prepared and used as a
stabilizing agent of Cre. The antimicrobial activity of Cre was compared with that of emulsion
stabilized with Tween 80 (Crso) and ethanolic solution (Cet). The antimicrobial effects were assessed
by their minimum inhibitory concentration (MICs) and minimum effective (MEC10) concentrations.
Besides growth inhibition (CFU/mL), the metabolic activity and viability of Gram-positive and
Gram-negative bacteria as well as Candida species, in addition to the generation of oxygen free
radical species (ROS), were studied. We followed the killing activity of Cre and analyzed the
efficiency of the EO delivery for examined formulations by using unilamellar liposomes as a cellular
model. Cre showed significantly higher antibacterial and antifungal activities than Crso and Cke.
Chamomile EOs generated superoxide anion and peroxide related oxidative stress which might be
the major mode of action of Ch essential oil. We could also demonstrate that Cre was the most
effective in donation of the active EO components when compared with Crso and Ce. Our data
suggest that Cre formulation is useful in the fight against microbial infections.

Keywords: chamomile essential oil; Pickering emulsion; antimicrobial activity; free radical
generation

1. Introduction

Essential oils (EOs) have been widely used in folk medicine throughout the history of
humankind. The application of EOs covers a wide range from therapeutic, hygienic, and spiritual to
ritualistic purposes. EOs are aromatic, volatile, lipophilic liquids extracted from different parts of
plant materials such as barks, buds, flowers, fruits, seeds, and roots [1]. EOs are mixtures of complex
compounds with variable individual chemical composition and concentrations that includes
primarily terpenoids, like monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), acids,
alcohols, aldehydes, aliphatic hydrocarbons, acyclic esters or lactones, rare nitrogen- and sulfur-
containing compounds, coumarin, and homologues of phenylpropanoids [1,2]. The biological effects

Molecules 2019, 24, 4321; d0i:10.3390/molecules24234321 www.mdpi.com/journal/molecules



Molecules 2019, 24, 4321 2 of 18

of EOs cover a wide range of effects, including antioxidant, antimicrobial, antitumor, anti-
inflammatory, and antiviral activity [3].

The increase in demand for the use of aromatherapy as complementary and alternative medicine
has led people to believe in the myth that EOs are harmless because they are natural and have been
used for a long time [4]. However, there might be several side effects of EOs even if topical
administration is applied and, among these, allergic reactions are the most frequent (many EOs can
cause, e.g., rashes on the skin). Some of them can be poisonous if absorbed through the skin, breathed,
or swallowed. Previous studies also report the interaction of EOs with other drugs [5]. The continuous
production of new aroma chemicals and their widespread and uncontrolled usage as alternative
therapies together with many carrier diluents have brought serious problems, especially among
children. In this regard, it is of utmost importance to study the mode of action of essential oils and to
find a proper, unharmful formulation. Another serious problem is the highly lipophilic nature of EOs,
which makes it impossible to measure their biological effects in an aqueous environment [1,6,7].

One major characteristic and application of EOs are their strong antimicrobial activity, including
antibacterial and antifungal effects without the development of microbial resistance. Numerous
studies are found in the literature describing the antimicrobial activities of a large variety of EOs [8—
13]. Most of these assays include conventional broth dilution method, disk diffusion method, and
bioautography assay to measure the antimicrobial activity of EOs. Efforts have been made to
overcome the lipophilic nature of the oils usually by application of EOs diluted in seemingly suitable
solvents/detergents. In the case of natural lipophilic volatile compounds like EOs, solvents of varying
polarity, e.g., DMSO, ethanol, and methanol, are most commonly used. However, previous studies
have reported the antimicrobial effects of the solvents themselves (DMSO, ethanol, and other solvents
in various microbial assays) or their influence on the true antimicrobial effects of EOs [14]. The usage
of solubilizing agents limits the precise determination of the antimicrobial activities of EOs. Also, a
major problem might arise in the classical assays due to the evaporation of EOs during the assay or
the inability of the test microbes to reach the lipophilic range of the tested EOs (in bioautography, as
an example) [15,16].

Therefore, new formulations have been determined to increase the solubility or to emulsify the
EOs in an aqueous environment. These efforts help to stabilize the oils, to produce an even release of
the active components into the required environment, and to maintain their antioxidant and
antimicrobial activities [6,11,17,18]. Detergents and organic solvents are not welcome in this regard.
Attempts have been made to entrap EOs by modified cyclodextrins for the exact determination of
their antimicrobial characteristics [19,20].

The application of Pickering nanoemulsion is a quite novel approach to stabilize oil-in-water
(O/W) and water-in-oil (W/O) emulsions by solid particles instead of surfactants. The mechanism
involves the adsorption of solid particles on the oil-water interface, causing a significant decrease in
the interfacial surface tension that results in high emulsion stability [18]. Previous studies have
reported decreased evaporation of EOs from O/W emulsion of nanoparticle-stabilized formulations
versus EO-surfactant systems to be a beneficial factor [21,22].

Despite the numerous existing studies on EO-Pickering emulsion, we could not find any
literature data on chamomile volatile oil-nanoparticle formulation [7,23]. The main aim of the present
work is to use Pickering emulsion of chamomile EO stabilized with modified Stober silica
nanoparticles and characterize its antimicrobial effect using Gram-positive and Gram-negative
bacteria as well as Candida fungal species. We could demonstrate the strong antimicrobial effects of
the chamomile EO-Pickering emulsion and suggest a plausible mode of action of this formulation.
Experimental efforts were made to support the suggested mode of action.

2. Results

2.1. Characteristics of Stober Silica Nanoparticles

The mean diameter, PDI value (polydispersity index), and zeta potential of modified Stober
silica nanoparticles (SNPs) were determined by dynamic light scattering (DLS), and these values were
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20 nm, 0.01, and —21.3 mV, respectively. The size and morphology of SNPs were examined by TEM
(see Figure 1). The size distribution obtained by DLS was confirmed by TEM, which showed that the

mean diameter of silica samples was 20 nm; they are highly monodisperse and have a spherical shape.
R T3 v '- _ L)

Figure 1. TEM images of silica nanoparticles (SNPs) with different resolutions: 100,000x magnification
(A) and 500,000 magnification (B), accelerating voltage: 80 kV; drem = 20 nm. PDI = 0.015.

2.2. Nanoemulsion Stability

We have prepared a Pickering nanoemulsion with surface-modified silica nanoparticles as a
stabilizing agent; the particle concentration was 1 mg/mL in every case. The chamomile EO
concentration was 100 pug/mL. To compare properties of chamomile EO-Pickering nanoemulsion
(Cre) with the conventional, surfactant-stabilized nanoemulsions, and an emulsion with the Tween
80 stabilizing agent was also prepared. The concentration of surfactant was the same as nanoparticles,
1 mg/mL. The emulsions were stored at room temperature (25 °C).

We considered the emulsion to be stable when its droplet size does not change and
sedimentation, aggregation of particles, or phase separation cannot be observed. The results show
that the prepared Pickering emulsion is more stable than conventional emulsion (see Table 1). When
the volume fraction of chamomile EO was very low, we assumed that all emulsions were of O/W type
and this was confirmed by filter paper tests with CoClz and dye test with Sudan Red G.

Table 1. Parameters of Pickering nanoemulsion and conventional emulsion.

Stabilizing Agent Duroplet (nm)  Stability
SNP 290+4.5 3 months
Tw80 210+10.5 1 month

2.3. Antibacterial and Antifungal Activities (MICoo) of Prepared Emulsions

The effect of chamomile Pickering nanoemulsion, conventional emulsion, and essential oil in
ethanol on the growth of some foodborne microbes and opportunistic fungi have been evaluated.
The Crehas been shown to have good antibacterial and antifungal activities (MIC) on Escherichia coli
(E. coli) (2.19 pg/mL), Pseudomonas aeruginosa (P. aeruginosa) (1.02 pug/mL), Bacillus subtilis (B. subtilis)
(1.13 ug/mL), Staphylococcus aureus (S. aureus) (1.06 pug/mL), Streptococcus pyogenes (S. pyogenes) (2.45
ug/mL), Schizosaccharomyces pombe (S. pombe) (1.28 ug/mL), Candida albicans (C. albicans) (2.65 pug/mL),
and Candida tropicalis (C. tropicalis) (1.69 pg/mL), respectively when compared to Crso counterpart (P
< 0.01). Creshowed antimicrobial activity on the selected microbes at an average of fourteen-fold less
concentration compared with free essential oil in ethanol (Ce). Simultaneously, Cr. showed a similar
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antifungal effect as caspofungin (Cas) on Candida tropicalis. The comparative dose-response curves
are shown in Figures 2 and 3 for bacteria and fungi, respectively.
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Figure 2. Minimum inhibitory concentration (MICw) of Cre, Crs0, Cet, and vancomycin (Van, pg/mL)
on E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E).
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Figure 3. Minimum inhibitory concentration (MICs) of Cpe, CTso, Crt, and caspofungin (Cas, pg/mL)
on S. pombe (A), C. albicans (B), and C. tropicalis (C).

2.4. Minimum Effective Concentrations (MECho) for Tested Bacteria and Fungi

The minimum effective concentration (MECio) of Cpe, Crso, and Ce: on foodborne Gram-positive
and Gram-negative bacteria as well as fungi have been determined. The dose-response curve shows
a slow Kkilling effect (<10% of the population) of Cre after 1 h of treatment at a two-fold higher
concentration compared with MICo data. The MECio also highlights the effective killing effect of Cre
when compared to Crsoand Ce: (Figures 4 and 5) (P <0.01).

-3
]
492

254
w
8

(8]

o
nN
=1

-3
dﬁ_.
o

=]

Death rate (%)
o

Death rate (%)

o
o

45 10 05 00 05 10 15 20
Dose (log ug/mL)

45 10 05 00 05 10 15 20
Dose (log pg/mL}

(o4
= 30
s
8 0
]
™
= 0
]
@
[s] 0

15 10 05 00 05 10 15 20 " 45 40 05 00 05 10 15 20
Dose (log pg/mL} Dose (log pg/mL)})
wn

E o0
£ 38 &
= 2 &
220— ﬁ‘_
s
£ 10]
P "= Van, + C,, Cow ™ Cy
o qf

45 0 05 00 05 16 15 20
Dose (log pg/mL)

Figure 4. Minimum effective concentration (MECio0) of Cre, Crso, Cet, and Van (ug/mL) on E. coli (A),
S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E).
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Figure 5. Minimum effective concentration (MEC1o) of Cpe, Crso, Ckt, and Cas (ug/mL) on S. pombe (A),
C. albicans (B), and C. tropicalis (C).

2.5. Effect on Microbial Oxidative Balance

Reactive oxygen species (ROS) production and accumulation in the cells initiates oxidative
stress, leading to cellular structural damage followed by induced apoptosis [6]. We have investigated
the relationship between oxidative stress generation after 1 h of treatment and microbial killing
activity. The results are demonstrated in Figures 6 and 7 for bacteria and fungi, respectively. Data
expressed as % of the control are as follows: the ROS (1085.86 + 126.36), peroxide (1229.86 + 164.52)
and superoxide (1276.86 + 165.42) generation were the highest in case of S. aureus. The Cre showed an
effective increment of ROS, peroxide, and superoxide generation in both Gram-positive and -negative
bacteria when compared to Crso and Cee (P < 0.01). Cee showed increased oxidative stress in both
bacteria and fungi at least seven-fold higher than the negative control whereas the positive control
(menadione) produced an eight- to nine-fold increase in 1 h. The Ce: has generated a two to four-fold
increment in oxidative stress which is the lowest among all tested Compounds.‘
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Figure 6. Percentage oxidative stress generation by Cre, Cso, Cet, and Van on E. coli (A), S. aureus (B),
B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). Six independent experiments, each with 3
replicates, compared with menadione (Me) and growth control (Gc) as controls after 1 h of treatment
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Figure 7. Percentage oxidative stress generation by Cre, Crs0, Cet, and Cas on S. pombe (A), C. albicans
(B), and C. tropicalis (C). Six independent experiments, each with 3 replicates, compared with Me and
Gc as positive and growth controls after 1 h of treatment (**P < 0.01).

2.6. Time-Kill Kinetics Study

The time—kill kinetics curve was performed to quantify living populations after a definite time
interval under different sample MECio concentrations. A significant reduction (four log-fold) in the
cell survivability has been observed in case of Cee when compared to Gc (P < 0.01) (Figures 8 and 9).
Fifty percent of cell death occurred by Cre at 16 and 36 h in the case of bacteria and fungi, and was
most effective in reducing living colonies in case of C. albicans (1.73 + 0.15 CFU/mL) after 48 h of
treatment. At an average of a two-fold higher concentration, Cet was able to show a killing effect
compared to Cre (P <0.01).
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Figure 8. Colony-forming unit (CFU/mL) of Cre, Crs0, and Ceton E. coli (A), S. aureus (B), B. subtilis (C),
P. aeruginosa (D), and S. pyogenes (E). Six independent experiments, each with 3 replicates, compared
with Van and Ge as positive and growth controls.
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Figure 9. Colony-forming unit (CFU/mL) of Cre, Crso, and Ceton S. pombe (A), C. albicans (B), and C.
tropicalis (C). Six independent experiments, each with 3 replicates, compared with Cas and Gc as
positive and growth controls.

2.7. Live/dead Cell Viability Discrimination

The effect of Cre, Crs0, and Ce: on the viability of selected bacteria and fungi were tested (Figures
10 and 11). Cre decreases the viability of the tested bacteria and fungi with an average viability
reduction to 42.36% =+ 3.74% and 49.62% + 5.25% of mean percentage viability compared to Gc after
16 and 36 h of treatments in bacteria and fungi respectively (P < 0.01), whereas Crs and Cetwere less
effective than Cr. with mean percentage viabilities of 260% and 70%, respectively.
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Figure 11. Mean percentage viability of Cre, Cso, and Ceton S. pombe (A), C. albicans (B) and C. tropicalis
(C). Six independent experiments, each with 3 replicates, compared with Cas and Gc as positive and
growth controls.

2.8. Interaction Study between Cell Model and Different Formulations of Chamomile EO

The unilamellar liposomes (ULs), consisting of a single phospholipid, can be used as artificial
cells or biological membrane model for studying the interactions between cells or cell membranes
and drugs or biologically active components [24]. This study was conducted to determine the
intracellular delivery ability of active components from chamomile EO for different formulations.

We have studied the interaction of ULs and different forms of chamomile EO for 24 h at 35 °C.
After 1 h of interaction, 27.2% of EO have penetrated the liposomes from Pickering nanoemulsion,
while conventional emulsion and the ethanolic solution did not provide a measurable amount. The
next sampling was after 2 h, where Pickering emulsion has delivered 48.3% of EO, conventional
emulsion 0.5%, while the amount of EO delivered by the ethanolic solution was not measurable. Final
sampling was after 24 h, with 82.2% of chamomile EO found in the ULs when it was introduced in
Pickering nanoemulsion form, and this value was 66.8% for conventional emulsion and 32.5% for the
ethanolic solution (see Table 2).

Table 2. Results of the interaction study between unilamellar liposomes (Uls) and different
formulations of chamomile EO. PA means the amount in the percentage of penetrated chamomile EO.
Standard deviations were calculated from 3 independent experiments.

Formulation PAn PA2n PAaan
Cre 272+3.7 483+51 822+49
Crso - 05+0.1 66.8+3.6
Cet - - 355+1.0

3. Discussion

The effect of three different formulations on antimicrobial activity of chamomile essential oil has
been examined. We have successfully prepared stable Pickering nanoemulsion using silica
nanoparticles with appropriate lipophilicity. The emulsion was stable for three months. The
effectiveness of Pickering emulsion was compared with conventional emulsion and ethanolic
solution.

Based on our antimicrobial activity analyses, Cre shows higher growth inhibitory action and
consequently lower MICs compared to Crsoand Ck. Many researchers have studied the antimicrobial
activity of chamomile oil [3,7,13,23,25], however, the mechanism of action at subinhibitory
concentrations has not previously been studied. Our data suggest an effective killing activity of Cpe
on selected bacteria and fungi. It is believed that EOs act against cell cytoplasmic membrane and
induce stress in microorganisms [26-29]. To visualize the effects of Cre, Crso, and Ce;, we introduced
different staining methods to understand their mechanism. Cre was able to generate higher oxidative
stress compared to the conventional emulsion and ethanolic solution followed by metabolic
interference and cell wall disruption and finally caused cell death at subinhibitory concentration
[21,30-33].

The results obtained in the model experiment show that Cr. is the most effective form for the
intracellular delivery of chamomile EO. Based on these results it can be established that the different
antibacterial and antifungal effects may be caused by the difference of adsorption properties of EO
forms to the microbial cells. The mechanism of delivery has not been revealed in this study, but
evidence for the adsorption of Pickering emulsion droplets on the cell membrane has been previously
reported [18]. Assuming the adsorption of Cre droplets on the cell membrane of investigated
microbes, intracellular delivery of active components from EO is feasible in two ways. Passive
diffusion is caused by the higher local concentration gradient of EO on the cell membrane, or fusion
of Cre droplets with microbial cells. Overall, our observations demonstrate that Cre facilitates
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chamomile oil to permeate cells, inducing oxidative stress and disrupting the membrane integrity
because of higher adsorption efficacy of chamomile EO. SNP acts as a stabilizer, inhibiting the easy
escape of EOs from the emulsion system compared to the conventional emulsion and free oils.

4. Materials and Methods

4.1. Synthesis, Surface Modification, and Characterization of Stéber Silica Nanoparticles

We have performed the synthesis of 20 nm hydrophilic silica nanoparticles with the previously
reported modified Stober method [9]. Briefly, a solution of tetraethoxysilane (TEOS) and ultrapure
water in ethanol was prepared by using tetraethoxysilane, (Thermo Fisher GmbH, Kandel, Germany,
pur. 98%); absolute ethanol AnalaR Normapur 299.8% purity (VWR Chemicals, Debrecen, Hungary)
and water (membraPure Astacus Analytical with UV, VWR Chemicals, Debrecen, Hungary). The
solution was stirred for 20 min and sonicated for another 20 min (Bandelin Sonorex RK 52H,
BANDELIN electronic GmbH & Co. KG, Berlin, Germany). An appropriate amount of NHs solution
(28% (w/w) ammonium solution, VWR Chemicals, Debrecen, Hungary) was added to the reaction
mixture and was stirred at 1000 rpm for 24 h at room temperature (25 °C). The molar ratio of
components was water/ethanol/TEOS/NHs = 100:300:5.2:1. The surface of hydrophilic silica
nanoparticles was modified with propyltriethoxysilane (PTES Alfa Aesar, Haverhill, MA, USA, pur.
99%) in a post-synthesis modification reaction [32]. The ethanolic solution of the modifying agent
was added to the freshly prepared hydrophilic silica nanoparticle suspensions; the mixtures were
stirred for 6 h with 1000 rpm at room temperature. Before further use of the SNPs, the ammonium
hydroxide and ethanol were always removed from the reaction mixture by distillation (Heidolph
Laborota 4000, Heidolph Instruments GmbH & CO. KG, Germany). The water content was
supplemented three times. The concentration of silica nanoparticle water-based suspension was
finally adjusted to 1 mg/cm3.

The size distribution and zeta potential of silica nanoparticles were determined by dynamic light
scattering (DLS) using Malvern Zetasizer NanoS and NanoZ instruments (Malvern Instruments-
Malvern Panalytical, Worcester, UK). The morphology and size distribution were also examined with
transmission electron microscopy (TEM), (JEOL JEM-1200 EX II and JEM-1400, JEOL Ltd., Tokyo,
Japan). The samples were dropped onto 200 mesh copper grids coated with carbon film (EMR Carbon
support grids, Micro to Nano Ltd, Haarlem, The Netherlands) from diluted suspensions.

4.2. Preparation and Characterization of Pickering Nanoemulsion

As stabilizing agents, surface-modified silica nanoparticles or Tween 80 surfactant
(Polysorbate80, Acros Organics, New Jersey, NJ, USA) were used. The concentration of stabilizing
agents and chamomile essential oil (bluish Matricaria chamomilla oil, Aromax Ltd. Budapest,
Hungary) was kept constant for all experiments, the values were 1 mg/mL and 100 ug/mL,
respectively. The first step of the emulsification process was sonication for 2 minutes (Bandelin
Sonorex RK 52H, BANDELINelectronic GmbH & Co. KG, Germany), then emulsification using
UltraTurrax (IKA Werke T-25 basic, IKA®-Werke GmbH & Co. KG, Germany) for 5 min at 21,000
rpm. To compare the different formulations, an ethanolic solution was also prepared; chamomile
essential oil was added to absolute ethanol at 100 ug/mL concentration, and the solution was
sonicated for 5 min.

The stability of Pickering emulsion was studied from periodical droplet size determination using
DLS measurements (Malvern Zetasizer Nano S, Malvern Panalytical Ltd, Worcester, UK).

4.3. Materials for Biological Experiments

In these experiments, the sterile 96-well microtiter plates were from Greiner Bio-One
(Kremsmunster, Austria), potassium phosphate monobasic, glucose, adenine, 96% ethanol (Et),
peptone, yeast extract, agar-agar, and Mueller Hinton agar were from Reanal Labor (Budapest,
Hungary), modified RPMI 1640 (contains 3.4% MOPS, 1.8% glucose, and 0.002% adenine), SYBR
green 1 10,000%, propidium iodide, dihydrorhodamine 123 (DHR 123), 2',7'-dichlorofluorescin
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diacetate (DCFDA), dihydroethidine (DHE) and menadione (Me) were from Sigma-Aldrich Chemie
GmbH (Steinheim, Germany), disodium phosphate and dimethyl sulfoxide (DMSO) were from
Chemolab Ltd. (Budapest, Hungary), sodium chloride from VWR Chemicals (Debrecen, Hungary),
potassium chloride was from Scharlau Chemie S.A (Barcelona, Spain), 3-(N-morpholino)
propanesulfonic acid (MOPS) was from Serva Electrophoresis GmbH (Heidelberg, Germany),
caspofungin (Cas) from Merck Sharp & Dohme Ltd (Hertfordshire, UK), vancomycin (Van) from
Fresenius Kabi Ltd. (Budapest, Hungary), 0.22 um vacuum filters from Millipore (Molsheim, France)
and the cell spreader was from Sarstedt AG & Co. KG (Numbrecht, Germany). All other chemicals
used in the study were of analytical or spectroscopic grade. For fungi, we used an in-house nutrient
agar medium [34] while phosphate-buffered saline (PBS, pH 7.4) was from Life Technologies Ltd.
(Budapest, Hungary). Highly purified water (<1.0 uS) was applied throughout the studies.

4.4. Determination of Minimum Inhibitory Concentration (MICs)

4.4.1. Microorganisms

Escherichia coli (E. coli) PMC 201, Pseudomonas aeruginosa (P. aeruginosa) PMC 103, Bacillus subtilis
(B. subtilis) SZMC 0209, Staphylococcus aureus (S. aureus) ATCC 29213, Streptococcus pyogenes (S.
pyogenes) SZMC 0119, Schizosaccharomyces pombe (S. pombe) ATCC 38366, Candida albicans (C. albicans)
ATCC 1001, and Candida tropicalis (C. tropicalis) SZMC 1368 were obtained from Szeged Microbial
Collection, Department of Microbiology, University of Szeged, Hungary (SZMC) and Department of
General and Environmental Microbiology, Institute of Biology, University of Pecs, Hungary (PMC).

4.4.2. Antimicrobial Activity Tests

The antibacterial activity of the tested drugs was separately evaluated on E. coli, P. aeruginosa, B.
subtilis, S. aureus, and S. pyogenes according to our previously published protocol [35]. In brief,
bacterial populations of ~105 CFU/mL were inoculated into RPMI media and incubated for 16 h at 35
+ 2 °C with test compounds (Cre, Crso, Cet, and Van) over a wide concentration range (0.3-0.01 pig/mL).
The absorbance was measured by a Thermo Scientific Multiskan EX 355 plate reader
(InterLabsystems, Budapest, Hungary) at 600 nm.

The antifungal activity against S. pombe, C. albicans, and C. tropicalis species were also carried out
according to our previously published method [35]. Briefly, ~10° cells/mL were incubated for 48 h at
30 + 2 °C with test compounds (Cre, Crso, Cet and Cas) at wide concentration range (20-0.01 ug/mL)
in modified RPMI media. The absorbance was measured by a Thermo Scientific Multiskan EX 355
plate reader (InterLabsystems, Budapest, Hungary) at 595 nm. Absorbance values were converted to
percentages compared to growth control (~100%) and data were fitted by nonlinear dose-response
curve method to calculate the dose producing 290% growth inhibition (MICo). All the measurements
were performed by applying three technical replicates in six independent experiments. Van and Cas
were used as a standard antibacterial and antifungal drug, respectively, throughout the experiments.

4.5. Determination of Minimum Effective Concentration (MECo)

The assay has been designed to determine the killing effects of the test compounds for a certain
period of time. In brief, a wide concentration range (0.03-80 pg/mL) of the test samples were used to
treat ~106 cells/mL for one hour. One milliliter of treated and untreated samples were taken and were
diluted 105 times followed by spreading 50 uL samples onto 20 mL nutrient agar media and incubated
for 24 h at 35 °C (bacteria) and 30 °C (fungi) for colony-forming unit (CFU/mL) quantification. The
data were compared with growth control and positive control (Van for bacteria and Cas for fungi)
for percentage mortality (~10% death) determination. It is noteworthy that in the MEC10 experiments,
the inoculated microbial cell number was 10° times higher than was used in the MICo determinations
(106 vs. 10%). However, in both cases, the same formula was used (see Section 4.7). All the
measurements were performed by applying three technical replicates in six independent experiments.

4.6. Determination of Microbial Oxidative Generation and Killing Activity
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4.6.1. Quantification of Total ROS Generation

Total ROS generation was assayed according to previously published protocols [27,28,34,36].
Briefly, ~106 cells/mL were collected and centrifuged at 1500¢ for 5 min and were suspended in PBS.
The cells were stained with a 20 mM stock solution of DCFDA in PBS (pH 7.4) to achieve an end
concentration of 25 uM, and were incubated at 35 °C (for bacteria) and 30 °C (for fungi) for 30 min in
the dark with mild shaking. The cells were centrifuged (Hettich Rotina 420R, Auro-Science
Consulting Ltd., Budapest, Hungary) and suspended in RPMI media. The cells were treated with Cr.,
Crso, Ce;, Van (bacteria), and Cas (fungi) at their respective MEC1o concentrations for one hour. The
fluorescence signals were recorded at Ex/Em = 485/535 nm wavelengths by a Hitachi F-7000
fluorescence spectrophotometer/plate reader (Auro-Science Consulting Ltd., Budapest, Hungary).
The percentage increase in oxidative balance was measured by comparing the signals to those of the
growth controls (Gc). Six independent experiments were done with three technical replicates for each
treatment.

4.6.2. Detection of Peroxide (O2*") and Superoxide Anion (O2°") Generation

The previously described protocol was adapted for peroxide [36,37] and superoxide anion
radicals [34,38] with modifications. A positive control, Me (0.5 mmol/L as end concentration), Cre,
Crso, Ce;, Van (bacteria), and Cas (fungi) at their respective MECio concentrations were used to treat
the cell suspensions (~10¢ cells/mL) for an hour at 35 °C (bacteria) and 30 °C (fungi) in RPMI media.
Thereafter, the cells were centrifuged at 1500g for 5 min at room temperature followed by
resuspension of pellets in PBS of the same volume. DHR 123 (10 pumol/L, end concentration) and DHE
(15 pmol/L, end concentration) were added separately to the cell samples for peroxide and
superoxide determination. The stained cells were further incubated at 35 °C (bacteria) and 30 °C
(fungi) in the dark with mild shaking. The samples were centrifuged and resuspended in PBS
followed by the distribution of the samples into the wells of 96-well microplates. The fluorescence
was measured at excitation/emission wavelengths of 500/536 nm for peroxides and 473/521 nm for
superoxide detection by a Hitachi F-7000 fluorescence spectrophotometer/plate reader (Auro-Science
Consulting Ltd., Budapest, Hungary). The percentage increase in oxidative stress was measured by
comparing the signals to those of the growth controls (Gc). Six independent experiments were done
with three technical replicates for each treatment.

4.6.3. Time-Kill Kinetics Assay

We followed a protocol previously published by T. Appiah et. al., with modifications [39]. In
brief, Cpe, Crs0, Ce;, Van (bacteria), and Cas (fungi) at their respective MEC1 concentrations were used
to treat the microbial population of ~10¢ CFU/mL and were incubated at 35 °C (bacteria) and 30 °C
(fungi). One milliliter of the treated and untreated samples was pipetted at time intervals of 0, 2, 6, 8,
16, and 24 h for bacteria, and 0, 6, 12, 30, 36, and 48 h for fungi, and were diluted 105 times followed
by spreading 50 pL onto 20 mL nutrient agar media using a cell spreader and incubated at 35 °C
(bacteria) and 30 °C (fungi) for 24 h. Van and Cas were used as reference controls for bacteria and
fungi. Control without treatment was considered as growth control (Gc). The colony-forming unit
(CFU/mL) of the microorganisms were determined, performed in triplicate and was plotted against
time (h). Six independent experiments were done with three technical replicates for each treatment.

4.6.4. Live/dead Discrimination of Microbial Cells

For live/dead cell discrimination, we followed the protocol published previously [35]. In brief,
the cell population of ~106 cells/mL were treated with Cre, Crs0, Cet, Van (bacteria), and Cas (fungi) at
their respective MEC1w concentrations and were incubated at 35 °C (bacteria) and 30 °C (fungi).
Treated and untreated samples were pipetted at time intervals of 0, 2, 6, 8, 16, and 24 h for bacteria,
and 0, 6, 12, 30, 36 and 48 h for fungi followed by centrifugation at 1000g for 5 min, washed, and
resuspended in PBS (100 pL/well). One hundred microliters of freshly prepared working dye solution
in PBS (using 20 uL SYBR green I and 4 uL propidium iodide diluted solutions as described earlier)
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were added to the samples. The plate was incubated at room temperature for 15 min in the dark with
mild shaking. A Hitachi F-7000 fluorescence spectrophotometer/plate reader (Auro-Science,
Consulting Ltd., Budapest, Hungary) was used to measure the fluorescence intensities of SYBR green
I (excitation/emission wavelengths: 490/525 nm) and propidium iodide (excitation/emission
wavelengths: 530/620 nm), respectively. A green to red fluorescence ratio for each sample and for
each dose was achieved and the % of dead cells with the response to the applied dose was plotted
against the applied test compound doses using a previously published formula [35]. All treatments
were done in triplicates and six independent experiments were performed.

4.7. Statistical Analysis of Microbiological Experiments

All data were given as mean + SD. Graphs and statistical analyses were conducted using
OriginPro 2016 (OriginLab Corp., Northampton, MA, USA). All experiments were performed
independently six times and data were analyzed by one-way ANOVA test. P < 0.01 was considered
statistically significant. The growth inhibition concentration (MICo) and minimum effective
concentration (MEC10) were calculated using a nonlinear dose-response sigmoidal curve function as
follows:

A — Ay

Y =4t T ooe0p

where Al, A2, LOGx0 and p as the bottom asymptote, top asymptote, center, and hill slope of the
curve have been considered.

4.8. Interaction Study between the Cell Model (Unilamellar Liposomes) and Different Formulations of
Chamomile EO

Unilamellar liposomes (ULs) have been prepared from phosphatidylcholine (Phospolipon 90G,
Phospholipid GmbH, Berlin, Germany) by the modified method described before by Alexander
Moscho et al. [40]. Phosphatidylcholine was dissolved in chloroform (=98% stabilized, VWR
Chemicals, Debrecen, Hungary) in 0.1 M concentration, and 150 uL of this solution was diluted in a
mixture of 6 mL chloroform and 1 mL of methanol. This solution was added dropwise to 40 mL of
PBS buffer while stirring on a magnetic stirrer at 600 rpm (VELP Scientifica Microstirrer, Magnetic
Stirrer, Usmate Velate MB, Italy). The solvents were removed on a rotational evaporator at 40 °C
(Heidolph Laborota 4000, Heidolph Instruments GmbH & CO. KG, Germany). The resulting
suspension volume was set to 25 mL with PBS buffer and stored in the refrigerator at 8 °C until further
use. A 5 mL suspension of ULs was mixed with 3 mL Pickering nanoemulsion, conventional
emulsion, or ethanolic solution, and the chamomile EO concentration was 100 pg/mL for the different
formulations. The mixture was stirred at 600 rpm for 24 h at 35 °C, and 1 mL aliquots were taken after
1, 2, and 24 h. The samples were centrifuged at 3000 rpm and 20 °C for 5 min, and the ULs were
collected and dissolved in absolute ethanol. The chamomile-EO content of samples was determined
with UV/VIS Spectroscopy at 290 nm (Jasco V-550 UV/VIS Spectrophotometer; Jasco Inc., Easton, MD,
USA). For UV/VIS measurements we have prepared samples without chamomile-EOs, i.e., ULs with
SNP suspension, Tween 80 solution, or ethanol were also mixed and centrifuged and were used as
blanks.

4.9. GC-MS Analysis of Chamomile EO

Gas chromatography and mass spectrometry (GC-MS) analyses were carried out on an Agilent
Technologies (Palo Alto, CA, USA) gas chromatograph model 7890A with 5975C mass detector.
Operating conditions were as follows: column HP-5MS (5% phenylmethyl polysiloxane), 30 m x 0.25
mm i.d., 0.25 um coating thickness. Helium was used as the carrier gas at 1 mL/min, injector
temperature was 250 °C. HP-5MS column temperature was programmed at 70 °C isothermal for 2
min, and then increased to 200 °C at a rate of 3 °C/min and held isothermal for 18 min. The split ratio
was 1:50, ionization voltage 70 eV; ion source temperature 230 °C; mass scan range: 45-450 mass
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units. The percentage composition was calculated from the GC peak areas using the normalization
method (without correction factors). The component percentages were calculated as mean values
from duplicate GC-MS analyses of the oil sample. The results of GC-MS analysis can be seen in
Supplementary Material.

Supplementary Materials: The followings are available online: Composition of chamomile essential oil analyzed
by GC-MS method. Results can be seen in Supplementary Table S1 and Figure S1).
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Abstract: The extreme lipophilicity of essential oils (EOs) impedes the measurement of their biological
actions in an aqueous environment. We formulated oil in water type Pickering Artemisia annua EO
nanoemulsions (AEP) with surface-modified Stober silica nanoparticles (20 nm) as the stabilizing
agent. The antimicrobial activity of AEP and its effects on mature Candida biofilms were compared
with those of Tween 80 stabilized emulsion (AET) and ethanolic solution (AEE) of the Artemisia EO.
The antimicrobial activity was evaluated by using the minimum inhibitory concentrations (MICgg)
and minimum effective concentrations (MECj) of the compounds. On planktonic bacterial and fungal
cells beside growth inhibition, colony formation (CFU/mL), metabolic activity, viability, intracellular
ATP/total protein (ATP/TP), along with reactive oxygen species (ROS) were also studied. Artemisia
annua BEO nanoemulsion (AEP) showed significantly higher antimicrobial activity than AET and AEE.
Artemisia annua EO nanoemulsions (AEP) generated superoxide anion and peroxides-related oxidative
stress, which might be the underlying mode of action of the Artemisia EO. Unilamellar liposomes,
as a cellular model, were used to examine the delivery efficacy of the EO of our tested formulations.
We could demonstrate higher effectiveness of AEP in the EO components” donation compared to AET
and AEE. Our data suggest the superiority of the AEP formulation against microbial infections.

Keywords: Artemisia essential oil; Pickering emulsion; oxidative stress; mature biofilm;
antimicrobial activity

1. Introduction

Artemisia annua L. (Sweet Wormwood, Sweet Annie, Sweet Sagewort, Annual Wormwood,
or Qinghaosu) is a very important member of the Asteraceae family, and is widely distributed
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throughout Asia, South Africa, Europe and North America [1-3]. The use of this plant for the treatment
of malaria has been recorded before 168 BC in Chinese traditional medicine [2-5]. Discovery of
the artemisinin, a sesquiterpene with the antimalarial property made this plant to have potential
commercial importance [4-7]. The search for other active components has led to the discovery
of many phytochemicals including, monoterpenoids, sesquiterpenoids, flavonoids and coumarins,
and aliphatic and lipid compounds [6,8]. Apart from its antimalarial activity, the plant has shown
anti-tumor, anti-inflammatory, antipyretic, antimicrobial, antiparasitic, antiulcerogenic, and cytotoxic
activities [2-10]. Several studies on the chemical composition of the Artemisia annua L. essential oil
(AE) have been performed, and active components like camphor, artemisia ketone, germacrene D,
and 1,8-cineole have been found [11,12]. Variability in the chemical composition of AE depending on
the geographical origin and plant’s development stages has led to considerable research interests in
the investigation of biological properties of AE [3,6].

With the increasing demand for the AE in aromatherapy as complementary and as alternative
medicine, people believe in the myth that it is harmless; therefore, it has been used for a long time [1].
Previous studies have reported many drug-drug interactions in essential oils [4,13,14]. Several
side effects of essential oils, which include allergic reactions, may occur if administered topically.
Furthermore, some essential oils can be poisonous if absorbed through the skin, breathed, or swallowed.
Uncontrolled widespread usage and continuous production of essential oils as alternative therapy along
with carrier diluents have created severe problems, especially among children [13,15-17]. Additionally,
the highly lipophilic nature of the essential oils makes it difficult to examine their biological properties in
aqueous environments [18,19]. Therefore, it is highly important to perform research on the formulations
for EOs’ usage, to determine the exact mode of their action, with such knowledge we can suggest
appropriate formulation, and avoid the danger of misuse of EOs.

The antimicrobial effectiveness is often described in terms of minimum inhibitory concentration
(MIC). Conventional broth dilution techniques and disc diffusion data have provided numerous
antimicrobial activities of the AE. However, the diffusion assay is not suitable for essential oil testing,
as the components are partitioned through the agar because of their low affinity to water [20,21].
Furthermore, the ability to compare data from the broth and agar dilution methods are limited due to
the wide spectrum of test methodologies and selection criteria for end-point determinations [16,22,23].
Several techniques have been used to overcome the lipophilicity of the AE, by the application
of suitable solvents such as ethanol, methanol, and dimethyl-sulfoxide (DMSO) or surfactants
like Tween 80 (Polyoxyethylene (80) sorbitan monooleate) and Tween 20 (Polyoxyethylene (20)
sorbitan monolaurate) [21,24,25]. However, previous studies have repeatedly reported that usage
of the solvents/surfactants in various microbiological experiments may contribute to changes in
the physicochemical properties of the testing microenvironment, leading to enhancement or reduction
of the antimicrobial properties [26-28]. Furthermore, the evaporation of the essential oils during
the assay or the inability of the active components to reach the test microbes might cause some
misleading results [29,30].

Thus, novel formulations have been used to enhance the solubility or to emulsify the essential
oils in the aqueous environment, resulting in sustained release of the active components in the testing
system [29]. The suitability of the organic solvents/surfactants has been questioned, and therefore they
are not welcomed in this regard. Efforts to entrap the essential oils by modified cyclodextrins and silica
nanoparticles have been made for the precise characterization of the antimicrobial properties [24,31,32].

Approaches to stabilizing the oil-in-water (O/W) and water-in-oil (W/O) emulsions,
by the application of solid particles instead of surfactants as stabilizing agents, is novel in the field
of essential oil research. The fundamental mechanism involves the adsorption of the solid particles
on the oil-water interface, resulting in a significant decrement of the interfacial tension, causing high
emulsion stability [21,33]. Decreased evaporation of the essential oils from the nanoparticle-stabilized
O/W emulsion formulations, when compared to essential oil-surfactant systems, has been reported
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previously [34,35]. By application of inert and biocompatible particles instead of surfactants,
the irritative and toxic effect of surfactants can be avoided [36].

Even though numerous studies have been performed on the essential oil-Pickering emulsion,
literature data on AE (obtained from Artemisia annua L. cultivated in Hungary)-nanoparticle formulations
related to their application as antimicrobial and anti-biofilm agents are not found [1,3,6,11,14,19].
The primary aim of our present study is to formulate the Pickering nanoemulsion of AE stabilized
with surface-modified spherical silica nanoparticles (AEP) and characterize its antimicrobial activity on
Gram-positive and Gram-negative bacteria and fungi as well as its effects on mature Candida species’
biofilms. We could also demonstrate an effective biofilm-related microbial cytotoxicity and antimicrobial
activity of the AEP on planktonic cells and suggest a plausible mode of action of this formulation.
Efforts were made in the experiments to support the proposed mode of action.

2. Results

2.1. Artemisia Essential Oil and Its Components

The amount of the essential o0il obtained by steam distillation was 3% w/w of plant powder.
Our gas chromatography-mass spectrometry/flame ionization detection (GC-MS/FID) analyses (Table S1
and Figures 51-56) has documented (3-pinene (1.25%), artemisia ketone (4.43%), yomogi alcohol (1.29%),
artemisia alcohol (1.68%), (E)-pinocarveol (7.55%), pinocarvone (3.22%), camphor (7.06%), terpinen-4-ol
(1.75%), x-copaene (2.75%), caryophyllene (5.26%), 3-farnesene (4.8%), [3-selinene (12.27%), spathulenol
(1.75%), caryophyllene oxide (8.64%), eudesma-4(15),11-dien-5-ol (1.06%) and mustakone (1.27%)
as the major components of the essential oil of Artemisia annua L. essential oil, that has been used
throughout the experiments.

2.2. Preparation and Stability Studies of O/W Type Pickering Nanoemulsions

We found that AEPs and AETs have the same stability. The droplet size of the prepared emulsions
increased when the concentration of AE has been raised (Table 1). Since the volume fraction of AE is
very low (0.004 or less), we can be sure that the Pickering emulsion is o/w type, as it has been proven
before [37].

Table 1. Stability parameters and droplet sizes of Pickering nanoemulsion and conventional emulsion.

Stabilizing Agent Coi1 (mg/mL) Dgroplet (nm) + SD Stability
SNP 0.2-3.5 160 + 2.2-670 + 37.2 2-3 months
Tw80 0.2-3.5 130 + 0.9-590 + 19.6 2-3 months

2.3. In Vitro Diffusion Study of Artemisia EO (AE) Formulations

We assumed that the different formulations of AE have different diffusion properties, which could
cause different activities in biofilm treatment. To confirm this assumption, in vitro diffusion studies
were performed with an ethanolic solution of AE (AEE), in addition to AET and AEP. The concentration
of AE was the same for all three formulations, and the droplet sizes of AEP and AET were similar,
160 + 2.2 and 130 + 0.9 nm, respectively to avoid the droplet size exclusion effect (Figure 1).

The diffusion profiles were very similar in each case. Still, it can be seen that the cumulative
amounts (CA) of AE were the highest in the case of AEP in both experimental circumstances. These were
28.71% at bacterial and 32.30% at fungal experimental temperatures, where AET samples showed
lower values, 19.36%, and 30.43%, respectively, while for AEE only 17.60% and 22.82% of AE diffused
after 24 h.
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Figure 1. Results of in vitro diffusion studies through agar gel membrane as biofilm model for AEE, AET,
and AEP at 30 °C (A) and 37 °C (B), respectively. The AE concentration is 200 ug/mL. CA: cumulative
amounts of essential oil in percentage; the experiments were performed in triplicate (mean + SD).

2.4. Interaction Studies with Unilamellar Liposomes as Cellular Models

Similar to our previous studies, unilamellar liposomes (ULs) were used as a cellular model
for studying the intracellular delivery ability of AE for different formulations [20]. We studied
the interaction between 3.5 um sized ULs and different formulations of AE (AEP, AET, AEE) for 48 h
at 30 °C and 24 h at 37 °C. The incubation times and temperatures were the same as in the case of
cellular microbiological experiments with fungi and bacteria (Figure 2).

For both experimental circumstances, AEP showed the best ability to deliver AE to the internal
water phase of ULs; it was 29.8% after 48 hours at 30 °C, and 59.2% after 24 hours at 37 °C. For the AET
samples, these values were 25.0% and 27.3%, respectively, and the lowest values were obtained in
the case of AEE samples.

2.5. Antibacterial and Antifungal Activities of the Prepared Emulsions

The effects of the Artemisia Pickering nanoemulsion, conventional emulsion, and essential
oil in ethanol on Gram-positive and Gram-negative bacteria, and on opportunistic fungi were
studied. The AEP showed acceptable antibacterial and antifungal activities (MICgg) on E. coli
PMC 201(1.68 + 0.72 ug/mL), S. aureus ATCC 29213 (1.62 + 0.37 pg/mL), B. subtilis SZMC 0209
(1.42 +0.64 ug/mL), P. aeruginosa PMC 103 (1.46 + 0.22 pg/mL), S. pyogenes SZMC 0119 (3.15 + 0.16 ug/mL),
S. pombe ATCC 38366 (2.01 + 0.46 pug/mL), C. albicans SZMC 1372 (3.62 + 0.65 pug/mL), C. tropicalis
SZMC 1368 (4.29 + 0.82 ug/mL), C. dubliniensis SZMC 1470 (3.63 + 0.57 pg/mL) and C. krusei SZMC
0779 (3.79 £ 0.57 ug/mL), respectively, when compared to AET (P < 0.01). The Pickering Artemisia
annua EO nanoemulsion (AEP) showed higher antimicrobial activity at an average of twelve-fold less
concentration when compared to the free essential oil in ethanol (AEE). The comparative dose-response
curves are shown in Figures 3 and 4 for bacteria and fungi, respectively.
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Figure 2. Results of the interaction study between unilamellar liposomes (Uls) and different formulations
of Artemisia essential oil (AE) at 30 °C for 48 h (A) and at 37 °C for 24 h (B), experiments were performed
in triplicate. AEP: Pickering emulsion, AET: conventional emulsion, AEE: ethanolic solution. c[AE] =
200 pg/mL (* P < 0.05 and ** P < 0.01, mean + SD).
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Figure 3. Minimum inhibitory concentration (MICq) of AEP, AET, AEE, and vancomycin (VAN)
in ug/mL on E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). Six independent
experiments each with three technical replicates were performed (mean + SD).
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Figure 4. Minimum inhibitory concentration (MICyg) of AEP, AET, AEE, and caspofungin (CAS) in pug/mL
on S. pombe (A), C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E). Six independent
experiments each with three technical replicates were performed (mean + SD).

2.6. Effects of the Minimum Effective Concentration (MEC1y) on Planktonic Microbial Cells

The minimum effective concentration (MECjy) of the Artemisia Pickering nanoemulsion,
conventional emulsion and essential oil in ethanol on Gram-positive and Gram-negative bacteria,
and on opportunistic fungi are shown in Figures 5 and 6. For the AEP the MECj; concentrations are
as follows: E. coli (4.05 £ 0.69 ug/mL), S. aureus (4.79 + 0.84 pg/mL), B. subtilis (5.54 + 1.05 ug/mL),
P. aeruginosa (6.39 + 0.95 ug/mL), S. pyogenes (9.25 + 1.03 pg/mL), S. pombe (7.02 £ 1.55 pg/mL), C. albicans
(7.12 £ 2.11 ug/mL), C. tropicalis (13.79 + 2.74 pug/mL), C. dubliniensis (10.49 + 3.77 ug/mL) and C. krusei
(11.67 + 3.62 pug/mL). The curves expressed a dose-dependent cell survival rate (by CFU quantification)
after 60 min exposure to AEP, AET, and AEE. The doses corresponding to MECyg (average 90% survival
rate of the ~10° CFU/mL, mid-log phased cell population) were then used in further study on planktonic
cells and on mature biofilms.

2.7. Effects on the Microbial Oxidative Balance

Various reactive oxygen species (ROS) production and accumulation in the bacterial and fungal
cells initiate oxidative stress followed by cellular structural damages and apoptosis induction [5].
The oxidative stress generation after 60 min of treatment has been investigated (Figures 7 and 8).
Data expressed as % of control are as follows: combined ROS detected by DCFDA (1235.46 + 133.63%),
peroxide by DHR 123 (1053.74 + 146.26%) and superoxide by DHE (1153.84 + 142.67%) were the highest
in the case of P. aeruginosa. The AEP caused an effective increase in the combined ROS, peroxide,
and superoxide generations as well, in both Gram-positive and negative bacteria and fungi when
compared to AET and AEE (P < 0.01). The AEE has generated a three to four-fold increment in
oxidative stress compared to the growth control (GC), which was the lowest among all treatments.
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Figure 5. Minimum effective concentration (MECjg) of AEP, AET and AEE (ug/mL) on E. coli (A),
S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). Six independent experiments, each with
three technical replicates, compared to vancomycin (VAN) were considered (mean + SD).
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Figure 6. Minimum effective concentration (MEC;y) of AEP, AET, and AEE (ug/mL) on S. pombe (A),
C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E). Six independent experiments,
each with three technical replicates, compared to caspofungin (CAS) were considered (mean + SD).
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B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E) at their respective MECy( concentrations after
one-hour treatment. All results were compared to those for menadione (ME) and growth control (GC).
The three formulations were evaluated separately as well. Six independent experiments, each with
three technical replicates (** P < 0.01, mean + SD).
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Figure 8. Percentage oxidative stress generation by AEP, AET, AEE, and CAS on S. pombe (A),
C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E) at their respective MEC; concentrations
and after one-hour treatment. All results were compared to those for menadione (ME) and growth
control (GC). The three formulations were evaluated separately as well. Six independent experiments,
each with three technical replicates (** P < 0.01, mean + SD).
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2.8. Effects on the Microbial Planktonics” Behavior

2.8.1. Colony Formation Changes

The changes in the colony formation of the microbial cells were followed using a time-kinetic
means of investigating the quantity of the living population after a definite time interval under
different samples” MEC;( concentrations (Figures 9 and 10). A significant 50% reduction in the bacterial
and fungal cell survivability after 6 and 18 h, respectively, was observed in the case of the AEP
exposure when compared to that of AET and AEE (P < 0.01). AEE was the least effective among all
other treatments.
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Figure 9. Effects of AEP, AET, and AEE at their MECjy concentrations on the mean percentage
colony-forming unit (CFU/mL) decrement of the planktonic E. coli (A), S. aureus (B), B. subtilis (C),
P. aeruginosa (D), and S. pyogenes (E) compared to their respective 0 h samples and vancomycin (VAN)
standard antimicrobial controls after 2, 6, 8, 16 and 24 h of treatment (mean + SD, n = 6 independent
experiments each with three technical replicates).

2.8.2. Variations in the Intracellular ATP to Total Protein Content Ratios

The energy depletive effects of AEP, AET, and AEE at their MEC;y concentrations on the selected
Gram-positive and -negative bacteria, and fungi were studied (Figures 11 and 12). Although no
significant change in the total protein content (TP) over time in the planktonic cells was observed,
a significant 60.37 + 5.35% decrement in the ATP/TP ratio was found in the case of the AEP treated
samples when compared to the 0 h samples (P < 0.01). Both AET and AEE have shown a decrease
up to an average of 40% in the ATP/TP ratio in the cases of bacteria and fungi when compared to
the 0 h samples.
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Figure 10. Effects of AEP, AET, and AEE at their MEC;( concentrations on the metabolic activities
of the mean percentage colony-forming unit (CFU/mL) decrement of the planktonic S. pombe (A),
C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E) compared to their respective 0 h
samples and caspofungin (CAS) standard antimicrobial controls after 6, 12, 30, 36 and 48 h of treatment
(mean + SD, n = 6 independent experiments each with three technical replicates).

2.8.3. Effects on Microbial Cell Viability and Metabolic Activity

The multi-parametric cytotoxicity assay has been performed to evaluate the viability of
the microbial cells using SYBR green I/PI live-dead cell technique while the resazurin fluorometric
method was applied for reflecting the metabolic changes caused by the test samples. The cytotoxic effects
of AEP, AET, and AEE on the viability (Figures 13 and 14) and on the metabolic activity (Figures 15
and 16) of the selected bacteria and fungi were evaluated. The 50% reduction in the viable cell
population was reached at an average of 9.9 + 0.71 h and 17.09 + 0.45 h in the case of the Gram-positive
and -negative bacteria, and fungi under AEP exposure. A delayed effect at an average of 9.74 + 1.65 h
was observed in the case of AET to initiate a 50% mean non-viability in the microbial populations when
compared to AEP (P < 0.01). The AEE has shown the slowest induction of microbial non-viability with
a delay of 20.63 + 3.73 h compared to AEP (P < 0.01). A significant 50% decrement in the metabolic
activity was observed in the case AEP treated bacteria and fungi at an average of 10.63 + 0.55 h
and 26.35 + 0.36 h, respectively (Figures 15 and 16). The AET treatment showed an average of
7.42 + 2.63 h delay in reducing metabolic activity by 50%when compared to AEP treated samples
(P < 0.01). No significant decrease in the metabolic activity was found in the case of the AEE treated
fungal samples.
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Figure 11. Effects of AEP, AET and AEE at their MEC; concentrations on the total protein content (TP)
and intracellular ATP/TP ratio of the planktonic E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa
(D), and S. pyogenes (E) compared to their respective 0 h samples and vancomycin (VAN) standard
antimicrobial controls after 2, 6, 8, 16 and 24 h of treatment (mean + SD, n = 6 independent experiments
each with three technical replicates).
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Figure 12. Effects of AEP, AET, and AEE at their MEC;y concentrations on the total protein content
(TP) and intracellular ATP/TP ratio of the planktonic S. pombe (A), C. albicans (B), C. tropicalis (C),
C. dubliniensis (D) and C. krusei (E) compared to their respective 0 h samples and caspofungin (CAS)

standard antimicrobial controls after 6, 12, 30, 36 and 48 h of treatment (mean + SD, n = 6 independent
experiments each with three technical replicates).



Molecules 2020, 25, 2390

A B
2100 16341 058" : 2100 115840.64 - 1516+0.73
= 10.03+0.83 | L 2 50 hash o :
= : : E Ll
= 6.28 + 0.33: £ 60 7.83+052:
2 B AT SR R 5 e e b
s e 404 =
3 3 :
s 5 204 :
D @ B %
= ol , . : , Z ol . , ; . \
2 4 6 10 18 32 2 4 6 10 18 32
Time (h) Time (h)
C D
21004 12.55+0.73 £ 100 14.25 +0.57
3 w0l 9311088 | - i 2 gl 2441061 ° : :
2 : el :
Z 0] 7.36+0.49 ' g : 0l 7.31:0.58"
9 peeociiioloiiilio e g R ==
= 40 = 40
5 204 £ 201
i : 3
= ol . - ‘ ‘ = ol ; : : : :
2 a 6 10 18 32 2 4 6 10 18 32
Time (h) Time (h)
E
Ewo 16.34 + 0.58 |
3 g 10574042 ;
5 :
= 6 8.25+0.41 = VAN
Bal o e s + AEP
= + AET
£ 20 : v AEE
g :
2 ol . . ; ,
6 10

Time (h)

13 of 27

Figure 13. Mean percentage non-viability of AEP, AET and AEE at their MEC;( concentrations on
the metabolic activities of the planktonic E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D),
and S. pyogenes (E) compared to their respective 0 h samples and vancomycin (VAN) standard

antimicrobial controls after 2, 6, 8, 16 and 24 h of treatment (mean + SD, n = 6 independent experiments

each with three technical replicates).
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Figure 14. Mean percentage non-viability of AEP, AET, and AEE at their MEC;; concentrations on
the metabolic activities of the planktonic S. pombe (A), C. albicans (B), C. tropicalis (C), C. dubliniensis (D)
and C. krusei (E) compared to their respective 0 h samples prior and caspofungin (CAS) standard
antimicrobial controls after 6, 12, 30, 36 and 48 h of treatment (mean + SD, n = 6 independent experiments
each with three technical replicates).
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Figure 15. Effects of AEP, AET and AEE at their MECy; concentrations on the metabolic activities of
the planktonic E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E) compared to
their respective 0 h samples and vancomycin (VAN) standard antimicrobial controls after 2, 6, 8, 16
and 24 h of treatment (mean + SD, nn = 6 independent experiments each with three technical replicates).
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Figure 16. Effects of AEP, AET and AEE at their MECy; concentrations on the metabolic activities of
the planktonic S. pombe (A), C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E) compared
to their respective 0 h samples and caspofungin (CAS) standard antimicrobial controls after 6, 12, 30, 36
and 48 h of treatment (mean + SD, 1 = 6 independent experiments, each with three technical replicates).

2.9. Effects on Mature Candida Spp. Biofilms

The changes in the metabolic activity, fungal cell viability, total biofilm biomass, total protein
content (TP) of the biofilm-attached Candida cells, and their ATP content in terms of ATP/TP ratio are
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shown in Figures 17 and 18. Variable response to the AEP, AET, and AEE treatments at their respective
MEC; concentrations was observed when compared to the growth control (GC). Although no changes
were found in the total biofilm biomass, a significant 40% reduction in the metabolic activity of the AEP
treated mature biofilm-attached Candida species after 24 h was observed compared to GC. Whereas,
AET and AEE treated samples have shown an average of 20% to 30% metabolic activity reduction
compared to the AEP treatment (P < 0.01). The reduction of the 50% viable biofilm-attached Candida
cells was also observed compared to the GC after 24 h of the treatment. The killing activity of the AEE
treatments was found to be the lowest compared to the AEP treatments (P < 0.01). Total protein
(reflecting the number of cells, TP) did not change significantly during the treatments, but a significant
60% reduction of the ATP/TP ratio was found in the case of the AEP treated mature biofilm-attached
Candida samples when compared to the GC (P < 0.01). An average of 28.57 + 5.26% and 15.34 + 4.64%
reduction in the ATP/TP ratio for the AET and AEE were recorded, resulting in the AEE treatments to
be the least effective among the treatment groups.
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Figure 17. Effects of AEP, AET and AEE after 24 h of treatments at their respective MEC; concentrations
on the metabolic activity, amount of biofilm biomass, and viability of C. albicans (A), C. tropicalis (B),
C. dubliniensis (C) and C. krusei (D) cell populations (mean + SD, n = 6 independent experiments each
with three technical replicates, data were compared with untreated controls (GC) and with caspofungin
(CAS)-treated positive controls. The red (*) and blue (*) asterisks represent a significance value of
P < 0.01 for the metabolic activity and viability measurements, respectively.
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Figure 18. Effects of AEP, AET and AEE after 24 h of treatments at their respective MEC; concentrations
on the ATP and the total protein content (TP) of C. albicans (A), C. tropicalis (B), C. dubliniensis (C)
and C. krusei (D) cell populations in the mature biofilms (mean + SD, n = 6 independent experiments
each with three technical replicates, data were compared with untreated controls (GC) and with
caspofungin (CAS)-treated positive controls. The blue double asterisks (**) represent a significance
value of P < 0.01 for the intracellular ATP/Total protein content (ATP/TP), respectively.

3. Discussion

The effects of three different formulations of Artemisia annua EO on mature Candida biofilms
and antimicrobial activity have been studied. We succeeded in formulating stable Pickering
nanoemulsions using surface-modified silica nanoparticles, and the formulation with desired
droplet size (160 nm) was examined for its antimicrobial properties. Artemisia annua EO Pickering
nanoemulsions (AEP) were stable for three months, with a higher effectiveness when compared to
AET and AEE.

Based on our analyses, AEP has shown stronger antimicrobial activity at lower concentrations
(MICs) compared to that of AET and AEE. Several experiments have been conducted previously;
however, the mechanism of action at the sub-inhibitory concentrations has not been studied
at all [6,12,13]. Our data suggest an effective microbial killing activity of AEP on selected bacteria
and fungi. Previous studies believe that the killing action of the essential oils happens due to the leakage
in the cells’ cytoplasmic membrane and induction of oxidative stress [38—41]. We have introduced
several staining methods to visualize and to understand the mechanism of action of the AEP, AET
and AEE. The AEP was able to induce higher oxidative stress compared to AET and AEE followed
by metabolic interference, cell wall disruption, ATP depletion and finally cell death in the case of
planktonic bacterial and fungal cells as well as in mature biofilm-attached Candida cells at their
respective sub-inhibitory concentrations.

The results obtained from model experiments have highlighted that the Pickering nanoemulsion
of the AE oil is the most effective form for the intracellular delivery and for the transport of EO through
biofilms when compared to AET and AEE. On the basis of our observations, it can be postulated
that the difference in the antibacterial and antifungal activity against microbial cell may be explained
by the different adsorption properties of the essential oil formulations [20,34]. Data for unilamellar
liposomes as a cellular model support the phenomenon of adsorption of the Pickering emulsion droplets
on the cell membrane that has been reported earlier [33]. It might happen that either the passive
diffusion occurs due to higher local concentration gradient of the essential oil or fusion of the AEP
droplets with the microbial cells allowing the intracellular delivery of the active components from
the AEP. The static Franz diffusion experiments on agar gel membrane as a biofilm model showed that
AEP has the best ability to deliver the EO through porous structure. The enhanced transportability of
AEP must be related to the difference of the surface properties of AEP and AET since experiments
were performed with droplets of similar sizes. Overall, our observations demonstrated that the AEP
facilitates the Artemisia essential oil in penetrating through the biofilm and the cells, inducing oxidative
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stress and disruption of the cell membrane integrity due to the high adsorption efficacy of Pickering
nanoemulsion droplets.

4. Materials and Methods

4.1. Plant Collection and Extraction of Artemisia Essential Oil

The plant samples were collected in 2017 from Békés county, Oroshaza-Nagyszénas, Hungary,
from a local farm in the autumn and were dried in the dark, under moisture-free conditions for two
months. The plant parts were ground to farinose form and were sieved down. The powdered form of
the plant was stored in airtight containers for future use.

The extraction of the Artemisia annua L. (A. annua) essential oil was done by steam distillation
method as described earlier [42]. Briefly, 500 mL of distilled water was added to 50 g dried powder
of A. annua. The steam distillation was done for 30 min, and the reading in the graduated tube was
recorded for the essential oil yield. The yield value was converted to the percentage (%) w/w of 1 g of
the powdered plant’s part.

4.2. GC-MS and GC-FID Studies

The Artemisia essential oil was diluted 1:100 in n-heptane and injected on the GC-MS and GC-FID
systems. The separation and identification of volatile compounds was carried out by using
GCMS-QP2020 instrument (Shimadzu, Duisburg, Germany) equipped with a split-splitless injector
and an AOC-20i autosampler. For a satisfactory characterization of compounds, two different capillary
columns were used. One was a low-polarity column, namely SLB-5ms 30 m X 0.25 mm id X 0.25 pm
dr (Merck Life Science, Rome, Italy), while the other with a medium polarity was a Supelcowax-10
30 m x 0.25 mm id X 0.25 um dy (Merck Life Science). Both columns operated under a programmed
temperature: 50 °C to 280 °C at 3.0 °C/min. Injection volume was of 0.5 uL with a split ratio of 1:10.
Helium was used as gas carrier at a constant linear velocity of 30 cm/s and an inlet pressure of 26.7
kPa. MS parameters were as follows: the mass range was 40-650 amu, the ion source temperature was
220 °C and the interface temperature was 250 °C. The GCMSsolution software (version 4.50 Shimadzu,
Kioto, Japan) was used for data collection and handling. Peak identification was carried out by using
a double parameter: MS spectra similarity (over 85%) and a LRIs +5 and +10 linear retention index
(LRI) tolerance window for the SLB-5ms and Supelcowax-10 column, respectively. In this respect,
a homologous series C7-C30 n-alkanes (Merck Life Science) standard mixture in hexane (1000 g/mL)
was used for LRIs calculation on SLB-5ms column, while a C4-C24 even carbon saturated FAMEs
(Merck Life Science, Rome, Italy) standard solution in hexane (1000 g/mL) on Supelcowax-10 column.
For mass spectral identification, FFNSC 3.01 (Shimadzu Europe, Duisburg, Germany) was mainly used.

The quantification of volatile compounds was carried out by using a GC-2010 Plus (Shimadzu,
Kioto, Japan) equipped a split-splitless injector (280 °C), an AOC-20i autosampler and an FID detector.
The GC columns, temperature program, and carrier gas were the same as described for the GC-MS
system, except the initial inlet pressure (99.5 kPa) (the average linear velocity was 30 cm/s).The FID
temperature was set at 280 °C (sampling rate: 40 ms), while the gas flows were 40 mL/min for hydrogen,
30 mL/min for the make-up gas (nitrogen) and 400 mL/min for air. Data were collected and processed
through the LabSolution software (version 5.92, Shimadzuy).

4.3. Preparation and Characterization of Pickering Nanoemulsion

We synthesized surface-modified spherical silica nanoparticles (d = 20 nm) using the Stober
method [43] and used them as a stabilizing agent of Pickering nanoemulsions. For the stabilization
of Pickering nanoemulsions, silica nanoparticles were synthesized as described previously [20].
The surface of hydrophilic silica nanoparticles was modified with propyltriethoxysilane (PTES Alfa
Aesar, Haverhill, MA, USA, pur. 99%) with a theoretical surface coverage of 20%. The size distribution
of nanoparticles was determined by dynamic light scattering measurements (DLS, Malvern Zetasizer
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Nano S, Malvern Panalytical Ltd., Worcester, UK), the particles were suspended in ethanol or water.
The following data and settings were used in DLS measurements: temperature 25 °C; disposable
polycarbonate cuvette; autocorrelation function; count rate between 200-500 kcps; refractive index
and absorption of silica of 1.57 and 0.001, respectively; refractive index of ethanol and water of
1.367 and 1.436, respectively; duration 60 s. Morphology was examined with transmission electron
microscopy (TEM, JEM-1400, JEOL Ltd., Tokyo, Japan). The drop of the sample suspension (~1 uL)
was drop cast onto 200 mesh copper grid coated with carbon film (EMR Carbon support grids, Micro to
Nano Ltd., Haarlem, The Netherlands) and dried overnight in vacuum desiccators. The TEM images
of surface modified silica nanoparticles can be seen in Supplementary Material (Figure S7).

For the Pickering emulsions (AEP), the concentration of nanoparticles was kept constant (1 mg/mL)
and concentration of Artemisia essential oil (AE) was varied between 200 pg/mL and 3.5 mg/mL.
The emulsification process was carried out in two steps. In the first step, the mixture was sonicated
for 2 min (Bandelin Sonorex RK 52H, BANDELIN electronic GmbH & Co. KG, Berlin Germany).
The second step was high shear emulsification, which was performed with an UltraTurrax (IKA Werke
T-25 basic, IKA®-Werke GmbH & Co. KG, Germany) high shear homogenizer for 2 min at 13,500 rpm.
Conventional emulsions, stabilized by Tween 80 surfactant (AET) (Acros Organics, Thermo Fisher
Scientific, Waltham, MA, USA) and ethanolic solution (AEE) were also prepared to compare stability
parameters, droplet sizes and microbiological properties with those of AEP. The concentration of Tween
80 surfactant was the same as nanoparticles, 1 mg/mL. The stability of emulsions was studied based on
periodical droplet size determination using DLS measurements (Malvern Zetasizer Nano S, Malvern
Panalytical Ltd., Worcester, UK). The emulsions were stored in airtight vials, covered with aluminum
foil at room temperature (25 °C). We considered the emulsion to be stable when the droplet size did
not change in time, creaming, phase separation, or sedimentation and aggregation of nanoparticles
could not be observed.

4.4. In Vitro Diffusion Studies—Static Franz Diffusion Cell Method

We carried out the diffusion study with the same parameters as in the in vitro cellular
experiments—30 °C/24 h for fungi and 37 °C/24 h for bacteria—to obtain data that could be used to
compare with the antimicrobial activities. The examination of diffusion properties was performed
in static vertical Franz diffusion cells (Hanson Microette Plus, Hanson Research 60-301-106, Hanson
Research Corporation, Chatsworth CA, USA). All experiments were performed in triplicate. Asabiofilm
model membrane, we have used 2.1 mm thick 2 w/w% agar gel membranes with effective penetration
area of 2.54 cm?, with a pore size of 1.5-3 um, as its tortuous pore structure can model the biofilm
matrix [44,45]. The agar membrane was prepared as described previously [34]. The volume of
the receiver chamber was 7 mL; the receiver solution was phosphate buffered saline (PBS). For PBS
preparation the following salts were used: NaCl (high purity, VWR Chemicals Ltd., Debrecen
Hungary), KCI (purity 99%-100.5%, VWR Chemicals Ltd., Debrecen Hungary), Na, HPO,-2H,0
(AnalaR NORMAPUR®, purity >9 9.0%, VWR Chemicals Ltd., Debrecen Hungary) and KH,PO,
(purity > 99.0%, VWR Chemicals Ltd., Debrecen Hungary). The volume of emulsion or solution sample
was placed in the donor chamber (600 pL), and the diffusion was examined for 24 h, the samples were
collected at 15 min, 30 min, 1 h, 2 h, 3 h, 6 h and 24 h. The volume of the taken sample was replaced
with fresh PBS buffer. The (AE) content was determined with UV-Vis spectroscopy (Jasco V-670 UV/VIS
Spectrophotometer, ABL&E-JASCO Ltd., Budapest, Hungary). The absorption wavelength of Artemisia
essential oil was 248 nm.

4.5. Interaction Study between the Cellular Model (Unilamellar Liposomes) and Different Formulations of AE

Unilamellar liposomes (ULs) were prepared from phosphatidylcholine (Phospolipon 90G,
Phospholipid GmbH, Berlin, Germany) as described previously [20,46]. A 5 mL suspension of
ULs was mixed with 3 mL Pickering nanoemulsion, conventional emulsion, or ethanolic solution,
and the Artemisia essential concentration was 200 ug/mL for all examined formulations. In the first set



Molecules 2020, 25, 2390 19 of 27

of experiments, the mixture was stirred at 600 rpm for 24 h at 37 °C, and 1 mL aliquots were taken after
1, 6, and 24 h. In the second set of experiments, the mixture was stirred at 600 rpm for 48 h at 30 °C,
and 1 mL aliquots were taken after 1, 6, 24, 30 and 48 h. The samples were centrifuged at 3000 rpm
and 20 °C for 5 min, and the ULs were collected and dissolved in absolute ethanol. The Artemisia
EO content of samples was determined with UV/Vis Spectroscopy at 248 nm (Jasco V-550 UV/VIS
Spectrophotometer; ABL&E-JASCO Ltd., Budapest, Hungary). For UV/Vis measurements, we prepared
samples without Artemisia essential oil, i.e., ULs with silica nanoparticle suspension, Tween 80 solution,
or ethanol were also mixed and centrifuged and were used as blanks.

4.6. Materials and Microorganisms Used for the Biological Experiments

Promega BacTiter-Glo microbial cell viability assay kit (Bio-Science, Budapest, Hungary), glass
beads (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, reference number: G-8772), sterile
petri-dishes (Greiner Bio-One, Kremsmunster, Austria), sterile petri-dishes for the biofilm assays
(Sarstedt AG & Co. KG, Numbrecht, Germany, reference number: 83.3900.500), 0.22 pm vacuum
filters (Millipore, France), cell scraper (Sarstedt AG & Co. KG, Numbrecht, Germany), sterile
microplates (Greiner Bio-One, Kremsmunster, Austria), sterile microplates for the biofilm assays
(Sarstedt AG & Co. KG, Numbrecht, Germany, catalog number: 83.3924.500), 96-well optiplates
(Perkin Elmer, Waltham, Massachusetts, USA), bovine serum albumin (BSA; Biosera, Nuaille, France),
potassium phosphate monobasic, ethanol 96% (Et), methanol, peptone, yeast extract, agar-agar
and Mueller-Hinton agar (for the maintenance of the tested bacteria’s health, used throughout
the experiments) (Reanal Labor, Budapest, Hungary), modified RPMI 1640 (contains 3.4 w/v% MOPS,
1.8 w/v% glucose and 0.002 w/v% adenine), menadione (ME) (Sigma Aldrich, Budapest, Hungary),
disodium phosphate, dimethyl-sulfoxide (DMSQO) from Chemolab Ltd. (Budapest, Hungary), sodium
chloride (VWR International Ltd., Debrecen, Hungary), potassium chloride (Scharlau Chemie S.A,
Bercelona, Spain), 3-(N-morpholino) propanesulfonic acid (MOPS) (Serva Electrophoresis GmbH,
Heidelberg, Germany), Caspofungin (CAS) from Merck Sharp & Dohme Ltd., Netherlands, vancomycin
(VAN) from Fresenius Kabi Ltd., (Budapest, Hungary), SYBR green I 10,000%, propidium iodide,
dihydrorhodamine 123 (DHR 123), 2’,7’~dichlorofluorescin diacetate (DCFDA) and dihydroethidine
(DHE) were purchased from Sigma Aldrich (Budapest, Hungary) and from the above-mentioned
sources. All other chemicals applied for the study were of analytical or spectroscopic grade. For fungi,
we used an in-house nutrient medium containing 1 w/v% yeast extract, 2 w/v% peptone, 2 w/v%
glucose and 2 w/v% agar—agar (for the colony-forming unit assay in the petri-dishes) [47], while
phosphate-buffered saline (PBS, pH 7.4) was obtained from Life Technologies Ltd., Budapest, Hungary.
Highly purified water (<1.0 uS) was applied throughout the studies.

Escherichia coli (E. coli) PMC 201, Pseudomonas aeruginosa (P. aeruginosa) PMC 103, Bacillus subtilis
(B. subtilis) SZMC 0209, Staphylococcus aureus (S. aureus) ATCC 29213, Streptococcus pyogenes (S. pyogenes)
SZMC 0119, Schizosaccharomyces pombe (S. pombe) ATCC 38366, Candida albicans (C. albicans) SZMC
1372, Candida tropicalis (C. tropicalis) SZMC 1368, Candida dubliniensis (C. dubliniensis) SZMC 1470
and Candida krusei (C. krusei) SZMC 0779 were obtained from Szeged Microbial Collection, Department
of Microbiology, University of Szeged, Hungary (SZMC) and Department of General and Environmental
Microbiology, Institute of Biology, University of Pecs, Hungary (PMC).

4.7. Determination of Minimum Inhibitory Concentration (MICq)

We used a previously published protocol [4,20] for measuring the antibacterial activity separately
on E. coli, P. aeruginosa, B. subtilis, S. aureus, and S. pyogenes and antifungal activity against S. pombe,
and Candida species. In brief, for the antibacterial activity determination, a bacterial population
of ~10° CFU/mL was inoculated in modified RPMI 1640 medium followed by incubation for 16 h
at 35 + 2 °C Thermo Scientific Heraeus B12 microbiological incubator (Auro-Science Consulting
Kft., Budapest, Hungary) with AEP, AET, AEE and VAN over a wide range of concentrations
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(26.2—0.01 pg/mL). The absorbance was measured by a Thermo Scientific Multiskan EX 355 microplate
reader (InterLabsystems, Budapest, Hungary) at 600 nm.

The antifungal activity against S. pombe and Candida species were also performed according
to our previously published method [20]. Briefly, ~103 cells/mL were incubated with AEP, AEE,
AET and CAS at a wide concentration range (26.2-0.01 ug/mL) in modified RPMI 1640 medium for
48 h at 30 °C (Sanyo MIR-154 microbiological incubator, Auro-Science Consulting Kft., Budapest,
Hungary). The absorbance values obtained by the microplate reader at 595 nm were converted to
percentages and were compared to the growth control (100%). The data were fitted by a non-linear
dose-response curve fitting method to estimate the dose producing >90% growth inhibition (MICy).
All measurements were performed by applying three technical replicates in six independent experiments.
VAN and CAS were used as the standard antibacterial and antifungal drug controls, respectively
throughout the experiments.

4.8. Determination of Minimum Effective Concentration (MEC1g)

The MECj concentration was obtained according to our previously published protocol [4]. In brief,
awide concentration range (105-0.2 pg/mL) of AEP, AET and AEE was used to treat mid-log phased ~10°
cells/mL in modified RPMI 1640 medium for an hour, incubated at 35 + 2 °C and 30 °C for the bacteria
and for the fungi, respectively, in an orbital incubator (Sanyo MIR-220RU orbital incubator, Auro-Science
Consulting Kft.,, Budapest, Hungary). Inoculated growth medium without any treatment was
considered as growth control. For the colony-forming unit (CFU/mL) quantification, 1 mL of the treated
and untreated samples were pipetted out and 10° times dilutions were prepared followed by spreading
50 pL of the test samples onto 20 mL respective nutrient-rich agar media containing petri-dishes
and were incubated for 24 h at 35 + 2 °C and 30 °C in the case of bacteria and fungi, respectively.
The colony formation data (CFU/mL) were converted to percentages and the data were fitted using
a non-linear dose-response curve fitting method to evaluate the drug concentrations producing
approximately 90% microbial cell population growth (MEC;y) when compared to the untreated
microbial cell populations after one hour of treatment. Three technical replicates in six independent
experiments were performed in all the measurements. VAN and CAS were used as the standard
antibacterial and antifungal drug controls throughout the experiments, respectively.

4.9. Quantification of Microbial Oxidative Stress Production in the Planktonic Cells

4.9.1. Combined ROS Generation Measurement

For the quantification of the combined (not specified separately) reactive oxygen species (ROS)
generation, we have followed our previous protocol [4,20]. In brief, for the ROS measurements,
mid-log phased ~10° cells/mL were collected and centrifuged at 1500 ¢ (Hettich Rotina 420R bench-top
centrifuge, Auro-Science Consulting Ltd., Budapest, Hungary) for 5 min and were re-suspended
in PBS. The staining of the cells was done with 2’,7’—dichlorofluorescein diacetate (DCFDA) stock
solution (20 mM in DMSO) with a final concentration of 25 pM in each well, followed by incubation
at 35 + 2 °C for the bacteria and 30 °C for the fungi in the dark with mild rotation in a test tube rotator
(Cole-Parmer Roto-Torque Variable Speed Rotator, InterLabsystems, Budapest, Hungary) for 30 min.
The cells were re-suspended in modified RPMI 1640 medium after centrifugation followed by treatment
with AEP, AET and AEE at their respective MECj( concentrations for one hour. The fluorescence
data were recorded by a fluorescence spectrophotometer/microplate reader (Hitachi F-7000 fluorescent
spectrophotometer, Auro-Science Consulting Ltd., Budapest, Hungary) at Ex/Em = 485/535 nm in
96-well optiplates. VAN and CAS were used as the standard antimicrobial controls in the case of bacteria
and fungi. ME treated samples were considered as the positive controls. The percentage increase (%)
in the ROS generation was measured by comparing the signals obtained from the growth controls
(GC). Six independent experiments with three technical replicates in each treatment were performed.
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4.9.2. Detection of Peroxide (0,%) and Superoxide Anion (O;,*) Generation

Our previously described protocol was adapted for the peroxide and the superoxide anion radicals’
measurements [20,47]. AEP, AET and AEE at their respective MEC;( concentrations were used to treat
the mid-log phased (~10° cells/mL) microbial cell suspensions followed by incubation in an orbital
incubator at 35 + 2 °C and 30 °C for the bacteria and fungi in modified RPMI 1640 medium for
an hour, respectively. VAN and CAS were used as the standard antimicrobial controls in the case of
bacteria and fungi. Menadione (ME) (0.5 mmol/L, end concentration) was used as the positive control
throughout the experiments. The cells were centrifuged at 1500 g for 5 min at room temperature
and were re-suspended in PBS at the original volume of the samples. DHR 123 (10 pmol/L end
concentration) and DHE (15 umol/L) were used to stain the microbial cell samples for the peroxide
and superoxide determination and were further incubated at 35 + 2 °C for the bacteria and 30 °C for
the fungi in the dark with mild shaking. The samples were centrifuged again and were re-suspended in
PBS, followed by even sample distribution into the 96-well microplates. For the peroxide measurements,
the fluorescence was measured at Ex/Em: 500/521 nm, whereas, Ex/Em: 473/521 nm was used to detect
the superoxide generation by a fluorescence spectrophotometer/microplate reader in 96-well optiplates.
The percentage increase (%) in the oxidative stress was measured by comparing the signals obtained
from the growth controls (GC). Six independent experiments were performed with three technical
replicates for each treatment.

4.10. Microbial Cytotoxicity and Viability Kinetic Assays of Planktonics

The cytotoxicity and the viability of the microbial cells were performed with our previously
published method [4,20]. Briefly, AEP, AET, AEE, VAN (bacteria) and CAS (fungi) at their respective
MEC; concentrations were used to treat the mid-log phased microbial cell populations (~10° cells/mL)
in modified RPMI 1640 medium followed by incubation in an orbital shaker-incubator at 35 + 2 °C
and 30 °C for the bacteria and fungi in modified RPMI 1640 medium. After that, the multi-parametric
cytotoxicity and viability kinetic studies were performed (Sections 4.10.1-4.10.4.).

4.10.1. Determination of the Colony-Forming Unit (CFU/mL)

We followed our previously published protocol for determining the changes in the colony
formation (CFU/mL) [4]. Briefly, 1 mL of the treated and the untreated samples were pipetted at the 0,
2,6, 8,16 and 24 h for the bacteria, and 0, 6, 12, 30, 36 and 48 h for the fungi, and were diluted 10°
times followed by spreading 50 uL onto 20 mL nutrient agar media with a cell spreader and incubation
at 35 + 2 °C (bacteria) and 30 °C (fungi) for 24 h. VAN and CAS were used as the reference controls for
the bacteria and fungi. Controls prior to the treatment at 0 h were considered to be 100% and sigmoidal
time interval vs. % CFU decrease was established for each test samples. Three technical replicates for
each treatment in six independent experiments were performed.

4.10.2. Quantification of the Planktonics” Intracellular ATP and Total Protein Contents

The instructions provided by the manufacturer was followed for the intracellular ATP measurement
of the microbial planktonics. In brief, 1 mL of both treated and untreated aliquots were sampled
at time intervals of 0, 2, 6, 8, 16 and 24 h (for bacteria), and 0, 6, 12, 30, 36 and 48 h (for fungi)
and were centrifuged at 1000 g for 5 min. The pellets were washed and were re-suspended in 1 mL PBS.
Equal volume of the freshly prepared BacTiter-Glo reagent was pipetted to 100 pL of PBS containing
the planktonic cells in 96-well optiplates. The microplates were shaken in the dark at 4 °C for 15 min
on an orbital shaker and the luminescence was measured using a Perkin Elmer EnSpire Multimode
plate reader (Perkin Elmer, Waltham, MA, USA). All the measurements were calculated in terms
of nmol/L from an ATP standard calibration curve and were converted to intracellular ATP over total
protein content ratio (nmol/mg) followed by comparison with the controls prior to the treatment
at 0 h. The PBS, VAN (for bacteria) and CAS (for fungi) were considered as the blank and standard
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antimicrobial controls throughout the experiments. Three technical replicates were performed for each
treatment in six independent experiments [48].

For the total protein content of the planktonics, we adapted the Bradford protein assay method [49].
One mL of AEP, AET and AEE treated samples were collected at time intervals of 0, 2, 6, 8, 16 and 24 h
(for bacteria), and 0, 6, 12, 30, 36 and 48 h (for fungi) and were centrifuged at 1000 g for 5 min.
The pellets were washed and were re-suspended in 1 mL NaOH (1 M) containing 100 mg of glass beads
(425-600 um) [50,51]. The collected samples were stabilized on ice for 5 min followed by 5 min vortexing
with a mechanical cell disruptor (Scientific Industries SI analog cell disruptor (InterLabsystems,
Budapest, Hungary), consecutively. The cycle was repeated three times and then the samples were
centrifuged at 20,000 g for 10 min at 4 °C (Heraeus Multifuge 3 S-R bench-top centrifuge, Kendo
Laboratory products, Osterode, Germany). The supernatants’ microbial cell lysates were collected in
separate 1.5 mL centrifuge tubes. Two hundred microliters of the freshly prepared Bradford reagent was
added to a new 96-well general microplate containing 20 puL of the test samples lysates. The absorbance
was measured at 595 nm by a multimode plate reader. NaOH, VAN and CAS treated samples were used
as the blank, standard antibacterial and antifungal controls, respectively. Three technical replicates for
each treatment in six independent experiments were performed. All the measurements were calculated
in terms of mg/L from a BSA standard calibration curve and were compared to the 0 h samples [48].

4.10.3. Quantification of the Planktonics” Metabolic Activity

For the metabolic activity measurements, AEP, AET and AEE treated samples were pipetted
at time intervals of 0, 2, 6, 8, 16 and 24 h (for bacteria), and 0, 6, 12, 30, 36 and 48 h (for fungi) and were
centrifuged at 1000 g for 5 min. The pellets were washed and were re-suspended in 200 uL PBS
containing resazurin (12.5 umol/L) followed by 40 min of incubation at 30 °C. The fluorescence was
measured with a fluorescence spectrophotometer/microplate reader in 96-well optiplates at an Ex/Em:
560/590 nm wavelengths. The percentage (%) metabolic activity was estimated based on the fluorescence
intensities of samples prior to the application of the treatment at 0 h which were considered to be 100%.
A sigmoidal time interval vs % metabolic activity was established for each test samples. The PBS,
VAN (for bacteria) and CAS (for fungi) were considered as the blank and standard antimicrobial
controls throughout the experiments. Three technical replicates for each treatment in six independent
experiments were performed [4].

4.10.4. Live/Dead Discrimination of the Planktonic Microbial Cells

Briefly, both untreated, AEP, AET and AEE treated samples were taken at 0, 2, 6, 8, 16 and 24 h
(for bacteria), and 0, 6, 12, 30, 36 and 48 h (for fungi) following centrifugation at 1000 g for 5 min,
washed and re-suspended in PBS (100 uL/mL). Freshly prepared 100 uL of the SYBR Green I/PI working
solutions [4] were added to the samples. For 15 min, the plates were incubated in the dark with mild
shaking at room temperature. Fluorescence intensities of the SYBR Green I and PI were measured in
96-well optiplates at an Ex/Em: 490/525 nm and 530/620 nm wavelengths, respectively, by a fluorescence
spectrophotometer/microplate reader. The green to red fluorescence ratio for each sample and each
dose was established and the % of the dead (non-viable) microbial cells with the response to the applied
dose was plotted against the applied test compounds using our previous formula [20]. The VAN
and CAS were considered as the standard antimicrobial controls, whereas, PBS was used as the blank.
All the treatments were done in triplicates and six independent experiments were performed.

4.11. Determination of the Effects on Preformed Mature Candida Biofilms

The effects (Sections 4.10.1-4.10.4) on the mature Candida species biofilms and the treatment
conditions were adapted from our previously published work [4]. Briefly, 200 puL of 24 h-old late-log
phased (~10° cells/mL) C. albicans and non-albicans species in modified RPMI 1640 medium were used
to culture biofilms in the microplates prior to the treatments for 24 h at 30 oC. The microplates were
washed in PBS followed by re-incubation in 200 pL. modified RPMI 1640 medium containing AEP, AET
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and AEE at MECyj concentrations (pug/mL) for further 24 h at 30 °C. Modified RPMI 1640 medium,
untreated growth sample and CAS treated samples were considered as the blank, growth control
(GC) and standard antimicrobial control (CAS), respectively. The biofilm degradation percentage (%)
was measured based on the comparison of the values with those of the GC. All the treatments were
performed in three technical replicates in six independent experiments.

4.11.1. Evaluation of the Total Fungal Biomass

The change in the biofilm biomass was determined by our previously published crystal violet
assay [4]. After 24 h of incubation, the supernatant containing the test samples was pipetted out
and the wells were washed with PBS. Two hundred microliters of methanol was added to each well in
order to fix the biofilms. The supernatant was removed and 200 uL of 0.1% crystal violet in absolute
ethanol was pipetted into each well. The crystal violet solution was pipetted out and 200 uL of acetic
acid (33% v/v in double distilled water working stock) was pipetted to the crystal violet pre-stained
biofilms to release the bound stains. Subsequently, 20 min later, the acetic acid-dissolved dye from
the stained biofilms was pipetted into the wells of general microplates. The absorbance was measured
at 590 nm by a multimode plate reader. The CAS was considered as the standard antifungal control.
The change in the percentage (%) biofilm biomass was evaluated from the growth control (GC) values
which were taken as 100% fungal biofilm biomass. Three technical replicates in each treatment for six
independent experiments were considered.

4.11.2. Metabolic Activity in the Biofilms

A resazurin-derived fluorescent technique was adapted from our previously published protocol
to determine the metabolic activity in the fungal biofilms [4]. Briefly, after 24 h of the treatment with
AEP, AET and AEE at their respective MECj( concentrations, all of the supernatants were removed
followed by rinsing the wells with the PBS. Two hundred microliters of sterile PBS containing resazurin
(12.5 umol/mL) was pipetted into the wells and was incubated at 30 °C for 40 min. The fluorescence
intensities were recorded at an Ex/Em: 560/590 nm wavelengths, respectively, by a fluorescent
spectrophotometer/microplate reader. The percentage (%) metabolic activity measurements were
evaluated based on the fluorescence values recorded by the growth control (GC), which was considered
as 100%. The PBS was taken as the blank throughout the measurements. Six independent experiments
were performed with three technical replicates for each treatment.

4.11.3. Viability Assay of the Biofilms

For the discrimination of the live/dead fungal cells in the biofilms, we have followed a method
previously published [4,17]. After 24 h of treatment with AEP, AET and AEE, at their respective MECj
concentrations in modified RPMI 1640 medium, the planktonic cells were pipetted out, followed
by rinsing and filling of the biofilm-attached wells with 100 uL PBS. One hundred microliters of
SYBR Green I/PI working solutions [17] were pipetted into the wells of the microplate. The plates
were incubated at room temperature for 15 min in the dark with mild shaking. A fluorescence
spectrophotometer/microplate reader was used to measure the fluorescent intensities at an Ex/Em:
490/525 nm and 530/620 nm for SYBR Green I and PI, respectively, into 96-well optiplates. The green
to red fluorescence ratio for each sample and each dose was established, and the % of the dead
microbial cells with the response to the applied dose was plotted against the applied test compounds
using our previous formula [17]. All treatments were done using three technical replicates in six
independent experiments.

4.11.4. Determination of the Candida Biofilms’ Intracellular ATP and Total Protein Contents

The instructions provided by the company was followed for the intracellular ATP measurement of
the Candida mature biofilms. In brief, after 24 h of the treatment with AEP, AET and AEE, the planktonic
cells were pipetted out, followed by rinsing the biofilm and pipetting 100 uL of PBS into every well
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of the microplate. An equal volume of the freshly prepared BacTiter-Glo reagent was pipetted into
the wells containing the biofilms submerged in the PBS. The microplates were shaken in the dark
at 4 °C for 15 min on an orbital shaker. The content of the microplates was transferred to 96-well
optiplates and the luminescence was measured using a multimode plate reader. All measurements were
quantified by using an ATP standard calibration curve and were converted to intracellular ATP over
total protein content ratio (nmol/mg) followed by comparison with the growth control (GC). The PBS
and CAS were used as the blank and the standard antifungal controls, respectively. Three technical
replicates for each treatment in six independent experiments were performed [49].

For the measurement of the total protein content in the biofilms, parallel to the microplate cultures
the biofilms were produced and treated in 35 mm diameter sterile petri dishes with identical surface
properties to those of the microplates. We have adapted the Bradford protein assay method [49]. Briefly,
after 24-hour treatment of the mature biofilms with AEP, AET and AEE, the planktonic cells were
pipetted out and biofilms were rinsed with PBS. The biofilms were scraped out from the petri dishes
using a cell scraper into sterile 1.5 mL centrifuge tubes containing 1 mL NaOH (1 M) and 100 mg of
glass beads (425-600 um). The collected samples were stabilized on ice for 5 min, followed by 5 min
vortexing, consecutively. The cycle was repeated three times and then the samples were centrifuged
at 20,000 g for 10 min at 4 oC. The supernatants’ fungal cell lysates were pipetted out and were diluted
in NaOH (1 M) up to the initial volume used for the biofilm growth. Two hundred microliters of
the homemade freshly prepared Bradford reagent were added to a new 96-well general microplate
containing 20 uL of the test sample lysates. The absorbance was measured at 595 nm by a multimode
plate reader. All the measurements were calculated in terms of mg/L from a BSA standard calibration
curve. Total protein contents were referred to the surface are of the microplates in order to obtain
the valid ATP/TP values. The NaOH and CAS treated samples were used as the blank and the standard
antifungal controls, respectively. Three technical replicates for each treatment in six independent
experiments were performed. All the measurements were calculated in terms of mg/L from a BSA
standard calibration curve and were compared to the growth control (GC).

4.12. Stastical Analyses

All data are given as mean + SD. Graphs and statistical analyses were conducted using
OriginPro 2016 (OriginLab Corp., Northampton, MA, USA). All experiments were performed
independently six times in triplicates and data were analyzed by one-way ANOVA test. P-values
of <0.05 were considered statistically significant. The minimum inhibitory concentration (MICg)
and the minimum effective concentration (MEC;) were calculated using a non-linear dose-response
curve function as follows:

Ay -4

1 4 10(LOGx0-x)p @

]/ZA1+

where A1, Ay, LOG,0, and p are the bottom asymptote, top asymptote, center, and hill slope of the curve
have been considered.

Supplementary Materials: The following are available online, Composition of the Artemisia annua L. essential
oil analyzed by GC-MS and GC-FID instruments (Supplementary Table S1 and Figures S1-56). TEM images of
surface-modified silica nanoparticles (SNPs), results can be seen in Supplementary Figure S7.
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Abstract: Onychomycosis is a disease that affects many adults, whose treatment includes both oral
and topical therapies with low cure rates. The topical therapy is less effective but causes fewer side
effects. This is why the development of an effective, easy to apply formulation for topical treatment is
of high importance. We have used a nanotechnological approach to formulate Pickering emulsions
(PEs) with well-defined properties to achieve site-specific delivery for antifungal drug combination of
tioconazole and Melaleuca alternifolia essential oil. Silica nanoparticles with tailored size and partially
hydrophobic surface have been synthesized and used for the stabilization of PEs. In vitro diffusion
studies have been performed to evaluate the drug delivery properties of PEs. Ethanolic solution (ES)
and conventional emulsions (CE) have been used as reference drug formulations. The examination of
the antifungal effect of PEs has been performed on Candida albicans and Trichophyton rubrum as main
pathogens. In vitro microbiological experimental results suggest that PEs are better candidates for
onychomycosis topical treatment than CE or ES of the examined drugs. The used drugs have shown
a significant synergistic effect, and the combination with an effective drug delivery system can result
in a promising drug form for the topical treatment of onychomycosis.

Keywords: pickering emulsions; onychomyecosis topical treatment; tioconazole; tea tree essential oil;
antifungal activity

1. Introduction

Onychomycosis is a fungal infection of nails and nail bed and occurs on both finger and toenails.
This fungal infection affects about 11.4% [1] of the adult population and is responsible for more than
50% of nail diseases [2]. For the treatment of onychomycosis, oral, topical, mechanical, and chemical
therapies or a combination of these methods are used in practice [3]. The therapy is a long process
(10-12 months) and has a poor cure rate [4]. Oral therapy is the most effective, but in the case of
prolonged use, orally administered drugs can cause severe side effects because of their high toxicity [5].
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Drug interactions can also occur, which is the main reason for the contraindication of oral therapy.
In such cases, topical therapy is recommended, and it is a more attractive alternative for patients.
Unfortunately, the topical treatment of onychomycosis is limited because the nail plate acts as a
barrier to drug diffusion. Its hydrophilic nature and keratinized structure reduce the diffusion of high
molecular weight or lipophilic antifungal drugs [6]. In order to enhance the penetration of drugs,
diffusion enhancers (e.g., mechanical pretreatment [7], phosphoric acid [8], keratolytes [9]) or an
appropriate formulation should be used [3].

The azole antifungal agents have been used since 1980 for topical and oral therapy of fungal
infections, among others for onychomycosis; in clinical treatment, they are used for superficial and
systemic fungal infections with safety [10]. The water solubility of generally applied antifungal
azole derivatives in the treatment of fungal nail infections is very low (<0.01 mg/mL) [10]; therefore,
their formulation contains organic solvents in most cases. Commercially available nail lacquers contain
organic solvents to increase the solubility of antifungal drugs, but these solvents act unfavorably to
the drug permeability [11]. Their restricted drug delivery ability is caused by the rapid evaporation
of organic solvents, so some drugs remain on the surface of the nail [12]. Several researches have
proved that drugs with aqueous-based formulations have higher nail permeability than non-aqueous
ones [13,14]. Another problem with azole derivatives is that fungi can become resistant to the drugin a
long-lasting treatment [15]. A combination of azoles with antifungal essential oil (EO) could solve this
problem because fungi cannot easily acquire resistance to multiple antifungal components of EOs [16].
Moreover, the azole derivatives could show synergistic antifungal activity with some essential oils
(EOs) [17], presumably because of their different mode of action. The azole derivatives inhibit the
action of cytochrome P-450 enzyme, lanosterol demethylase of fungi [18], thereby preventing the
synthesis of ergosterol, while the EOs damage the cell membranes and organelles of fungi [19]. Because
of the lipophilic character of azole derivatives [10], it is likely that it can be dissolved in lipophilic EO,
and their solution can be used for drug formulation.

The oil in water type emulsions as water-based drug formulations can provide a possible
way to overcome the water solubility problems. Conventionally, the emulsions are stabilized with
surfactants. In a long-lasting topical treatment, the use of surfactants should be avoided because
they can cause irritation and side effects, or in some cases, they can get into the blood circulation [20].
Using particle-stabilized emulsions, i.e., Pickering emulsions (PEs) [21] instead of a conventional
emulsion, has several advantages. The solid particles spontaneously adsorb on the oil-water interface
and form a shell-like structure on the PE droplet surface [22]. This adsorption can be considered as
irreversible adsorption because the solid particles have higher adsorption energy than surfactants on
oil-water interfaces [23], so the stability of PEs can be the same or better than conventional emulsions.
Another important parameter for emulsion-based drug formulation and therapy is the size of emulsion
droplets. The droplet size of PE can be influenced by several parameters, such as emulsification time
and energy, oil to solid particle volume ratio, and concentration of oil phase [24]. The fungal hypha
damages the nail structure, creating pores in pm size range [25], with porosity in the 5-20% range
depending on pretreatment of the nail [26]. An emulsion droplet with the appropriate size could
penetrate into the porous nail structure and retain the antifungal drug on the nail bed for a longer
period, which is the main site of reinfection [27], and thereby a targeted drug delivery can be achieved.
Inert and biocompatible particles should be chosen as stabilizing particles in PEs drug formulation.

Silica nanoparticles (SNPs) are widespread in pharmaceutical technology in topical treatments
because of their favorable chemical and surface properties, thermal stability, mechanical resistance,
and biocompatibility [28,29]. The effects of topically applied SNPs have been examined in detail [30],
and it has been found that they have no toxic effect even after prolonged usage. Because of the
above-mentioned advantageous properties of SNPs, they can be suitable for PEs stabilization. The PEs
are most stable when the partial wetting conditions of stabilizing particles are the same for the oil and
water phase [31]. The native SNPs are hydrophilic because of the high number of free silanol groups at
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their surface [32], which has to be modified with organic ligands to achieve appropriate wettability
and strong stabilizing effect.

In the present study, our aim was to formulate PE of an azole derivative and antifungal essential
oil as an alternative formulation for onychomycosis topical treatment. Tioconazole (TIO) has a broad
antifungal activity for common dermatophytes, which has proved to be efficient for the topical
treatment of fungal infections [33]. Nenoff et al. determined that Melaleuca alternifolia (MA) EO (tea tree
EO) inhibited the growth of several clinical fungal isolates, so they suggested its use in the topical
treatment of fungal infections [34]. For PE formulation, we used the solution of TIO in MA EO.
Synthesis and surface modification of SNPs with different sizes were performed, and they were used
as stabilizing agents of PEs. We characterized the stability, droplet size, and emulsion type of PEs.
In vitro diffusion studies were also performed through artificial membranes. The aim of the in vitro
diffusion test was to compare drug delivery characteristics of different formulations in the membranes
that have similar porous structure and surface properties as the nail plate and nail bed. The antifungal
activity against Candida albicans and Trichophyton rubrum—the species mainly responsible for fungal
nail infections—has been investigated [3].

2. Results and Discussion
2.1. Characterization and In Vitro Diffusion Study of PEs

2.1.1. Characterization of SNPs

The size distribution and PDI values for synthesized and surface-modified SNPs were determined
by DLS and TEM. Data for mean diameter and PDI values are presented in Table 1. The TEM images
showed that SNPs were monodispersed, spherical, and had a smooth surface. It can be clearly seen
that the size and morphology did not change significantly during the surface modification (Table 1 and
Figure 1). The surface modification of SNPs was confirmed by FTIR spectroscopy; the results were
previously published [35].

Table 1. Properties of SNPs. HS: hydrophilic particle. ET: with ethyl functional group modified particle.
Size represented as mean + SD of three parallel syntheses. The numbers refer to the particle sizes.

Samples dDLS (nm) PDIDLS dTEM (nm) PDItem
20HS 20.1+0.2 0.008 20.0 0.011
50HS 52.7+£09 0.017 53.0 0.037
100HS 105.2 +£3.6 0.021 103.0 0.083
20ET 20.1+0.8 0.158 22.0 0.210
50ET 542 +27 0.178 55.0 0.337

100ET 110.7 £ 4.1 0.231 112.0 0.349
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Figure 1. TEM images of silica nanoparticles (SNPs). (A): H5100, d = 103.0 nm. (B): ET100,d = 110.7 nm.
(C): HS50, d = 53.0 nm. (D): ET50, d = 55.0 nm. (E): HS20, d = 20.0 nm. (F): ET20, d = 20.0 nm.

2.1.2. GC Analysis of Melaleuca Alternifolia EO

The composition of MA was determined by gas chromatography. The components were identified
by comparing their retention times and relative retention factors with standards and oils of known
composition. Two parallel measurements were performed. The main compounds were p-cymene
35.2% and terpinene-4-ol 32.5%. A detailed composition is presented in Table 2.



Molecules 2020, 25, 5544 50f17

Table 2. Composition of Melaleuca alternifolia EO. The results of GC analysis showed the average of the
two parallel measurements in the percentage of volatile compounds. The main components of MA
have been highlighted.

Compounds Retention Time tg (min) Percentage Ratio of Compounds (%)
a-thujene 5 1.7
a-pinene 52 4.6

-phellandrene 5.2 0.6
[-pinene 6.2 1.2
-mycrene 6.4 0.8

a-terpinene 7.0 1.4

p-cymene 7.3 35.2
terpinyl-acetate 7.3 21
cineole 74 5.8
y-terpinene 8 7.6
terpinolene 8.6 1.7
terpinene-4-ol 10.7 32.5
a-terpineol 11 2.6
aromadendrene 15.5 0.7
epiglobulol 16.4 1.2

2.1.3. Characterization of PEs

Properties of PEs are influenced by many parameters, like the interfacial surface tension of the
phases, size, wettability, and concentration of stabilizing particles, o/w phase ratio, and emulsification
energy. In this study, we examined the influence of the o/w phase ratio and size of the stabilizing SNPs
on the droplet size and stability of formulated PEs, while other parameters were kept constant.

The results can be seen in Table 3, including data for composition, droplet size, and appearance of
PEs. For the microbiological experiments and in vitro diffusion studies, we used emulsions that were
stable for at least one week, which means that their droplet size did not change within this period,
and creaming, phase separation, aggregation, or sedimentation of SNPs did not occur.

As shown by Binks and Horozov [31], the size of stabilizing particles influences the emulsion
droplet size at the same o/w phase ratio. We found that the increment of oil phase concentration caused
an increment of emulsion droplet size at all examined oil phase concentrations. When 20 nm SNPs
were used, the droplet size increased until reaching a droplet size of 1.8 um. Further increment of oil
phase concentration did not cause significant droplet size increment, and the stability of emulsions was
much higher in the 11.16-16.12 mg/mL concentration range (for oil phase) (see Table 3). We observed a
similar effect when 50 nm SNPs were used in the 4.48-11.19 mg/mL concentration range and 1.6 pm
droplet size (Table 3). We could not observe such behavior for PE 100ET. In this case, the droplet size
continuously increased as the o0il phase concentration increased, and the stability of emulsions was
much lower (less than one week).

The stability of PE was also influenced by the size of the stabilizing SNPs. We found that with
the increasing SNPs size, the stability of PE decreased, at the same o/w ratio. The PE stability was
20 weeks using 20ET, 8 weeks for 50ET, and 1 week for 100ET SNPs, at 11.19 mg/mL oil phase
concentration. The zeta potential values of PEs could also provide their colloidal stability, whose values
did not differ significantly from the SNPs suspensions. The zeta potential of 20ET, 50ET, and 100ET
SNPs was —28.3, —25.2, and —25.0 mV, while the values of PE 20ET, PE 50ET, and PE100Et in the
0.90-17.91 mg/mL oil concentration range were from —28.0 to —19.3 mV, —24.9 to —19.0 mV, and —24.3
to —17.6 mV, respectively.

The type of emulsions was determined by conductivity measurements. The conductivity values
of stabilizing SNPs suspended in distilled water were 215.0, 211.4, and 268.3 uS-cm™! for 20ET, 50ET,
and 100ET, respectively, while conductivity for the oil phase was 0.058 uS-cm™!. The conductivity
values of PEs were in the 157.33-257.50 pS-cm™! range, which means that all the PEs were o/w
type emulsions.
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Table 3. Parameters of Pickering emulsions of Melaleuca alternifolia EO and tioconazole stabilized with
20ET, 50ET, and 100ET SNPs. * These emulsions were creaming, but after 30 s shaking, their droplet
size recovered to the original value, and they retained again their stability for 1 week.

PE 20ET PE 50ET PE 100ET
Coil Phase Droplet . Droplet - Droplet -

(mg/mL) Size f)nm) Stability Size fnm) Stability Size ?nm) Stability
0.90 4306 + 39.6 10 min 1280 + 62.8 1 day 1070 + 438.5 30 min
1.79 615 +22.2 30 min 1320 +95.9 1 day 1350 + 531.8 30 min
2.69 890 +103.3 30 min 1440 + 83.5 1 day 1630 + 464.5 30 min
3.58 1250 + 94.5 1 day 1650 + 51.5 2 day 1730 + 514.5 10 min
4.48 1320 + 32.5 8 weeks 1670 + 216.8 2 day 1850 + 107.9 10 min
5.37 1440 + 100.2 8 weeks 1620 + 79.7 8 weeks 1890 + 333.8 10 min
6.27 1470 + 35.2 8 weeks 1610 + 34.4 8 weeks 1950 + 95.0 10 min
7.16 1470 + 62.5 8 weeks 1670 + 62.8 8 weeks 1940 + 20.1 1 week *
8.96 1660 + 56.7 8 weeks 1690 + 70.4 8 weeks 2070 £ 51.2 1 week *
11.19 1890 +41.2 20 weeks 2200 + 188.9 8 weeks 2200 + 59.5 1 week *
13.43 1840 + 141.0 20 weeks 2250 +170.8 2 weeks * 2800.0 + 85.7 1 week
16.12 1820.0 + 99.6 20 weeks 2080 + 160.1 2 weeks * 2850 + 184.3 1 week
17.91 1850 + 496.6 8 weeks 2380 + 157.0 2 weeks * 3090 + 116.6 1 week

Coil Phase Appearance Appearance Appearance

(mg/mL) PET 20ET PET 50ET PET 100ET
0.90 creaming sedimentation creaming
1.79 creaming sedimentation creaming
2.69 creaming sedimentation creaming
3.58 opalescent opalescent creaming
4.48 opalescent opalescent creaming
5.37 opalescent milky creaming
6.27 opalescent milky creaming
7.16 opalescent milky milky
8.96 opalescent milky milky
11.19 milky milky milky
13.43 milky milky aggregation, sedimentation
16.12 milky milky aggregation, sedimentation
17.91 opalescent milky aggregation, sedimentation

2.1.4. In Vitro Diffusion Studies through Artificial Membranes

Our goal was to formulate an emulsion that is capable of delivering the antifungal drugs through
the nail plate and retain the drugs in the site of the infection (nail bed) for a prolonged time to provide
a sustained drug release. The diffusion studies of PEs on the artificial membranes were performed
in Franz diffusion vertical cells in order to examine the drug delivery ability of the formulated PEs.
For diffusion studies, we applied PEs, CE, and ES of the same concentration, 17.91 mg/mL, as an
antifungal drug combination. Because of the droplet size similarity between the CE and PEs, we can
assume that only the dosage form determined the diffusion properties of the drug.

We found that PEs possessed better drug delivery properties through agar gel membrane compared
to CE and ES (Table 4 and Figure 2). We examined the diffusion properties of PEs with different droplet
sizes and found that the PEs with smaller droplet size (1.85 um) could deliver as much as 89.9% of TIO
through the agar membrane. In the experiment where the composite membrane was used, we found
that the ES had diffused through the composite membrane structure, and only a small portion (2.4%)
of the drug remained in the composite membrane (Table 4 and Figure 3). The PE 20ET delivered 89.9%
of TIO through the agar gel membrane, and only 5.7% had diffused through composite membranes,
suggesting that 84.2% of the applied drug remained in the targeted area. This amount was 61.1% at PE
50ET and 45.13% at PE 100ET. These in vitro experimental results suggested that PEs had better on-site
drug delivery properties.
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Table 4. Results of in vitro diffusion studies. ES: ethanolic solution, CE: conventional emulsion, PE:
Pickering emulsion, CA: cumulative TIO amount after 2 h. The concentration of TIO was 3.58 mg/mL

in each formulation.

Stabilizing Droplet CA Agar cA CA Composite CA Composite
Samples Agent Size (nm) Gel (%) AgarGel  \ o brane (%)~ MVembrane
8 ¢ (mg/cm?) ¢ (mg/cm?)
ES - - 18.33 0.26 15.90 0.22
CE Tween80 2470.0 £ 89.1 35.02 0.49 11.01 0.15
PE 20ET 20ET SNPs 1850 + 496.6 89.88 1.26 5.70 0.08
PE 50ET 50ET SNPs 2380 + 157.0 67.18 0.95 6.06 0.05
PE 100ET 100ET SNPs 3090 + 116.6 45.22 0.63 0.09 0.001

In vitro diffusion studies through agar gel membrane

100.00
-a—ES
—+—CE
o PE 20E
i PE 20ET
PE 50ET
~o—PE 100ET 67.18
60.00
)
<
<
v
40,00
2000
0.00

100

Figure 2. In vitro diffusion studies through agar gel membrane. ES: ethanolic solution, CE: conventional
emulsion, PE: Pickering emulsion, CA: cumulative TIO amount after 2 h. Cyjo = 3.58 mg/mL.

ot In vitro diffusion studies through composite membrane
——ES
—+—-CE
o PE 20ET
15.00 PE 50ET //'/‘
~e—PE 100ET _//4/’/
A
/ 5=
10.00 S P >
> i oz
z ) -
5 " // i i il 6.06
L e e 9
b ﬁ/» 570
HA ;
0.00
0 25 50 t(min) 7 100

Figure 3. Invitro diffusion studies through the composite membrane. ES: ethanolic solution, CE:
conventional emulsion, PE: Pickering emulsion, CA: cumulative TIO amount after 2 h. Cryp = 3.58 mg/mL.
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2.2. Microbiological Tests Using Candida albicans and Trichophyton rubrum

Data obtained for the minimum inhibitory concentration (MIC) and minimum fungicidal
concentration (MFC) on T. rubrum and on C. albicans are shown in Table 5 and Figures 4 and 5 for the
ethanolic solution of TIO (ES-TIO) and ethanolic solution of MA (ES-MA) and their combinations.
The TIO and MA combination showed a significant synergistic effect. When T. rubrum and C. albicans
were treated with the combination of TIO and MA, both the MIC and MFC values decreased significantly
compared to the separately used drugs.

Analyzing the antimicrobial data of the different formulations of TIO and MA clearly showed that
the PEs were more effective than CE or ES against the two pathogens. The PE 100ET showed the most
effective growth inhibition against both T. rubrum and C. albicans, and this formulation had the highest
fungicidal activity.

Table 5. Minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) of
the test samples in combinations on T. rubrum and on C. albicans.

T. rubrum C. albicans

Sample MIC (ug/mL)  MFC (ug/mL)  MIC (ug/mL)  MFC (ug/mL)
ES-TIO 4.68 37.5 18.75 74.88
ES-MA 74.88 149.92 74.88 149.92
ES-TIO-MA 10.43 83.47 11.24 89.95
CE 5.21 83.47 11.24 89.95
PE 20ET 5.21 41.73 5.61 22.48
PE 50ET 2.6 20.86 2.8 11.24
PE 100ET 1.29 10.43 2.8 11.24

A o I TI0

—— B A

Figure 4. Minimum inhibitory concentration (MICyg) of ES-TIO, ES-MA, ES-TIO-MA, CE-TIO-MA, PE
20ET-TIO-MA, PE 50ET-TIO-MA, and PE 100ET-TIO-MA in pg/mL on T. rubrum (A) and C. albicans (B).
Six independent experiments with three technical replicates were performed. The green (*) and red (*)
asterisks represent a significance value of p < 0.01 for the MICq, respectively.
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ET
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PE 100E

Figure 5. Minimum fungicidal concentration (MFC) of ES-TIO, ES-MA, ES-TIO-MA, CE-TIO-MA, PE
20ET-TIO-MA, PE 50ET-TIO-MA, and PE 100ET-TIO-MA in pg/mL on T. rubrum (A) and C. albicans (B).
Six independent experiments with three technical replicates were performed. The green (*) and red (*)
asterisks represent a significance value of p < 0.01 for the MFC, respectively.

3. Materials and Methods
3.1. Preparation and Characterization of Silica Nanoparticle-Stabilized Pickering Emulsions

3.1.1. Synthesis, Surface Modification, and Characterization of Silica Nanoparticles

Synthesis of hydrophilic SNPs (HS) was performed based on the work of Stober et al. [36].
Size-selective synthesis parameters were set based on our previous work [37], as well as the
reaction circumstances for surface modification. The synthesis route and details can be found in the
Supplementary Materials. We previously reported that SNPs that have theoretical surface coverage
of 20% with ethyl groups could stabilize the MA droplets to give a stable PE [24]. For the synthesis
and surface modification of silica nanoparticles, the following chemicals were used: tetraethoxysilane
([TEOS] (Alfa Aesar GmbH, Karlsruhe Germany, purity 98%), ethyltriethoxysilane ([ETES] Alfa Aesar
Karlsruhe Germany, purity 96%), absolute ethanol (VWR Chemicals Ltd., Debrecen Hungary, AnalaR
NORMAPUR® >99.8%), and 28 m/m% ammonium solution (VWR Chemicals Ltd., Debrecen Hungary,
AnalaR NORMAPUR®, analytical reagent).

The size distribution was determined by dynamic light scattering (DLS) (Malvern Zetasizer Nano
S, Malvern Panalytical Ltd., Great Malvern, Worcestershire, UK). The size distribution was confirmed,
and the morphology of silica nanoparticles was studied by transmission electron microscopy (TEM)
(JEOL-1400 electron microscopy, JEOL Ltd., Tokyo, Japan). For TEM experiments, 400 mesh copper
grids coated with carbon were used (Micro to Nano Ltd., Haarlem, Netherlands).

3.1.2. Gas Chromatography Analysis of Melaleuca Alternifolia Essential Oil

Solid-Phase Microextraction (SPME) Conditions

Samples were loaded into vials (20 mL headspace) sealed with a silicon/PTFE septum prior to
SPME-GC/MS analysis. Sample preparation using the static headspace solid-phase microextraction
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(sHS-SPME) technique was carried out with a CTC Combi PAL (CTC Analytics AG, Zwingen,
Switzerland) automatic multipurpose sampler using a 65 uM StableFlex polydimethyl siloxane/
carboxene/divinyl benzene (CAR/PDMS/DVB) SPME fiber (Supelco, Bellefonte, PA, USA). After an
incubation period of 5 min at 100 °C, extraction was performed by exposing the fiber to the headspace
of a 20 mL vial containing the sample for 10 min at 100 °C. The fiber was then immediately transferred
to the injector port of the GC/MS and desorbed for 1 min at 250 °C, in split mode, and the split ratio
was 1:90. The SPME fiber was cleaned and conditioned in a Fiber Bakeout Station in a pure nitrogen
atmosphere at 250 °C for 15 min.

GC-MS Conditions

The analyses were carried out with an Agilent 6890N/5973N GC-MSD (Agilent Technologies, Santa
Clara, CA, USA) system equipped with Supelco (Sigma-Aldrich Ltd., Budapest, Hungary) SLB-5MS
capillary column (30 m x 250 um X 0.25 pm). The GC oven temperature was programmed to increase
from 60 °C (3 min isothermal) to 250 °C at 8°C/min (1 min isothermal). High purity helium (6.0)
was used as carrier gas at 1.0 mL/min (37 cm/s) in constant flow mode. The mass selective detector
(MSD) was equipped with a quadrupole mass analyzer and was operated in electron ionization
mode at 70 eV in full scan mode (41-500 amu at 3.2 scan/s). The data were evaluated using MSD
ChemStation D.02.00.275 software (Agilent Technologies, Santa Clara, CA, USA). The identification of
the compounds was carried out by comparing retention data and the recorded spectra with the data of
the NIST 2.0 library. The percentage evaluation was carried out by area normalization.

3.1.3. Determination of Solubility of Tioconazole in Melaleuca Alternifolia Essential Oil

Solubility Calculations by Hansen Solubility Parameters (HSPs)

As a preliminary study, the calculations of solubility parameters were performed using the Hansen
Solubility Parameters in Practice (HSPiP) software version 5.0.11 using the simplified molecular-input
line-entry system (SMILES), obtained from PubChem. HSPs (Equation (1)) use group contribution
to split the total cohesion energy of a solvent into contributions from atomic dispersion (64), polar
interactions (6p), and hydrogen bonding (6;,) [38].

6= (2452 +2)" M

Differences in solubility parameters were calculated with the HSP difference (Equation (2)).
A value below that of the reported cut-off value 7 Mpa®> indicates miscibility [39].

Ad = |6solvent - 6tioconazole| (2)

For the calculation, the three main components of MA were used (p-cymene, terpinene-4-ol,
y-terpinene), and it could be established that TIO can be dissolved in the EO. The results of the
calculation can be found in Supplementary Materials Tables S2-54. In order to determine the exact
solubility of TIO in MA, the solvent addition method was performed (Section 3.1.3 Determination of
Kinetic Solubility).

Determination of Kinetic Solubility

The kinetic solubility of TIO (tioconazole, purity >98%, Alfa Aesar, Karlsruhe, Germany) in
water-saturated MA (Melaleuca alternifolia essential oil, Tebamol®, BIO-DIAT-BERLIN GmbH, Berlin,
Germany) was determined by the solvent addition method [40]. The examination was performed at
ambient temperature (25 °C). The initial suspension was prepared by weighing the exact amount of
1.0 mg TIO and the addition of 500 uL of MA. The volume of MA was increased until the suspension
turned into a clear solution. The light scattering of suspension was determined visually and with
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instrumental measurement of scattered light intensity (DLS, Malvern Zetasizer Nano S). The kinetic
solubility of TIO in MA was found to be 0.213 mg/mL (23.8 m/m%). The concentration of TIO in MA
was set to 20 m/m% for the PE preparations.

3.1.4. Preparation and Characterization of Pickering Emulsions

The concentration of emulsifiers in the water phase was set to 1 mg/mL and was kept constant for
all experiments. Three different sizes of SNPs were used for PE formulation (20ET, 50ET, 100ET) and
Tween80® surfactant (Tw80) (Polysorbate80 Acros Organics, Thermo Fisher Scientific, Waltham, MA,
USA) for conventional emulsions (CE). The concentration of oil phase varied between 0.90 and 17.91
mg/mL, and the ratio of TIO and MA was always constant (20 my/m%).

The emulsification was performed in two steps. The coarse emulsions were prepared by sonication
for 2 min (Bandelin Sonorex RK 52H, BANDELIN electronic GmbH & Co. KG, Berlin, Germany).
The final emulsification was performed with UltraTurrax (IKA Werke T-25 basic, IKA Werke GmbH,
Staufen im Breisgau, Germany) for 2 min at 13,500 rpm. The emulsions’ droplet size was determined
with DLS using a Malvern Zetaziser Nano S instrument (Malvern Panalytical Ltd., Great Malvern,
Worcestershire, UK). The stability of the emulsions was determined from periodical droplet size
determination. The emulsions were stored at room temperature (25 °C).

The type of emulsions was determined with conductivity test using Mettler Toledo Seven2Go
S3 conductivity meter (Mettler Toledo GmbH, Giessen, Germany) and InLab® 738-ISM sensor
(Mettler Toledo GmbH, Giessen, Germany).

All experiments, measurements, and standard deviation calculations were performed from
3 parallel sample preparations.

3.1.5. In Vitro Diffusion Studies—Static Franz Diffusion Cell Method

Accepted models for testing drugs and their formulations for onychomycosis treatments include
penetration tests through cadaver nails [41], nail clippings, bovine hoof slices, or keratin films [42] made
from human keratin source. The non-uniformity of natural membranes causes huge inhomogeneity
in the results [43—45], which makes the comparison of different formulations impossible. The aim
of our study was to examine the diffusion properties of applied drugs in complex colloidal systems;
therefore, in our opinion, the similarity in hydrophilicity and surface charge between the nail plate or
nail bed and artificial membranes was of the highest importance for testing and comparison of the
formulations. The nail plate acts as a negatively charged aqueous hydrogel, as it is described in the
literature [46], and it has properties similar to that of the agar gel [47]. Based on the literature data
obtained from independent researches, we compared the diffusion coefficient and flux of well-studied
antibiotic chloramphenicol (5 mg/mL in phosphate-buffered saline) with different membranes, namely
agar gel [48], bovine hoof slice, and cadaver nail plate [49]. We found that the diffusion coefficients
and flux values were very similar for agar gel and bovine hoof slice membranes. Flux for bovine hoof
was 4.07 + 1.18:107% mg/cm?s, for agar gel 1.96 + 0.47 107° mg/cm?-s, and 8.21 + 2.11 107 mg/cm?-s
for the cadaver nail plate. The flux values for agar gel were closer to the value for the cadaver nail
plate, which might suggest that agar gel is a good model membrane for water-based formulations.

The agar gel membrane was used to model the nail plate. The composite membrane, consisting
of the agar gel layer on top of the cellulose acetate membrane, was used to simulate the complex
structure of nail plate and nail bed since nail bed has similar properties as skin [50,51], and the cellulose
membrane has been commonly used as a model for skin permeability [52]. The main aim of the study
on two types of membranes was to examine whether the examined formulations could deliver the
applied lipophilic drugs through agar gel as a model for nail plate, and the composite membrane was
used to examine if the formulation could retain the drugs on the main site of the infection, namely nail
bed. The amount of the drug transported through the membrane was calculated based on the amount
introduced to the membrane. In the case of agar membrane, the goal was to prepare the drug delivery
system that could deliver the highest drug amount through that membrane. The composite membrane
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was used to test the on-site retention of drugs in different formulations. The amount of retained drug
was calculated as a difference between the drug amount passed through the agar gel membrane and
the amount passed through the composite membrane

For in vitro testing, the 2.1 mm thick 6 m/m% agar gel membrane (Agar powder, purity >95%, VWR
Chemicals Ltd., Debrecen, Hungary) and the same agar gel membrane combined with 0.8 mm thick
cellulose acetate with effective penetration area of 2.54 cm? (Membranfilter Porafil, Macherey-Nagel
GmbH&Co. KG, Diiren, Germany, pore size 0.2 pm) were used. Before each measurement, the agar
gel was always freshly prepared. The agar powder was dispersed in demineralized water, and the
mixture was boiled in a closed vial for 3 min until all agar was completely dissolved. Exactly 10 mL of
agar gel was poured into a plastic vessel (i.d. 70.8 mm), then left to cool (25 °C) and gelate. After the
gelation, the agar gel was soaked in PBS buffer for 12 h. Finally, the agar membrane was cut out with a
sharp home-made tool and placed on the Franz cell. The cellulose acetate membranes were also freshly
soaked in PBS buffer before the experiments.

The examination of diffusion properties was performed at 32 °C in static vertical Franz diffusion
cells (Hanson Microette Plus, Hanson Research 60-301-106, Hanson Research Corporation, Chatsworth,
CA, USA); six parallel cells with effective penetration area 2.54 cm? were used, and each experiment
was made in triplicates. The volume of the receiver chamber was 7 mL; the receiver solution was PBS
buffer. For PBS preparation, the following salts were used: NaCl (high purity, VWR Chemicals Ltd.,
Debrecen Hungary), KCI (purity 99-100.5%, VWR Chemicals Ltd., Debrecen Hungary), Na,HPO4-2H,O
(AnalaR NORMAPUR®, purity >299.0%, VWR Chemicals Ltd., Debrecen Hungary), and KH;PO4
(purity 299.0%, VWR Chemicals Ltd., Debrecen Hungary). The 600 puL volume of emulsion or solution
sample was placed into the donor chamber, and the diffusion was examined for 2 h; the stirring rate
was 700 min~!, and the samples were collected after 5, 10, 15, 30, 60, 90, and 120 min. The withdrawn
sample volume was replaced with a fresh PBS bulffer.

The TIO content was determined with HPLC measurements using UV-Vis detector (SPD 10-A,
Shimadzu Europa GmbH, Duisburg, Germany); the method is based on Bagary et al. [53]. Separations
were carried out using a monolithic silica type column (ODS-AM302, S-5um, 120A, YMC Co., Kyoto,
Japan). The mobile phase consisted of methanol/0.02 M K,;HPO,4 = 85/15 V/V% and 0.2 V/V%
trimethylamine (methanol dehydrated, ultrapure >99.8%, VWR Chemicals Ltd., Debrecen Hungary;
trimethylamine: HiPerSolv CHROMANORM®, VWR Chemicals Ltd., Debrecen Hungary), pH=7.0.
The mobile phase was freshly filtered through Millipore Nylon membrane (pore size: 0.2 pum, Merck
KGaA, Darmstadt, Germany) before the analysis. Isocratic elution was programmed with a 1.5 mL/min
flow rate; the temperature of measurement was 32 °C. The detection wavelength of tioconazole was
254 nm, and its retention time was 3.5 min.

3.2. Microbiological Tests against Candida albicans and Trichophyton rubrum

3.2.1. Instruments Used in the Microbiological Experiments

UV-Vis spectrophotometer (Hitachi U-3900, Hitachi High-Tech Corporation, Japan),
microbiological incubator (Thermo Scientific Heraeus B12, Thermo Fischer Scientific, Waltham, MA,
USA), Biirker cell counting chamber (Hirschmann Laborgerdte GmbH & Co., Germany), Multiskan
EX 355 (Thermo Fischer Scientific, Waltham, MA, USA) spectrophotometer were used throughout
the experiments.

3.2.2. Materials Used in the Microbiological Experiments

For the microbiological experiments, the following materials were used: sterile 96-well
microtiter plates (Greiner Bio-One, Kremsmunster, Austria), potato dextrose agar (PDA) (BioLab,
Budapest, Hungary), sterile filter inserts (pore size 10 um) from PluriSelect (pluriSelect Life
Science, Leipzig, Germany), dextrose, adenine, bacteriological peptone and agar-agar (Reanal Labor,
Budapest, Hungary), sterile centrifuge tubes (TPP Techno Plastic Products, Trasadingen, Switzerland),
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homemade Sabouraud dextrose agar or SDA (containing 4% dextrose, 1% bacteriological peptone,
and 1.5% agar-agar in double-distilled water), yeast extract peptone dextrose agar (containing 2%
bacteriological peptone, 1% yeast extract, 2% dextrose, and 1.5% agar-agar in double-distilled water),
3-(N-Morpholino)-propanesulfonic acid (MOPS) from Serva Electrophoresis GmBH (Heidelberg,
Germany), and RPMI 1640 medium (containing 3.4% MOPS, 1.8% dextrose, and 0.002% adenine) from
Sigma-Aldrich Chemie GmBH (Steinheim, Germany). Highly purified water (<1.0 uS) was applied
throughout the experiments.

3.2.3. Fungal Cultures and Inoculum Preparation

Trichophyton rubrum (T. rubrum) DSM 21146 and Candida albicans (C. albicans) ATCC
001 were obtained from Leibniz Institute DSMZ GmbH (Braunschweig, Germany) and from
Department of General and Environmental Microbiology (Institute of Biology, University of Pécs,
Hungary), respectively.

We followed the methods described previously [54-57] for T. rubrum and C. albicans culture
preparation. In brief, T. rubrum stock inoculum suspensions were prepared from 7-day old cultures
grown on PDA at 28 °C for sporulation. Ten days later, the observed fungal colonies were flooded
with 10 mL distilled water, followed by scraping the surface using a sterile loop. Conidia and hyphal
mixed suspensions were withdrawn and were transferred to a sterile centrifuge tube through sterile
filter inserts (10 um, pluriSelect) to remove hyphae, leaving a filtered inoculum containing spores
only. The inoculum cell population was adjusted to 0.5 to 5 x 10° spores/mL visually using a Biirker
cell counting chamber, followed by further turbidity calibration with a UV-Vis spectrophotometer
(Hitachi U-3900) at 520 nm. The spores were further diluted to the desired population according to the
experimental requirements.

C. albicans stock inoculum was prepared from 48 h old culture grown on YEPD agar plates at 30 °C.
After 18 h of incubation at 30 °C in a microbiological incubator, on YEPD agar slant, the cells were looped
out, diluted with 0.9% sterile saline, and were counted by a Biirker cell counting chamber, followed by
turbidity calibration with a UV-Vis spectrophotometer (Hitachi U-3900) at 595 nm. The fungal cell
population was set to ~1 x 10° cells/mL and was diluted later according to the experimental designs.

3.2.4. Determination of Antifungal Activities

For the evaluation of the minimum inhibitory concentration (MIC) of T. rubrum and C. albicans,
we followed previously published methods [56-59]. The ethanolic solutions of TIO and MA in a wide
concentration range (0.5-300 ug/mL) were used for the assay. CE and PEs formulations were also
tested; an initial concentration of the oil phase was 160 pug/mL for T. rubrum, whereas 180 pug/mL for
C. albicans treatment was applied. The treating mixtures were further diluted up to 256 times in a serial
half-dilution format.

One hundred microliters of fungal cell suspensions (see Sections 3.2.5 and 3.2.6) with equal fungal
contents were applied thereafter to the microplate wells containing 100 pL of the different samples.
Detailed information on the assay conditions can be found in Sections 3.2.5 and 3.2.6. As a blank,
suspensions of 20ET, 50ET, 100ET SNPs, pure ethanol, Tw80 solution were used.

3.2.5. Determination of Minimum Inhibitory Concentration of T. rubrum

The T. rubrum, inoculum size of ~2.5 x 10* spores/mL, containing the test drugs in half-dilution
format, was incubated in RPMI media for 7 days in a microbiological incubator at 28 °C. The microplates
containing T. rubrum incubated for 7 days with the test drugs were evaluated following the protocol as
recommended by the Clinical and Laboratory Standards Institute (CLSI) M38-A2. The untreated cell
samples and the medium without cells were considered as the growth control and blank, respectively.
The endpoint determination readings for the minimum inhibitory concentrations (MIC) were performed
visually based on the comparison of the growth in the wells containing the test drugs with that of the
growth control [60]. All evaluations were performed in triplicates in six independent experiments.
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3.2.6. Determination of Minimum Inhibitory Concentration of C. albicans

A population size of ~2 X 10 CFU/mL was incubated in RPMI media with the above-mentioned
test drug concentration range at 30 °C for 48 h in the case of C. albicans. A Multiskan EX 355
spectrophotometer was used to measure the absorbance (at 595 nm) of the samples in the microtiter
plate in the case of C. albicans. The absorbance values of the respective treatments were converted to
a percentage and were compared to growth control (100%). The untreated fungal samples and the
medium without cells were considered as the growth control and blank, respectively. All evaluations
were performed in triplicates in six independent experiments.

3.2.7. Determination of the Minimum Fungicidal Concentration (MFC)

Determination of MFC was performed using the methods as described earlier with modifications [56].
After performing the MIC, 10 pL of the content from each well (not visibly turbid) was inoculated onto
sterile SDA plates. The plates were incubated at 30 °C for 48 h. MFC was evaluated as the lowest drug
concentration, resulting in no growth (>99.9% growth inhibition). Measurements were performed by
applying three technical replicates in six independent experiments.

3.2.8. Statistical Analyses

The statistical analyses were conducted using a one-way ANOVA test (Origin 2016, OriginLab
Corp., Northampton, MA, USA), and the significance was set at p < 0.05.

4. Conclusions

The choice of drugs used in this research was based on careful consideration. The TIO was chosen
as a drug with high antifungal activity but low water solubility and permeability through the nail
plate. MA EO was selected because of the antifungal activity and because it is a liquid and can be
used as a solvent for TIO. The combination of the drugs applied in this study showed a significant
synergistic effect. The solution of TIO in MA EO was successfully formulated into stable Pickering
emulsions. In vitro studies have demonstrated that PEs are effective drug formulations that can
provide site-specific and effective drug delivery through artificial membranes. 20ET PE achieved
the highest drug delivery efficiency as it could deliver 40% of the drug introduced to the artificial
membrane within 10 min. The amount delivered at this time was 572 ug of TIO through the agar
model membrane, while the MFC of the TIO in this formulation was 4.69 ug/mL. To prove the real
applicability of the suggested drug combination and PE formulation, we have to perform experiments
on the natural nail model. Still, from the presented data, we can conclude that the application of both
site-specific drug delivery and synergistic antifungal drug combinations is a promising route for the
development of effective onychomycosis topical treatment formulation.

Supplementary Materials: The following are available online: Table S1. Parameters of hydrophilic and surface-
modified silica nanoparticle synthesis. Table S2. HSPs of tioconazole and the three main components of
Melaleuca alternifolia essential oil. Table S3. Calculated solubility parameters of tioconazole compared to the three
main components of Melaleuca alternifolia essential oil. Table S4. Calculated solubility parameters.
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