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IVADAS

Mikroemulsijos yra Siuolaikin¢ vaisto forma, naudojama siekiant geres-
nio vaistiniy medziagy tirpumo, jy atpalaidavimo i$ vietinio poveikio,
transderminiy, parenteraliy sistemy, skvarbos j/pro biologinius barjerus bei
biologinio pasisavinimo. Mokslininky susidoméjimas mikroemulsijomis yra
didelis, nes Sios dispersinés sistemos pasizymi svarbiais privalumais — geba
inkorporuoti santykinai didelius kiekius jvairios kilmés ir skirtingy fizi-
kiniy-cheminiy savybiy vaistines medziagas bei gali iSlaikyti jy stabilumg
[145]. Mikroemulsijoms biidingas mazas dispersinés fazés daleliy dydis,
termodinaminis stabilumas, o gamybos technologija nereikalauja specialiy
salygy [11]. Atsizvelgiant j Siuos privalumus, mikroemulsijos laikomos pa-
trauklia vaisto forma, kuri modeliuojama siekiant tikslinio veikliyjy me-
dziagy patekimo j pazaidos vietg.

Pagrindinis vaistiniy preparaty kirimo tikslas yra efektyvus vaistiniy
medziagy tiekimas ] tiksling poveikio vietg siekiant pageidaujamo terapinio
poveikio bei i§vengiant galimy nepageidaujamy reakcijy [142]. Siuolaikinés
farmacijos poziiliriu Zmogaus oda yra laikoma viena labiausiai priimtiny
viety vaistiniy medziagy tiekimui j organizmg. Dermatologiniy neSikliy nau-
dojimas grindziamas S§iais pagrindiniais vaistiniy medziagy tiekimo | orga-
nizmg privalumais: (i) galimas jy patekimas j sistemine kraujotaka aplenk-
kiant virSkinamajj trakta ir taip iSvengiant pirminio metabolizmo kepenyse,
(i1) galimas kryptingas, kontroliuojamas vaistiniy medziagy tiekimas |
poveikio vieta, (iii) greitas aktyviy junginiy poveikis, 0 reikalui esant, gali-
mas neSiklio paSalinimas nuo odos vengiant galimo nepageidaujamo po-
veikio, (iv) patogus, neskausmingas naudojimo btidas [78, 116, 123]. Taciau
susiduriama su keliomis esminémis vaistiniy medziagy tiekimo j organizma
problemomis — vaistiniy medziagy skvarbg riboja naturalios odos barjerinés
savybés, kurias lemia iSorinis raginis sluoksnis ir Siy junginiy fizikinés-
cheminés savybés [34, 142].

Nedaugelis vaistiniy medziagy pasizymi tokiomis optimaliomis fizikiné-
mis-cheminémis savybémis: maza molekuline mase, tinkamu lipofiliSkumu,
zema lydymosi temperatira, kurios laikomos butinomis gerai medziagy
skvarbai | audinius [80, 158]. Todél tiekiant vaistines medziagas | oda,
reikSmingas vaidmuo tenka neSikliams. Daug viléiy sicjama su mikro- ir
nano-struktiriniais nesikliais dél jy savybiy gerinti biologiskai aktyviy jun-
giniy tirpumg ir stabilumg, modifikuoti raginio sluoksnio barjerines savybes
bei uztikrinti kryptinga $iy medziagy tiekimag i odg ir biologinj pasisavinimg
[92, 126, 142]. Inovatyviy neSikliy kiirimas, vystymas ir praktinio pri-
taikymo tyrimai yra svarbiis kuriant Siuolaikinius kokybés reikalavimus



tenkinan¢ius farmacinius produktus, todél mikroemulsijy modeliavimas
laikytinas aktualia farmacijos moksliniy ir taikomyjy tyrimy kryptimi.

Tiriamajame darbe buvo pasirinkta modeliné vaistiné medziaga resve-
ratrolis dél jo biologinio aktyvumo ir fizikiniy-cheminiy savybiy. Sis jun-
ginys pasizymi priesbakteriniu, prieSgrybeliniu, prieSvirusiniu, priesvéziniu
veikimu bei stipriu antioksidaciniu poveikiu, todél jis gali buti naudojamas
kaip efektyvi profilaktiné priemoné odos funkcijoms palaikyti bei odos su-
trikimams gydyti [122, 124, 146]. Moksliniais tyrimais jrodytas resvera-
trolio gebé&jimas inaktyvinti reaktyvius deguonies junginius, todél jis laiko-
mas efektyvia apsaugos priemone nuo UV sukelty pazaidy [119, 162]. Ta-
Ciau resveratrolio nestabilumas $viesos poveikiui bei lipofiliSkumas salygoja
ribotas jo praktines taikymo galimybes. Dél junginio lipofiliSkumo jo skvar-
ba i gilesnius odos sluoksnius ar sisteming kraujotaka yra ribojama jy
hidrofiliSkumo, todél resveratrolis kaupiasi pavirSiniuose odos sluoksniuose
[1]. Siekiant veiksmingo resveratrolio tiekimo j odg ir jo sukeliamo biolo-
ginio poveikio, mikroemulsijos buvo pasirinktos kaip tinkama priemoné
junginio nestabilumo ir lipofiliSkumo problemoms spresti.

Vykdytuose tyrimuose buvo modeliuojamos ir tiriamos mikroemulsijos, ]
kurias jterptas resveratrolis, bei jvertinta pagaminty nesikliy kokybé¢ ir stabi-
lumas. Modeliuojant vietinio poveikio mikroemulsijas, ypa¢ svarbu patiki-
mai jrodyti jy gebéjima atpalaiduoti veikligsias medziagas bei jy tinkamuma
Siy medziagy skvarbai | odg uztikrinti. Biofarmaciniy tyrimy rezultatai leido
jvertinti mikroemulsijy tinkamumg bei nustatyti veikliosios medziagos
pasiskirstymo odos sluoksniuose pobiidj. Visa tai yra reikSminga efektyviai
odos apsaugai nuo galimy pazeidimy bei odos susirgimy gydymui. Tyrimai
su biologiniais modeliais leido objektyviai jvertinti sumodeliuoty mikro-
emulsijy tinkamuma naudoti ant odos. Siy tyrimy rezultatai suteikia gali-
mybe prognozuoti sumodeliuoty mikroemulsijy su resveratroliu biologinj
pasisavinimg naudojimo metu, kuris svarbus veiksmingai produkto kokybés
kontrolei uZztikrinti siekiant tikslingo sumodeliuoty preparaty pritaikymo
praktikoje.

Darbo tikslas. Sumodeliuoti optimalias, stabilias mikroemulsijas, pritai-
kyti jas kaip neSiklius resveratrolio tickimui j odg ir jvertinti jy kokybe

fizikiniais-cheminiais, biofarmaciniais bei biologiniais tyrimais.

Darbo uzdaviniai:

1. Sumodeliuoti mikroemulsijas pritaikant eksperimentin] planavimg ir
atlikti gauty sudéciy optimizavima pagal pasirinktus kritinius kokybés
parametrus.



2. Jvertinti optimalios sudéties mikroemulsijy kokybinius parametrus ir

18tirti jy stabiluma.

3. Pritaikyti atrinktas stabilias mikroemulsijas veikliosios medziagos

Jjterpimui ir jvertinti sumodeliuoty sistemy kokybe bei stabiluma.

4. 18tirti resveratrolio atpalaidavimo i§ mikroemulsijy kinetikg ir jvertinti

jo skvarbg j odg tyrimais ex vivo.

5. Ivertinti mikroemulsijy su resveratroliu dirginamaji poveiki ekspe-

rimentiniy gyviny odai in vivo.

Mokslinio darbo naujumas. Sumodeliuotos stabilios, optimalios sudé-
ties mikroemulsijos su resveratroliu derinant pagalbines medziagas, o jy
tinkamumas pagristas fizikiniais-cheminiais, biofarmaciniais ir biologiniais
tyrimais. Biofarmaciniais tyrimais patvirtinta mikroemulsijas sudaranciy
komponenty jtaka resveratrolio atpalaidavimui. Pirmg kartg jvertinta resve-
ratrolio skvarba ] nepazeistg Zmogaus odg 1§ sumodeliuoty mikrostruktiriniy
nesikliy tyrimais ex vivo. Nustatytas Sios modelinés vaistinés medziagos
pasiskirstymas odos sluoksniuose ir jvertinta sumodeliuoty mikroemulsijy
su skirtingais pagalbiniy medziagy kiekiais jtaka Siems procesams.

ISvystyta ir validuota efektyviosios skys¢iy chromatografijos metodika,
kuri pritaikyta resveratrolio nustatymui zmogaus odoje. Pritaikius $ig meto-
dika, atlikta mikroemulsijose esancio resveratrolio kokybiné ir kiekybiné
analizé.

In vivo tyrimais su eksperimentiniais gyvinais pagrjstas sumodeliuoty
mikroemulsijy su resveratroliu saugumas ir tinkamumas naudoti ant odos.

Praktiné ir teoriné reik§meé. Mikroemulsijy modeliavimui pritaikytas
eksperimentinis planavimas, kuris leido pagristai sumazinti eksperimenty
skai¢iy ir kryptingai vystyti modeliuojamas mikroemulsijas. Pasirinkto
metodo tinkamumas jvertintas praktiSkai atliekant sumodeliuoty mikro-
emulsijy sudéties optimizavima.

Sumodeliuotos stabilios, optimalios sudéties mikroemulsijos, pritaikytos
resveratrolio jterpimui. Tyrimais jrodyta resveratrolio koncentracijos jtaka
optimalios sudéties mikroemulsijy kokybei ir stabilumui.

Pritaikyta efektyviosios skysCiy chromatografijos metodika leidzia at-
skirti trans-resveratrolj nuo jo izomerizacijos produkto. Tai yra svarbu sie-
kiant jvertinti sumodeliuoty mikroemulsijy su resveratroliu kokybg.

Ex vivo skvarbos | oda tyrimy rezultatai patvirtino, kad resveratrolio
skvarbai ir pasiskirstymui tarp epidermio ir dermos turi jtakos junginio
lipofiliSkumas. Pritaikius mikroemulsijas kaip efektyvy nesiklj, nustatyta
geresné resveratrolio skvarba j dermg. Gauti biofarmaciniy tyrimy in vitro ir
ex vivo rezultatai yra reikSmingi vertinant sumodeliuoty mikroemulsijy su
resveratroliu kokybe bei kuriant tikslinio pritaikymo nano- ir mikrostruk-
turius nesiklius.
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In vivo tyrimais su eksperimentiniais gyviinais nustatyta, kad santykinai
didelés pagalbiniy medziagy koncentracijos nesukélé dirginamojo poveikio
ju odai. Atlikti tyrimai su biologiniais objektais ir gauti rezultatai yra svar-
bis siekiant jvertinti mikroemulsijy su resveratroliu pritaikymo naudoti ant
odos galimybes.

Darbo rezultaty aprobavimas. Tyrimy rezultatai paskelbti 5 mokslinése
konferencijose: The 4th international conference on pharmaceutical sciences
and pharmacy practice dedicated to the 75th anniversary of Lithuanian
Pharmacopoeia (2013 m. lapkri¢io 23 d., Kaunas, Lietuva); Skin Forum
14th Annual Meeting ,,Percutaneous penetration — measurement, modula-
tion and modelling” (2014 m. rugséjo 4-5 d., Praha, Cekija); ,,1st European
Conference on Pharmaceutics Drug Delivery* (2015 m. balandZio mén 13—
14 d., Reimsas, Prancizija); 6th BBBB Conference on pharmaceutical
sciences ,,Strategies to improve the quality and performance of modern drug
delivery systems“ (2015 m. rugséjo 10-12 d., Helsinkis, Suomija); PBP
World Meeting — 10th World Meeting on Pharmaceutics, Biopharmaceutics
and Pharmaceutical Technology (2016 m. balandzio 4-7 d., Glazgas,
Skotija).

Tyrimy tematika paskelbti 2 moksliniai straipsniai, kurie iSspausdinti
leidiniuose, jtrauktuose ] Mokslinés informacijos instituto duomeny baze.

Darbo apimtis ir struktiira: disertacija sudaro jvadas, literatiiros ap-
zvalga, tyrimo objektas ir metodai, rezultatai ir jy aptarimas, iSvados, bib-
liografijos sgraSas (170 Saltiniy), disertacijos tema paskelbty publikacijy
sgrasas, sumodeliuoty formuluociy sudétys, moksliniy publikacijy diser-
tacijos tema kopijos, santrauka (angly k.), mokslinés ir kiirybinés veiklos
aprasymas. Darbe pateiktos 9 lentelés ir 18 paveiksly. Disertacijos apimtis
131 puslapis.
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1. LITERATUROS APZVALGA

1.1. Mikroemulsiju modeliavimas ir kokybés vertinimas

1.1.1. Mikroemulsijy modeliavimui naudojamos pagalbinés
medzZiagos

Mikroemulsijos (ME) yra skaidrios, termodinamiskai stabilios, koloi-
dinés sistemos, kurias sudaro lipofiliné ir hidrofilin¢ fazés bei surfaktantas,
naudojamas derinyje su kosurfaktantu [48, 136]. Tai spontaniskai susifor-
muojanti dispersiné sistema, pasizyminti specifinémis fizikinémis-cheminé-
mis savybémis: skaidrumu, maza dinamine klampa ir termodinaminiu stabi-
lumu [11, 60, 77]. ME budingas skaidrumas susijes su daleliy mazu dy-
dziu, kuris siekia 10200 nm [11, 58]. ME susiformuoja tada, kai yra pa-
siekiama labai maza tarpfaziné jtemptis, susidaranti tarp lipofilinés ir hidro-
filinés faziy sglyc¢io ribos [48, 82]. Tarpfazinés jtampos kitimai priklauso
nuo ME gamyboje naudojamy pavirsinio aktyvumo medziagy (PAM) — sur-
faktanto ir kosurfaktanto. Dazniausiai ME gamybai naudojamos pagalbinés
medziagos pateiktos 1.1.1.1 lenteléje.

1.1.1.1 lentele. Pagrindiniai komponentai, naudojami mikroemulsijy gamy-
boje

ME komponentai Pavyzdziai Literatiiros Saltiniai

Alyvuogiy, sojos, kukuriizy, kokosy,
ricinos, simodsijy aliejai.

Lipofiliné fazé [4, 16, 17, 22, 35]

Izopropilo miristatas, izopropilo
palmitatas, etilo laureatas, etilo oleatas,
oleino ragstis.

Lecitinas, poloksameras, natrio
Surfaktantai dodecilsulfatas, tvinai, spanai, [63, 67,98, 115, 137]
kaprilokaproilo makrogol-8 gliceridas

Etanolis, izopropanolis, propanolis,
polietilenglikolis, propilenglikolis,
fosfatidilcholinas, poliglyceril-6
dioleatas, poliglyceril-6 izostearatas

Kosurfaktantai [27, 37, 38, 45, 62]

I3grynintas vanduo, injekcinis vanduo,

Hidrofiliné fazé buferiniai tirpalai

[41, 69, 90]
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Lipofiliné fazé. Pagrindiniai Kriterijai, kurie lemia lipofilinés fazés pasi-
rinkimg yra geras veikliosios medziagos tirpimas aliejuje ir tinkamas tarp-
fazinés ME plévelés formavimasis [11, 12]. Lipofiline faze gali biti nati-
ralts ir sintetiniai aliejai (1.1.1.1 lentelé). Dazniausiai ME modeliavimui
naudojami sintetiniai esteriai: izopropilo miristatas, izopropilo palmitatas ir
etilo oleatas [12]. Kai kurie aliejai, naudojami transderminiy ME gamybai,
gali veikti kaip skvarbg skatinan¢ios medziagos, pvz., oleino ruigstis [58].

Hidrofiliné fazé. ME hidrofilinei fazei sudaryti naudojamas iSgrynintas ar
injekcinis vanduo. Hidrofilingje fazé¢je gali buti klampumg didinanciy me-
dziagy, buferiniy tirpaly ar konservanty [131]. Jei modeliuojama ME skirta
vartoti parenteraliai, tada i hidrofiling faze¢ pridedama natrio chlorido,
glicerolio, dekstrozés ar sorbitolio [58].

Surfaktantai. Surfaktantas — tai pagrindiné pavirSinio aktyvumo medzia-
ga, naudojama ME gamybai. Jis sudarytas i§ dviejy grupiy: polinés ir
nepolinés. Surfaktantai linkg adsorbuotis dviejy faziy salycCio pavirSiuje, kur
savo hidrofilines grupes i8désto hidrofilin¢je fazéje, o hidrofobines grupes —
lipofilingje fazéje ir taip sumazina tarpfazing pavirSiaus jtempti [12]. Mo-
deliuojant ME, surfaktantas pasirenkamas pagal hidrofilinj-lipofilinj balansg
(HLB).

Surfaktantai gali buti anijoniniai, katijoniniai, cviterjoniniai ir nejoniniai
(1.1.1.1 Ientelé¢). ME gamybai naudojami santykinai dideli surfaktanto
kiekiai. Net farmacijoje naudoti patvirtinti surfaktantai, didesnémis nei reko-
menduojamomis koncentracijomis, gali sukelti neigiamus nepageidaujamus
poveikius (odos dirginimg, alergijas) [21, 84, 164]. Mokslinés literatiiros
duomenimis ME gamybai geriau naudoti nejoninius surfaktantus, kurie,
lyginant su joniniais, pasizymi mazesnémis odg dirginan¢iomis savybémis
[89]. Siekiant mazesnio neigiamo poveikio odai, rekomenduojama naudoti
ne sintetinius, bet nattralius sufarktantus, pvz., leciting ar fosfolipidus.

Kosurfaktantai. Modeliuojant ME, papildomai naudojama pagalbiné pa-
virSinio aktyvumo medziaga kosurfaktantas. Jis veikia sinergiskai su sur-
faktantu ir leidzia sumazinti pavirSiaus jtemptj bei suformuoti stabilias ME
[131]. Kosurfaktanty naudojimas ME gamybai taip pat leidzia sumazinti
surfaktanto kiekj ir uzkirsti kelig galimiems odos poky¢iams.

Dazniausiai naudojami kosurfaktantai — trumpos anglies atomy grandinés
alkoholiai (C3-CS8), kurie sumazina pavirSiaus jtemptj ir padidina susida-
riusios tarpfazinés plévelés lankstumag (1.1.1.1 lentelé) [12]. ME modeliavi-
mui naudojami kosurfaktantai gali veikti kaip skvarba | oda skatinancios
medZziagos, pvz., etanolis, propilenglikolis [58]. Taciau reikia pazymeéti, kad
per didelis alkoholiy kiekis gali turéti jtakos papildomam odos dirginimui ir
dehidratacijai [11]. Pastaruoju metu ME gamybai naudojami maziau dirgi-
nantys, pasaliniy poveikiy nesukeliantys kosurfaktantai (pvz.: poliglyceril-6
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dioleatas, poliglyceril-6 izostearatas, propilenglikolio monokaprilatai, propi-
lenglikolio monolauratai) [12].

Apibendrinus mokslin¢je literatiroje pateiktus duomenis, galima teigti,
kad ME naudojamy pagalbiniy medziagy pasirinkimas yra gana platus,
taciau kai kuriy pritaikyma riboja jy toksiskumas, dideliy koncentracijy su-
keltas dirginantis poveikis bei nepakankamai aiSkus veikimo mechanizmas
[11]. Labai svarbu pasirinkti tokias ME formuojancias medziagas, kurios
tarpusavyje biity biologiSkai suderinamos, netoksiSkos ir suformuoty ne-
agresyvias, zmogui vartoti tinkan¢ias mikroemulsines sistemas.

1.1.2. Mikroemulsijy modeliavimas ir optimizavimas

ME formavimasis priklauso nuo lipofilinés fazés-hidrofilinés fazés-sur-
faktanto (surfaktanto / kosurfaktanto) santykio [82]. Modeliuojant ME su-
detis, dazniausiai sudaromos faziy diagramos, kuriose nustatomos ME
formuojanciy komponenty koncentracijy ribos, apibréziancios ME susifor-
mavimo sritj. Iprastai ME modeliavimui naudojamos trys arba keturios
pagalbinés medziagos, todél mokslinéje literatiiroje Sios diagramos vadi-
namos trinarémis arba pseudo-trinarémis faziy diagramomis [12, 77, 88].

Faziy diagramos formuojamos taikant faziy titravimo metodg (angl.
phase titration method) [138, 153]. Formuojant faziy diagramas, dazniausiai
taikomas titravimo hidrofiline faze (angl. water titration method) metodas:
ME gaminamos lipofiling faz¢ sumaiSant su surfaktanto ir kosurfaktanto mi-
Siniu. Tada j §j miSinj laSinama hidrofiliné fazé, o atsirades sistemos nu-
skaidréjimas vertinamas kaip ME susidarymas. ME gali biiti formuojama
titravimo lipofiline faze (angl. oil titration method) metodu: hidrofiling faze
sumaisant su surfaktanto ir kosurfaktanto misiniu ir titruojant lipofiline faze
[42, 170]. Naudojant abu Siuos metodus, lipofilinés arba hidrofilinés fazés
pridéjimo metu atsiradgs sistemos nuskaidréjimas vertinamas kaip ME susi-
formavimo taSkas [104].

ME formavimui gali buti taikomas faziy inversijos metodas (angl. phase
inversion method) [104, 149]. A/V tipo ME gamybai kaip pagrindas gali bi-
ti naudojama V/A tipo emulsija, kurios sudétyje yra lipofiline PAM. Mai-
Sant pridedama hidrofiliné PAM, kuri i§ pradziy suformuoja kubing struk-
tira, o toliau pridéjus hidrofilinés PAM, suformuoja ME. Vykdant ME for-
mulavimg su vaistinémis medZziagomis, jos tirpinamos toje fazéje, kurioje
geriausiai tirpsta. Mokslingje literatiiroje pateiki duomenys rodo, kad ME
gali spontaniskai susiformuoti kartu maiSant visus komponentus — lipofiling
ir vandening fazes, surfaktantg ir kosurfaktantg [93, 100, 138].

Formuojant faziy diagramas, jose pateikiamos ME sudaran¢iy kompo-
nenty koncentracijy ribos, kuriose susiformuoja atitinkamo tipo (A/V ar
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V/A) ME, taciau toks tyrimas reikalauja eksperimenty gausos ir uzima daug
laiko. Siekiant iSspresti Sias problemas, tikslinga taikyti validuotas statis-
tines eksperimentinio planavimo programas, kurios leidzia Zymiai sumazinti
eksperimenty skaiCiy ir laika.

Farmaciniams preparatams kurti, vystyti ir gamybos procesams optimi-
zuoti daznai naudojamas eksperimentinis planavimas, kuris leidzia greitai ir
sistemiskai jvertinti galimus veiksnius bei jy tarpusavio ry$j [33, 121].
Siekiant uztikrinti produkto kokybe, biitina identifikuoti kritinius kokybés
parametrus, pagristus statistine analize. Kritiniy parametry nustatymas ir
eksperimentiniy optimizavimo modeliy pritaikymas leidzia sumodeliuoti
optimalios sudéties formuluotes. Gali buti naudojami jvairtis eksperimen-
tinio (pvz., faktorialo, pavirSiaus atsako, atrankos ir misinio) optimizavimo
modeliai, ta¢iau ME modeliavimui ir optimizavimui dazniausiai taikomas
D-optimalus dizaino modelis [17, 37, 50, 85, 97, 114].

1.1.3. Mikroemulsijy pritaikymo galimybés

Siuolaikiné farmacijos pramoné nuolat iesko naujy ir novatorisky pro-
dukty, kuriy sudétyje esanciy veikliyjy medziagy biologinis aktyvumas biity
jrodytas ir pagrjstas moksliniais tyrimais, o jy perneSimui j poveikio vietg
naudojami efektyviis neSikliai. Tokiais produktais vis dazniau nurodomos
ME.

ME apibtidinamos kaip puikis vaistiniy medziagy neSikliai, pasizymintys
stabilumu, dideliu pavirSiaus plotu ir mazomis dalelémis, o svarbiausia —
ME leidzia kontroliuoti veikliyjy medziagy atpalaidavimg [11, 12]. Pagrin-
dinis Sios koloidinés sistemos privalumas — geb¢jimas jterpti jvairios kilmés
ir fizikiniy-cheminiy savybiy vaistines medziagas [48]. ME yra patraukli
vaisto forma, vartojama siekiant pagerinti: (i) vaistiniy medziagy atpalai-
davimg i§ transderminiy, parenteriniy, topiniy, oraliy ir kity sistemy; (ii)
vaistiniy medziagy stabilumg ir biologinj pasisavinima; (ii1) vaistiniy me-
dziagy skvarba j oda i§ transderminiy ir vietinio poveikio sistemy [15, 30,
65, 75]. ME yra perspektyvus vaistiniy medziagy neSiklis, pasizymintis
placiomis pritaikymo galimybémis (1.1.3.1 lentelé).
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1.1.3.1 lentelé. Mikroemulsijy pritaikymo pavyzdziai

Vartojimo Veiklioji ME poveikis Literatiiros
biidas medZiaga Saltiniai
Lidokainas pagerino lidokaino tirpumg ir [66]
skvarbg i oda
statistiSkai reikSmingai pagerino
Pencikloviras pencikloviro skvarbg j epiderm;j ir [166]
derma lyginant su komerciniu
Transderminis kremu
. pagerino Siy medziagy skvarbg j
Qgggﬁ;ﬁg‘sas odg ir sustiprino anestezinj ir [98]
analgetinj jy poveikj
Tbuprofenas IS) la(lgzrrg;oi 1(1))(111;)r0 feno tirpumg ir [35]
Itrakonazolis pad.idin'o .itrakonazolio biologinj [61]
pasisavinima
pagerino kurkumino absorbcijg
Per os Kurkuminas virSkinamajame trakte ir jo [62]
biologinj pasisavinima
Sirolimas pagerino sirolimo tirpumg ir [64]
absorbcija
Akims Timololis pagerino timololio absorbcija [90]
I nosi Lorazepamas pag?rino lprgzepamo skvarbg pro [141]
nosies gleivine

Vaistines medziagas vartojant per 0S, daznai susiduriama su jy nesta-
bilumu ir blogu tirpumu virSkinamojo trakto skysc¢iuose, todél tai tampa
patekus | virSkinamajj trakta, vyksta trys pagrindiniai etapai: (i) suirimas,
(ii) tirpimas, (iii) absorbcija [30]. Kietos vaisto formos suirimas yra bitinas
procesas, kad kietos daleles galéty iStirpti skystoje terpéje, o vaisto mole-
kulés galéty biti absorbuojamos. Sis suirimo etapas nereikalingas skystoms
vaisto formoms, kurioms priklauso ME, todé¢l vaistiné medZziaga gali biiti
greiciau absorbuojama. ME geba apsaugoti vaistines medziagas nuo oksi-
dacijos bei fermenty poveikio pagerindamos jy stabilumg ir padidinti
membrany laiduma. Mazos ME dalelés dél didelio pavirSiaus ploto ir tiirio
santykio pagerina vaistinés medziagos absorbcijg ir biologinj pasisavinima
[30, 141]. ME taip pat naudojamos kuriant dermatologinius ir transder-
minius produktus. D¢l mazo ME daleliy dydzio ir pavirSiaus jtempimo,
kuris garantuoja puiky neSiklio salyt] su oda, bei naudojamy pavirSinio
aktyvumo medziagy, kurios keicia raginio sluoksnio laiduma, yra sukuria-
mas didelis vaistinés medziagos koncentracijos gradientas ir taip pagerina-
ma jos skvarba j odg [12, 68, 82].
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1.1.4. Vietinio poveikio mikroemulsijy modeliavimas

Siuolaikinés farmacijos pozidiriu viena labiausiai priimtiny veikliyjy
medziagy tiekimo ] organizmg viety yra laikoma Zmogaus oda. Naudojant
dermatologinius neSiklius, i§skiriami pagrindiniai veikliyjy medziagy tieki-
mo ] organizma privalumai: (i) galimas tiesioginis jy patekimas j sisteming
kraujotakg aplenkiant virSkinamajj trakta ir iSvengiant pirminio metabo-
lizmo kepenyse, (i1) galimas kryptingas, kontroliuojamas veikliyjy medzia-
gy tiekimas i poveikio vieta, (iii) sukeliamas greitas biologiskai aktyviy
junginiy poveikis, (iv) patogus, neskausmingas naudojimo budas [78, 116,
123, 147]. Racionalus dermatologiniy nesikliy modeliavimas leidzia pasiekti
maksimaly vaistiniy medziagy biologinj pasisavinima.

Vietinio poveikio ME gamybai yra svarbus pagalbiniy medziagy parin-
kimas. Tinkamai parinkus pagalbines medziagas, galima veiksmingai su-
mazinti pavirSiaus jtemptj lipofilinés-hidrofilinés faziy riboje ir suformuoti
stabilias mikroemulsines sistemas [85]. Tarp lipofilinés ir hidrofilinés faziy
vykstantys pokyciai skatina spontaniSkg ME formavimasi, o §io proceso
eigai jtakg daro pasirinktas surfaktantas. Labiau hidrofilinis emulsiklis
tinkamas stabilizuoti A/V tipo ME, o labiau hidrofobinis — V/A tipo ME
[85]. Moksliniais tyrimais jrodyta, kad naudojant surfaktantg, kurio
hidrofilinis-lipofilinis balansas (HLB) yra didesnis nei 10, formuojamos
A/V tipo ME [11, 103, 139]. Surfaktanto, kurio HLB reik§mé yra nuo 3 iki
6, suformuoja V/A tipo ME [103]. Kitas svarbus atrankos kriterijus —
surfaktantas turi buti netoksiSkas ir nedirginantis odos. Mokslinés literattiros
analizé parodé, kad vietinio poveikio ME modeliavimui naudojamas
santykinai didelis surfaktanto kiekis, kuris gali pagerinti veikliyjy medziagy
skvarbg | odg bei turéti jtakos jy pasiskirstymui odos sluoksniuose [11, 88].
TaCiau gaminant vietinio poveikio preparatus, naudojamos santykinai
didelés PAM koncentracijos, o tai yra nepriimtina, nes gali sukelti stipry
odos dirginimg [45]. Norint iSvengti galimo neigiamo surfaktanto poveikio,
tikslinga sumazinti jo koncentracija modeliuvojamose ME naudojant
papildomas pagalbines medziagas — kosurfaktantus. Kosurfaktantas veikia
sinergisSkai su surfaktantu, uztikrina laseliy pavirS$iy dengiancio surfaktanto
sluoksnio lankstumg ir dar labiau sumazina tarpfazinio sglyCio pavirSiaus
itemtj [59]. Dél Sios priezasties ME modeliavimui galima naudoti mazesnes
surfaktanto koncentracijas.

Mokslinés literatiiros analizé parod¢, kad vietinio poveikio ME gamybai
naudojami naujos kartos nejoniniai surfaktantai, kurie pasizymi stabilumu,
gerina veikliyjy medziagy tirpuma, jy skvarba i oda, o svarbiausia — yra
saugis naudoti ant odos [11, 165]. Sios teigiamos savybés budingos nejoni-
niam surfaktantui kaprilokaproilo makrogol-8 gliceridui, kuris placiai taiko-
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mas modeliuoti vietinio poveikio ME. Kaprilokaproilo makrogol-8 glicerido
HLB 12, todél jis naudojamas formuojant A/V tipo sistemas. Kaprilo-
kaproilo makrogol-8 gliceridas naudojamas zmonéms vartoti skirty farma-
ciniy produkty (mikroemulsijy, emulsijy, tepaly, geliy) gamybai. Moksli-
niais tyrimais jrodyta, kad kaprilokaproilo makrogol-8 gliceridas yra tin-
kamas prastai tirpiy medziagy tirpumui gerinti ir gali buti naudojamas kaip
skvarbg skatinanti, taciau odos dirginamojo poveikio nesukelianti medziaga
[11, 26]. Rhee ir kt. [125] jrodé, kad veikliyjy medziagy skvarbai j odg turi
jtakos ME formuojan¢iy komponenty kiekiai. Ketoprofenas buvo jterptas j
sumodeliuota mikroemulsijg, sudarytg i§ oleino ragsties, kaprilokaproilo
makrogol-8 glicerido, Cremophor RH ir vandens misinio. Tyrimo rezultatai
parod¢, kad ketoprofeno skvarbai j ziurkiy oda jtakos turéjo surfaktanto
kiekis. PAM galimas dirginamasis poveikis odai buvo tirtas atlickant
tyrimus su pelémis [63]. Tyrimo rezultatai parodé, kad ME modeliavimui
naudojant 41 proc. kaprilokaproilo makrogol-8 glicerido ir dietilenglikolio
monoetilo eterio mi$inj, nenustatyta eritemos susidarymo, todél toks PAM
kiekis yra tinkamas formuoti ME ir saugus naudoti ant odos.

Atliekant mokslinés literatiiros analiz¢ nustatyta, kad A/V tipo ME
modeliavimui kartu su kaprilokaproilo makrogol-8 gliceridu naudojamas
poligliceril-6-izostearatas [45, 81, 83, 131]. Kreilgard ir kt. [83] placau is-
tyré kaprilokaproilo makrogol-8 glicerido ir poligliceril-6-izostearato pritai-
kymo galimybes. Panaudodami skirtingus lipofilinés fazés, surfaktanto,
kosurfaktanto ir hidrofilinés fazés kiekius, sumodeliavo mikroemulsijas su
lidokainu ir prilokainu bei palygino jas su rinkoje esanciais Siy medziagy
preparatais (kremu ir hidrogeliu). Vertinant mikroemulsijy itakg lidokaino ir
prilokaino skvarbai j Ziurkiy oda, nustatyta, kad optimalios sudéties ME
statistiSkai reikSmingai (P = 0,03) pagerino S$iy junginiy skvarbg lyginant su
kitomis formuluotémis. Taciau ME, kuriy sudétyje surfaktanto ir kosurfak-
tanto miSinio kiekis buvo 70 proc., pasizyméjo nestipriu ziurkiy odos dirgi-
nimu. Naujausiais moksliniy tyrimy duomenimis jrodyta, kad naudojant 50
proc. kaprilokaproilo makrogol-8 glicerido ir poligliceril-6-izostearato misi-
nj, sumodeliuojamos nanoemulsijos, kurios pailgina ferulo riigsties atpalai-
davima, pagerina junginio tirpumg ir skvarbg j ziurkiy oda [55].

Apibendrinus mokslingje literatiiroje pateiktus duomenis, galima teigti,
kad ME modeliavimui naudojami $iy pavirSinio aktyvumo medziagy deri-
niai, taCiau triksta duomeny, vertinanciy jy jtakg ME stabilumui, veikliyjy
medziagy skvarbai | zmogaus odg bei jos dirginamajam poveikiui. Todél
aktualu modeliuoti ME naudojant skirtingus $iy medziagy derinius ir jver-
tinti jy sauguma ir tinkamumga vietiniam naudojimui ant odos.
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1.1.5 Mikroemulsijy kokybés vertinimas

Sumodeliuoty ME kokybé vertinama pagal Siuos kriterijus: termodina-
minj stabiluma, vidutinj daleliy dyd; (VDD), polidispersiSkumo indeksg
(PDI), pH reik$meg, elektrinj laidj ir klampa.

ME daleliy dydis ir jy pasiskirstymas yra svarbus kriterijus, leidziantis
jvertinti sumodeliuoty ME stabiluma ir numatyti galimg jy poveikj in vivo
[77, 154]. Daleliy dydziui nustatyti dazniausiai naudojamas dinaminés
Sviesos sklaidos metodas (angl. dynamic light scatering technique). Atlie-
kant ME daleliy dydzio matavimus, méginys apSvieCiamas lazeriu ir nusta-
tomas iSsklaidytos Sviesos intensyvumas [35]. Pritaikius dinaminj Sviesos
sklaidos metoda, nustatomas PDI, kuris parodo sumodeliuotos sistemos
homogeniskuma. Sio parametro nustatymas yra reik§mingas vertinant ME
kokybe. Dinaminés Sviesos sklaidos metodas yra greitas ir patogus, o duo-
meny analizé — paprasta. Taciau svarbiausias $io metodo privalumas yra tas,
kad tyrimui naudojamos salygos neturi jtakos tiriamy meéginiy pokyc¢iams
[56, 151].

Sumodeliuoty dispersiniy sistemy daleliy dydis gali biiti vertinamas nau-
dojant elektroning mikroskopija. Kadangi ME buidingas mazas daleliy dydis,
todél dazniausiai naudojama transmisiné elektroniné mikroskopija (TEM).
Taciau taikant TEM, naudojamas didelis slégis ir elektrony srautas, kurie
gali turéti jtakos ME struktiiros pokyciams [131]. Norint kontroliuoti galima
aplinkos veiksniy jtaka, ME daleliy dydZio nustatymui naudojama krio-
transmisiné elektroniné mikroskopija (krio-TEM), kuriai reikalingas
specialus méginiy paruoSimas. Méginiy fiksacija atliekama taikant labai
greitg jy uzsaldyma ir taip iSvengiant kristaly susiformavimo méginiuose
[131]. Pagrindinis elektroninés mikroskopijos privalumas yra galimybé ne
tik nustatyti daleliy dydj, bet ir jvertinti jy forma, agregacija bei sumode-
liuotos sistemos struktiirg [56].

ME kokybé vertinama atlickant dinaminés klampos ir elektrinio laidZio
matavimus. Klampa yra svarbus kokybés rodiklis, kuris turi jtakos vaistinés
medziagos atpalaidavimui i§ sumodeliuotos sistemos [34]. ME biudinga
maza dinamin¢ klampa lyginant su jprastinémis emulsijomis dél salyginai
mazo daleliy dydzio [88, 93]. Elektrinio laidZio matavimai leidzia nustatyti
sumodeliuoty ME tipg. A/V tipo ME biidingas didelis elektrinis laidis (10—
100 uS/cm) [134], o V/A tipo ME pasizymi mazu elektriniu laidziu arba yra
visiS§kai nelaidzios [130].
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1.2. Vietinio poveikio vaisty formy biofarmaciniai tyrimai

1.2.1. Vaistiniy medZiagy atpalaidavimo iS vietinio poveikio vaisty
formy tyrimai

Sumodeliuoty vietinio poveikio preparaty kokybé vertinama atliekant
biofarmacinius tyrimus: (i) in vitro tyrimus su sintetinémis membranomis;
(ii) ex vivo tyrimus su eksperimentiniy gyviiny ar zmogaus oda, ir (iii) in
vivo tyrimus su eksperimentiniais gyviinais [168].

Sumodeliuoto neSiklio geb¢jimas atpalaiduoti veikligja medziaga yra
vienas pagrindiniy kriterijy, vertinanc¢iy pagaminty produkty kokybe. Norint
pasiekti sumodeliuoty preparaty vietinj ar sisteminj poveikj, pirmiausiai
veiklioji medziaga turi buti atpalaiduota i$ neSiklio, o tik po to ji gali
skverbtis j odg. Vaistiniy medziagy atpalaidavimo pro pusiau laidzias sinte-
tines membranas in vitro tyrimai atliekami naudojant difuzines celes (Franz,
Hanson) [34]. Taciau butina pazyméti, kad in vitro tyrimy rezultatai negali
bti tiesiogiai siejami su in vivo vykstanciu atpalaidavimo procesu, nes odos
raginis sluoksnis veikia kaip papildomas barjeras, ribojantis veikliyjy
medziagy skvarbg [78, 102].

1.2.2. Vaistiniy medZziagy skvarbos i odg i§ vietinio poveikio vaisty
formy tyrimai

Vaistiniy medziagy skvarba j oda vyksta nuosekliai. Pirmiausia vyksta
junginiy atpalaidavimas i§ vietiSkai vartojamos vaisto formos ir jy pate-
kimas ant epidermio raginio sluoksnio pavirSiaus. Toliau vaistiniy medziagy
skvarba | odg yra skirstoma | tris etapus: (i) prasiskverbimas pro raginj
sluoksnj (angl. penetration), (ii) skvarba i§ vieno odos sluoksnio j kitg (angl.
permeation) ir (iii) junginiy patekimas j kraujotaka (angl. absorption) [19,
24, 70].

Vaistiniy medziagy skvarba j oda gali vykti keliais biidais: per lasteles
(intralgsteliniu  keliu), tarplagsteliniu (interlgsteliniu keliu), per plauky
folikulus ar liauky latakus [24, 70, 80, 112]. Mokslinés literatiiros analizé
parodé, kad veikiyjy medziagy skvarbos j odg procesg kontroliuoja epi-
dermio raginis sluoksnis [70]. Jis sukuria barjerg, kuris riboja vaistiniy
medziagy skvarbg j odg, todél sunku pasiekti norimg Siy medziagy terapinj
poveikj. Vertinant raginio sluoksnio savybes, galima teigti, kad skvarba |
odg priklausys nuo junginio giminingumo $io sluoksnio lipidams ir mole-
kuliy gebéjimo praskverbti pro korneocity lgsteliy sienelg [70]. Dél odos
komponenty savybiy hidrofilinés medziagos negali lengvai skverbtis | oda,
nes joms trukdo raginio sluoksnio lipidiné matrica [24]. Siuo atveju hidro-
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filiniy medziagy skvarba vyksta intralgsteliniu keliu per raginio sluoksnio
korneocitus [24]. Lipofiliniy medziagy skvarba vyksta tarplasteliniu keliu,
nes Siomis savybémis pasizymintys junginiai gali tirpti raginio sluoksnio
lipiduose [105]. Taciau lipofiliniy medziagy patekimg | gilesnius odos
sluoksnius riboja gyvojo epidermio ir dermos hidrofilinés savybés. Vaisti-
néms medziagoms, kurias naudojant siekiama sukelti sisteminj poveikj,
svarbu patekti j dermg ir joje iSsidésciusj kraujagysliy tinklg [24, 70].

Vaistiniy medziagy skvarba pro plauko folikulus ir liaukas sudaro tik
nedidele dalj visos junginiy skvarbos pro oda, nes jie apima tik apie 0,1
proc. bendro odos ploto [80, 112, 158]. Taigi pagrindinis veikliyjy medzia-
gy patekimo j odg biidas yra pro raginj epidermio sluoksnj.

Vaistiniy medziagy skvarba j oda priklauso nuo jy fizikiniy-cheminiy
savybiy. Moksliniais tyrimais jrodyta [53, 80, 158], kad lengvai skverbiasi |
oda tos medziagos, kurios pasizymi optimaliomis savybémis: (i) maza
molekuline mase (< 500 Da), nes nuo jos dydzio priklauso difuzijos greitis;
(ii) pasiskirstymo koeficiento tarp oktanolio-vandens (logP) reikSme nuo 1
iki 3, kuri parodo, kad jos gali tirpti tiek lipiduose, tiek korneocituose ir
prasiskverbti ] gilesnius odos sluoksnius; (iii) zema lydymosi temperatiira (<
200 °C), kuri rodo geresnj junginiy tirpuma lipiduose. Taciau tik maza dalis
vaistiniy medziagy molekuliy pasizymi Siomis savybémis.

Norint pagerinti pasyvigja vaistiniy medziagy skvarbg j oda, kuriami
SiuolaikiSki transderminiai nanoneSikliai (pvz.: liposomos, nanosomos,
etosomos, nanoemulsijos, mikroemulsijos), kuriy daleliy dydis yra mazesnis
nei 1 pum [76, 80, 158]. Nanonesikliy dalelés pasizymi dideliu specifiniu
pavir$iaus plotu, todél efektyviai sgveikauja su odos pavirSiumi ir taip page-
rina vaistiniy medziagy skvarba j oda [80].

EX vivo tyrimai yra efektyvis vertinant vaistiniy medziagy skvarba | oda
[19]. Siy tyrimy metu nustatomas vaistinés medZiagos srautas ir jos pasi-
skirstymas odoje. Ex vivo tyrimams atlikti dazniausiai naudojama izoliuota
eksperimentiniy gyviiny oda, taCiau vis dazniau mokslin¢je literatiiroje
galima rasti duomeny apie ex Vivo tyrimus su zmogaus oda. Siy tyrimy re-
zultatai leidzia prognozuoti galimg vaistiniy medZziagy biologinj pasisavi-
nima in Vivo ir yra vertingi kuriant vietinio poveikio preparatus [34].

1.3. Resveratrolio fizikinés-cheminés savybés ir biologinis poveikis

Resveratrolio biologinis poveikis jvairioms organizmo sistemoms jrody-
tas in vitro, ex vivo ir in vivo tyrimais. Resveratrolis (3, 5, 4’— trihidroksis-
tilbenas) natiiraliai randamas polifenolinis junginys, priklausantis stilbeny
klasei. Chemin¢ jo struktiira sudaryta i§ dviejy benzeno ziedy, sujungty dvi-
guba stireno jungtimi, lemiancia resveratrolio struktiirinius pokycius [52].
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Trans-resveratrolis saulés Sviesos poveikyje virsta j cis-resveratrolj [31, 36].
Mokslinés literatiiros analizé parodé, kad Sie junginiai pasizymi skirtingu
stabilumu ir biologiniu poveikiu [10, 20, 43, 52, 110].

Nustatyta, kad resveratrolis pasizymi antioksidaciniu, antiradikaliniu,
priesvirusiniu ir prie§véziniu aktyvumu [43, 110, 119, 150]. PrieSuzdegimi-
nis resveratrolio poveikis yra susijes su jo gebéjimu slopinti prostaglandiny
sintenz¢ reguliuojant ciklooksigenazés-1 ir ciklooksigenazés-2 aktyvuma
[152]. Moksliniais tyrimais jrodytas resveratrolio poveikis gydant Sirdies ir
kraujagysliy ligas. Varache-Lembege ir kt. [159] nustaté, kad trans-resvera-
trolis slopina trombocity agregacijg. Moksliniais tyrimais su zmogaus adipo-
city lastelémis jrodytas veikliosios medziagos geb¢jimas reguliuoti lipidy
sinteze, padidinti lipolize, sumazinti lipidy kaupimagsi ir taip sumazinti
Sirdies ir kraujagysliy ligy rizika [87]. Naujausi moksliniai tyrimai patvirtina
teigiamg resveratrolio poveikj Sirdies ir kraujagysliy sistemai [5, 101, 160].

Resveratrolio biologinis pasisavinimas priklauso nuo jo fizikiniy-
cheminiy savybiy [96]. Prastas resveratrolio tirpumas vandenyje daro jtaka
Sio junginio absorbcijai [43]. Tyrimais su gyviinais ir zmonémis nustatyta,
kad resveratrolj vartojant per os, kraujo plazmoje aptinkamas tik 1 proc.
laisvo trans-resveratrolio nuo suvartoto jo kiekio [40, 72, 163]. Tiriant krau-
jo plazma, didziausias kiekis nustatomas aktyviy, konjuguoty resveratrolio
metabolity: resveratrolio sulfaty ir resveratrolio gliukuronidy [43, 106].
Resveratrolio veiksmingumas priklauso nuo pakankamo jo kiekio ir gebeé-
jimo pasiskirstyti kraujotakoje ir audiniuose [129]. Siekiant pagerinti resve-
ratrolio biologinj pasisavinimg vartojant per 0s, kuriamos naujos farmacinés
vaisty formos. Amiot ir kt. [7] sukliré inovatyvig vaisty forma kapletes
(angl. caplets) ir jvertino jy efektyvumg atlickant ikiklinikinius ir klinikinius
tyrimus. Tyrimo rezultatai parodé, kad vartojant §ig sumodeliuotg vaisto for-
ma, trans-resveratrolio absorbcija padidéjo 10 karty, o koncentracija kraujo
plazmoje buvo 8,8 karto didesné ir isliko ilgesnj laikg lyginant su kontroli-
niu preparatu.

Resveratrolio vaidmuo svarbus gydant odos susirgimus. Dél stipriy anti-
oksidaciniy savybiy jis naudojamas kaip efektyvi priemoné odos senéjimo
prevencijai bei UV sukeltoms odos pazaidoms ar véziniams susirgimams
gydyti [119, 162, 167]. Antioksidacinés resveratrolio savybés pagrjstos
gebéjimu neutralizuoti susidariusias reaktyvias deguonies ir azoto formas
[119]. Tyrimais su HaCaT lgstelémis nustatyta, kad resveratrolis padidina
lasteliy iSgyvenamuma bei sumazina reaktyviy deguonies junginiy gamyba
[91, 113, 162]. In vivo tyrimais su gyvinais jrodytas resveratrolio antiok-
sidacinis poveikis slopinant UVB spinduliuotés sukelta edemos susiforma-
vimg [3, 14]. Aziz ir kt. [13] nustaté, kad resveratrolis, vietiSkai naudojamas
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ant odos, reiksmingai sumazino UVB spinduliuotés sukelty odos naviky pa-
plitimg ir sulétino tumorogenezés pradzig.

Lipofilinés resveratrolio savybés uztikrina jo skvarbg i virSutinj epi-
dermio sluoksnj ir kaupimasi jame, taciau tolimesné jo skvarba ir patekimas
] sisteming kraujotakg yra ribojamas hidrofiliniy odos sluoksniy. Siekiant
efektyvaus resveratrolio poveikio odai, kuriami jvairts neSikliai, gerinantys
junginio skvarbg j odg. Daug vil¢iy siejama su mikro- ir nano-struktiirinais
nesSikliais dél jy savybiy gerinti biologiskai aktyviy junginiy tirpumg ir
stabilumg, modifikuoti raginio sluoksnio barjerines savybes bei uZtikrinti
kryptinga Siy medziagy tiekimg j oda.

Tyrimais ex vivo jrodyta mikro- ir nano-struktiiriniy nesikliy jtaka veik-
liyjy medziagy skvarbai j odg. Pentek ir kt. [119] sukaré multifunkcing
vaisty tiekimo sistemg — dendrimerus (angl. dendrimers), vienu metu galin-
Cig jterpti ir lipofilinius, ir hidrofilinius junginius. Tyrimais jrodyta, kad Sie
nesikliai gerina resveratrolio tirpuma, stabilumg bei jo skvarbg i ziurkiy oda.
Resveratrolio skvarba j odg buvo 2,1 karto didesné i§ dendrimero-resvera-
trolio formuluotés nei i§ kontrolinio resveratolio tirpalo. Apibendrine $iuos
tyrimus, mokslininkai patvirtino, kad dendrimero-resveratrolio kompleksai
gali biiti dedami | odos sené¢jimo prevencijai ir gydymui skirtus kremus.
Mokslininky sumodeliuotos kietos lipidinés nanodalelés (angl. solid lipid
nanoparticle) [32] ir nanosuspensijos [150] padidino resveratrolio stabiluma
ir pagerino $io junginio skvarbg j kiauliy odg. Yutani ir kt. [67, 69] keliose
mokslinése studijose su Yucatan mikrokiauliy oda nustaté, kad sumode-
liuotos ME pagerino resveratrolio skvarba j gilesnius odos sluoksnius, ypa¢
1 derma.

Mokslinés literattiros analizé parodé, kad dazniausiai resveratrolio
skvarba i$ jvairiy neSikliy vertinama atliekant ex vivo tyrimus su eksperi-
mentiniy gyviiny oda, taciau trikksta moksliniy tyrimy, vertinanciy resvera-
trolio skvarbg j Zzmogaus oda. Shrotriya ir kt. [144] sumodeliavo kietas
lipidines nanodaleles su resveratroliu, jas gelifikavo ir vertino resveratrolio
skvarbg i zmogaus odg bei sumodeliuotos sistemos galimg dirginamaji po-
veikj tyrimais in vivo naudojant Naujosios Zelandijos triusius. Tyrimo rezul-
tatai parodé¢, kad sumodeliuotos formuluotés pagerino resveratrolio skvarbg
] dermg ir neturéjo neigiamo poveikio odai. Polonini ir kt. [122] nustaté
panasy resveratrolio kiekio pasiskirstyma skirtinguose zmogaus odos
sluoksniuose naudojant sumodeliuotg krema su resveratroliu (kiekis stratum
corneum buvo 20,48 pg, o gyvajame epidermyje ir kartu dermoje — 21,41
MQ). Norint jvertinti nanonesikliy jtakg resveratrolio skvarbai j Zmogaus oda,
Scalia ir kt. [135] sumodeliavo chitozanu dengtas lipidines mikrodaleles su
resveratroliu, jterpé jas j kremg ir atliko in vivo tyrimus su 6 savanoriais.
Resveratrolio kiekis raginiame sluoksnyje jvertintas naudojant lipnias
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juosteles (angl. tape stripping technique). Mokslininkai 15 karty lipnia juos-
tele paSalino stratum corneum ir nustaté resveratrolio kiekj Siose juostelése.
Tyrimo rezultatai parodé, kad chitozanu dengtos lipidinés mikrodalelés
reikSmingai pagerino resveratrolio skvarbg (49,3 + 5,6 proc. nuo tirtos
dozés) 1 oda lyginant su kontrolinémis formuluotémis, taciau didziausias
resveratrolio kiekis buvo nustatytas virSutiniame stratum corneum sluoks-
nyje.

Mokslin¢ literatiiros analizé parodé labai jvairy resveratrolio biologinj
aktyvuma. Atsizvelgus ] resveratrolio fizikines-chemines savybes, tikslinga
modeliuoti inovatyvias farmacines formas, kurios pagerinty jo tirpuma,
stabilumg ir uZtikrinty kryptinga §io junginio patekimg ] kraujotaka ar
audinius.
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2. TYRIMO OBJEKTAS IR METODAI
2.1. Tyrimo objektas

Sumodeliuotos eksperimentinés mikroemulsijos, j kurias jterptas resvera-

dziamas kokybés modelis.
2.2. Reagentai ir medZiagos

Kaprilokaproilo makrogol-8 gliceridas, poligliceril-6-izostearatas gauti i3
Gattefosse (Saint-Priest, Pranciizija). Etilo oleatas, izopropilo miristatas,
izopropilo palmitatas, oleino riigstis, polietilenglikolis (PEG 400) jsigyti i$
Alfa Aesar GmbH & Co KG (Karlsruhe, Vokietija).

Analitinis trans-resveratrolio standartas (> 99,7 proc.), acetonitrilas
(>99,9 proc.), acto rugstis, alyvuogiy aliejus gauti iS Sigma-Aldrich Chemie
GmBh (Steinheim, Vokietija). Resveratrolio ekstraktas (> 98 proc.) jsigytas
i§ Naturex (Avignon, Pranciizija). Etanolis (96 proc.) gautas iS AB ,,Vilniaus
degtiné* (Vilnius, Lietuva), natrio chloridas — i§ Carl Roth GmbH (Kals-
ruhe, Vokietija), o natrio azidas — iS PoCh (Gliwice, Lenkija). Visi Kiti
tyrimuose naudoti reagentai buvo analitinio Svarumo.

2.3. Tyrimo metodai ir metodika

2.3.1 Trans-resveratrolio analizé efektyviosios skys¢iy
chromatografijos metodu

Trans-resveratrolio kiekybin¢ analiz¢ atlikta naudojant Agilent 1260
Infinity kapiliarinj skys¢iy chromatografy (Agilent Technologies Inc., Santa
Clara, JAV) su diody matricos detektoriumi. Trans-resveratroliui atskirti
nuo skilimo produkty ir endogeniniy odos matricos komponenty naudota ka-
piliariné Zorbax C18 kolonélé (150 x 0,5 mm, 5 um dydzio dalelémis) [46,
108] su Zorbax C18 5um prieskolone. Judri fazé sudaryta i§ dviejy eliuenty:
0,5 proc. acto rigsSties vandeninio tirpalo (eliuentas A) ir acetonitrilo
(eliventas B) [72, 108, 117]. Naudotos izokratinés saglygos: 75 proc. (v/v)
eliuento A:25 proc. (v/v) eliuento B. Judrios fazés tékmés greitis — 10
ul/min, o injekcijos turis — 0,2 pl. Kolonélé termostatuojama palaikant 25 °C
temperatiirg. Trans-resveratrolio detekcija atlikta esant 306 nm UV bangos
ilgiui [71, 161]. Prie§ atlickant chromatografing analizg, visi tyrimuose
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naudoti méginiai buvo filtruojami pro Rotilabo® 0,20 um nailoninius mem-
braninius $virksty filtrus (Carl Roth GmbH & Co.KG, Karlsruhe, Vokietija).

2.3.2. Trans-resveratrolio efektyviosios skys¢iy chromatografijos
metodikos pritaikymas ir validacija

Chromatografinés metodikos validacija atlikta nustatant Siuos paramet-
rus: specifiSkuma, tiesiSkumga, tikslumg, glauduma, aptikimo (LoD) ir kie-
kybinio nustatymo (LoQ) ribas.

Naudojant 0,5 proc. acto rigSties vandeninj tirpalg (eliuentas A) ir
acetonitrilg (eliuentas B) bei izokratinj eliuavima, pasiektas optimalus trans-
resveratrolio atskyrimas, kuris pavaizduotas 2.3.2.1 paveiksle.

mAU]
1007
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—201
—401
—601

0 2 4 6 8 10 12 14 Min.
2.3.2.1 pav. Trans-resveratrolio standarto méginio chromatograma

Nustatytas trans-resveratrolio sulaikymo laikas — 7,91 min, o analizés
trukmé — 15 min.

SpecifiSkumas. Efektyviosios skys¢iy chromatografijos metodikos speci-
fiSkumas vertintas naudojant zmogaus odos méginius (n = 6). AtSildyta oda
buvo sukarpyta j 0,64 cm? ploto gabaliukus. Odos méginiuose epidermis nuo
dermos atskirtas pritaikius ,,sauso kar$¢io* metodg. Norint nustatyti ekstra-
huojamus junginius, buvo atlikta jy ekstrakcija i§ epidermio ir dermos ultra-
garso voneléje naudojant 1 ml metanolio. Ekstrakcijos trukmé — 30 min.

Efektyviosios skys¢iy chromatografijos metodikos specifiSkumas vertin-
tas pagal chromatogramas (2.3.2.2 pav., A, B, C, D), gautas injekavus
epidermio ir dermos ekstrakcijos méginius su ir be trans-resveratrolio. IS
epidermio ir dermos iSekstrahuoty komponenty sulaikymo laikai ir UV ab-
sorbcijos spektrai buvo lyginami su etaloninio trans-resveratrolio sulaikymo
laiku ir UV absorbcijos spektru (2.3.2.1 pav.).
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2.3.2.2 pav. Epidermio ir dermos ekstrakty chromatogramos, gautos esant

306 nm Sviesos bangos ilgiui.
*QOdos ekstrakcijos komponentai. 1 — trans-resveratrolis.
A, B —epidermio ir dermos méginiy su trans-resveratroliu chromatogramos.
C, D - epidermio ir dermos méginiy be trans-resveratrolio chromatogramos.

Analizuojant gautas chromatogramas, nustatyta, kad epidermio ir dermos
ckstraktuose, kuriuose buvo pridéta trans-resveratrolio (2.3.2.2 pav. A, B),
analités sulaikymo laikas ir etaloninio junginio sulaikymo laikas nesiskyre,
o UV absorbcijos spektrai sutapo. Vertinant chromatogramas, gautas
injekavus epidermio ir dermos méginius be trans-resveratrolio (2.3.2.2 pav.
C, D), nustatyta, kad taikyta metodika epidermio komponenty neaptiko, o
dermos komponentai, nustatyti 3,9 min, netrukdo trans-resveratrolio kieky-
biniam nustatymui.

Mokslinés literatiiros analizé parodé, jog trans-resveratrolis gali virsti
maziau aktyvia jo forma — cis-resveratroliu [95, 108, 117]. Patvirtinta, kad
saulés Sviesa yra pagrindinis veiksnys, sukeliantys trans-resveratrolio izo-
merizacijg. Norint jvertinti ar vystomas metodas geba atskirti trans-resve-
ratrolj nuo jo izomero cis-resveratrolio, pagamintas standartinis trans-res-
veratrolio tirpalas buvo laikomas 1 valandg dienos Sviesoje kambario tem-
peratiroje ir atliktas jo kiekybinis nustatymas.

Vertinant gauta chromatograma, (2.3.2.3 pav., A) nustatyta, jog trans-
resveratrolio sulaikymo laikas nepakito lyginant su standartiniu tirpalu,
apsaugotu nuo Sviesos (2.3.2.3 pav., B). TaCiau pastebétas trans-resvera-
trolio smailés sumaz¢jimas ir papildomos smailés atsiradimas, kurios su-
laikymo laikas (2.3.2.3 pav., A) buvo 12,57 min. Gauti tyrimo rezultatai
jrodé, kad vystoma metodika geba nustatyti trans-resveratrolio izomeriza-
cijos produkta, atsiradusj veikiant saulés Sviesai.
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2.3.2.3 pav. Trans-resveratrolio ir cis-resveratrolio méginiy

chromatogramos
A: 1 —trans-resveratrolis; 2-cis-resveratrolis.
B: 1 —trans-resveratrolio standarto méginio chromatograma.

Aptikimo (LoD) ir kiekybinio nustatymo (LoQ) ribos. Aptikimo ir kieky-
binio nustatymo ribos jvertintos lyginant smailés aukst] su bazinés linijos
triukSmu. Skai¢iuojant aptikimo ribg, smailés auks€io ir bazinés linijos
triukSmo santykis turi biti 3:1, o nustatymo riba — 10:1. Remiantis Siais
parametrais, aptikimo ir kiekybinio nustatymo ribos apskaiciuotos anali-
zuojant trijy koncentracijy (0,2 pug/ml, 0,6 pg/ml ir 1 pg/ml) standarty tir-
palus. Tyrimo metu nustatyta aptikimo riba buvo 0,038 pg/ml, o kiekybinio
nustatymo — 0,125 pg/ml.

TiesiSkumas. TiesiSkumas nustatytas vertintant trans-resveratrolio smai-
lés ploto priklausomybe nuo jo koncentracijos tiriamajame tirpale. Remian-
tis kiekybinio nustatymo riba, paruosti Sesiy skirtingy koncentracijy trans-
resveratrolio standarty tirpalai (0,13-31,59 pg/ml), kurie naudoti kalibra-
cinei kreivei sudaryti. Kiekvienas tirpalas injekuotas po 3 kartus. Sudaryta
kalibracinés kreivés lytis: y = 74,71x — 2,52. Nustatytas determinacijos
koeficientas R? = 0,99999, kuris patvirtino kalibracinés kreivés tiesiskuma.

Tikslumas ir glaudumas. Efektyviosios skys¢iy chromatografijos meto-
dikos tikslumas ir glaudumas vertintas ruoSiant tris serijas trijy skirtingy
koncentracijy tirpalus tg pacig dieng (pakartojamumo validacija) ir skirtin-
gomis dienomis (atkuriamumo validacija). Tikslumas vertinamas pagal
procentinj nustatytos analités kiekj, o glaudumas — pagal santykinj standar-
tinj nuokrypi (SSN, proc.). Tikslumo ir glaudumo rezultatai pateikti 2.3.2.1
lentel¢je.
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2.3.2.1 lentelé. Trans-resveratrolio efektyviosios skysciy chromatografijos
metodikos tikslumo ir glaudumo reiksmés pakartojamumo ir atkuriamumo
sqlygomis

Pakartojamumas Atkuriamumas
Analité Tikslumas, | Glaudumas, | Tikslumas, Glaudumas,
(proc.) SSN (proc.) (proc.) SSN (proc.)
Trans-resveratrolis | 105,4-109,9 0,8-2,5 104,9-109,2 1,0-4,8

Tikslumo ir glaudumo tyrimy rezultatai parodé, kad pakartojamumo saly-
gomis tikslumas buvo nuo 105,4 proc. iki 109,9 proc., o atkuriamumo sgly-
gomis — nuo 104,9 iki 109,2 proc. Glaudumo reik§més pakartojamumo ir
atkuriamumo salygomis nevirsijo 4,8 proc.

Atsizvelgiant  gautus iSvystytos efektyviosios skysciy chromatografijos
metodikos validacijos parametrus, nustatyta, kad $i metodika gali biiti taiko-
ma trans-resveratrolio kokybinei ir kiekybinei analizei atlikti tolimesniuose
biofarmaciniuose in Vvitro ir ex vivo tyrimuose.

2.3.3. Resveratrolio tirpumo nustatymas

Resveratrolio milteliy perteklius buvo pridétas ; mégintuvéliuose esan-
Cius tirpiklius ar tirpikliy miSinius. Mégintuvéliai termostatingje purtykléje
(GFL, Vokietija) buvo nuolat purtomi 72 valandas palaikant 37 + 1 °C tem-
peratiirg. Po inkubacijos mégintuvéliai buvo centrifuguojami naudojant
Eppendorf C5810R centrifugg (Hamburgas, Vokietija) 6000 aps/min greiciu
10 min [148]. Gauti méginiai praskiesti etanoliu, o iStirpgs resveratrolio
kiekis nustatytas efektyviosios skys¢iy chromatografijos metodu.

2.3.4. Mikroemulsijy gamyba

Eksperimentinés mikroemulsijos (ME) gamintos taikant titravimo lipofi-
line faze (angl. oil titration method) metoda [156]. ME gamyba vykdyta
kambario temperatiiroje } vandening fazg¢ pridedant skirtingg surfaktanto ir
kosurfaktanto miSinio (S/KoS) kiekj ir maiSant ant magnetinés maiSyklés
IKAMAG® C-MAG HS7 (IKA-Werke GmbH & Co.KG, Vokietija) 1250
aps/min grei¢iu 10 min. Vykstant mai§ymo procesui, j misinj laSais laSina-
ma lipofiliné faz¢ ir stebimas formuluojamos sistemos nuskaidréjimas. Visy
pagaminty eksperimentiniy ME ekvilibracija vykdyta 24 valandas méginius
laikant kambario (15-25 °C) temperatiiroje [25, 134].
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2.3.4.1. Mikroemulsiju su resveratroliu gamyba

ApskaiCiuotas resveratrolio kiekis tirpintas surfaktante ir aliejuje
kambario (15-25 °C) temperatiiroje naudojant magneting maiSykle. MaiSy-
mo greitis — 1250 aps/min. IStirpus veikliajai medziagai, ME su resve-
ratroliu (ME-RES) gamyba vykdyta pagal 2.3.4 skyrelyje apraSytg meto-
dika.

2.3.5. Mikroemulsijy fizikiniy-cheminiy savybiy nustatymas

Sumodelivoty ME daleliy dydis ir polidispersiskumo indeksas (PDI)
nustatytas dinaminiu Sviesos sklaidos metodu. Tyrimui naudotas daleliy
dydzio matavimo analizatorius Zetasizer Nano ZS (Malvern Instuments,
Jungtiné Karalysté). ME daleliy dydis matuotas 173° kampu 25 °C tempe-
rattiroje.

ME klampa (mPa-s) ir pH reikSmé vertinti 25 °C temperattroje atitinka-
mai naudojant Vibro-viskozimetrag SV-10 (A&D Company, Japonija) ir pH-
metrg 766 Calimatic (Knick, Vokietija).

Sumodeliuvoty ME tipas nustatytas matuojant ME elektrinj laidj konduk-
tometru (Cond 3110 SET 1, Vokietija) kambario (15-25 °C) temperatiroje.

Visi matavimai atlikti pasibaigus ME ekvilibracijos laikui (pra¢jus 24 va-
landoms po ME pagaminimo) [133]. Kiekvienas matavimas atliktas 3 skir-
tingoms ME serijoms (n = 3).

2.3.6. Mikroemulsijy termodinaminio stabilumo nustatymas

Sumodeliuoty ME fizinis stabilumo vertinimas atliktas taikant centrifuga-
vimo testg [139, 156]. Tikslus kiekis (10 + 0,01 g) pagaminty ME perkeltas j
meégintuvelius, kurie centrifuguoti 3500 aps/min grei¢iu 30 min. Atlikus
centrifugavimg, kiekvienas méginys vertintas vizualiai, stebéta ar néra ME
faziy atsiskyrimo, susidrumstimo ar nuosédy susidarymo. ME, kurios
centrifugavimo metu iSliko stabilios, atlikti kiti termodinaminj stabiluma
patvirtinantys testai.

Sildymo-3aldymo (angl. heating-cooling cycle) ir uzsaldymo-atSildymo
(angl. freeze-thaw cycle) ciklai taikyti sumodeliuoty eksperimentiniy ME
termodinaminiam stabilumui jvertinti [139, 156]. Sildymo-3aldymo ciklo
metu pagamintos ME laikytos 4 °C, 20 °C, 32 °C ir 45 °C temperatiiroje ne
maziau nei 48 valandas kiekvienoje temperatiiroje. ME homogeniskumas
vertintas vizualiai kiekvieno temperatiirinio ciklo pabaigoje — stebéta ar néra
ME faziy atsiskyrimo, susidrumstimo ar nuosédy susidarymo. Méginiy lai-
kymo temperatiira keista tuomet, jei ME isliko skaidri. Jei $is kriterijus
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netenkinamas, ME vertinta kaip termodinamiskai nestabili sistema ir toli-
mesni tyrimai su Siuo méginiu nevykdyti.

Pasibaigus Sildymo-Saldymo ciklui, termodinamiskai stabilioms siste-
moms taikytas uzSaldymo-atSildymo ciklas. Pasirinktos trys temperatiiros
(=21 °C, 4 °C, 25 °C), kuriose pagamintos ME laikytos ne maziau nei 48
valandas kiekvienoje i$ jy. ME homogeniskumas vertintas vizualiai, kaip ir
Sildymo-Saldymo ciklo metu.

2.3.7. Mikroemulsijy stabilumo tyrimas

Stabilumo tyrimo metu sumodeliuotos ME buvo laikomos skirtingomis
laikymo sglygomis: a) kambario (15-25 °C) temperatiiroje, méginiai ap-
saugoti nuo §viesos; b) kambario (15-25 °C) temperattiroje, méginiai neap-
saugoti nuo Sviesos; c¢) ilgalaikio stabilumo tyrimo sglygomis (25 + 2 °C
temperattra ir 60 = 5 proc. santykin¢ drégmé); d) pagreitinto stabilumo
tyrimo salygomis (40 + 2 °C temperatura ir 75 = 5 proc. santykiné drégmé).
llgalaikio ir pagreitinto stabilumo tyrimy metu méginiai laikyti klimatinése
spintose Binder KBF (Binder GmbH, Vokietija). Méginiai buvo laikomi
sandariose talpyklése, o jy apsauga nuo Sviesos uztikrinta uzdengiant tal-
pykles folijos sluoksniu. Méginiy stabilumas vertintas po 1, 2, 4, 7, 14 dieny
ir 1, 3, 6 ménesiy nuo jy pagaminimo matuojant vidutinj daleliy dydi (VDD)
ir polidispersiSkumo indeksg (PDI) pagal 2.3.5 skyrelyje pateikta metodika.
Resveratrolio stabilumas ME vertintas atliekant veikliosios medziagos kie-
kybinj nustatymg efektyviosios skys¢iy chromatografijos metodu.

2.3.8. Resveratrolio atpalaidavimo i§ mikroemulsijy in vitro tyrimai

Atpalaidavimo tyrimai in vitro (n = 3) atlikti naudojant dializés maiselj
(angl. dialysis bag) [2, 109, 155]. Donorinés fazés begaliné dozé (1,0 +
0,02 g) patalpinama |} celiuliozinj dializés maiselj (Sigma-Aldrich Chemie
GmbH, JAV), kuris prie§ eksperimentg brinkintas iSgrynintame vandenyje
ne trumpiau kaip 12 valandy [140]. Dializés maiSelio galai uztvirtinami
spaustukais ir dedami j indg su paruosta akceptorine terpe — 50/50 PEG
400/isgryninto vandens misinys (500 ml). Viso tyrimo metu akceptoriné
terpé nuolat maiSoma magnetine maiSykle IKAMAG® C-MAG HS-7
palaikant 32 + 0,1 °C temperatirg. Akceptorinés terpés méginiai (1 ml) imti
po 0,5, 1, 2, 4 ir 6 valandy nuo tyrimo pradzios kiekvieng karta jpilant tokj
patj Sviezios akceptorinés terpés tirj. Vykstant difuzijos procesui, sudarytos
eksperimentinés salygos neribojo resveratrolio tirpumo ir tirpimo proceso
akceptorinéje terpéje. Resveratrolio kiekis, difuzijos budu patekes j akcep-
toring terpeg, nustatytas efektyviosios skys¢iy chromatografijos metodu.
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2.3.9. Resveratrolio skvarbos j Zmogaus oda ex vivo tyrimai

Tyrimams su zmogaus oda atlikti gautas Kauno regioninio biomedici-
niniy tyrimy etikos komiteto leidimas (2008-11-05, Nr. BE-2-53, athaujintas
2016-07-14). Ex vivo tyrimams atlikti naudota 25-40 mety baltaodziy
motery oda, gauta po plastiniy operacijy, atlikty Lietuvos sveikatos moksly
universiteto ligoninés Plastinés ir rekonstrukcinés chirurgijos klinikoje.
Tyrimuose naudota oda, kuri uzSaldyta ir laikyta —20 °C temperatiiroje ne
ilgiau kaip 6 ménesius.

Skvarbos j odg ex vivo tyrimai (n = 6) atlikti naudojant Bronaugh tipo
pratakias difuzines celes. Efektyvus celiy difuzijos plotas 0,64 cm?. Celés
jtvirtinamos specialiame termostatuojamame metaliniame bloke, kuriame
cirkuliuojantis vanduo palaiko 37 °C temperatiirg. Cirkuliuojan¢io vandens
temperatiirai (t < 37 °C) palaikyti naudojama termostatiné cirkuliaciné van-
dens vonelé Grant GD120 (Grant Instruments Ltd., Kembridzas, Jungtiné
Karalyste). Tyrimo metu celiy temperatiira iSlieka pastovi dél tolygaus van-
dens cirkuliavimo.

Akceptoriné terpé sudaryta 1§ 0,9 proc. natrio chlorido ir 0,005 proc. nat-
rio azido, kuris naudojamas kaip konservantas. Tyrimo metu palaikomas
tolygus akceptorinés terpés cirkuliacinis greitis (0,6 ml/min) naudojant
peristaltinj siurblj Masterflex® L/S® su daugiakanale siurblio galva (Cole-
Parmer Instruments Co., Ilinojus, JAV).

Odos méginiy paruosimo, analizuojamo méginio uzd¢jimo ir nuémimo
bei ekstrakcijos 1§ odos sluoksniy procediiros atliktos pagal moksliniuose
Saltiniuose paskelbtas metodikas [79, 168].

2.3.10. Resveratrolio fotostabilumo eksperimentinése formuluotése
vertinimas

Resveratrolio fotostabilumas pagamintose ME vertintas naudojant UVB
spinduliuotg. Tiriami méginiai (n = 3) patalpinti | petri leksteles, kurios
padétos 20 cm atstumu nuo UVB spinduliy Saltinio. Méginiy Svitinimas
atliktas naudojant MRL-58 Multiple-Ray UV lempa (Ultra-Violet Products
Ltd, Jungtin¢ Karalyst¢) ir palaikant < 1 mW/cm? UVB spinduliuotés inten-
syvumg [44, 132]. UVB spinduliuotés intensyvumas iSmatuotas naudojant
UVX radiometrg (Ultra-Violet Products Ltd, Jungtin¢ Karalyst¢). Tyrimas
vykdytas kambario (15-25 °C) temperatiiroje méginius saugant nuo kity
papildomy $viesos Saltiniy. Tyrimo trukmé — 4 valandos. Méginiai imti po
15, 30, 60, 120 ir 240 min., praskiesti reikiamu kiekiu etanolio. Trans-
resveratrolio izomerizacija j cis-resveratrolj ir kiekybinis $iy junginiy nusta-
tymas atliktas efektyviosios skys¢iy chromatografijos metodu. ME fizikinis
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stabilumas vertintas matuojant VDD ir PDI po 120 ir 420 min. nuo tyrimo
pradzios. Kontrolei naudotas etanolinis resveratrolio tirpalas.

2.3.11. Eksperimentiniy formuluo¢iy dirginamojo poveikio odai in
vivo tyrimas

Tyrimai su eksperimentiniais gyviinais vykdyti Lietuvos sveikatos moks-
ly universiteto Veterinarijos akademijos Gyviny tyrimo centre, vadovas —
doc. dr. Aidas Grigonis.

Histologiniai peliy odos tyrimai atlikti Lietuvos sveikatos moksly univer-
siteto Medicinos akademijos Histologijos ir embriologijos katedroje, vado-
vaujant katedros ved¢jai prof. Angelijai Valanciiitei.

Sumodeliuoty eksperimentiniy formuluoéiy biologinis veiksmingumas in
vivo vertintas atliekant tyrimus su Balb/c linijos pelémis (n = 20) [57, 128].
Tyrimams su gyvunais atlikti gautas Valstybinés maisto ir veterinarijos
tarnybos leidimas (Nr. G2-37, 2015-12-31). Tyrimams naudotos 3 ménesiy
amziaus vyriSkos lyties pelés (25-30 g svorio), kurios auginamos vienodo-
mis salygomis: 22 + 2 °C temperatiiroje, maitinamos jprastu pasaru ir girdo-
mos vandeniu ad libitum. Tyrime naudotos Sios sumodeliuotos eksperimen-
tinés formuluotés: a) ME be resveratrolio (OPT-ME); b) ME su resve-
ratroliu (ME-RES); c¢) resveratrolis istirpintas surfaktante (RES-kontrolé).
Neigiama kontrole naudotos niekuo nepaveiktos pelés. Kiekvieng tyrimo
grup¢ sudar¢ 5 pelés. Prie§ tyrimo pradzig peliy nugaros buvo nuskustos.
Pagamintos eksperimentinés formuluotés (~ 0,2 g) buvo dedamos ant peliy
nugarings puseés (~2 Cm2) vieng kartg per dieng tuo paciu metu 3 dienas [47,
94]. Peliy odos poky¢iai (eritemos ar edemos susiformavimas) vertinti po
24, 48 ir 72 valandy nuo tyrimo pradzios. Kitg dieng po tyrimo pabaigos
peléms taikyta eutanazija ir paimtos odos biopsijos, kurios laikytos 10 proc.
formalino tirpale. Pritaikius standartines méginio paruoSimo procediiras,
odos meéginiai fiksuoti parafino plokstelése, 1§ jy mikrotomu atpjauti
tiriamieji méginiai. Odos méginiai nudazyti hematoksilino ir eozino dazais
[29]. Histologinis paruosty odos méginiy vertinimas atliktas naudojant
OLYMPUS BX 40F4 mikroskopg su XC30 skaitmenine kamera (Olym-
pus Corporation, Japonija), o epidermio storis iSmatuotas pritaikius Cellsens
Dimension 2010, 1.3 versijos programing jranga.
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2.3.12. Statistinis duomeny vertinimas

Eksperimentinis planavimas ir optimizavimas atliktas naudojant Design-
Expert 6.0.8 paketg ir taikant D-optimaly dizaino modelj (angl. D-optimal
design model). Statistinis gauty tyrimo rezultaty jvertinimas atliktas naudo-
jant SPSS 19.0 ir Microsoft Office Excel 2016 programas. Apskaiciuoti
maziausiai trijy nepriklausomy eksperimenty rezultaty matavimo vidurkiai,
standartiniai nuokrypiai, santykiniai standartiniai nuokrypiai. Tyrimy
duomeny analizei taikytas vieno faktoriaus dispersinés analizés modelis
(angl. One-Way ANOVA), naudojant Tukey’o HSD (angl. Honestly Signi-
ficant Difference) kriterijy arba blokuotyjy duomeny vieno faktoriaus dis-
persing analize (angl. Repeated Measures ANOVA). Taip pat skaiciuoti Spir-
meno ranginés koreliacijos koeficientai. Visiems kriterijams buvo nustatytas
reikSmingumo lygmuo p < 0,05.

34



3. REZULTATAI
3.1. Resveratrolio tirpumas aliejuose ir surfaktante

Vykdant ME formuojanc¢iy pagalbiniy medziagy atranka, biitina jvertinti
pasirinktos modelinés medziagos resveratrolio tirpumg. Tyrimy metu resve-
ratrolio tirpumas vertintas surfaktante ir aliejuose (3.1.1 lentelé). Lipofilinés
fazés komponenty pasirinkimas buvo grindziamas siekiu pagerinti prastai
tirpiy junginiy tirpuma, paskatinti jy skvarba | odg ir jvertinus jy pritaikyma
ME gamybai [11].

3.1.1 lentelé. Resveratrolio tirpumas aliejuose ir surfaktante

Tirpiklis Tirpumas (mg/g)
I1zopropilo miristatas 0,49+ 0,05
I1zopropilo palmitatas 0,41 +0,04
Aliejus Etilo oleatas 0,42 + 0,07
Oleino riigstis 0,07 +£0,01
Alyvuogiy aliejus 0,20+ 0,01
Surfaktantas Kaprilokaproilo makrogol-8 gliceridas 83,85+ 7,66

Eksperimentiniais tyrimais nustatyta, kad geriausiai resveratrolis tirpsta
surfaktante (3.1.1 lentelé). Resveratrolio tirpumo alicjuose rezultatai patvir-
tina mokslingje literatiiroje paskelbtus duomenis, kuriuose jrodomas prastas
resveratrolio tirpumas aliejuose [127]. Tyrimo metu nustatytas geriausias
resveratrolio tirpumas izopropilo miristate, etilo oleate ir izopropilo
palmitate. Atlikus statisting duomeny analize¢, nenustatyta statistiSkai reiks-
mingo skirtumo (p > 0,05) tarp resveratrolio tirpumo Siuose tirpikliuose.
Tolimesnj lipofilinés fazés pasirinkimg 1émé aliejy fizikiniy savybiy verti-
nimas. Djekic L. ir Primorac M. nustaté [45], kad kaprilokaproilo makrogol-
8 gliceridas pasizymi geresniu etilo oleato tirpinimu lyginant su izopropilo
miristatu ar izopropilo palmitatu, tod¢l nusprgsta ME gamybai kaip lipo-
filing faze naudoti etilo oleata.
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3.2. Mikroemulsijy modeliavimas ir optimizavimas

Mokslinés literatiros analizé parodé, kad A/V tipo ME modeliavimui
kartu su kaprilokaproilo makrogol-8 gliceridu daznai naudojamas poli-
gliceril-6-izostearatas [45, 81, 83, 131]. ME gamybai naudojant $iy pavir-
Sinio aktyvumo medZziagy derinius, sumodeliuojamos stabilios ME, kuriy
vietinis vartojimas yra saugus ir nesukelia dirginamojo poveikio odai. Atsi-
zvelgiant } Siuos aspektus, nuspresta ME modeliavimui isSbandyti kosur-
faktanta poligliceril-6-izostearata.

Parinkus tinkamas pagalbines medziagas, kitame etape vykdyta kryptinga
ME sudéciy paieska ir atranka pritaikius eksperimentinj planavimg. Naudo-
jant eksperimentinj planavima, biitina parinkti ME formuojaciy komponenty
procentinio kiekio ribas. Atsizvelgiant | mokslingje literatiiroje pateiktus
duomenis [83, 88], sumodeliuotos preliminarios A/V tipo ME sudétys (n =
35). Bendras surfaktanto ir kosurfaktanto misinio kiekis ME svyravo nuo 30
iki 70 proc. Modeliuojant ME, naudoti skirtingi surfaktanto ir kosurfaktanto
(S/KoS) santykiai: 1:1, 2:1, 3:1, 4:1, 5:1, 6:1 ir 7:1. Pagamintos prelimina-
rios sistemos vertintos vizualiai — sistemos nuskaidréjimas buvo laikomas
ME susiformavimu. Vertinant gautus tyrimo rezultatus, nustatyta, kad esant
S/KoS 1:1, 2:1 ir 3:1, ME susiformavo, kai PAM koncentracija buvo dides-
né nei 60 proc. Norint sumodeliuoti ME su kuo mazesne S/KoS koncentra-
cija, d¢l galimo nepageidaujamo PAM poveikio odai, nuspresta tolimes-
niems tyrimams S§iy S/KoS santykiy atsisakyti. Preliminariy tyrimy metu
nustatytas sumodeliuoty sistemy iSsisluoksniavimas, kai ME gamybai
naudotos 40 proc. ir mazesnés PAM koncentracijos (S/KoS 4:1, 5:1, 6:1 ir
7:1). Padidinus S/KoS koncentracijg iki 45 proc., pasiektas stabiliy ME susi-
formavimas. Apibendrinus mokslinéje literatiiroje pateiktus duomenis ir
preliminariy tyrimy metu gautus rezultatus, apibrézti ME formuojanciy
pagalbiniy medziagy (veiksniy) procentinio kiekio intervalai (3.2.1 lentel¢).

3.2.1 lentelé. Optimizuojamy mikroemulsijy pagalbiniy medziagy (faktoriy)
procentinio kiekio ribos

ME komponentai Funkcija Kiekis, proc.
Vanduo Hidrofiliné fazé 35-45
Etilo oleatas Lipofiliné fazé 5-15

Kaprilokaproilo makrogol-8 gliceridas ir Surfaktantas ir

poligliceril-6-izostearatas kosurfaktantas 45-60
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ME modeliavimui pritaikytas eksperimentinis planavimas pasirenkant
D-optimaly dizaino modelj. Preliminariis tyrimai leido apsibrézti ME for-
muojanciy komponenty ribas, kurios buvo panaudotos modeliuojant 14 ME
sudéciy (zr. Priedai, 1 lentelé, 124 psl.). Taikant eksperimentinj planavima,
ME nurodyta bendra S/KoS misinio koncentracija, tafiau gaminant
pasitilytas sudétis, nuspresta naudoti skirtingus S/KoS santykius: 4:1, 5:1,
6:1 ir 7:1. Ivedus §i papildomg kintamajji, i§ viso sumodeliuotos 56 skir-
tingos ME sudétys (Zr. Priedai, 1 lentelé, 124 psl.).

Pagaminty sistemy kokybé pirminiame etape vertinta vizualiai ir pagal
vidutinj daleliy dydj (VDD). Tyrimo rezultatai parodé, kad sumodeliuotos
sistemos, kuriose S/KoS 4:1 ir 5:1, buvo skaidrios, nepastebéta issisluoks-
niavimo ar susidrumstimo. Taikant dinaminés Sviesos sklaidos metoda,
iSmatuotas sumodeliuoty sistemy VDD. Nustatyta, kad esant S/KoS san-
tykiui 4:1, VDD varijavo nuo 53,04 nm iki 91,67 nm, o S/KoS 5:1 — nuo
49,14 nm iki 86,98 nm. Vertinant sumodeliuotas sistemas, kai S/KoS 6:1 ir
7:1, nustatytas vienos sudéties iSsisluoksniavimas (S/KoS koncentracija 45
proc., hidrofilinés fazés — 40 proc. ir lipofilinés fazés — 15 proc.). Gauti duo-
menys rodo (zr. Priedai, 1 lentelé, 124 psl.), kad sudétyse (S/KoS 6:1 ir 7:1),
kuriose lipofilinés fazés koncentracija yra 12,5 proc. arba 15 proc., VDD yra
didesnis nei 100 nm. Vertinant Siuos rezultatus, galima daryti i§vadg, kad
lipofilinés fazés koncentracija méginiuose yra didelé ir S/KoS koncentra-
cijos nepakanka suformuoti stabilioms sistemomes.

Norint sumodeliuoti stabilias ME (S/KoS 6:1 ir 7:1) ir i$laikyti VDD ma-
zesn] nei 100 nm, S/KoS koncentracija padidinta iki 46 proc. Pritaikant
eksperimentinj planavima, sumodeliuotos naujos ME sudétys (n = 28),
kuriose S/KoS koncentracija buvo 46—60 proc. ribose (Zr. Priedai, 3, 4 lente-
lés, 126-127 psl.). Modeliuojant ME, lipofilinés ir hidrofilinés faziy kiekiy
ribos iSliko tokios pacios (3.2.1 lentel¢). Vertinant pagamintas sistemas
vizualiai, jos iSliko skaidrios, nenustatyta issisluoksniavimo ar susidrums-
timo. Tyrimo rezultatai parodé, kad padidinus S/KoS koncentracija, VDD
sumazéjo lyginant su pradinémis sudétimis. Sumodeliuoty sistemy, kai
S/KoS santykis 6:1 ir 7: 1, nustatytas VDD atitinkamai buvo ribose tarp
48,51-79,51 nm ir 47,67-79,94 nm (zr. Priedai, 3, 4 lentelés, 126-127 psl.).
Norint jvertinti galimg pagalbiniy medziagy jtakg ME (S/KoS 4:1, 5:1, 6:1 ir
7:1) daleliy dydziui, atlikta statistiné duomeny analizé. Nustatyta statistiSkali
reikdminga (p < 0,05) atvirkstiné koreliacija (r = —0,855) tarp hidrofilinés
fazés kiekio ir ME VDD, kuri parod¢, kad did¢jant hidrofilinés fazés kiekiui
ME, daleliy dydis maz¢ja. Statistiné duomeny analizé parodé statistiSkai
reik§mingg (p < 0,05) tiesiogine koreliacija (r = 0,652) tarp lipofilinés fazés
kiekio ir ME daleliy dydzio — did¢jant lipofilinés fazés kiekiui ME, daleliy
dydis did¢ja. Nenustatyta statistiSkai reikSmingos koreliacijos tarp bendro
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S/KoS kiekio ir ME daleliy dydzio. Apibendrinant gautus tyrimo rezultatus,
nustatyta, kad visos sumodeliuotos sistemos buvo skaidrios, o VDD nesieké
200 nm. Siy kriterijy atitikimas leido daryti i§vada, kad sumodeliuotas
sistemas galima vertinti kaip ME [12].

Kitame tyrimy etape toliau vykdytas sumodeliuoty ME (S/KoS 4:1, 5:1,
6:1 ir 7:1) kokybés vertinimas. Pagaminty ME stabilumui patikrinti, atliktas
centrifugavimo testas (3500 aps/min grei¢iu, 30 min), kurio rezultatai
parod¢, kad visos ME isliko skaidrios, nepastebéta susidrumstimo, iSsi-
sluoksniavimo ar nuosédy susidarymo. Termodinaminis ME stabilumas
vertintas taikant Sildymo-Saldymo (angl. heating-cooling) ir uzSaldymo-
atSildymo (angl. freeze-thaw) ciklus. Tyrimo rezultatai parodé, kad ME
(S/KoS 4:1) laikant 4 °C temperatiroje, jvyksta méginiy susidrumstimas ar-
ba faziy atsiskyrimas (i$sisluoksniavimas), todél Sios sistemos vertintos kaip
nestabilios. Mokslinéje literatiiroje nurodoma, kad ME yra termodinamiskai
stabili sistema, todél Sios sumodeliuotos sistemos (S/KoS 4:1) negali buti
naudojamos tolimesniems tyrimams atlikti [48]. Vertinant gautus termodi-
naminio stabilumo rezultatus, nustatyta, kad viso tyrimo metu sumode-
liuotos ME (S/KoS 5:1, 6:1 ir 7:1) isliko skaidrios, nebuvo faziy atsi-
skyrimo, susidrumstimo ar nuosédy susidarymo. Tyrimo rezultatai patvir-
tino sumodeliuoty ME (S/KoS 5:1, 6:1 ir 7:1) stabilumg, todél pagal pa-
teiktas jy sudétis suformuotos pseudo-trinarés faziy diagramos (3.2.1 pav.).
Sudarytose diagramose apibréztos sritys reprezentuoja tirty ME susiforma-
vimo ribas esant skirtingiems S/KoS santykiams. Analizuojant pseudo-
trinares faziy diagramas, nustatyta, kad ME (S/KoS 5:1) susiformavimo ri-
bos yra didziausios (3.2.1 pav., a). ME (S/KoS 6:1 ir 7:1) sudarytos pseudo-
trinarés faziy diagramos yra vienodos, nes tyrimo metu sumodeliuotos su-
détys sutapo (3.2.1 pav., b).
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(a) S/KoS 5:1 (b) S/KoS 6:1 arba S/KoS 7:1
0% 100% 0% 100%

10 90% 10 80%

2 80% 2 80%

3 70% 30 70%

Vanduo Aliejus  Vanduo Aliejus

3.2.1 pav. Pseudo-trinareés faziy diagramos
(a) kai surfaktanto ir kosurfaktanto santykis 5:1; (b) kai surfaktanto ir kosurfaktanto santykis 6:1 arba 7:1.



Norint atlikti sumodelivoty ME sudéciy optimizavima, tikslinga detaliau
jvertinti jy kokybe. Sumodeliuoty ME (S/KoS 5:1, 6:1 ir 7:1) homogenis-
kumas vertintas pagal Siuos kriterijus: polidispersiSkumo indeksa (PDI),
standartin] nuokrypj nuo VDD ir smailiy skaiciy, kuris parodo daleliy dy-
dzio pasiskirstymg (zr. Priedai, 2, 3, 4 lentelés, 125-127 psl.). Gauti
rezultatai parodé, kad ME PDI buvo ribose 0,248-0,445 (S/KoS 5:1),
0,270-0,473 (S/KoS 6:1), 0,253-0,489 (S/KoS 7:1), o standartinis
nuokrypis nuo VDD atitinkamai 50,83-92,49 nm, 46,55-83,72 nm, ir
43,84-80,39 nm. Vertinant daleliy dydzio pasiskirstymo pagal issklaidytos
Sviesos intensyvumg grafikus, nustatytas ME (S/KoS 5:1, 6:1 ir 7:1) daleliy
pasiskirstymas vienoje arba dviejose smailése. Atsizvelgiant j aukStus PDI
rodiklius ir daleliy pasiskirstyma keliose smailése, keletas sumodeliuoty ME
gali biiti vertinamos kaip galimai heterogeninés sistemos (zr. Priedai, 2, 3, 4
lentelés, 125-127 psl.).

Siekiant gauti optimalios sudéties, stabilias ir homogeniskas ME, atliktas
sumodeliuoty ME (S/KoS 5:1, 6:1 ir 7:1) optimizavimas. Apibendrinus
mokslinés literatiiros duomentis ir ankstesnius tyrimy rezultatus, parinkti trys
pagrindiniai kriterijai, kurie taikyti pagaminty sistemy optimizavimui:
a) VDD intervale 1-100 nm; b) daleliy pasiskirstymas vienoje smailéje;
C) maziausias standartinis nuokrypis nuo daleliy dydzio vidurkio reikSmés.

Optimizavimo rezultatai placiau aptarti straipsnyje ,,Design and formu-
lation of optimized microemulsions for dermal delivery of resveratrol* (90—
99 psl.).

Jvertinus gautus optimizavimo rezultatus, nustatyta, kad sugeneruotas
teorinis optimaliy ME VDD, standartinis nuokrypis ir smailiy skai¢ius nuo
praktinio reikSmingai nesiskyré.

3.2.2 lentelé. Optimalios sudéties mikroemulsijos

S/KoS Komponenty kiekiai, proc.

ME santykis S/KoS Vanduo Aliejus
OPT-ME 5:1 5:1 57 38 5
OPT-ME 6:1 6:1 55,5 37,9 6,6
OPT-ME 7:1 7:1 56 37,6 6,4

Tyrimo rezultatai parodé, kad buvo pasirinktas tinkamas optimizavimo
modelis, kurj pritaikius, gautos galutinés optimalios sudéties ME (OPT-ME)
(3.2.2 lentelé) ir zymiai sumazintas eksperimenty skaicius.
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3.3. Optimalios sudéties mikroemulsijy kokybés vertinimas

3.3.1. Optimalios sudéties mikroemulsijy termodinaminio stabilumo
ir fizikiniy-cheminiy savybiy vertinimas

Sumodeliuoty optimalios sudéties mikroemulsijy (OPT-ME) kokybé
vertinta pagal pagrindinius ME kokybés vertinimo rodiklius: termodinaminj
stabiluma, vidutinj daleliy dydj (VDD), polidispersiSkumo indeksa (PDI),
pH reikSme, elektrinj laidj ir klampa. 3.3.1.1 lentel¢je pateiktos nustatytos
OPT-ME fizikiniy-Cheminiy savybiy reikSmés.

3.3.1.1 lentelé. Optimalios sudéties mikroemulsijy fizikinés-cheminés savybés

.. .| Elektrinis Klampa,
ME VDD, nm PDI pH reikSmé laidis, uS/cm mPacs
OPT-ME
15 | 6854+1,18 | 0288+0,008 | 7014006 | 95554007 | 6280+0,14
OPQ'IME 66,08+ 0,16 | 0,275+ 0,004 | 7.15+ 004 | 8445=0,07 | 53,95 0,92
OP7T.'1ME 66,66 0,56 | 0.274+0,002 | 711+ 001 | 74454007 | 5435177

OPT-ME stabilumas jvertintas atlikus centrifugavimag 3500 aps/min
grei¢iu, 30 min. Vizualiai vertinant sistemas, jos iSliko skaidrios, nenusta-
tyta iSsisluoksniavimo, drumstumo ar nuosédy susidarymo.

Termodinaminio stabilumo vertinimas OPT-ME atliktas taikant Sildymo-
Saldymo bei uzsaldymo-atSildymo ciklus. Pagamintos sistemos buvo jver-
tintos vizualiai po Sildymo ir Saldymo bei uzsaldymo ir atSildymo etapy.
Viso tyrimo metu OPT-ME isliko skaidrios, nebuvo nustatyta faziy atsi-
skyrimo, susidrumstimo ar nuosédy susidarymo. Vertinant gautus tyrimy
rezultatus, galima teigti, kad sumodeliuotos OPT-ME yra termodinamiskai
stabilios, todél nuspresta atlikti i§samy jy fizikiniy-cheminiy savybiy tyrima.

OPT-ME VDD, kai S/KoS santykis 5:1, 6:1 ir 7:1, praktiSkai nesisykré
(3.3.1.1 lentel¢). Nustatytas VDD yra mazesnis nei 200 nm, todél pagamin-
tos dispersinés sistemos priskiriamos mikroemulsijoms pagal keliamus dale-
liy dydzio reikalavimus [134]. StatistiSkai reikSmingos VDD priklausomy-
bés nuo S/KoS santykio nenustatyta (p > 0,05), tod¢l galima teigti, kad
S:KoS santykis OPT-ME daleliy dydziui jtakos neturéjo.

Jvertintas OPT-ME PDI, kuris parodo sumodeliuotos sistemos homo-
geniskuma [23] ir stabilumg [120]. Kai PDI reik§mé yra intervale nuo 0,01
iki 0,5, laikoma, kad ME dalelés pasiskirsc¢iusios siaurame dydziy intervale
[86], o pagaminta sistema vertinama kaip homogeniska. Didesné nei 0,5
PDI reikSmé rodo sistemos heterogeniskuma [23]. Pagaminty OPT-ME PDI
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buvo nuo 0,274 iki 0,288 ir tai patvirtina $iy sistemy homogeniskuma ir
stabilumg (3.3.1.1 lentel¢).

Elektrinio laidzio matavimai atlikti siekiant patvirtinti pagaminty
OPT-ME tipg. Moksliniais tyrimais jrodyta, kad A/V tipo ME elektrinis
laidis yra artimas 100 puS/cm [18, 115, 134]. Tyrimo metu nustatyta, kad
pagaminty OPT-ME elektrinis laidis yra didesnis nei 74,45 uS/cm, todél
patvirtinama, kad jos yra A/V tipo.

Matuojant OPT-ME pH reik$mes, nustatyta, kad jos buvo ribose nuo 7,01
iki 7,15. Moksliniai tyrimai nurodo, kad zmogaus o0dos pavirSiaus pH
reikSmé yra intervale nuo 4 iki 6, o gyvojo epidermio pH reik§meé 5-7, todél
Sios ME yra laikomos tinkamomis naudoti ant odos [6, 107].

Nustatyta OPT-ME dinaminé klampa buvo intervale nuo 53,95 mPaes iki
62,80 mPaes. Tyrimo rezultatai rodo, kad didéjant kosurfaktanto kiekiui
OPT-ME, dinaminé klampa padidéja. Didziausia dinamin¢ klampa nustaty-
ta, kai S/KoS santykis yra 5:1. StatistiSkai reikSmingo skirtumo nenustatyta
(p > 0,05) tarp OPT-ME dinaminiy klampy ir ME esancio S/KoS santykio,
kai S/KoS buvo 6:1 ir 7:1 dél panaSaus kosurfaktanto kiekio Siose ME.
Gauti tyrimo rezultatai patvirtino moksliniuose Saltiniuose skelbiamus duo-
menis, kad A/V tipo ME budinga salyginai maza dinaminé klampa [115,
134].

Atlikus pagaminty OPT-ME kokybés vertinima, nustatyta, kad sumode-
liuotos A/V tipo mikroemulsinés sistemos pasizyméjo termodinaminiu
stabilumu ir atitiko ME keliamus reikalavimus. Tyrimo rezultatai patvirtino
pagaminty OPT-ME kokybg, todé¢l kitame etape biitina atlikti jy stabilumo
tyrimus.

3.3.2. Optimalios sudéties mikroemulsijuy stabilumo tyrimas

Siekiant jvertinti laikymo salygy itaka OPT-ME kokybei, atlikti jy sta-
bilumo tyrimai. OPT-ME stabilumas vertintas esant skirtingoms laikymo
salygoms. Pasirinkti OPT-ME stabilumo vertinimo kriterijai: a) VDD ir
PDI, kuriy poky¢iai leidzia numatyti galimus ME strukttrinius pakitimus;
b) spalva, skaidrumas, kuriy pokyc¢iai leidZia jvertinti atsiradusj ME nestabi-
lumg. OPT-ME su skirtingu S/KoS santykiu VDD pokyc¢iai pateikti 3.3.2.1—
3.3.2.3 paveiksluose.
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015-25 °C temperatiira, méginiai apsaugoti nuo $viesos
015-25 °C temperatiira, méginiai neapsaugoti nuo §viesos
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3.3.2.1 pav. Optimalios sudéties mikroemulsijy (S/KoS 5:1) daleliy
dydis stabilumo tyrimo metu

Atlikus stabilumo tyrimg OPT-ME 5:1 (3.3.2.1 pav.), nustatyta, kad
méginius laikant kambario (15-25 °C) temperatiiroje apsaugotus nuo Svie-
sos, VDD per 3 ménesius pakito nezymiai (1,3 proc.). Didesnis VDD
pokytis (5,7 proc.) nustatytas po 6 ménesiy. Stabilumo tyrimo metu PDI
mazejo nuo 0,290 + 0,001 iki 0,278 £+ 0,004 atitinkamai po 1 dienos ir po 6
ménesiy. Vertinant OPT-ME vizualiai, nenustatyta skaidrumo ar spalvos
pokyciy.

Didziausias VDD pokytis nustatytas laikant OPT-ME 5:1 kambario tem-
perattroje (15-25 °C) neapsaugotas nuo Sviesos (3.3.2.1 pav.). Stabilumo
tyrimo metu VDD po 1, 3 ir 6 ménesiy atitinkamai padid¢jo 5,4 proc., 16,3
proc., 28,4 proc. PDI mazéjo nuo 0,284 + 0,006 iki 0,251 + 0,005 vertinant
rezultatus atitinkamai po 1 dienos ir po 6 ménesiy. OPT-ME isliko
skaidrios, taCiau po 3 ménesiy nustatyta, kad méginiy spalva pakito nuo
gelsvos iki bespalvés.

Nezymis VDD pokyc¢iai nustatyti atlikus ilgalaikj OPT-ME 5:1 stabi-
lumo vertinimg (3.3.2.1 pav.). llgalaikio stabilumo tyrimo metu VDD po 1
ménesio padidéjo 1,3 proc., po 3 ménesiy — 2,4 proc., o po 6 ménesiy —
4,9 proc. PDI statistiSkai reikSmingai (p > 0,05) nepakito: po 1 dienos nusta-
tytas PDI buvo 0,275 £+ 0,002, po 6 ménesiy — 0,279 + 0,006. OPT-ME
skaidrumo ar spalvos pokyc¢iy nenustatyta viso ilgalaikio stabilumo tyrimo
metu.
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OPT-ME 5:1 pagreitinto stabilumo tyrimo rezultatai parodé, kad nezy-
mis VDD pokyciai pastebimi po 14 dieny: VDD padidéjo 1,6 proc. (3.3.2.1
pav.). Didesni VDD poky¢iai nustatyti po 1, 3 ir 6 ménesiy: VDD ati-
tinkamai padidéjo 3,6 proc., 9.4 proc., 11,9 proc. PDI pagreitinto stabilumo
tyrimo metu sumaz¢jo nuo 0,287 + 0,006 (po 1 dienos) iki 0,266 + 0,008 (po
6 ménesiy). Vertinant OPT-ME vizualiai — pokyc¢iy nenustatyta.

OPT-ME S/KoS santykiu 6:1 VDD poky¢iai skirtingu stabilumo tyrimo
momentu pavaizduoti 3.3.2.2 paveiksle.

015-25 °C temperatiira, méginiai apsaugoti nuo §viesos
015-25 °C temperatiira, méginiai neapsaugoti nuo §viesos
110 Dilgalaikio stabilumo tyrimo salygos

Epagreitinto stabilumo tyrimo salygos _
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3.3.2.2 pav. Optimalios sudéties mikroemulsijy (S/KoS 6:1) daleliy
dydis stabilumo tyrimo metu

Stabilumo tyrimo rezultatai parode, kad OPT-ME 6:1 VDD po 3 ménesiy
pakito nezymiai (1,9 proc.) jas laikant kambario (15-25 °C) temperaturoje,
meéginius apsaugojus nuo $viesos (3.3.2.2 pav.). Vertinant VDD rezultatus,
gautus po 6 ménesiy stabilumo tyrimo, nustatytas 8,0 proc. VDD padidéji-
mas. Tyrimo pradZioje nustatytas PDI buvo 0,275 + 0,006, 0 po 6 ménesiy
sumazéjo iki 0,261 + 0,006. OPT-ME spalva ir skaidrumas skirtingu stabilu-
mo tyrimo metu nekito.

OPT-ME 6:1 VDD kitimui didziausig jtaka turéjo Sviesos poveikis
(3.3.2.2 pav.). Tyrimo rezultatai parodé, kad VDD padidéjo 4,6 proc. ir 25,9
proc. atitinkamai po 1 ir 3 ménesiy. Didziausias VDD pokytis nustatytas po
6 ménesiy stabilumo tyrimo: VDD padid¢jo 55,2 proc. PDI sumazéjo nuo
0,269 + 0,004 iki 0,212 + 0,009 vertinant stabilumo tyrimo rezultatus atitin-
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kamai po 1 dienos ir po 6 ménesiy. OPT-ME spalvos pokytis nustatytas po
3 ménesiy laikymo Sviesoje.

Ilgalaikio stabilumo tyrimo eigoje (iki 6 ménesiy) nustatyti nezymils
OPT-ME 6:1 VDD poky¢iai (3.3.2.2 pav.). Tyrimo rezultatai parodé¢, kad
VDD po 1 ménesio padidéjo 1,3 proc., po 3 ménesiy — 2,0 proc., o po 6 mé-
nesiy — 3,4 proc. Stabilumo tyrimo eigoje PDI sumazéjo nuo PDI 0,277 +
0,002 (po 1 dienos) iki 0,263 + 0,003 (po 6 ménesiy). OPT-ME skaidrumo
ar spalvos pokyc€iy nenustatyta viso ilgalaikio stabilumo tyrimo metu.

Pagreitinto stabilumo tyrimo rezultatai parodé, kad OPT-ME 6:1 nezy-
mis VDD poky¢iai pastebimi po 14 dieny: VDD padidéjo 2,1 proc. (3.3.2.2
pav.). Didesni VDD poky¢iai nustatyti po 1, 3 ir 6 ménesiy: VDD atitin-
kamai padidéjo 2,8 proc., 6,5 proc. ir 12,0 proc. Vertinant gautus pagreitinto
stabilumo tyrimo rezultatus, nustatytas PDI sumaz¢jimas nuo 0,278 + 0,005
(po 1 dienos) iki 0,263 + 0,002 (po 6 ménesiy). OPT-ME skaidrumo ar
spalvos poky¢iy nenustatyta viso pagreitinto stabilumo tyrimo metu.

OPT-ME 7:1 VDD kitimas skirtingu stabilumo tyrimo momentu pavaiz-
duotas 3.3.2.3 paveiksle.

015-25 °C temperatiira, méginiai apsaugoti nuo §viesos
015-25 °C temperatiira, méginiai neapsaugoti nuo $viesos
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3.3.2.3 pav. Optimalios sudéties mikroemulsijy (S/KoS 7:1) daleliy
dydis stabilumo tyrimo metu

OPT-ME 7:1 VDD stabilumo tyrimo eigoje (iki 3 ménesiy) pakito nezy-
miai (1,2 proc.) méginius laikant kambario (15-25 °C) temperatiiroje apsau-
gotus nuo Sviesos (3.4 pav.). Po 6 ménesiy stabilumo tyrimo rezultatai
parod¢, kad VDD padidéjo 6,0 proc. Tyrimo pradzioje nustatytas PDI buvo
0,271 £ 0,002, o po 6 ménesiy sumazéjo iki 0,263 + 0,004. Vertinant OPT-
ME vizualiai, jy skaidrumas ir spalva nekito viso stabilumo tyrimo metu.
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Didziausias OPT-ME 7:1 VDD kitimas nustatytas meéginius laikant
kambario (15-25 °C) temperatiiroje neapsaugotus nuo $viesos poveikio
(3.3.2.3 pav.). Tyrimo rezultatai parodé, kad VDD padidéjo 5,0 proc. ir
20,7 proc. atitinkamai po 1 ir 3 ménesiy. Didziausias VDD pokytis (42,3
proc.) nustatytas po 6 ménesiy stabilumo tyrimo. PDI sumaz¢jo nuo 0,269 +
0,004 iki 0,212 + 0,009 vertinant stabilumo tyrimo rezultatus atitinkamai po
1 dienos ir po 6 ménesiy. Vertinant OPT-ME vizualiai, po 3 ménesiy mé-
giniy spalva pakito nuo gelsvos iki bespalvés.

Ilgalaikio stabilumo tyrimo eigoje (iki 6 ménesiy) nustatyti nezymis
OPT-ME 7:1 VDD poky¢iai (3.3.2.3 pav.). Tyrimo rezultatai parodé¢, kad po
1 ménesio VDD padidéjo 0,95 proc., po 3 ménesiy — 2,3 proc., 0 po 6 méne-
siy — 3,3 proc. Vertinant gautus rezultatus, nustatyta, kad PDI stabilumo ty-
rimo eigoje sumazéjo nuo 0,272 + 0,001 iki 0,264 + 0,007. OPT-ME skai-
drumo ar spalvos pokyCiy nenustatyta viso ilgalaikio stabilumo tyrimo
metu.

Pagreitinto stabilumo tyrimo rezultatai parodé, kad po 14 dieny pastebéti
nezymus (1,9 proc.) OPT-ME 7:1 VDD pokyc¢iai (3.3.2.3 pav.). Didesnis
VDD padidéjimas (3,1 proc., 4,7 proc. ir 9,3 proc.) nustatytas atitinkamai po
1, 3 ir 6 ménesiy. Pagreitinto stabilumo tyrimo eigoje PDI sumaz¢jo nuo
0,276 £+ 0,007 (po 1 dienos) iki 0,257 + 0,010 (po 6 ménesiy). Vertinant
OPT-ME vizualiai, jy skaidrumas ir spalva nekito viso pagreitinto stabilumo
tyrimo metu.

Apibendrinus stabilumo tyrimo rezultatus, galima teigti, kad laikymo sa-
lygos turi jtakos OPT-ME kokybei. Moksliniy tyrimy duomenimis sumo-
deliuotos ME islieka stabilios viso ilgalaikio stabilumo tyrimo metu [69].
Vertinant ilgalaikio stabilumo ir meéginiy laikymo apsaugojus nuo $viesoS
tyrimy rezultatus, nenustatyta VDD kitimo tendencijy, tod¢l galima teigti,
kad tyrimo eigoje (iki 6 ménesiy) visos OPT-ME (S/KoS 5:1, 6:1 ir 7:1) isli-
ko stabilios. Tyrimo rezultatai parodé¢, kad aukStesné temperatiira ir Sviesos
poveikis daro reikSmingg jtaka OPT-ME VDD pokyc¢iams. Nustatyta
OPT-ME VDD didéjimo tendencija, kai méginiai buvo laikomi pagreitinto
stabilumo tyrimo salygomis ir §viesos poveikyje. Sie rezultatai gali biiti
siecjami su ME formuojanéiy pagalbiniy medziagy poky¢iais, atsiradusiais
veikiant iSoriniams stresiniams veiksniams. Esant aukStesnei temperatiirai ar
Sviesai, pagamintos sistemos gali biiti destabilizuojamos d¢l jose vykstanciy
ME formuojanciy komponenty kitimo ir tai gali turéti jtakos OPT-ME VDD
padidéjimui. Batina pazyméti, kad maziausias VDD pokytis nustatytas
OPT-ME 5:1, kai méginiai buvo laikomi $viesos poveikyje. Sie rezultatai
parodo, kad OPT-ME, kuriy sudétyje yra didesnis kosurfaktanto kiekis,
ilgiau islieka stabilios.
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Stabilumo tyrimo eigoje nustatytos OPT-ME (S/KoS 5:1, 6:1 ir 7:1) PDI
maz¢jimo tendencijos. Vertinant gautus tyrimo rezultatus, reikia pazymeéti,
kad didZiausias PDI sumaz¢jimas buvo stebimas tose OPT-ME, kurios buvo
veikiamos Sviesa. D¢l galimo ME formuojanciy komponenty nestabilumo
Sviesos poveikui OPT-ME vyksta daleliy dydzio frakcinés sudéties poky-
Ciai, tac¢iau sumodeliuotos sistemos stabilumo tyrimo eigoje vis tiek isliko
homogeniskos.

Vertinant gautus stabilumo tyrimo rezultatus, nustatytos tinkamiausios
OPT-ME laikymo salygos, kurios netur¢jo itakos méginiy kokybei. Todél
atliekant tolimesnius tyrimus, nuspresta visus méginius laikyti sandarioje,
Sviesai nelaidzioje pakuotéje.

3.4. Mikroemulsijy su resveratroliu kokybés vertinimas

3.4.1. Resveratrolio jtaka optimalios sudéties mikroemulsiju
fizikinéms-cheminéms savybéms

Ankstesniy tyrimy metu sumodeliuotos stabilios OPT-ME buvo pritai-
kytos modelinés veikliosios medziagos resveratrolio jterpimui. Resveratrolis
pasirinktas atsizvelgiant j Sio junginio fizikines-chemines savybes, nuo
kuriy priklauso resveratrolio skvarba ] skirtingus odos sluoksnius ir
sukeliamas terapinis poveikis. Resveratrolis pasizymi santykinai stipriomis
hidrofobinémis savybémis (log P = 3,1) ir santykinai maza molekuline mase
(M = 228,24 Da) [8, 143]. D¢l prasto resveratrolio tirpumo hidrofilinéjé
faz¢je tikslinga gaminant ME, resveratrolj tirpinti kituose komponentuose.
Pagal gautus resveratrolio tirpumo rezultatus, pateiktus 3.1.1 lenteléje (Zr.
3.1 skyrelyje Resveratrolio tirpumas aliejuose ir surfaktante), nuspresta
formuluojant ME su resveratroliu (ME-RES), jj tirpinti etilo oleate ir
kaprilokaproilo makrogol-8 gliceride. Pasirinkus §j resveratrolio jterpimo
blidg, sumazinamas galimas resveratrolio persiskirstymas tarp skirtingy ME
formuojanciy faziy ir uztikrinamas resveratrolio buvimas aliejaus laselyje
(pagal tirpumg resveratrolis ME pasiskirstes lipofilinéje fazéje ir surfak-
tante). ME-RES gamybai buvo naudojama tokia pati gamybos technologija
kaip ir OPT-ME.

Kitame tyrimy etape buvo vykdoma resveratrolio koncentracijos ME
paieSka — nustatomi maksimalis resveratrolio kiekiai, kuriuos galima jterpti
1 OPT-ME. Atsizvelgiant | veikliosios medziagos tirpuma bei paskelbtus
tyrimy duomenis [39, 68, 150], nuspresta gaminti 1 proc., 2 proc., 3 poc. ir
4 proc. resveratrolio ME (ME-RES). Resveratrolis buvo jterptas j OPT-ME
su skirtingais S/KoS santykiais: 5:1 (ME-RES 5:1), 6:1 (ME-RES 6:1), 7:1
(ME-RES 7:1). Sumodeliuota 12 skirtingy ME-RES sudéciy.
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Vertinant sumodeliuotas ME-RES vizualiai, nustatyta, jog jterpus 1
proc., 2 proc. ir 3 proc. resveratrolio, pagamintos sistemos isliko skaidrios. |
OPT-ME ijterpus 4 proc. resveratrolio, po 24 valandy ekvilibracijos nusta-
tytas pagaminty sistemy drumstumas nepriklausomai nuo pasirinkto S/KoS
santykio. Gauti tyrimo rezultatai patvirtino teorinius skaic¢iavimus, kuriais
apskaiciuotas maksimalus jterpiamas resveratrolio kiekis buvo 3,9-4,1 proc.
priklausomai nuo S/KoS santykio. Tyrimo rezultatai parode, kad pavyko i
OPT-ME jterpti 4 proc. resveratrolio, ta¢iau sumodeliuotos ME-RES buvo
nestabilios. Atsizvelgiant | gautus rezultatus, nuspresta tolimesniy tyrimy su
4 proc. ME-RES nevykdyti.

Sumodeliuoty 1 proc., 2 proc. ir 3 proc. ME-RES stabilumas jvertintas
atlikus centrifugavimg ir termodinaminio stabilumo tyrimus. Gauti rezultatai
parodé, kad ME-RES isliko skaidrios, nenustatyta faziy atsiskyrimo,
susidrumstimo ar nuosédy susidarymo. Vertinant gautus rezultatus, buvo
patvirtintas ME-RES termodinaminis stabilumas, todél nusprgsta iSsamiam
ME-RES kokybés vertinimui atlikti fizikiniy-cheminiy savybiy nustatyma.

ME-RES kokybei jvertinti atlikti VDD, PDI, pH reikSmés, elektrinio
laidzio ir klampos matavimai (3.4.1.1 lentel¢).

3.4.1.1 lentelé. Mikroemulsijy su resveratroliu fizikinés-cheminés savybés

kl?ei?s ME VDD, nm PDI reiFl):s'_'mé IaIiE(;iesth;iSr}icSm lelaPn;r-)sa ’
MERES | 80804082 | 0.274+0004 | 7,16+001 | 96,60+0,09 | 6390089
1 proc. ME;iES 8076+ 055 | 0.273+0,007 | 7,15+ 002 | 8500+021 | 60,80 + 045
MERES | 79914035 | 0.271+0005 | 7,18+001 | 74,40+0,13 | 54,60+0,69
MERES 11122441,98| 0,250+0004 | 6,95+001 | 93504014 | 67304127
2 proc. ME;iES 105,60+ 0,30 | 0.265+0,004 | 6,94+ 0,01 | 8385035 | 61,65+ 148
MERES | 1065140,68| 0,269+0006 | 6,96+001 | 7295007 | 59,35+ 148
MERES 1173704096 | 0.257+0007 | 6,73+002 | 1012010 | 7913046
3 proc. ME;iES 162,90+ 0,97 | 0227 +0,011 | 6,64 +0,04 | 90,83+ 0,06 | 68,07 £ 0,85
MERES |1562041,31| 0,246+0009 | 6,470,02 | 8153+0,15 | 65574065

Tyrimo rezultatai parodé, kad resveratrolio jterpimas j OPT-ME daro
reikSmingg jtaka VDD. Iterpus veikligja medziagg j mikroemulsing sistema,
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daleliy dydis padid¢ja atitinkamai nuo pridéto resveratrolio kiekio (3.4.1.1
lentel¢). 1 proc. ME-RES VDD, lyginant su OPT-ME VDD, padidéjo
17,9 proc. (S/KoS 5:1), 22,2 proc. (S/KoS 6:1) ir 19,9 proc. (S/KoS 7:1). 2
proc. ME-RES VDD, lyginant su OPT-ME, padid¢jo 63,8 proc. (S/KoS
5:1), 59,8 proc. (S/KoS 6:1) ir 59,8 proc. (S/KoS 7:1). 3 proc. ME-RES
VDD, lyginant su OPT-ME, padidéjo 153,4 proc. (S/KoS 5 :1), 146,5 proc.
(S/KoS 6:1) ir 134,3 proc. (S/KoS 7:1). Atlikus statisting duomeny analize,
nustatyta statistiSkai reikSminga (p < 0,05) stipri tiesioginé koreliacija (r =
0,844) tarp jterpiamo resveratrolio kiekio ir VDD. Tyrimo rezultatai parode,
kad didéjant resveratrolio koncentracijai, didéja ME VDD. Sie poky&iai gali
biti siejami su dideliu jterpiamo resveratrolio kiekiu, kuris pasiskirsto tarp
surfaktanto ir kosurfaktanto molekuliy, formuojan¢iy ME daleliy tarpfazinj
pavirsiy [28, 44, 134]. Panasus poveikis daleliy dydzio padidéjimui yra
aprasSytas mokslinése publikacijose, kai veiklioji medziaga jterpiama |
dispersines sistemas, pavyzdziui, mikroemulsijas [134], liposomas [132],
nanosuspensijas [54]. Nepriklausomai nuo jterpiamo resveratrolio kiekio,
nustatytas padidéjes VDD yra mazesnis nei 200 nm, todél pagamintos ME-
RES atitinka ME keliamus daleliy dydzio reikalavimus [134].

Daleliy dydzio pasiskirstymo pagal intensyvumg diagramos ir PDI nusta-
tymas leidzia tiksliau jvertinti sumodeliuoty ME daleliy dydzio pasiskirs-
tymo intervalg bei jy iSbarstymo plotj. Daleliy dydzio pasiskirstymo pagal
intensyvumg smailés, esant skirtingiems S/KoS santykiams, pavaizduotos
3.4.1.1-3.4.1.3 paveiksluose.

OPT-ME 5:1 = = | proc. ME-RES 5:1
----- 2 proc. ME-RES 5:1 seeeeeees 3 proc. ME-RES 5:1

Intensyvumas (proc.)
<

0,1 1 10 100 1000 10000
Daleliy dydis (nm)

3.4.1.1 pav. Skirtingy resveratrolio koncentracijy jtaka optimalios sudéties
mikroemulsijy S/KoS 5:1 daleliy dydziui
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Vertinant tyrimo metu gautas daleliy dydziy pasiskirstymo pagal intensy-
vumg smailes (3.4.1.1 pav.), nustatyta, kad OPT-ME 5:1 daleliy dydis vari-
javo nuo 21,04 nm iki 342,0 nm. Iterpus 1 proc. resveratrolio, daleliy dydzio
intervalas kito nezymiai (24,36-458,67 nm). Lyginant 2 proc. RES-ME 5:1
ir OPT-ME 5:1 daleliy dydzio pasiskirstymo pagal intensyvumag smailes,
nustatytas RES-ME 5:1 didesnio skersmens daleliy atsiradimas (28,21-
531,17 nm). Didziausias daleliy dydzio pokytis, lyginant su OPT-ME 5:1,
nustatytas 3 proc. ME-RES 5:1 (3.4.1.1 pav.). Tyrimo rezultatai parodé 3
proc. ME-RES smailés poslinkj link didesnio skersmens daleliy (68,06—
531,17 nm) ir antros smailés atsiradimg (4145,44-5559,64 nm). Papildomas
smailés buvimas rodo ypa¢ dideliy daleliy frakcijos atsiradima.

Tyrimo rezultatai parodé, kad didéjant resveratrolio koncentracijai
OPT-ME, sistemy PDI mazéja (3.4.1.1 lentelé). 3.4.1.1 paveiksle matomas 1
proc. ir 2 proc. RES-ME 5:1 panaSus smailiy plotis lyginant su OPT-ME
5:1, tac¢iau 3 proc. ME-RES 5:1 pagrindiné smailé yra aukstesné, o jos plo-
tis — siauresnis. Vertinant gautus tyrimo rezultatus, galima daryti iSvada, kad
jterpiant resveratrolj | OPT-ME 5:1, vyksta sistemos dinaminiai persitvar-
kymai, taciau susiformavusios ME-RES 5:1 islieka homogeniSkos.

Daleliy dydzio pasiskirstymo pokyciai nustatyti jterpus resveratrolj |
OPT-ME 6:1 (3.4.1.2 pav.).

— OPT-ME 6:1 = = | proc. ME-RES 6:1
----- 2 proc. ME-RES 6:1 seesseees 3 proc. ME-RES 6:1

Intensyvumas (proc.)

. . Zar
0,1 1 10 100 1000 10000

Daleliy dydis (nm)

3.4.1.2 pav. Skirtingy resveratrolio koncentracijy jtaka optimalios sudéties
mikroemulsijy S/KoS 6:1 daleliy dydZiui
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Tyrimo rezultatai parodé, kad OPT-ME 6:1 daleliy dydis varijavo nuo
15,69 nm iki 255,0 nm. Jterpus 1 proc., 2 proc. ir 3 proc. resveratrolio,
nustatyti daleliy dydzio pasiskirstymo tarp frakcijy poky¢iai. 3.4.1.2 pa-
veiksle matomas antros smailés atsiradimas ir pagrindinés smailés poslinkis
1 didesniy daleliy pus¢. Daleliy dydziy pasiskirstymo pagal intensyvuma
smailés parodo, kad 1 proc. ME-RES 6:1 (28,21-342,0 nm) ir 2 proc. ME-
RES 6:1 (24,36-396,06 nm) pirmy smailiy daleliy dydzio intervalas yra
panaSus. Didziausias daleliy dydzio pokytis, lyginant su OPT-ME 6:1,
nustatytas jterpus 3 proc. resveratrolio (3.4.1.2 pav.). Pagrindin¢ 3 proc.
ME-RES 6:1 smailé pasislinkusi link didesnio skersmens daleliy (58,77-
615,14 nm). Antra smailé¢ (4145,44-5559,64 nm) isliko budinga visoms
ME-RES 6:1 nepriklausomai nuo jose esancio resveratrolio kiekio.

Vertinant gautus tyrimo rezultatus, nustatyta, kad didéjant resveratrolio
koncentracijai OPT-ME 6:1, sistemy PDI mazéja (3.4.1.1 lentelé). 3.4.1.2
paveiksle pateiktuose grafikuose matyti, kad OPT-ME 6:1 ir 1 proc. ME-
RES 6:1 daleliy dydzio pasiskirstymo smailés labai panaSios. Nors vykstant
sistemos dinaminiams persitvarkymams 1 proc. ME-RES 6:1 VDD padi-
déjo, tat¢iau dominuojancios daleliy dydzio frakcijos i§liko tos pacios. Siuos
rezultatus patvirtina OPT-ME 6:1 ir 1 proc. ME-RES 6:1 PDI matavimai,
kurie tarpusavyje reikSmingai nesiskyré (0,275 £+ 0,004 ir 0,273 £+ 0,007).
2 proc. ir 3 proc. ME-RES 6:1 VDD padidéjo, tac¢iau PDI sumazéjo (3.4.1.1
lentel¢). Vertinant ME daleliy dydzio pasiskirstymo pagal issklaidytos
Sviesos intensyvuma smailes ir PDI matavimo rezultatus, galima daryti iSva-
da, kad ] OPT-ME 6:1 jterpiamas resveratrolio kiekis daro jtakg modeliuo-
jamy ME dinaminiams pokyciams, ta¢iau ME-RES 6:1 galima vertinti kaip
stabilias ir homogeniSkas sistemas.

Panasiis daleliy dydzio pasiskirstymo pokyciai nustatyti ME-RES 7:1
(3.4.1.3 pav.).

Vertinant ME daleliy dydzio pasiskirstymo pagal iSsklaidytos Sviesos
intensyvuma smailes, nustatyta, kad OPT-ME 7:1 daleliy dydis varijavo nuo
24,36 nm iki 295,31 nm. | OPT-ME 7:1 jterpus 1 proc., 2 proc. ir 3 proc.
resveratrolio, daleliy dydzio pasiskirstymo pagal intensyvuma smailiy ten-
dencijos i8liko panaSios ; ME-RES 6:1. Daleliy dydzio pasiskirstymo re-
zultatai rodo, kad 1 proc. ME-RES 7:1 (21,04-342,0 nm), 2 proc. ME-RES
7:1 (28,21-458,67 nm) ir 3 proc. ME-RES 7:1 (32,67-615,14 nm) pa-
grindiné smailé¢ yra pasislinkusi j didesniy daleliy puse, o antros smailés
(4145,44-5559,64 nm) atsiradimas buvo budingas visoms ME-RES 7:1
nepriklausomai nuo resveratrolio koncentracijos (3.4.1.3 pav.).
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OPT-ME 7:1 = = proc. ME-RES 7:1

18 2 proc. ME-RES 7:1 ~ eeeeenen 3 proc. ME-RES 7:1
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Daleliy dydis (nm)

3.4.1.3 pav. Skirtingy resveratrolio koncentracijy jtaka optimalios sudéties
mikroemulsijy S/KoS 7:1 daleliy dydZiui

Vertinant gautus tyrimo rezultatus, nustatyta, kad didéjant resveratrolio
koncentracijai OPT-ME 7:1, sistemy PDI mazéja (3.4.1.1 lentel¢). 3.4.1.3
paveiksle pateiktuose grafikuose matyti, kad vykstant sistemos dinaminiams
persitvarkymams, 1 proc. ME-RES 7:1 VDD padidéjo, taciau dominuo-
jancios daleliy dydzio frakcijos, lyginant su OPT-ME 7:1, isliko tos pacios.
Siuos rezultatus patvirtina OPT-ME 7:1 ir 1 proc. ME-RES PDI matavimai,
kurie tarpusavyje reikSmingai nesiskyré (0,274 + 0,002 ir 0,271 £ 0,005).
2 proc. ir 3 proc. ME-RES 7:1 VDD padidéjo, taciau PDI sumazéjo (3.4.1.1
lentel¢). Vertinant ME daleliy dydZzio pasiskirstymo pagal iSsklaidytos
Sviesos intensyvumg smailes ir PDI matavimo rezultatus, galima daryti iSva-
da, kad jterpiant resveratrolj ; OPT-ME 7:1, vyksta sistemos dinaminiai
persitvarkymai, tac¢iau susiformavusios ME-RES 7:1 isliecka homogeniskos
ir stabilios.

Tolimesniam ME kokybés vertinimui atliktas ME tipa patvirtinantis
testas. Vertinta galima resveratrolio jtaka OPT-ME tipo poky¢iams. Elektri-
nio laidzio matavimo rezultatai parodé, kad jterpiant resveratrolj | OPT-ME,
elektrinis laidis pakito nezymiai (3.3.1.1 lentel¢, 3.4.1.1 lentel¢). Atlikus sta-
tisting duomeny analize, nustatyta statistiskai reikSminga (p < 0,05) atvirks-
tiné koreliacija (r = —0,946) tarp elektrinio laidzio ir ME-RES S/KoS san-
tykio bei tiesioginé koreliacija (r = 0,949) tarp elektrinio laidzio ir hidrofi-
linés fazés kiekio. Tyrimo rezultatai parodé, kad didéjant S/KoS santykiui ir
maze¢jant hidrofilinés fazés kiekiui, ME-RES elektrinis laidis mazéja. Nepri-
klausomai nuo jvykusiy pokyciy, nustatytas ME-RES elektrinis laidis buvo
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artimas 100 uS/cm, todél sumodeliuoty ME-RES A/V tipas isliko nepakites
[18, 115, 134].

Nustatytos ME-RES pH reik§més buvo ribose 6,47-7,18 (3.4.1.1 lentel¢).
Statistiné duomeny analizé¢ parodé, kad resveratrolio koncentracija turi
jtakos ME-RES pH reikSmei (p < 0,05). Nustatyta atvirkStiné koreliacija (r =
—0,789) tarp pH reikSmés ir resveratrolio kiekio ME — didéjant resveratrolio
koncentracijai ME-RES, suformuluoty sistemy pH reikSmé mazéja. Verti-
nant gautus tyrimo rezultatus ir moksliniy tyrimy duomenis, nustatyta, kad
visos sumodeliuotos ME-RES yra tinkamos naudoti ant odos [6, 107].

ME-RES kokybés tyrimo metu jvertinta resveratrolio koncentracijos
jtaka OPT-ME dinaminés klampos pokyciams. Nustatyta, kad ME-RES
dinaminé klampa varijavo nuo 54,6 mPaes iki 79,13 mPass (3.4.1.1 lentelé).
Statistiné duomeny analizé parodé¢ statistiskai reikSmingg (p < 0,05) vidu-
tinio stiprumo tiesioging koreliacijg (r = 0,595) tarp ME-RES dinaminés
klampos ir resveratrolio koncentracijos. Tyrimo rezultatai parodé, kad didé-
jant resveratrolio kiekiui ME-RES, dinaminé klampa didéja (3.4.1.1 lentelé).
Vertinant ME S/KoS santykio jtakg dinaminei klampai, nustatyta statistiSkai
reikSminga (p < 0,05) atvirkstin¢ koreliacija (r = —0,701), kuri parod¢, kad
didéjant S/KoS santykiui, ME-RES klampa mazéja. Sie poky¢iai gali biiti
siejami su didesniu kosurfaktanto kiekiu ME-RES, kuriy S/KoS santykis
5:1. Gauti tyrimo rezultatai parod¢, kad resveratrolis tur¢jo jtakos ME dina-
minei klampai jg padidindamas, taciau isliko A/V tipo ME-RES bidinga
salyginai maza dinaminé klampa [115, 134].

Atlikus pagaminty ME-RES kokybés vertinimg, nustatyta, kad resvera-
trolio jterpimas j OPT-ME turéjo jtakos jy fizikiniy-cheminiy savybiy poky-
¢iams. Tyrimo rezultatai patvirtino pagaminty ME-RES kokybg, taciau dél
vykstanciy daleliy dydZzio pasiskirstymo poky¢iy tikslinga atlikti tolimesnius
Jy stabilumo tyrimus esant skirtingoms laikymo sglygoms.
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3.4.2. Mikroemulsijy su resveratroliu stabilumo tyrimas

3.4.2.1. Mikroemulsijy su resveratroliu stabilumo tyrimas vertinant
daleliy dydj ir polidispersiSkumo indeksa

Siekiant jvertinti skirtingy laikymo salygy jtaka sumodeliuvoty ME-RES
kokybei, atlikti jy stabilumo tyrimai. ME-RES stabilumas vertintas tokiomis
paciomis laikymo sglygomis kaip ir OPT-ME. Pasirinkti ME-RES stabilumo
vertinimo kriterijai: a) vidutinis daleliy dydis ir polidispersiSkumo indeksas,
kuriy pokyciai leidzia numatyti galimus mikroemulsijy struktiirinius
pakitimus; b) spalva, skaidrumas, kuriy poky¢iai leidzia jvertinti galima
mikroemulsijy nestabilumg. ME-RES su skirtingu S/KoS santykiu VDD
poky¢iai pateikti 3.4.2.1.1-3.4.2.1.3 paveiksluose.

Atlikus stabilumo tyrimg 1 proc. ir 2 proc. ME-RES 5:1 (3.4.2.1.1 pav.,
a, b), nustatyta, kad méginius laikant kambario (15-25 °C) temperatiiroje
apsaugotus nuo Sviesos, per 1 ménesio laikotarpy VDD kito nezymiai —
padidé¢jo iki 2,8 proc. Vertinant tyrimo rezultatus po 3 ménesiy, nustatytas
VDD padid¢jimas 1 proc. ME-RES 5:1 (4,0 proc.) ir 2 proc. ME-RES 5:1
(4,5 proc.). Lyginant abiejy ME-RES 5:1 VDD po 3 ir 6 ménesiy, statistis-
kai reikSmingy (p > 0,05) pokyc¢iy nenustatyta. Stabilumo tyrimo metu
1proc. ir 2 proc. ME-RES 5:1 PDI statistiskai reikSmingai (p > 0,05)
nepakito lyginant PDI po 1 dienos ir po 6 ménesiy. Vertinant ME-RES
vizualiai, viso stabilumo tyrimo metu skaidrumo ar spalvos poky¢iy nenu-
statyta.

Tyrimo rezultatai parodé skirtingus VDD poky¢ius 1 proc. ir 2 proc. ME-
RES 5:1 laikant kambario (15-25 °C) temperattiroje neapsaugotus nuo Svie-
sos. 1 proc. ME-RES 5:1 VDD stabilumo tyrimo metu did¢jo (3.4.2.1.1
pav., a). Po 1, 3 ir 6 ménesiy VDD atitinkamai padidéjo 1,9 proc., 4,9 proc.
ir 5,6 proc. Vertinant gautus 2 proc. ME-RES 5:1 tyrimo rezultatus,
nustatytas VDD sumazéjimas (3.4.2.1.1 pav., b). Stabilumo tyrimo metu
VDD po 1, 3 ir 6 ménesiy sumazéjo atitinkamai 3,2 proc., 3,4 proc. ir 4,1
proc. Stabilumo tyrimo rezultatai parodé¢ statistiSkai reikSminga (p < 0,05)
PDI sumaz¢jima lyginant rezultatus po 1 dienos ir 6 ménesiy. 1 proc. ME-
RES 5:1 PDI atitinkamai mazéjo nuo 0,274 + 0,005 iki 0,257 + 0,003, o 2
proc. ME-RES 5:1 - nuo 0,259 + 0,006 iki 0,233 + 0,013. Stabilumo tyrimo
pradzioje ME-RES 5:1 isliko skaidrios, ta¢iau po 1 ménesio nustatyta 1
proc. ME-RES 5:1, o po 3 ménesiy 2 proc. ME-RES 5:1 spalvos poky¢iy.
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(@) 015-25 °C temperatiira, méginiai apsaugoti nuo §viesos
015-25 °C temperatiira, méginiai neapsaugoti nuo §viesos
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3.4.2.1.1 pav. Mikroemulsijy su resveratroliu (S/KoS 5:1) daleliy dydis

stabilumo tyrimo metu
(a) 1 proc. resveratrolio mikroemulsija; (b) 2 proc. resveratrolio mikroemulsija.

Vertinant tyrimo rezultatus, gautus ME-RES 5:1 laikant ilgalaikio stabi-
lumo tyrimo sglygomis, nustatytas VDD didéjimas (3.4.2.1.1 pav., a, b).
1 proc. ME-RES 5:1 VDD po 1 ménesio buvo 2,5 proc., po 3 ménesiy —
4,5 proc., o po 6 ménesiy — 5,7 proc. didesnis nei tyrimo pradzioje. Tyrimo
rezultatai parodé¢, kad 2 proc. ME-RES 5:1 VDD pokytis, lyginant su 1 proc.
ME-RES 5:1, buvo panasus (po 6 ménesiy VDD padidéjo 5,1 proc.). llgalai-
kio stabilumo tyrimo metu nustatytas statistiskai reikSmingas (p < 0,05) PDI
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sumaz¢jimas lyginant rezultatus po 1 dienos ir 6 ménesiy. 1 proc. ME-RES
5:1 PDI po 1 dienos buvo 0,270 + 0,004, o po 6 ménesiy — 0,258 + 0,003.
2 proc. ME-RES 5:1 kito atitinkamai nuo 0,271 £+ 0,004 iki 0,236 + 0,017.
Vertinant ME-RES 5:1 vizualiai, skaidrumo ar spalvos pokyc¢iy nenustatyta
viso ilgalaikio stabilumo tyrimo metu.

Tyrimo rezultatai parodé didziausig VDD pokytj, kai ME-RES 5:1 buvo
laikomos pagreitinto stabilumo tyrimo salygomis (3.4.2.1.1 pav., a, b). Ne-
zymiis VDD pokyciai nustatyti po 14 dieny: 1 proc. ME-RES 5:1 VDD
padidéjo 2,8 proc., o 2 proc. ME-RES 5:1 — 3,6 proc. Didesni VDD poky¢iai
nustatyti po 1, 3 ir 6 ménesiy: 1 proc. ME-RES 5:1 VDD atitinkamai pa-
did¢jo 4,8 proc., 8,4 proc. ir 12,8 proc., o 2 proc. ME-RES 5:1 - 5,1 proc.,
11,3 proc. ir 18,3 proc. Pagreitinto stabilumo tyrimo rezultatai parodé, kad
ME-RES 5:1 PDI tyrimo metu statistiSkai reikSmingai (p < 0,05) sumazg¢jo.
Vertinant tyrimo rezultatus po 1 dienos ir 6 ménesiy, 1 proc. ME-RES 5:1
PDI sumazéjo nuo 0,280 + 0,016 iki 0,238 + 0,011 o 2 proc. ME-RES 5:1 —
nuo 0,260 £ 0,009 iki 0,231 + 0,001. Pagreitinto stabilumo tyrimo metu
spalvos ar skaidrumo poky¢iy nenustatyta.

Vertinant 1 proc. ir 2 proc. ME-RES 5:1 daleliy dydZzio pasiskirstymo
pagal iSsklaidytos Sviesos intensyvuma smailes, nustatyta, kad esant visoms
laikymo salygoms, ME-RES 5:1 dalelés buvo pasiskirs¢iusios vienoje smai-
l¢je. Dominuojancios daleliy dydzio frakcijos smailése iSliko tos pacios,
taiau nustatyti nezymiis daleliy dydzio persiskirstymo tarp frakcijy po-
ky¢iai.

1 proc. ir 2 proc. ME-RES 6:1 VDD poky¢iai skirtingo stabilumo tyrimo
metu pavaizduoti 3.4.2.1.2 paveiksle.

Stabilumo tyrimo rezultatai parodé, kad 1 proc. ME-RES 6:1 ir 2 proc.
ME-RES 6:1 laikant kambario (15-25 °C) temperatiiroje apsaugotas nuo
Sviesos, VDD po 6 ménesiy padidéjo nezymiai — apie 1,3 proc. (3.4.2.1.2
pav., a, b). Vertinant gautus PDI tyrimo rezultatus, po 6 ménesiy nustatytas
statistiSkai reikSmingas (p < 0,05) PDI sumazéjimas. Tyrimo pradzioje 1
proc. ME-RES 6:1 PDI buvo 0,279 + 0,003, o po 6 ménesiy sumazéjo iki
0,253 £ 0,002. 2 proc. ME-RES 6:1 PDI sumazéjo nuo 0,266 + 0,009 (po 1
dienos) iki 0,226 + 0,009 (po 6 ménesiy). Vykdant stabilumo tyrimus, ME-
RES 6:1 spalva ir skaidrumas nekito.
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3.4.2.1.2 pav. Mikroemulsijy su resveratroliu (S/KoS 6:1) daleliy dydis

stabilumo tyrimo metu
(a) 1 proc. resveratrolio mikroemulsija; (b) 2 proc. resveratrolio mikroemulsija.

Tiriant 1 proc. ME-RES 6:1 ir 2 proc. ME-RES 6:1 stabilumg neapsaugo-
jus nuo Sviesos, nustatyti skirtingi VDD pokyc¢iai. 1 proc. ME-RES 6:1
VDD po 6 ménesiy stabilumo tyrimo padidéjo 1,5 proc. (3.4.2.1.2 pav., a).
Vertinant gautus 2 proc. ME-RES 6:1 tyrimo rezultatus, nustatytas VDD
sumazéjimas (3.4.2.1.2 pav., b). Po 6 ménesiy tyrimo 2 proc. ME-RES 6:1
VDD sumaz¢jo 1,3 proc. Stabilumo tyrimo metu nustatytas PDI maz¢jimas.
Tyrimo rezultatai parodé, kad 1 proc. ME-RES 6:1 PDI statistiSkai reiks-
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mingai (p < 0,05) sumazéjo nuo 0,277 + 0,006 (po 1 dienos) iki 0,248 +
0,004 (po 6 ménesiy). 2 proc. ME-RES 6:1 PDI sumaz¢jo atitinkamai nuo
0,262 + 0,003 iki 0,230 + 0,010. 1 proc. ME-RES 6:1 spalvos poky¢iai
nustatyti po 1 ménesio, o 2 proc. ME-RES 6:1 po 3 ménesiy laikymo
Sviesoje.

Ilgalaikio stabilumo tyrimo metu (iki 6 ménesiy) nustatyti nezymis
1 proc. ME-RES 6:1 ir 2 proc. ME-RES 6:1 VDD pokyc¢iai (3.4.2.1.2 pav.,
a, b). Tyrimo rezultatai parod¢, kad abiejy ME-RES 6:1 VDD po 6 ménesiy
buvo apie 1,3 proc. didesnis nei tyrimo pradzioje. Taciau nustatyti statistis-
kai reik8mingi (p < 0,05) PDI skirtumai lyginant stabilumo rezultatus tyrimo
pradzioje ir po 6 ménesiy. 1 proc. ME-RES 6:1 PDI sumazéjo nuo 0,288 +
0,019 (po 1 dienos) iki 0,244 £+ 0,010 (po 6 ménesiy), o 2 proc. ME-RES
6:1 — atitinkamai nuo 0,291 + 0,027 iki 0,219 + 0,008. Vertinant ME-RES
6:1 vizualiai, skaidrumo ar spalvos poky¢iy nenustatyta viso ilgalaikio stabi-
lumo tyrimo metu.

Didziausias 1 proc. ME-RES 6:1 ir 2 proc. ME-RES 6:1 VDD kitimas
nustatytas pagreitinto stabilumo tyrimo eigoje (3.4.2.1.2 pav., a, b).
Nustatytas nezymus (1,4-3,2 proc.) VDD padidéjimas po 14 dieny tyrimo.
Tyrimo rezultatai parodé didesnius VDD poky¢ius po 1, 3 ir 6 ménesiy. 1
proc. ME-RES 6:1 VDD atitinkamai padidéjo 2.4 proc., 10,1 proc. ir 8,4
proc. Po 6 ménesiy laikymo pagreitinto stabilumo tyrimo salygomis
didziausias (16,6 proc.) VDD padid¢jimas nustatytas 2 proc. ME-RES 6:1.
Vertinant gautus pagreitinto stabilumo tyrimo rezultatus, nustatytas 1 proc.
ME-RES 6:1 PDI sumazéjimas nuo 0,276 + 0,003 (po 1 dienos) iki 0,248 +
0,002 (po 6 ménesiy), o 2 proc. ME-RES 6:1 — nuo 0,258 + 0,006 (po 1
dienos) iki 0,226 + 0,011 (po 6 ménesiy). Vykdant stabilumo tyrimus 1
proc. ir 2 proc. ME-RES 6:1, skaidrumo ar spalvos poky¢iy nenustatyta.

Tiriant stabilumg skirtingomis laikymo salygomis, atliktas 1 proc. ir
2 proc. ME-RES 6:1 daleliy dydzio pasiskirstymo pagal iSsklaidytos Sviesos
intensyvumg vertinimas. Tyrimo rezultatai parodé, kad laikymo sglygos
daro jtaka formuluojamy sistemy dinaminiams pokyc¢iams. Ankstesniais
tyrimais jrodyta, kad 1 proc. ir 2 proc. ME-RES 6:1, pra¢jus 24 valandoms
po pagaminimo, dalelés buvo pasiskirs¢iusios dviejose smailése. Taciau
stabilumo tyrimo rezultatai parodé¢, kad ME-RES 6:1 vyksta dinaminiai
poky¢iai, nulemiantys daleliy dydzio pasiskirstyma vienoje smailéje pragjus
7 dienoms nuo stabilumo tyrimy pradzios visose laikymo salygose.
Stabilumo tyrimo eigoje vyko nuolatiniai daleliy dydZzio persiskirstymo tarp
frakcijy pokyciai.

VDD kitimas, tiriant 1 proc. ir 2 proc. ME-RES 7:1 stabilumg esant skir-
tingoms laikymo sglygoms, pavaizduotas 3.4.2.1.3 paveiksle.
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3.4.2.1.3 pav. Mikroemulsijy su resveratroliu (S/KoS 7:1) daleliy dydis

stabilumo tyrimo metu
(a) 1 proc. resveratrolio mikroemulsija; (b) 2 proc. resveratrolio mikroemulsija.

Stabilumo tyrimo rezultatai parodé, kad 1 proc. ME-RES 7:1 ir 2 proc.
ME-RES 7:1 VDD po 6 ménesiy padidé¢jo nezymiai (iki 2,2 proc.) laikant
méginius kambario (15-25 °C) temperatiiroje apsaugotus Nuo Sviesos
(3.4.2.1.3 pav., a, b). Vertinant gautus PDI tyrimo rezultatus, po 6 ménesiy
Nustatytas statistiSkai reikSmingas (p < 0,05) PDI sumaz¢jimas. Stabilumo
tyrimo eigoje 1 proc. ME-RES 7:1 PDI sumazéjo nuo 0,271 + 0,005 (po 1
dienos) iki 0,260 + 0,003 (po 6 ménesiy), o 2 proc. ME-RES 7:1 — nuo
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0,265 + 0,002 (po 1 dienos) iki 0,218 + 0,007 (po 6 ménesiy). Vertinant
ME-RES 7:1 vizualiai, jy skaidrumas ir spalva nekito viso stabilumo tyrimo
metu.

Skirtingi VDD poky¢iai nustatyti 1 proc. ME-RES 7:1 ir 2 proc. ME-
RES S/KoS 7:1 laikant neapsaugotus nuo Sviesos. Vertinant gautus stabi-
lumo tyrimo rezultatus po 6 ménesiy, nustatytas 1 proc. ME-RES 7:1 VDD
padidéjimas 2,2 proc. (3.4.2.1.3 pav., a), 0 2 proc. ME-RES 7:1 — VDD su-
mazejimas 1,9 proc. (3.4.2.1.3 pav., b) lyginant su ME-RES 7:1 VDD po 1
dienos. PDI tyrimo rezultatai parodé, kad 1 proc. ME-RES 7:1 PDI statis-
tiskai reik§mingai (p < 0,05) sumazéjo nuo 0,274 + 0,007 (po 1 dienos) iKi
0,249 £ 0,004 (po 6 ménesiy), o 2 proc. ME-RES 7:1 PDI sumazgjo atitin-
kamai nuo 0,263 + 0,010 iki 0,218 + 0,008. Vertinant pagamintas ME-RES
7:1 vizualiai, po 1 ménesio laikymo Sviesoje nustatytas 1 proc. ME-RES
7:1, 0 po 3 ménesiy — 2 proc. ME-RES 7:1 tamsesnés spalvos atsiradimas.

Ilgalaikio stabilumo tyrimo eigoje (iki 6 ménesiy) nustatyti nezymis
1 proc. ME-RES 7:1 ir 2 proc. ME-RES 7:1 VDD poky¢iai (3.4.2.1.3 pav.,
a, b). Tyrimo rezultatai parod¢, kad abiejy ME-RES 7:1 VDD po 6 ménesiy
buvo apie 2,5 proc. didesnis nei tyrimo pradzioje. Vertinant PDI tyrimo
rezultatus, nustatyti statistiSkai reikSmingi (p < 0,05) skirtumai tarp PDI ty-
rimo pradzioje ir po 6 ménesiy. 1 proc. ME-RES 7:1 PDI sumazéjo nuo
0,279 £ 0,006 (po 1 dienos) iki 0,259 £ 0,009 (po 6 ménesiy), o 2 proc. ME-
RES 7:1 - atitinkamai nuo 0,261 + 0,017 iki 0,233 + 0,004. ME-RES 7:1
skaidrumo ar spalvos poky¢iy nenustatyta viso ilgalaikio stabilumo tyrimo
metu.

Tyrimo rezultatai parodé didziausia VDD pokyti, kai 1 proc. ir 2 proc.
ME-RES 7:1 buvo laikomos pagreitinto stabilumo tyrimo salygomis
(3.4.2.1.3 pav., a, b). 1 proc. ME-RES 7:1 VDD po 1, 3 ir 6 ménesiy ati-
tinkamai padidé¢jo 1,4 proc., 2,7 proc. ir 7,1 proc., o 2 proc. ME-RES 7:1 —
2,5 proc., 8,1 proc. ir 15,4 proc. Pagreitinto stabilumo tyrimo rezultatai
parodé, kad ME-RES 7:1 PDI tyrimo eigoje statistiSkai reikSmingai
(p < 0,05) sumazéjo. Vertinant tyrimo rezultatus po 1 dienos ir 6 ménesiy,
1 proc. ME-RES 7:1 PDI sumaz¢jo nuo 0,277 + 0,003 iki 0,236 + 0,006, o
2 proc. ME-RES 7:1 — nuo 0,260 + 0,008 iki 0,225 + 0,008. Pagreitinto
stabilumo tyrimo metu spalvos ar skaidrumo poky¢iy nenustatyta.

Tiriant 1 proc. ir 2 proc. ME-RES 7:1 stabilumg skirtingomis laikymo
salygomis, atliktas daleliy dydzio pasiskirstymo pagal iSsklaidytos Sviesos
intensyvumg vertinimas. Ankstesniais tyrimais jrodyta, kad praéjus 24 va-
landoms po 1 proc. ir 2 proc. ME-RES 7:1 pagaminimo, dalelés pasi-
skirs€iusios dviejose smailése. Vykdant stabilumo tyrimus, dinaminiai ME-
RES 7:1 poky¢iai nustatyti pra¢jus 7 dienoms nuo tyrimy pradzios. Gauti re-
zultatai parodé 1 proc. ir 2 proc. ME-RES 7:1 daleliy pasiskirstyma vienoje
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smailéje nepriklausomai nuo skirtingy laikymo salygy. Stabilumo tyrimo
metu vyko nuolatinis daleliy dydzio persiskirstymas tarp frakcijy.

3.4.2.2. Mikroemulsijy su resveratroliu stabilumo tyrimas vertinant
resveratrolio koncentracija

Siekiant jvertinti skirtingy laikymo salygy jtaka resveratrolio stabilumui
sumodeliuotose ME-RES, atliktas kiekybinis resveratrolio nustatymas
iSvystyta ir validuota efektyviosios skys€iy chromatografijos metodika.
Vykdant ME-RES stabilumo tyrimus, atlikti ne tik VDD ir PDI matavimai,
bet kartu vertinta ir resveratrolio koncentracija eksperimentinése formu-
luotése. Tyrimo rezultatai parodé¢, kad resveratrolio koncentracija nekito
ME-RES laikant kambario (15-25 °C) temperatiiroje apsaugotas nuo Svie-
sos, ilgalaikio ir pagreitinto stabilumo tyrimy salygomis. Veikliosios me-
dziagos koncentracijos maz¢jimas nustatytas meéginius laikant kambario
(15-25 °C) temperatiiroje neapsaugotus nuo $viesos. Resveratrolio koncen-
tracijos pokytis 1 proc. ir 2 proc. ME-RES su skirtingais S/KoS santykiais
stabilumo tyrimo metu pateiktas 3.4.2.2.1 paveiksle.

Atlikus stabilumo tyrimo rezultaty analizg, nustatytas didesnis resvera-
trolio koncentracijos sumazéjimas 1 proc. ME-RES (3.4.2.2.1 pav., a). Gauti
rezultatai parodé statistiskai reikSmingg (p < 0,05) skirtumg tarp resve-
ratrolio koncentracijos tyrimo pradzioje ir po 4 dieny 1 proc. ME-RES 6:1 ir
1 proc. ME-RES 7:1. Vertinant resveratrolio koncentracijos pokycius 1
proc. ME-RES 5:1, statistiSkai reik§mingas (p < 0,05) skirtumas nustatytas
po 7 dieny nuo tyrimo pradzios. Stabilumo tyrimo rezultatai parodé, kad po
6 ménesiy resveratrolio koncentracija 1 proc. ME-RES 5:1, ME-RES 6:1 ir
ME-RES 7:1 sumazéjo atitinkamai 78,0 proc., 82,0 proc. ir 81,0 proc. Ver-
tinant $iuos rezultatus, galima teigti, kad stabilumo tyrimo pabaigoje resve-
ratrolio koncentracija visose 1 proc. ME-RES buvo panasi. Verta pazyméti,
kad 1 proc. ME-RES 5:1, lyginant su kitomis ME-RES, ilgiau apsaugojo
resveratrolj nuo jo struktiiriniy pokyc¢iy.

Resveratrolio koncentracijos kitimas 2 proc. ME-RES su skirtingais
S/KoS santykiais laikant meéginius neapsaugotus nuo Sviesos, pateiktas
3.4.2.2.1 paveiksle (b). Tyrimo rezultatai parodé, kad resveratrolio koncen-
tracija statistiSkai reikSmingai (p > 0,05) nepakito iki 7 dieny visose 2 proc.
ME-RES. Po 6 ménesiy stabilumo tyrimo resveratrolio koncentracija 2 proc.
ME-RES 5:1, ME-RES 6:1 ir ME-RES 7:1 sumazéjo atitinkamai 57,5 proc.,
66,0 proc. ir 65,5 proc. Statistiné duomeny analizé parod¢, kad néra
statistiskai reikSmingo (p > 0,05) skirtumo tarp resveratrolio koncentracijos
2 proc. ME-RES 6:1 ir ME-RES 7:1 viso stabilumo tyrimo eigoje. Vykdant
stabilumo tyrimus, po 1, 3 ir 6 ménesiy nustatytas statistiskai reikSmingas
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3.4.2.2.1 pav. Resveratrolio koncentracijos pokytis stabilumo tyrimo metu
(a) 1 proc. resveratrolio mikroemulsija; (b) 2 proc. resveratrolio mikroemulsija.

(p < 0,05) skirtumas tarp resveratrolio koncentracijos 2 proc. ME-RES 5:1 ir
2 proc. ME-RES 6:1 arba ME-RES 7:1. Sie rezultatai parod¢, kad resve-
ratrolis d¢l létesnés jo izomerizacijos iSlieka stabilesnis 2 proc. ME-RES 5:1
lyginant su kitomis 2 proc. ME-RES.
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Apibendrinus stabilumo tyrimo rezultatus, nustatyta, kad skirtingos lai-
kymo salygos tur¢jo jtakos 1 proc. ir 2 proc. ME-RES (S/KoS 5:1, 6:1 ir
7:1) VDD, PDI ir resveratrolio koncentracijos poky¢iams. Tyrimo rezultatai
parodé, kad ME-RES laikant kambario (15-25 °C) temperatiiroje apsaugo-
tas nuo Sviesos ir ilgalaikio stabilumo tyrimo salygomis neturéjo reiks-
mingos jtakos VDD. Po 6 ménesiy nustatytas iki 5,7 proc. ME-RES VDD
padidéjimas. Lyginant gautus ME-RES rezultatus su OPT-ME rezultatais po
6 ménesiy stabilumo tyrimo, nustatytas panaSus procentinis VDD padidéji-
mas. Sie rezultatai parodé, kad skirtingo resveratrolio kiekio jterpimas j
OPT-ME netur¢jo jtakos VDD santykiniams pokyc¢iams stabilumo tyrimo
metu.

Stabilumo tyrimo rezultatai parodé¢ didziausia VDD padidé€jimg 1 proc. ir
2 proc. ME-RES (S/KoS 5:1, 6:1 ir 7:1), kai méginiai buvo laikomi pagrei-
tinto stabilumo tyrimo sglygomis. Po 6 ménesiy VDD 1 proc. ME-RES
padidéjo 7,0-12,8 proc., 0 2 proc. ME-RES 15,4-18,3 proc. priklausomai
nuo S/KoS santykio. Tyrimo rezultatai parod¢, kad VDD po 1 ménesio lai-
kymo pagreitinto stabilumo tyrimo sglygomis yra panasus j VDD, nustatyta
po 6 ménesiy ilgalaikio stabilumo tyrimo. Atsizvelgiant | Siuos rezultatus,
galima teigti, kad ME-RES stabilumg lemia produkto saugojimo tempera-
tura.

Vertinant gautus tyrimo rezultatus, nustatyti nezymds, taciau skirtingi
VDD pokyciai 1 proc. ME-RES ir 2 proc. ME-RES (S/KoS 5:1, 6:1 ir 7:1)
laikant méginius neapsaugotus nuo Sviesos. Po 6 ménesiy nustatyta, kad
VDD 1 proc. ME-RES padidéjo iki 4,9 proc., o 2 proc. ME-RES sumazéjo
iki 3,4 proc. Tyrimo rezultatai parodé, kad resveratrolio koncentracija daro
jtakg ME-RES VDD poky¢iams laikant sumodeliuotas formuluotes Sviesos
poveikyje.

Ankstesniais tyrimais jrodyta, kad stabilumo tyrimo metu méginius
laikant Sviesoje OPT-ME spalva isbluko, o ME-RES - patamséjo, todél
galima daryti i§vada, kad resveratrolio kitimas ME-RES nulémé jy spalvos
pokytj. Taip pat nustatyta resveratrolio koncentracijos jtaka méginiy spalvos
pokyciams. 1 proc. ME-RES spalvos pokytis nustatytas po 1 ménesio, o
2 proc. ME-RES - po 3 ménesiy. Skirtingu stabilumo tyrimo metu atsiradgs
spalvos pokytis gali biiti siejamas su resveratrolio koncentracijos pokyciais
ME-RES. Stabilumo tyrimo rezultatai parod¢, kad po 1 ménesio resvera-
trolio koncentracija 1 proc. ME-RES sumazéjo 53,0-58,0 proc., o po 3 mé-
nesiy 2 proc. ME-RES - 50,0-64,0 proc. priklausomai nuo S/KoS santykio.
Vertinant gautus tyrimo rezultatus, galima daryti iS§vadg, kad resveratrolio
koncentracijos sumaz¢jimas ME-RES daro jtakg meéginiy spalvos poky¢iui.

Tiriant stabilumg skirtingomis laikymo sglygomis, nustatytas 1 proc. ir
2 proc. ME-RES (S/KoS 5:1, 6:1 ir 7:1) nuolatinis PDI mazéjimas. Tyrimo
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rezultatai parodé, kad didziausias PDI sumaz¢jimas buvo 2 proc. ME-RES.
PDI sumaz¢jimas parodo, kad ME-RES vyksta daleliy dydzio pasiskirstymo
tarp frakcijy poky¢iai. Tai patvirtina ir gauti ME-RES daleliy dydzio pasi-
skirstymo pagal iSsklaidytos Sviesos intensyvumg vertinimo rezultatai.
Nustatyta, kad ME-RES S/KoS 5:1 dalelés buvo pasiskirsciusios vienoje
smailéje, o sumodeliuota sistema iSliko homogeniska viso stabilumo tyrimo
metu. Ankstesniais tyrimais jrodyta, kad pra¢jus 1 dienai po ME-RES 6:1 ir
ME-RES 7:1 pagaminimo, dalelés pasiskirsCiusios dviejose smailése. Dina-
miniai $iy ME-RES pokyciai nustatyti pra¢jus 7 dienoms nuo stabilumo
tyrimy pradzios. Gauti rezultatai parodé ME-RES 6:1 ir ME-RES 7:1 daleliy
pasiskirstyma vienoje smail¢je nepriklausomai nuo skirtingy laikymo
salygy. Vertinant gautus rezultatus, nustatyta, kad stabilumo tyrimo metu
vyko nuolatiniai visy ME-RES daleliy dydzio persiskirstymo tarp frakcijy
poky¢iai.

Vykdant 3 proc. ME-RES (S/KoS 5:1, 6:1 ir 7:1) stabilumo tyrimus, nu-
statyta, kad Sios ME-RES pagreitinto stabilumo tyrimo sglygomis buvo
nestabilios. Po 1 savaités nuo stabilumo tyrimo pradZios nustatytas sumo-
deliuoty sistemy susidrumstimas. Atsizvelgiant | gautus rezultatus, nuspresta
tolimesniy tyrimy su 3 proc. ME-RES nevykdyti.

Vertinant gautus tyrimo rezultatus, nustatytas didesnis resveratrolio sta-
bilumas 2 proc. ME-RES. Modeliuojant stabilias ME-RES, buvo siekiama }
OPT-ME ijterpti maksimaliai didelj resveratrolio kiekj. Atsizvelgiant | Siuos
kriterijus, tolimesniems biofarmaciniams tyrimams pasirinktos 2 proc. ME-
RES (S/KoS 5:1, 6:1 ir 7:1).

3.5. Mikroemulsijy su resveratroliu biofarmacinis vertinimas
3.5.1. Resveratrolio atpalaidavimo i§ mikroemulsijy tyrimas in vitro

Siame tyrimy etape buvo vertinama ME kaip nesiklio jtaka resveratrolio
atpalaidavimui. Pasirinktas in vitro atpalaidavimo testas, kuris leidzia jver-
tinti nesiklio gebg atpalaiduoti veikliagja medziaga, nes tai yra butina sglyga
medziagai difunduoti j/pro odg. In vitro atpalaidavimo testui svarbu parinkti
tinkamg akceptoring terpe, kuri neriboty resveratrolio tirpumo ir tirpimo
proceso. Mokslinés literatiiros duomenimis resveratrolis yra praktiSkai ne-
tirpus vandenyje (30 mg/L™, 0,13 mM), todél §i terpé néra tinkama atpa-
laidavimo tyrimams atlikti [8, 9]. Lipofilinémis savybémis pasizyminciy
medziagy atpalaidavimui tirti kaip akceptoriné terpé gali biiti naudojami
organiniai tirpikliai arba jy miSiniai [2]. Norint parinkti tinkama akcep-
torinés terpés sudétj, jvertintas resveratrolio tirpumas jvairiuose tirpikliuose
ir jy miSiniuose (3.5.1.1 lentelé).
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3.5.1.1 lentelé. Resveratrolio tirpumas jvairiuose tirpiklivose ir jy misiniuose

Tirpiklis Resr\ézl;gt;oslilil) 'Eeriusr;as,
PBS 0,05 + 0,002
PBS/etanolis (96 proc.) 70/30 2,13+0,03
30 proc. etanolis 2,80+£0,12
40 proc. etanolis 8,36+ 0,14
50 proc. etanolis 26,63 £ 0,42
PEG 400/etanolis 50/50 108,56 £2,51
PEG 400/vanduo 50/50 160,62 +4,81
PEG 400/PG 50/50 65,73 £2,91
PG/vanduo 50/50 7,77 £ 0,44
PG/etanolis 50/50 95,85+ 6,21

Vertinant gautus tyrimo rezultatus, nustatyta, kad geriausias resveratrolio
tirpumas buvo $iuose tirpikliuose: PEG 400/etanolis (96 proc.) 50/50, PEG
400/vanduo 50/50, PEG 400/PG 50/50, PG/etanolis 50/50 (3.5.1.1 lentelé).
Tirpumo rezultatai parod¢, kad resveratrolio atpalaidavimo i§ ME-RES
eksperimentams atlikti gali bati naudojami visi Sie tirpikliai. Taciau norint
parinkti tinkama akceptoring terpg, svarbu jvertinti miSinio dinaming
klampa, kuri turi jtakos akceptorinés terpés maiSymo ir difuzijos proceso
efektyvumui [34]. Tyrimo metu nustatyta, kad PEG 400/etanolio (96 proc.)
50/50 miSinio dinaminé klampa buvo 8,02 mPaes, PEG 400/vandens 50/50 —
7,20 mPaes, PEG 400/PG 50/50 — 66,30 mPass, PG/etanolio 50/50 — 3,50
mPaes. Etanolio buvimas akceptorinés terpés sudétyje gali turéti jtakos ME-
RES stabilumui ir fizikinéms-cheminéms savybéms, todél nuspresta tokios
sudéties miSiniy nenaudoti atpalaidavimo tyrimams. Atsizvelgiant | miSinio
dinamine¢ klampg ir geriausig resveratrolio tirpumg (160,62 + 4,81mg/g), in
vitro resveratolio atpalaidavimo tyrimams akceptorine terpe pasirinktas PEG
400/vandens 50/50 misinys.

Parinkus tinkamg akceptorine terpe, atliktas resveratrolio atpalaidavimo
IS ME-RES tyrimas in vitro. Resveratrolio atpalaidavimo is 2 proc. ME-RES
(S/KoS 5:1, 6:1 ir 7:1) kinetika pavaizduota 3.5.1.1 paveiksle.
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—O—ME-RES 5:1 ——ME-RES 6:1 ——ME-RES 7:1

Atpalaiduotas resveratrolio kiekis (proc.)

Trukme (val.)

3.5.1.1 pav. Resveratrolio atpalaidavimo kinetika i$ 2 proc. resveratrolio
mikroemulsijy esant skirtingiems surfaktanto ir kosurfaktanto santykiams

In vitro atpalaidavimo tyrimo rezultatai parodé, kad didziausias resvera-
trolio kiekis atpalaiduotas iS 2 proc. ME-RES 5:1 (60,73 + 4,58 proc.).
Nustatyta, kad per 6 valandas 2 proc. ME-RES 6:1 ir 2 proc. ME-RES 7:1
atpalaidavo atitinkamai 39,81 + 2,08 proc. ir 41,81 + 1,99 proc. resveratrolio
(3.5.1.1 pav.). Atlikus gauty rezultaty statisting analiz¢, nenustatyta statis-
tiSkai reikSmingo (p > 0,05) skirtumo tarp atpalaiduoto resveratrolio kiekio
i 2 proc. ME-RES 6:1 ir 2 proc. ME-RES 7:1. StatistiSkai reikSmingas
skirtumas (p < 0,05) nustatytas tarp resveratrolio kiekio, atpalaiduoto is
2 proc. ME-RES 5:1 ir 2 proc. ME-RES 6:1 arba 2 proc. ME-RES 7:1.

Vertinant gautus tyrimo rezultatus, nustatyta, kad per 0,5 valandos visos
ME-RES atpalaidavo panasy resveratrolio kiekj (apie 2,2 proc.). Sie rezul-
tatai rodo, kad tyrimo pradzioje resveratrolio atpalaidavimas pro pusiau
pralaidzig membrang labiausiai priklauso nuo ME hidrofilinéje fazéje iStir-
pusio resveratrolio kiekio. Tolimesnj resveratrolio atpalaidavimo procesa
lemia ME gebé¢jimas atpalaiduoti resveratrolj ir tai gali biiti siejama su
resveratrolio vieta mikroemulsiniame neSiklyje [48, 118, 155]. Atsizvelgiant
] junginio lipofiliSkumg, resveratrolis pasiskirstes i§ lipofilinés fazés ir
surfaktanto suformuotame ME laSelyje ir jo pavirSiuje. Tirtu laiko intervalu
resveratrolis atpalaiduojamas 1§ visy ME-RES pastoviu grei¢iu. Gauti tyri-
mo rezultatai parodé, kad visy 2 proc. ME-RES in vitro atpalaidavimo
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duomenys atitinka nulinés eilés kinetikos (angl. Zero oder kinetic) matema-
tinj modelj (R? > 0,992). Nustatyta tiesiné resveratrolio koncentracijos pri-
klausomybé nuo laiko — ilgéjant tyrimo trukmei, didéja atpalaiduoto resve-
ratrolio kiekis.

Moksliniais tyrimais jrodyta, kad veikliosios medziagos atpalaidavimui i§
vaisto formos, naudojamos ant odos, turi jtakos jos klampa (kuo didesné
klampa, tuo lé€iau sumodeliuota sistema atpalaiduoja veikligja medziaga)
[34, 134]. Ankstesniais tyrimais nustatyta, kad 2 proc. ME-RES 6:1 ir 2
proc. ME-RES 7:1 klampos buvo panasios (atitinkamai 61,65+1,48 mPass ir
59,35+1,48 mPars), todél atpalaiduotas resveratrolio kiekis taip pat statistis-
kai reikSmingai nesiskyré. Taciau tyrimo rezultatai parodé prieSingai —
geriausiai resveratrolis atpalaiduojamas i$ 2 proc. ME-RES 5:1, kuri pasizy-
méjo didesne klampa nei kity sumodeliuoty 2 proc. ME-RES. Didziausias
atpalaiduojamas resveratrolio kiekis turéty buti siejamas ne su ME-RES
klampa, o su daleliy pasiskirstymu sumodeliuotoje sistemoje. Ankstesniais
tyrimais jrodyta, kad 2 proc. ME-RES 5:1 dalelés buvo pasiskirs¢iusios
vienoje smailéje, o 2 proc. ME-RES 6:1 ir 2 proc. ME-RES 7:1 budingas
antros smailés atsiradimas, o tai rodo, kad sumodeliuotoje sistemoje yra
didesnio dydzio daleliy, tod¢l sumaze¢ja santykinis tarpfazinio pavirSiaus
plotas. Atsizvelgiant | gautus tyrimo rezultatus, galima daryti iSvada, kad 2
proc. ME-RES 5:1 buvo homogeniskesné, todél per ta pati laikg atpalaidavo
didesn; kiekj resveratrolio.

Sumodeliuoto neSiklio geba atpalaiduoti veikligja medziagg yra vienas
pagrindiniy kriterijy, jvertinanéiy pagaminty ME-RES kokybe. Apiben-
drinus in vitro atpalaidavimo tyrimo rezultatus, galima daryti i$vada, kad
sumodeliuotos ME yra tinkamas neSiklis, kuris geba ne tik inkorporuoti, bet
ir atpalaiduoti veikliagja medziaga, todé¢l 2 proc. ME-RES (S/KoS 5:1, 6:1 ir
7:1) yra tinkamos skvarbos j/pro odg ex vivo tyrimams atlikti.

3.5.2. Resveratrolio skvarbos i§ mikroemulsijy j oda tyrimas ex vivo

Ex vivo skvarbos | nepaZeista zZmogaus odg tyrimai atlikti sickiant nusta-
tyti resveratrolio skvarba bei pasiskirstymg skirtinguose odos sluoksniuose.
Skvarbos tyrimai atlikti su stabiliomis 2 proc. ME-RES 5:1, 2 proc. ME-
RES 6:1 ir 2 proc. ME-RES 7:1 formuluotémis, kuriy rezultatai pateikti
3.5.2.1 paveiksle.
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DEpidermis ODerma
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Resveratrolio kiekis, pg/cm?

3.5.2.1 pav. Resveratrolio skvarba j nepazeistq zmogaus odg is 2 proc.
resveratrolio mikroemulsijy

Ex vivo skvarbos tyrimy rezultatai parodé, kad per 24 valandas daugiau-
sia resveratrolio j oda prasiskverbé i§ 2 proc. ME-RES 5:1 (1,96 =+
0,41 ug/cmz). Mazesnis resveratrolio kiekis odoje nustatytas atlikus
skvarbos tyrimus su 2 proc. ME-RES 6:1 (1,62 + 0,27 ug/cm?) ir 2 proc.
ME-RES 7:1 (1,31 + 0,27 pglcm?®). Vertinant gautus statistinés analizés
duomenis, nustatyta statistiskai reikSminga (p < 0,05) atvirkstiné koreliacija
(r = —0,689) tarp resveratrolio skvarbos j oda ir S/KoS santykio. Si kore-
liacija parod¢, kad didéjant S/KoS santykiui, resveratrolio skvarba j Zmo-
gaus oda mazéja. Resveratrolio pasiskirstymo skirtinguose odos sluoks-
niuose rezultatai parod¢, kad néra statistiSkai reikSmingo (p > 0,05) skir-
tumo tarp resveratrolio skvarbos j epidermj i§ skirtingy ME-RES. Taciau
nustatytas statistiskai reikSmingas (p < 0,05) skirtumas tarp resveratrolio
kiekio dermoje, prasiskverbusio i§ ME-RES 5:1 arba ME-RES 6:1 ir ME-
RES 7:1.

Norint jvertinti ME kaip neSiklio jtaka resveratrolio skvarbai j nepazeista
zmogaus odg, palyginimui pasirinkti du kontroliniai méginiai. Vertinta veik-
liosios medziagos skvarba i§ surfaktanto (RES+S) ir ME sudarancios
lipofilinés fazés (RES+EQ). Resveratrolio koncentracija kaprilokaproilo
makrogol-8 gliceride buvo 5,2 proc., o etilo oleate — 0,031 proc. Tyrimo
metu nustatyta, kad didZiausias resveratrolio kiekis prasiskverbe j epidermj
ir i§ surfaktanto (0,51 + 0,11 pg/em?), ir i$ etilo oleato (1,50 + 0,26 pg/cm?).
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Tyrimo rezultatai parod¢, kad i dermg resveratrolio prasiskverbé maziau: i$
surfaktanto — 0,29 + 0,12 pg/cm?, 0 i$ etilo oleato — 0,60 + 0,21 pg/cm?.

Gauti tyrimo rezultatai patvirtino mokslinéje literatiiroje paskelbtus
duomenis, kad skvarbai ] zmogaus oda yra svarbios veikliyjy junginiy lipo-
filinés savybeés [99, 157]. Pagal nustatyta resveratrolio logP 3,1 galima da-
ryti prielaidg, kad resveratrolis turéty kauptis lipofiliniame raginiame
sluoksnyje arba epidermyje [111, 123]. Sig hipoteze patvirtino resveratrolio
skvarbos j zmogaus odg i§ Kkaprilokaproilo makrogol-8 glicerido ir etilo
oleato tyrimy rezultatai. Nustatyta, kad resveratrolio skvarba i$ etilo oleato
buvo 2,5 karto geresné j epidermj nei j derma, o i$ kaprilokaproilo makro-
gol-8 glicerido — 1,8 karto. Nepriklausomai nuo geros resveratrolio skvarbos
1 epidermj, vienos $ios pagalbinés medziagos negali biti naudojamos kaip
nesikliai veikliyjy medziagy tiekimui i oda, nes didelés jy koncentracijos
gali sukelti odos dirginimg ir paZeisti raginio sluoksnio struktiirg [49, 82].
Norint iSvengti galimy odos pazeidimy, tikslinga naudoti $iy pagalbiniy
medziagy kompozicijas formuluojant mikrostruktirinius neSiklius. EX vivo
skvarbos ] zmogaus odg rezultatai parodé, kad suformuluotos 2 proc. ME-
RES nuo 0.9 iki 1.3 karto pagerina resveratrolio skvarba j derma. Sie tyrimy
rezultatai patvirtina mokslingje literatiiroje pateiktus duomenis, kurie
nurodo, kad ME yra tinkamas neSiklis resveratrolio skvarbai j gilesnius odos
sluoksnius gerinti [67, 69].

Tyrimo rezultatai aptarti straipsnyje ,,Design and formulation of opti-
mized microemulsions for dermal delivery of resveratrol* (90-99 psl.).

Apibendrinus gautus biofarmacinio tyrimo rezultatus, nustatyta, kad i$
visy 2 proc. RES-ME geriausiai resveratrolj atpalaiduoja ir skvarbg j nepa-
zeista zmogaus odg skatina 2 proc. ME-RES 5:1, todél nuspresta tolimes-
nius tyrimus testi su Sia formuluote.

3.6. Mikroemulsijos su resveratroliu (S/KoS 5:1)
fotostabilumo tyrimas

Fotostabilumo tyrimo metu vertintas ME poveikis resveratrolio fotoizo-
merizacijai. Moksliniais tyrimais jrodyta, kad resveratrolis yra jautrus
Sviesai, kuri sukelia trans-resveratrolio izomerizacija [51]. Sviesos poveiky-
Je trans-resveratrolis virsta j cis-resveratrolj, kuris pasizymi mazesniu biolo-
giniu aktyvumu [44]. Siekiant iSsaugoti resveratrolio biologinj aktyvuma,
sumodeliuotos 2 proc. ME-RES 5:1, kuriy apsauginis poveikis resveratroliui
vertintas naudojant UVB spinduliuote. Kontrolei naudotas 2 proc. resve-
ratrolio etanolinis tirpalas (RES-kontrol¢). Resveratrolio fotostabilumo
eksperimentinése formuluotése tyrimo rezultatai pateikti 3.6.1 paveiksle.
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3.6.1 pav. UVB spinduliuotés poveikis 2 proc. trans-resveratrolio stabilumui
mikroemulsijoje (S/KoS 5:1) ir etanoliniame tirpale

Vertinant gautus tyrimo rezultatus, nustatyta, kad UVB poveikyje trans-
resveratrolio koncentracija mazéja abiejose eksperimentinése formuluotése
(3.6.1 pav.). Po 4 valandy UVB apsvitos trans-resveratrolio koncentracija
etanoliniame tirpale sumazéjo 83,7 proc., o ME-RES 5:1 — 39,1 proc. Tyri-
mo rezultatai rodo, kad resveratrolis 2 proc. ME-RES 5:1 islieka stabilus iki
1 valandos nuo UVB apsvitos pradzios (3.6.1 pav.). Taciau etanoliniame
tirpale resveratrolio koncentracija pastebimai maz¢ja jau fotostabilumo tyri-
mo pradzioje. Po 2 valandy UVB poveikio 2 proc. ME-RES 5:1 nustatytas
statistiSkai reikSmingas (p < 0,05) resveratrolio koncentracijos sumaz¢jimas.
Apibendrinus gautus tyrimo rezultatus, nustatyta, kad ME padidina resvera-
trolio stabilumg UVB poveikyje sumazindama jo izomerizacija, nes trans-
resveratrolio koncentracija ME-RES 5:1 isliko 3,2 karto didesné nei etano-
liniame tirpale. Sie rezultatai gali biti siejami su resveratrolio fizikinémis-
cheminémis savybémis. Lipofilinémis savybémis pasizymintis resveratrolis
ME-RES 5:1 pasiskirstes tarp lipofilinés fazés ir S/KoS misinio. Kadangi
A/V tipo ME didziausias resveratrolio kiekis yra vidin¢je fazéje, todél jis
yra maziau pasiekiamas UVB spinduliams. Panasiis fotostabilumo tyrimo
rezultatai yra paskelbti keliose mokslinése publikacijose, kuriose nurodoma,
kad nanostruktiiriniai ne$ikliai (nanokapsulés, nanosferos, liposomos) reiks-
mingai sumazino resveratrolio izomerizacija [44, 132].
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Atliekant sumodeliuoty sistemy fotostabilumo tyrima, bitina jvertinti
galimg UVB poveikj 2 proc. ME-RES 5:1 struktiiriniams pokyc¢iams. Pa-
lyginimui pasirinkta OPT-ME 5:1, kurios sudétyje nebuvo resveratrolio.
Sumodeliuoty sistemy pokyciai vertinti pagal VDD ir PDI, kuriy matavimai
atlikti priesS ir po UVB apsvitos.

Gauti tyrimo rezultatai paskelbti ir iSsamiai aptarti straipsnyje ,, Testing of
resveratrol microemulsion photostability and protective effect against UV
induced oxidative stress* (100-109 psl.).

Nustatyta, kad UVB poveikis turi jtakos sumodeliuoty sistemy stabilu-
mui. Tyrimo rezultatai parodé, kad po 4 valandy UVB apsvitos VDD 2 proc.
ME-RES 5:1 padidéjo 37,2 proc., 0 OPT-ME 5:1 — 65,4 proc. Vertinant PDI
rezultatus, po 4 valandy 2 proc. ME-RES 5:1 nustatytas PDI padidéjimas,
kuris parodé didesnio dydzio daleliy atsiradimg ir jy pasiskirstyma dviejose
smailése. PrieSingi tyrimo rezultatai pastebéti OPT-ME 5:1 veikiant UVB,
kurie parodé PDI sumazéjima ir daleliy persiskirstyma tarp skirtingo dydzio
daleliy frakcijy. Apibendrinus gautus tyrimo rezultatus, galima daryti is-
vada, kad resveratrolio jterpimas | OPT-ME sumazina UVB sukeltus sis-
temos strukttirinius pokyc¢ius — ME-RES 5:1 VDD padidé¢jo 1,7 karto ma-
ziau nei OPT-ME 5:1. Ankstesniais stabilumo tyrimais jrodyta, kad OPT-
ME 5:1 VDD statistiskai reikSmingai (p < 0,05) padidéjo laikant jas dienos
Sviesoje, 0 2 proc. ME-RES 5:1 VDD kito nezymiai. Lyginant $iy tyrimy
rezultatus, galima daryti prielaidg, kad OPT-ME struktiiriniai pokyciai
vyksta dél pagalbiniy medziagy geb¢jimo absorbuoti UV S§viesg. 2 proc.
ME RES 5:1 nustatyti mazesni daleliy dydzio poky¢iai, nes dalis UV ener-
gijos sunaudojama resveratrolio izomerizacijai sukelti. Tyrimo rezultatai
leidzia teigti, kad sumodeliuotos ME padidina resveratrolio atsparumg UVB
apS$vitai, o resveratrolis savo ruoztu stabilizuoja ME, kuriy komponentai yra
jautrus UVB.

3.7. Mikroemulsijy su resveratroliu dirginamojo poveikio odai
in vivo nustatymas

Vietiniam naudojimui ant odos skirti preparatai turi biiti jvertinti ne tik ex
Vvivo tyrimais jrodant veikliyjy medziagy svarbg j oda, bet ir in vivo tyrimais,
kurie leidzia nustatyti sumodeliuoto preparato galimg toksiSkumg odai.
Modeliuojant ME, naudotos santykinai didelés surfaktanto koncentracijos,
kurios gaminant vietinio poveikio preparatus, gali stipriai dirginti oda [45].
D¢l to nuspresta jvertinti sumodeliuoty 2 proc. ME-RES 5:1 galimg
neigiamg poveikj odai atlieckant in vivo tyrimus su eksperimentiniais
gyvunais. Tyrime naudotos Sios eksperimentinés formuluotés: a) OPT-ME
5:1; b) 2 proc. ME-RES 5:1; ¢) 2 proc. resveratrolio surfaktante tirpalas
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(RES+S). Eksperimentinémis formuluotémis paveikty peliy odos histolo-
ginis vaizdas pateiktas 3.7.1 paveiksle.

3.7.1 pav. Eksperimentinémis formuluotémis paveiktos 0dos histologinés
nuotraukos
(A - kontrolé, B— OPT-ME 5:1, C — ME-RES 5:1, D — RES+S), objektyvas x20

Tyrimo rezultatai parodé, kad po 24, 48 ir 72 valandy peliy oda isliko
nepakitusi. Peliy nugaros odg vertinant vizualiai, nenustatyta odos iSsausé-
jimo, eritemos ar edemos susiformavimo. Atliekant méginiy histologinj
vertinimg, nustatyta, kad sumodeliuotos eksperimentinés formuluotés nesu-
keéle odos dirginimo ir netur¢jo jtakos odos epidermio pokyciams.
Kontroliniy peliy odos epidermio storis sieké 21,3 + 3,4 um (3.7.1 pav., A).
Paveikus peles OPT-ME 5:1 ir 2 proc. ME-RES 5:1, epidermio storis buvo
atitinkamai 23,9 + 4,3 um ir 21,9 = 3,9 um (3.7.1 pav., B, C). Tyrimo
rezultatai parodé, kad epidermio storis buvo didziausias (28,0 £ 6,1 um), kai
peliy nugara buvo tepama resveratrolio surfaktante tirpalu (3.7.1 pav., D).
Statistiné duomeny analizé neparodé statistiSkai reikSmingo (p > 0,05)
skirtumo tarp epidermio storiy kontroliniy peliy odos ir visomis ekspe-
rimentinémis formuluotémis paveikty peliy odos. Apibendrinant in vivo
tyrimy su eksperimentiniais gyviinais rezultatus, galima daryti iSvada, kad
sumodeliuotos ME nepasizyméjo dirginamuoju poveikiu odai ir yra saugios
vietiskai naudoti ant odos.
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ISVADOS

1. Mikroemulsiniy sistemy optimalios sudéties paieska vykdyta pritaikius
eksperimentinio planavimo model] pagal pasirinktus kritinius kokybés
parametrus: (i) vidutinis daleliy dydzio intervalas 1-100 nm; (ii) daleliy
pasiskirstymas vienoje smailéje; (ii1) maziausias standartinis nuokrypis
nuo daleliy dydzio vidurkio reik§més. Pagaminty mikroemulsijy savybiy
atitikimas sumodeliuotoms mikroemulsijoms patvirtino suformuluoto
teorinio modelio ir kritiniy kokybés parametry pasirinkimo teisinguma.

2. Sumodeliuotos termodinamis$kai stabilios mikroemulsijos, kuriy vidutinis
daleliy dydis buvo 66,08-68,54 nm, polidispersiskumo indeksas 0,274—
0,288, pH reiksmé 7,01-7,11, elektrinis laidis 74,45-95,55 uS/cm ir
klampa 53,95-62,80 mPaes ribose, todél jos atitiko Sioms dispersinéms
sistemoms keliamus kokybés reikalavimus ir yra tinkamos naudoti ant
odos. Patvirtintas vidutinio daleliy dydzio ir polidispersiSkumo indekso
rodikliy reikSmingumas vertinant mikroemulsijy stabilumg veikiant Silu-
mai ir Sviesai, nes Sie veiksniai destabilizavo mikroemulsijas formuo-
jancius komponentus.

3. IStirtas ir nustatytas resveratrolio koncentracijos poveikis optimalios su-
déties mikroemulsijy fizikiniy-cheminiy savybiy pokyciams. Resvera-
trolio jterpimas lémé statistiSkai reikSmingg vidutinio daleliy dydzio
padidéjima, kuris priklausé nuo resveratrolio kiekio mikroemulsijose.
Santykinai geras resveratrolio tirpumas pavirS§inio aktyvumo medZziagose
1émé jo buvimg dispersinés sistemos tarpfaziniame sluoksnyje — juo pa-
aiskinami mikroemulsijy daleliy dydzio poky¢iai.

4. Sumodeliuotos mikroemulsijos su resveratroliu isliko stabilios 6 méne-
sius jas laikant 15-25 °C temperatiroje apsaugotas nuo $viesos ir ilgalai-
kio stabilumo tyrimo salygomis. Pagreitinto stabilumo tyrimo metu
mikroemulsijy su resveratroliu vidutinis daleliy dydis padidéjo 7,1-18,3
proc., o polidispersiSkumo indeksas sumazéjo 7,2-15,0 proc., priklau-
somai nuo surfaktanto ir kosurfaktanto santykio bei resveratrolio kon-
centracijos, dél mikroemulsijas formuojanc¢iy komponenty jautrumo
Silumai. Resveratrolio izomerizacija nustatyta dispersing sistemg veikiant
tik tiesiogine Sviesa.

5. Patvirtintas aktyvus mikroemulsijy vaidmuo veikliosios medZiagos atpa-
laidavimo procese. Skirtingg resveratrolio atpalaidavimo kinetikg 1§
mikroemulsijy lémé surfaktanto ir kosurfaktanto santykis, daleliy dydzio
pasiskirstymas sumodeliuotoje sistemoje bei jos homogeniSkumas. In
vitro tyrimais nustatyta, kad resveratrolis intensyviau atpalaiduojamas i$
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2 proc. resveratrolio mikroemulsijos, kai surfaktanto ir kosurfaktanto
santykis yra 5:1, o dispersiné sistema yra homogeniska.

. Ex vivo tyrimais jrodytas mikroemulsijos kaip neSiklio tinkamumas
gerinant resveratrolio skvarbg j gilesnius odos sluoksnius. Tyrimais
nustatyta, kad suformuluotos mikroemulsijos su resveratroliu nuo 0,9 iki
1,3 karto pagerino resveratrolio skvarbg j derma, todél jos gali uztikrinti
vietinj apsauginj poveikj.

. Fotostabilumo tyrimo rezultatai jrodé, kad sumodeliuotos mikroemulsijos
padidina resveratrolio atsparumg UVB apsvitai, o resveratrolis stabili-
zuoja mikroemulsijas, kuriy komponentai yra jautris UVB. Nustatyta,
kad trans-resveratrolio koncentracija sumodeliuotose mikroemulsijose su
resveratroliu iSliko 3,2 karto didesné nei etanoliniame tirpale, o po UVB
apsvitos vidutinis daleliy dydis padidéjo 1,7 karto maziau nei optimalios
sudéties mikroemulsijy.

. In vivo tyrimy su gyvinais rezultatai patvirtino, kad mikroemulsijy
sudétyje esantys santykinai dideli pavirSinio aktyvumo medziagy kiekiai
nedirgino odos ir neturéjo itakos epidermio pokyc¢iams. Ivertinus gautus
rezultatus, sumodeliuotos mikroemulsijos su resveratroliu yra laikomos
pakankamai saugios vietiniam naudojimui ant odos.
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‘The objective of this study was to formulate optimal formulations of micr Isions (MEs) and their feasibility for delivery
of resveratrol into human skin ex vivo. Oil-in-water MEs were formulated using surfactant () PEG-8 caprylic/capric glycerides and
cosurfactant (CoS) polyglyceryl-6-isostearate. Ethyl oleate was used as an oily phase. MEs were formulated using 5:1,6:1,and 7:1
surfactant and cosurfactant (S: CoS) weight ratios. Pseudoternary phase diagrams were constructed and optimal compositions
of MEs were obtained using Design Expert software. Mean droplet size for optimized ME formulations was determined to be
68.54 + L18nm, 66.08 + 0.16 nm, and 66.66 + 0.56 nm for systems with $:CoS weight ratios 5:1, 6:1, and 7:1, respectively.
Resveratrol loading resulted in mean droplet size increase. The distribution of droplet size between fractions changed during storage
of formulated MEs. Results demonstrated the increase of number of droplets and relative surface area when $: CoS weight ratios
were 6:1and 7:1 and the decrease when 5: CoS weight ratio was 5:1. The highest penetration of resveratrol into the skin ex vivo
was determined from ME with S: CoS weight ratio 5: 1. It was demonstrated that all MEs were similar in their ability to deliver

resveratrol into the skin ex vivo.

1. Introduction

Skin is a universal barrier protecting living organism from
harmful outer factors that are considered as one of the main
causes for pathology development. There are numerous skin
diseases like erythema and skin cancer or common skin aging
that are considered to be caused mainly by UV radiation
[1]; thus local delivery of protective agents into the outer
layers of the skin could be considered as one of possible
solutions. Microemulsions (MEs) are considered as promis-
ing drug delivery systems due to their easy formulation,
thermodynamic stability, and ability to facilitate delivery of
lipophilic and hydrophilic drugs into the skin [2, 3]. MEs
consist of aqueous and oily phases, and the disperse system
is stabilized by surfactant and cosurfactant components. The
composition and the quantities of the MEs components, as
well as the included active substances, affect MEs droplets
size and its distribution and viscosity that in turn can
influence the penetration of the drug into the skin. Surfactant
and cosurfactant can act as drug penetration enhancers
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disrupting the lipids of stratum corneum [3]. It is well
established that high concentrations of surfactants can cause
skin irritations; accordingly adequate choice of surfactants
is a challenge in MEs formulation, and therefore possible
effects of qualitative and quantitative composition of surface
active components in MEs have to be evaluated, extending
their effects on the characteristics of disperse system. PEG-8
caprylic/capric glycerides are nonionic surface active agents
and were chosen for stabilization of MEs because of low
toxicity and low potential to induce skin irritation [2, 4].
Polyglyceryl-6-isostearate was chosen as cosurfactant in MEs
formulation consequently allowing reduction of surfactant
amount. The choice of oily phase in MEs is significantly
influenced by the lipophilicity of the drug. The lipophilic
drug should demonstrate sufficient solubility in the oily phase
and is more efficiently delivered into the skin by oil-in-water
(O/W) type MEs [5].

Resveratrol was used as a model active substance con-
sidering its physiochemical characteristics and possible
application in prevention of skin pathology development.



Resveratrol is a natural polyphenolic compound, which has
demonstrated high antioxidant activity, and can reduce UV
causing skin ageing [6, 7]. However the available scientific
data show that penetration of polyphenols into the skin is
limited due to their poor solubility [8]. Similar solubility
problems are intrinsic for resveratrol, and therefore innova-
tive solutions have to be applied with the aim of improving
its penetration into skin. For this reason, it is necessary to
improve permeation of resveratrol into the skin. Some trials
have been performed to formulate MEs and apply them to
achieve improved penetration of resveratrol into the skin, and
increased penetration has been demonstrated, especially into
the dermis [8, 9]. However, further research in the area of
possible applications of MEs for drug delivery into the skin
is considered relevant as additional data could support better
understanding of processes involved in formation of MEsand
mechanisms resulting in changes in skin penetration by drug
substances.

The aim of this study was to assess possibility of designing
optimized formulations of MEs and to evaluate their feasi-
bility for incorporation and dermal delivery of resveratrol
into the human skin ex vivo. Traditionally MEs develop-
ment requires extensive testing of numerous experimental
formulati This challenge was attempted to be solved
by applying pseudoternary phase diagrams and D-optimal
design model (Design Expert software, version 6.0.8; Stat-
Ease, Inc., MN, USA) thus minimizing the number of
experiments, resources, and time necessary for formulation
of optimal MEs.

2. Materials and Methods

2.1. Materials. Analytical grade transresveratrol was pur-
chased from Sigma-Aldrich Chemie GmBh (Steinheim,
Germany). Resveratrol was procured from Naturex (Avi-
gnon, France). PEG-8 caprylic/capric glycerides (Labra-
sol) and polyglyceryl-6-isostearate (Plurol isostearique) were
obtained from Gattefosse (Saint-Priest, France) and used as
a surfactant and a cosurfactant, respectively. Ethyl oleate,
isopropyl palmitate, isopropyl myristate, oleic acid, and olive
oil were used as an oily phase in ME and were purchased
from Alfa Aesar GmbH & Co KG (Karlsruhe, Germany)
and Sigma-Aldrich Chemie GmbH (Steinheim, Germany).
Ultrapure water was used as an aqueous phase and was
produced using a water purification system Millipore Sim-
plicity (Bedford, USA). Chromatographic grade acetonitrile
and acetic acid were obtained from Sigma-Aldrich Chemie
GmbH (Steinheim, Germany).

2.2. Quantity tion of Tr atrol. HPLC
method for quantitative determination of transresveratrol
was developed and validated using Agilent 1260 Infinity
Capillary LC (Agilent Technologies Inc., Santa Clara, USA)
with diode array detector. Separation was performed on
Zorbax CI8 column (150 x 0.5mm, 5 um) using water and
acetonitrile (75:25, v/v) with 0.5% acetic acid as mobile
phase under isocratic conditions. The applied flow rate was
10 yL/min. The temperature of the column was maintained

tive Deter
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TasLe 1: Quantitative ranges of components in formulated
microemulsions.

ME components Function Amount, %
Water Aqueous phase 35-45
Ethyl oleate Qily phase 5-15
PEG-8 caprylic/capric

glycerides and Surfactant and 45-60

_polyglyceryl-6-isostearate .

at 25'C. Determination of resveratrol was performed at
306 nm wavelength. Limit of detection (LOD) and limit of
quantification (LOQ) were 0.038 ug/mL and 0.125 yg/mL,
respectively. The linear range of transresveratrol quantifica-
tion was established from 0.125 gg/mL to 31.590 ug/mL. The
coefficient of determination (R*) was 1.000.

2.3. Determination of Resveratrol Solubility. An excessive
amount of resveratrol was added to 10g of ethyl oleate,
isopropyl palmitate, isopropyl myristate, oleic acid, olive oil
(oily phase), or PEG-8 caprylic/capric glycerides (surfac-
tant), and saturated solutions were produced by mixing in
shaking incubator (GFL, Germany) for 72 hours at 37 +
1"C. Undissolved fraction of resveratrol was separated by
centrifugation at 6000 rpm for 10 minutes using Eppendorf
Centrifuge 5810R (Hamburg, Germany) [4]. Quantity of
dissolved resveratrol was determined by HPLC after dilution
with ethanol. Resveratrol solubility determination was per-
formed in triplicate.

2.4. Pseudoternary Phase Diagram Construction and Opti-
mization. Quantitative ratio of components for oil-in-water
(O/W) type MEs was set referring to available scientific data
[2, 5, 10]. The suitability of amounts of surfactant, cosur-
factant, oily, and aqueous phases for formulation of oil-in-
water (O/W) type MEs was confirmed by initial experimental
testing, and ranges of quantities are presented in Table 1.

Stability of formulated MEs was evaluated visually at
room temperature, and pseudoternary phase diagrams were
constructed. The compositions of MEs for optimization were
generated by applying D-optimal design model [11,12], and 14
experimental formulations were produced for compositions
containing surfactant and cosurfactant in 5:1, 6:1, and 7:1
ratios. Optimization of experimental MEs was performed
setting three criteria as important: (a) MEs droplet size in
range from Inm to 100 nm; (b) single peak distribution of
droplet size; (c) minimum deviation from the mean of the
droplet size value.

2.5, Formulation of Micr Isions. MEs were formulated
using oil titration method at room temperature. Mixtures of
surfactant and cosurfactant at different ratios were added to
water and mixed by magnetic stirrer ICAMAG C-MAG HS7
(IKA-Werke GmbH & Co.KG, Germany) at 1250 rpm for 10
minutes resulting in opalescent liquid. Oily phase was added
by drops under stirring till clear and fluid formulations were



Evidence-Based Complementary and Alternative Medicine

obtained. All prepared MEs were stored 24 hours at room
temperature for equilibration [13].

2.5.1. Formulation of Micr Isi C ining R trol.
Incorporation of resveratrol into MEs was performed by dis-
solving resveratrol in oily phase and surfactant, as described
under Section 2.3 (solubility study of resveratrol in oils and
surfactant). Resveratrol containing surfactant and cosurfac-
tant were mixed in different ratios adding calculated amount
of water. Then oily phase containing dissolved resveratrol
was added by drops, and optimized composition MEs with
resveratrol were formulated (MEs-RES). Target content of
resveratrol in MEs was set to be 2%. Predominant quantity
of resveratrol was incorporated into MEs with surfactant.

2.6. Physical Characterization of Microemulsions. Quality of
MEs was evaluated by evaluating droplet size, viscosity,
pH, conductivity, and oil-in-water (O/W) type. Mean value
of droplet size and polydispersity index (PDI) of formu-
lated MEs were measured applying dynamic light scattering
technique, using Zetasizer Nano ZS particle size analyzer
(Malvern, UK). Measurements were performed at 25°C tem-
perature.

Viscosity was determined using Vibro-Viscometer 5V-10
(I&D Company, Limited, Japan), and pH was measured at
room temperature, using pH-meter 766 (Knick, Germany).

Microstructure of the system (water-in-oil or oil-in-
water) was determined using lipophilic (Sudan I) and
hydrophilic (Methylene blue) dyes. Type of microemulsion
was confirmed performing conductivity determination at
room temperature using conductivity meter (Cond 3110 SET
1, Germany).

2.7 Thermodynamic Stability Studies of Microemulsions.
Thermodynamic stability studies were applied to evaluate
MEs physical stability. The formulations were centrifuged
at 3500 rpm for 30 min and homogeneity of the MEs was
evaluated. Heating-cooling and freeze-thaw cycles [14] were
applied to evaluate MEs thermodynamic stability. MEs were
stored at 4°C, 20°C, 32°C, and 45°C for not less than 48 hours
in heating-cooling cycle, and at -21°C, 4°C, and 25°C for not
less than 48 hours at each temperature regimen in freeze-thaw
cycle. Homogeneity of the MEs was evaluated after storage
of each of the temperature regimens in both heating-cooling
and freeze-thaw cycles.

2.8. Ex Vivo Resveratrol Skin Permeation Studies. Caucasian
woman (age range 25-40 years) abdominal skin was obtained
from the Department of Plastic and Reconstructive Surgery,
Hospital of Lithuanian University of Health Science, Kauno
Klinikos. The studies of transdermal permeation were per-
formed in accordance with the permission of Kaunas regional
Biomedical Research Ethics Committee. The skin was kept at
=20°C for less than 6 months before use in the study. Skin
permeation ex vivo studies (n = 6) were performed using
Bronaugh type flow-through diffusion cells with full thick-
ness human skin. Diffusional area in the cell was 0.64 cm’,
The cells were equilibrated for 12 hours using thermostated
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3
TabLE 2: The solubility of transresveratrol in oils and surfactant (n =
3).
Phase type Excipient Solubility (mg/g)
Isopropyl myristate 0.49 £ 0.05
Isopropyl palmitate 0.41 +0.04
Qily Ethyl oleate 0.42 40,07
Oleic acid 0.07 £0.01
Olive oil 0.20 £ 0.01
Surfactant  PEG-8 caprylic/capric glycerides 83.85 + 7.66

circulating water bath Grant GD120 (Grant Instruments Ltd.,
UK) at 37°C temperature. Peristaltic pump (Masterflex L/S)
with a multichannel pump head (Cole-Parmer Instrument
Co., USA) was used to circulate acceptor phase, consisting of
0.9% NaCl to create physiological tonicity and 0.005% NaN,
to prevent microbial growth. Infinite dose of resveratrol in
solvents or MEs (200 mg) was applied on the outer surface
of the skin. Resveratrol containing media was removed after
24 h, and skin surface was washed twice with 500 uL 96%
ethanol and 3 times with 0.9% NaCl. Epidermis was peeled
off from dermis after application of preheated metal surface
(approx. 60°C) for 1-2 seconds on epidermis side [15-17].
Extraction of resveratrol from epidermis and dermis was
performed using methanol (HPLC grade) under sonication.

2.9, Statistical Analysis. MEs optimization was performed
using experiment planning software Design-Expert 6.0.8, D-
optimal design model. Statistical analysis of experimental
data was performed using SPSS software (version 19.0) and
Microsoft Office Excel 2013. One way ANOVA (Turkey'’s
Honestly Significant Difference criteria) was used for sta-
tistical analysis. Spearman’s rank coefficient was used for
correlation analysis. Statistically significant difference was
determinate when value of P < 0.05.

3. Results and Discussion

The evaluation of solubility of transresveratrol revealed
significantly higher solubility in surfactant if compared to
oily phases used in ME formulation (Table 2). Results
demonstrated that solubility of resveratrol in surfactant was
83.85 + 7.66 mg/g, while determined solubility of resveratrol
in tested oily phases showed that it has not exceeded 0.5 mg/g
thus being up to 160-fold lower if compared to PEG-8
caprylic/capric glycerides. No statistically significant differ-
ence (P > 0.05) was determined for solubility of resveratrol
in ethyl oleate (0.42 £ 0.07 mg/g), isopropyl palmitate (0.41 +
0.04 mg/g), and isopropyl myristate (0.49 £ 0.05 mg/g).

Ethyl oleate was chosen as an oily phase for formulation
of MEs as available data demonstrate maximum efficiency
of PEG-8 caprylic/capric glycerides solubilizing capacity of
ethyl oleate instead ofisopropyl myristate [18].

With the reference to applied approaches for formulation
of MEsthe §: CoS weight ratios1:1,2:1,3:1,5:1,6:1,and 7: 1
were chosen and used in 40, 50, 60, and 70% in MEs [8, 19].
Stable MEs were formed using S : CoS weight ratios 1:1, 2:1,
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TasLE 3: Compositions of MEs with §: CoS 5:1, generated by D-optimal design model and measured responses.
Number Components of MEs % Mean droplet size, nm Standard deviation, nm Number of peaks
5:Co55:1 Water Qil
1 52.5 375 10.0 70.50 54.98 1
2 50.0 45.0 5.0 4914 72.82 1
3 45.0 45.0 10.0 50.29 81.27 2
4 60.0 35.0 5.0 86.98 50.90 1
5 50.0 35.0 15.0 79.16 63.49 1
6 45.0 40.0 15.0 74.22 88.06 2
7 55.0 40.0 5.0 6116 50.83 1
8 48.8 42.5 8.8 67.80 71.23 1
9 48.8 38.8 125 57.36 66.28 1
10 350 35.0 10.0 79.45 46.94 1
11 60.0 35.0 5.0 84.45 63.02 1
12 50.0 35.0 15.0 81.31 68.77 1
13 50.0 45.0 5.0 51.09 92.49 1
14 45.0 45.0 10.0 50.60 79.10 2
TasLe 4: Compositions of MEs with 5: CoS 6:1, generated by D-optimal design model and measured responses.
Number Components of MEs % Mean droplet size, nm Standard deviation, nm Number of peaks
S:CoS6:1 Water il
1 60.0 35.0 5.0 78.08 46.55 1
2 46.0 39.0 15.0 76.16 7773 2
3 50.0 45.0 5.0 48.78 35.01 1
4 50.0 35.0 15.0 79.51 64.93 1
5 46.0 45.0 9.0 48.54 80.31 1
6 52.7 399 74 60.47 5116 1
7 55.0 35.0 10.0 75.89 46.95 1
8 48.2 40.9 10.9 59.65 67.01 1
9 50.2 374 124 69.01 61.74 1
10 50.2 424 74 55.36 58.29 1
11 50.0 45.0 5.0 48.51 54.26 1
12 46.0 39.0 15.0 7517 8372 2
13 60.0 35.0 5.0 7751 47.03 1
14 46.0 45.0 9.0 48.74 7703 1

and 3:1 when the total quantity of surface active agents
was 60% and higher. High concentrations of surface active
agents in MEs are recognized to represent main risk factor
for skin irritation and thus should be avoided in formulation
of products for topical application [3, 18, 20]. These 5: CoS
weight ratios were not chosen for further testing because of
insufficient stability of MEs at concentrations of surface active
agents lower than 60%. Separation of phases in MEs was
observed when the applied S:CoS (weight ratios 5:1, 6:1,
and 7:1) quantity was 40%, thus it was decided to increase
gradually the quantity of surface active agents till formation
of stable MEs. Formulations of MEs retained stability when
§:CoS weight ratio was 5:1, and concentration of 5:CoS
was higher than 45% content. Phase separation in MEs was
observed after 24 h when S:CoS weight ratio was 6:1 or
7:1 (aqueous phase 40%, oily phase 15%). Increase of §: CoS
content to 46% resulted in formation of stable MEs.

The design of experiment was applied to define the
minimum number of experimental compositions of O/W
type MEs in the defined region of pseudoternary phase
diagram. The input of limit values for MEs forming compo-
nents (Table 1) produced 14 experimental formulations for
compositions containing $: CoS in 5:1, 6:1, and 7: 1 weight
ratios (Tables 3, 4, and 5).

The gray area in Figure 1 represents range where 14
software generated compositions of MEs were located and
formation of stable MEs was expected.

Formulated MEs were evaluated regarding mean droplet
size, single peak distribution of droplet size, and minimum
deviation from the mean of droplet size value (Tables 3, 4,
and 5). Measurements of MEs’ droplet size of 14 experimental
formulations demonstrated that droplet size mean value was
in the range 49.14-86.98 nm, when S:CoS weight ratio was
5:1. Smaller mean values of droplet size were determined for
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TasLE 5: Compositions of MEs with $: CoS 7: 1, generated by D-optimal design model and measured responses.
Number Components of MEs % Mean droplet size, nm Standard deviation, nm Number of peaks
§:CoS87:1 Water Oil
1 60.0 35.0 5.0 76.12 45.56 1
2 46.0 39.0 15.0 77.69 7772 2
3 50.0 45.0 5.0 47.68 51.93 1
4 50.0 35.0 15.0 79.94 64.64 1
5 46.0 45.0 9.0 47.67 7118 1
6 527 399 74 59.00 50.04 1
7 55.0 35.0 10.0 74.88 45.91 1
8 48.2 40.9 10.9 58.89 65.12 1
9 50.2 374 124 68.01 56.20 1
10 50.2 424 74 54.07 55.33 1
11 50.0 45.0 5.0 4775 5111 1
12 46.0 39.0 15.0 7719 80.39 2
13 60.0 35.0 5.0 75.79 43.84 1
14 46.0 45.0 9.0 4795 74.35 1

5:CoS6:10r5:Co57:1

(%)
(a)

Figure I: Pseudoternary phase diagrams of ranges of stable MEs when PEG-8 caprylic/capric glycerides and polyglyceryl-6-isostearate are

used at ratios 5:1(a), 6: 1, and 7:1(b).

MEs containing S : CoS in ratio 6:1(48.51-79.51 nm), and for
MEs containing $:CoS in ratio 7:1 (47.67-79.94 nm). This
supports assignment of produced disperse systems to MEs
[20]. Characterization of formulated MEs was performed
by evaluating homogeneity of the disperse phase in the
systems. Presence of two-peak droplet distribution pattern
was determined in certain formulations of experimental MEs
with $:CoS weight ratio 5:1. The PDI values of MEs with
single peak distribution of droplet size were relatively low
(0.248-0.379), indicating the homogeneity of disperse phase
in MEs formulations [14].

Thermodynamic stability studies demonstrated satisfac-
tory stability of experimental formulations as all prepared

MEs remained transparent, no creaming, cracking, precip-
itation, or phase separation has been observed, and conse-
quently were included in optimization program.

Suitability and significance of mathematical model were
confirmed by statistical p ters (R?, adjusted R’, pre-
dicted R?, standard deviation, and predicted residual error
sum of squares), and optimization of formulations was
performed applying desirability function. Desirability of
parameter ranged from 0 to 1, with values verging towards
1 representing the most desired.

All optimal compositions of MEs, used for further
investigations, are demonstrated in Figure 2. The highest
desirability value of 0.91 was identified for single optimal
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A:5:CoS56:1

X . 20.0 49.0 46.0 19.0
B: water Desirability C:oil  B: water Desirability C: oil
(a) (b)
A:S5:Co87:1
E aLer Desirability Ceoll
(c)
FiGure 2: Areas of optimal composition of MEs with highest desirability p for compositions with ratios of PEG-8 caprylic/capric
glycerides and polyglyceryl-6-isostearate, 5:1(a), 6:1(b), and 7:1 (c).
composition of MEs with $:CoS weight ratio 5:1, and this ~ Taste 6: Optimal compositions of mic (OPT-MEs)
composition was accepted for further testing (Figure 2(a)).  with different $: CoS weight ratios.
Five and seven optimal compositions with desirability value -
of 1 were produced for MEs with S:CoS ratios 6:1 and Sample al:('mc;s% am":::lr " amcz:t %
7 :1, respectively. Therefore one optimal composition for MEs TS - - -
with $:CoS ratios 6:1 and 7:1 was selected considering i} j . i 3
the ability to incorporate high quantity of oily phase as ~ OPT-ME6:1 55,5 379 66
an additional factor ensuring high loading of resveratrol OPT-ME7:1 56 376 6.4

(Figures 2(b) and 2(c)). Selected optimal compositions of
ME:s are presented in Table 6.

The concept of the model was confirmed by formulating
and evaluating optimized MEs with predefined quantita-
tive composition. The O/W type of optimized MEs" was
confirmed by using lipophilic (Sudan I) and hydrophilic
(Methylene blue) dyes. Comparison of theoretically designed
characteristics and results of determination of droplet
characteristics in formulated MEs is presented in Table 7.
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The determined mean droplet size and standard deviation
were smaller for OPT-ME 5:1 if compared to designed
values by 5.7% and 7.04%, respectively. For OPT-ME 6:1
and OPT-ME 7:1 determined droplet size was, respectively,
1.3% and 2.97% higher when compared to theoretical model.
Standard deviations for mean droplet size of designed and
determined values for OPT-ME 6:1 differed by 1.2% and for
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TapLe 7: Comparison of characteristics of MEs (n = 3).
Sample Mean droplet size, nm Standard deviation, nm Number of peaks
Designed value Determined value Designed value Determined value
OPT-ME5:1 72.66 68.54 + 1.18 57.33 53.29+6.09 1
OPT-ME6:1 65.24 66.08 £0.16 4543 4487+ 226 1
OPT-ME7:1 64.68 66.66 + (.56 43.62 4373+ 2.28 1
TanLi 8: Characteristics of optimized (OPT-MEs) and resveratrol containing MEs (MEs-RES).
e MES5:1 . ME6:1 . ME7:1

OPT-ME5:1 2% RES OPT-ME6:1 2% RES OPT-ME7:1 2% RES
pH 7.01 £ 0.06 6.95 £ 0.01 7.15+0.04 6.94 £ 0.01 7.11£0.01 6.96 £ 0.01
Conductivity, pS/em  95.55 + 0.07 93.50 £ 0.14 84.45 007 83.85+0.35 74.45 £ 0.07 7295+ 007
Viscosity, mPa-s 62.80 +0.14 67.30 £1.27 53.95+0.92 61.65 + 1.48 5435+ 1.77 5935+ 1.48
Particle size, nm 68.54+1.18 116.83 +0.23 66.08 +0.16 105.6 + 0,30 66.66 + (.56 108.63 + 0.68

Measurements made in triplicate (n = 3).

OPT-ME 7:1 differed by 0.25%, and could be considered
as insignificant. The results indicated suitability of applied
theoretical approach for modelling of MEs; consequently
the same approach and compositions of MEs were used for
formulation of MEs containing a model active substance
resveratrol. Resveratrol was dissolved in surfactant and oily
phase, thus minimizing possible redistribution of resveratrol
between phases of MEs and achieving high incorporated
quantities. Resveratrol was incorporated in optimized MEs
with §: CoS weight ratios 5:1 (ME-RES 5:1), 6:1 (ME-RES
6:1), and 7:1 (ME-RES 7:1). Physical characterization of
MEs was performed to detect possible effects of resveratrol
inclusion into disperse phase of MEs (Table 8). Conductivity,
viscosity, and pH measurements were performed 24 hours
after formulating MEs. Determined average conductivity
for all tested MEs was close to 100 uS/cm, confirming that
formulated MEs were of O/W type [11, 21, 22].

The viscosity of OPT-ME formulations varied between
53.95 and 62.80 Pa-s, and these were similar to the published
data for same type of MEs [20, 21]. The inclusion of resveratrol
into formulations of optimal MEs caused increase of disperse
system viscosity.

The pH of all formulated optimized MEs varied between
7.01 and 7.15. MEs-RES were compared with OPT-MEs and it
was determined that pH value of MEs-RES is lower but still
was in physiologically acceptable range [23].

Characterization and stability evaluation of MEs were
performed by measuring droplet size distribution 24 hours,
48 hours, and 1 week after formulation. MEs-RES remained
transparent; no signs of phase separation, cracking, or cream-
ing were identified. The increase of mean value of droplet
size was 41.3% for ME-RES 5:1, 374% for ME-RES 6:1,
and 38.6% for ME-RES 7:1 when compared to OPT-MEs,
and it could be related to incorporation of resveratrol. PEG-
8 caprylic/capric glycerides demonstrated relatively high
solubility of resveratrol (Table 2). Therefore the increase of
droplet size could be associated with a predominant location
of resveratrol in the interfacial film and so affecting the
function of surfactants in MEs.
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Droplet size measurements in resveratrol containing MEs
revealed existence of two-peak droplet distribution in ME-
RES 6:1and ME-RES 7:1 24 and 48 hours after formulation.
No droplets in bigger size range, represented by smaller peak,
were determined after 1 week. The changes in the disperse
phase characteristics were studied by evaluating alterations
of the droplet size fractional composition in MEs. Droplet
fractional distribution according to light scattering intensity
and droplet number is presented in Figure 3.

Droplet size in ME-RES 5:1 varied between 21.04 and
458.70 nm 24 hours after formulation, and similar droplet size
distribution profile was determined after 48 hours. Droplet
size changes were observed in 1 week after formulation of
MEs as fractions of droplets with diameter less than 21.04 nm
and bigger than 531.20 nm have been no longer determined
(Figure 3(a)). The dominating fraction amount of the droplets
remained the same; however, minor redistribution of disper-
sion phase between fractions was identified as determined
by intensity measurements. Interfacial surface area change
was considered as the potential indicator for stability of
disperse system; consequently relative values were calculated
for 1g of MEs. Measurements performed at 24-hour point
and after 1 week of storage of MEs at room temperature
and comparing the number of droplets per 1g and their
relative surface area revealed decrease by 24.3% and 8.4%,
respectively, indicating the increasing internal stability of
the disperse system. Droplet size measurements in ME-RES
6:1 and ME-RES 7:1 after 24 and 48 hours demonstrated
the presence of two-peak distribution of droplets when
evaluating the system by intensity. Evaluation of the system
by number of droplets showed no droplets in the range
above 255nm thus confirming small number of droplets
existing in that size range. Peak ranges of droplet sizes when
evaluated by intensity were from 24.36 nm to 458.70 nm,
and from 4145 nm to 5560 nm, showing wide gap between
sizes of present droplets. Similar droplet distribution profile
was determined after 48 hours demonstrating presence of
the second peak in bigger diameter droplet range for both
ME-RES 6:1 and ME-RES 7:1. The second peak was not



i

Intensity (%)

Intensity (%)

Number (%)
Number (%)

Size (d, nm)

FInTEG ey o
RN S S T

ISR

CLERARNESRREERFENIESN

Evidence-Based Complementary and Alternative Medicine

&2

Intensity (%)

253 nwwsm__m

_________________ =

Mumber (%)

O After 24 hours O After 24 hours O After 24 hours
o After | week @ After 1 week @ After 1 week
= Variation = Variation = Variation
(a) $:Co85:1 (b) §:CoS6:1 (c) §:Co87:1

FiGure 3: Changes in droplet size distribution in MEs during storage.

determined after 1 week, as redistribution of droplets between
fractions occurred that resulted in appearance of smaller
diameter droplet fraction (Figures 3(b) and 3(c)). The total
droplet number increased by 54.6% and relative surface area
in the disperse system increased by 23.8% in ME-RES 6:1
when data from 24 hours and 1 week measurements were
compared. Similar changes were determined in ME-RES7:1
disperse system: the total droplet number and relative surface
area increased by 72.8% and 30.5%, respectively.

Stability of formulated MEs was evaluated by measuring
droplet fraction distribution after 24 hours and 1 week after
formulation. The decrease of droplet number for ME-RES
5:1in the droplet size range 18.17-30.44 nm was observed to
reach 36.49% when data of 1 week stability evaluation was
compared to 24-hour stability testing results. Conversely, the
droplet number in the size range 30.44-54.76 nm increased
by 17.9% after same time interval. Opposite tendencies were
determined for ME-RES 6:1, and ME-RES 7:1, as number
of droplets in the droplet range from 40.83 to 73.44nm
decreased by 29.29% and by 41.8%, respectively, when 1-
week data were compared to 24-hour testing results. Similar
increase of droplet number in fine fractions of ME-RES 6:1
and ME-RES 7:1 was determined. The number of droplets
increased by 67% in fractions from 14.62nm to 30 nm for
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ME-RES 6:1, and for ME-RES 7:1 the number of droplets
increased by 78.17% in fractions from 16.93 nm to 30.44 nm
when results of 1 week were compared to those of 24
hours. The changes in the fractional composition of MEs
demonstrated liability of the formulated disperse systems to
acquire most favorable physical stability status and changes in
composition of interfacial film after incorporation of resver-
atrol appropriately affecting packing pattern of surfactants at
the interface.

The penetration of resveratrol into the human skin ex
vivo was determined to evaluate presumptive formulation
effects on the bioavailability of active ingredient. The results
of determination of resveratrol penetration into skin layers
after application of formulated MEs and control samples for
24 hours are presented in Figure 4.

Results demonstrated that highest penetration of resvera-
trol into the skin ex vivo (1.96+0.41 yg.fcmz) was determined
when ME with §:CoS weight ratio of 5:1 was applied. The
amount of resveratrol in the skin after application of ME-RES
6:1was 1.62  0.27 ug/cm?, and only 1.31 % 0.27 ug/cm® of
resveratrol in the skin accumulated after application of ME-
RES7: 1. No statistically significant (P > 0.05) effect of $: CoS
weight ratios in MEs on penetration of resveratrol into epi-
dermis was established comparing penetration of resveratrol
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$:Co85:1
$:CoS6:1
$:Co87:1
RES + § (control)
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FiGure 4: Cumulative amount of resveratrol in epidermis and dermis after application of formulations for 24 hours.

from MEs, when S: CoS weight ratios were 5:1,6:1,and 7: 1.
Statistically significant (P < 0.05) difference was established
between penetration of resveratrol into dermis from ME
with §:CoS weight ratio 5:1, and MEs with S: CoS weight
ratios 6: 1 or 7: 1. Results established the existing statistically
significant (P < 0.05) inverse correlation (r = —1) between
S: CoS weight ratios and resveratrol penetration into the skin.
This correlation revealed that increases of S : CoS weight ratio
in MEs resulted in decreased penetration of resveratrol into
the skin. Correlation between droplet size and resveratrol
penetration into the skin was not established. Delivery of
resveratrol by applying formulated MEs d in efficient
migration of resveratrol through epidermis into the deeper
dermis, and the pattern of distribution of active component
in the skin layers ex vivo differed from those observed after
application of resveratrol in PEG-8 caprylic/capric glycerides
or ethyl oleate used as control. When MEs were used
for resveratrol delivery to the skin, distribution ratio of
resveratrol in epidermis and dermis ranged from 0.9 to 1.3
thus indicating relatively higher quantities of resveratrol in
hydrophilic dermis.

The penetration of resveratrol into the skin ex vivo from
PEG-8 caprylic/capric glycerides (S) and ethyl oleate (EO)
was determined to evaluate possible penetration modifying
effects of the excipients. The amount of resveratrol in the
skin was 2.1 + 0.36 ug/cm® with ethyl oleate containing
0.031% resveratrol (RES + EO) and 0.8 + 0.20 'ug;fcm2 when
surfactant with 5.2% resveratrol (RES + ) was applied for 24
hours. The application of resveratrol dissolved in ethyl oleate
resulted in predominant accumulation of active substance
in epidermis and limited diffusion to dermis. Distribution
ratio of resveratrol between epidermis and dermis was 2.5
when ethyl oleate was used as carrier, indicating that up
to 70% of applied resveratrol dose remained in epidermis.
Therefore ethyl oleate should not be considered as efficient
carrier for resveratrol. Ability of ethyl oleate to disturb and
fluidize lipid structures in stratum corneum and lipophilicity
of resveratrol (log P = 3.1) can be used to explain penetration
and accumulation of resveratrol in epidermis [24]. Similar
distribution pattern but lower quantities of resveratrol in

skin layers were determined after application of PEG-8
caprylic/capric glycerides.

The results demonstrated ability of formulated MEs to
alleviate penetration of resveratrol into the deeper layers
of the skin without developing high concentration gradient
between epidermis and dermis, and these findings support
the suitability of MEs for enhancing the delivery of resver-
atrol to the dermis [8, 9]. MEs formulated using PEG-
8 caprylic/capric glycerides and polyglyceryl-6-isostearate
could be used for targeted delivery of lipophilic active
substances into dermis.

4, Conclusions

MEs represent a spont ly forming disperse system, and
the characteristics of disperse phase are affected by the nature
and ratio of the components. Attempts to formulate MEs
with designed droplet characteristics present a development
challenge as multiple interactions of system components
have to be taken into consideration. Design of experiment
approach was applied for reducing the number of experimen-
tal formulations and modeling of optimal compositions of
MEs with predefined quality characteristics. Validity of the
model was verified by formulation MEs and their charac-
terization. Attempts to incorporate resveratrol into optimal
MEs resulted in increase of mean droplet size up to 41.3%
thus demonstrating possible effects of active ingredients on
disperse system characteristics if they have predisposition to
accumulate in the interfacial film. Redistribution of droplet
size within fractions was determined while analyzing the
processes of droplet size increase, thus indicating possible
changes in the interfacial film components’ packing pattern.
Increasing penetration of resveratrol into the skin ex vivo was
related to the increasing amount of cosurfactant polyglyceryl-
6-isostearate. Effect of droplet size on permeability of resver-
atrol was not evaluated as formulation of MEs with different
droplet size required to make changes MEs composition.
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Testing of resveratrol microemulsion photostability
and protective effect against UV induced oxidative stress

VAIDA JUSKAITE® ) Resveratrol is well known for its antioxidant activity and
ﬁfT[i[[I:‘;R'}:;:NAUSK'ENE susceptibility to ultraviolet radiation. Development of for-
mulations providing improved stability and relevant drug
delivery of resveratrol is still a challenging task. The aim of
this study was to determine protective characteristics of for-
mulated microemulsions by evaluating photoisomerization
of resveratrol and to investigate the effects of resveratrol on
human keratinocyte cells under oxidative stress caused by
ultraviolet radiation. Incorporation of resveratrol into micro-
emulsions resulted in increased photostability of active com-
pounds and the results demonstrated that photodegradation
of resveratrol was significantly delayed. Results of biophar-
maceutical evaluation in vitro demonstrated that up to 60 %
of resveratrol was released from microemulsions within 6
hours under a constant release rate profile. In vivo biological
testing confirmed the ability of resveratrol to protect cells
from oxidative stress and to increase cell viability. It was
concluded that microemulsions might be considered in the
development of UV light sensitive compounds.
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Resveratrol (3,5,4"-trihydroxystilbene, RES) is a naturally occurring polyphenolic com-
pound, which protects cells from oxidative stress (1). Due to its high antioxidant activity,
resveratrol is considered to have a high potential to be applied in therapy and prophy-
laxis. Interest in this phytoalexin has increased over recent years and its protective effects
in treatment of skin diseases, such as skin aging or skin cancer, have been confirmed (2).
Research data demonstrated a high superoxide, hydroxyl, and other radical scavenging
ability of resveratrol and its ability to suppress production of reactive oxygen species
(ROS) (3).

Resveratrol ability to penetrate into skin is limited, thus the development of efficient
carriers is a possible approach to reaching appropriate active compound concentrations in
skin layers. Besides, the delivery system should guarantee adequate stability of resveratrol
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since high compound photosensivity to visible light and UV radiation has been deter-
mined. UV radiation and temperature induce rapid transformation of trans-resveratrol into
the cis-isomeric form, resulting in decreased biological activity (4). The trans-isoform of
resveratrol should be protected until its delivery to the site of action in skin tissues.

Physically and chemically stable nanoformulations are thought to provide active sub-
stances with efficient protection from external factors. Application of nanostructured for-
mulations could help overcome the poor solubility of resveratrol and its limited penetra-
tion into the skin (5, 6). Microemulsions (MEs) are known for their ability to incorporate
high amounts of lipophilic and hydrophilic active compounds and provide a skin penetra-
tion enhancing effect (7). Ease of formulation and thermodynamic stability are other im-
portant advantages of MEs that make them superior to other colloidal systems, e.g.
nanoparticles, niosomes or liposomes (8). Consequently, it is useful to apply ME for incor-
poration of photolabile compounds (e.g. resveratrol) and suitability of the ME carrier has
to be confirmed by stability testing and biopharmaceutical characterization of the formu-
lation.

The aim of this study was to evaluate the ability of formulated MEs to protect resve-
ratrol from photoisomerization and to assess their quality after UVB exposure. Also, ME
irritation potential was evaluated by testing on a human keratinocyte (HaCaT) cell line.
Non-toxic concentrations of MEs were determined by evaluating cell viability. Protective
and antioxidant effects of resveratrol on human skin cells under normal conditions and
under oxidative stress, caused by UVB radiation, were investigated.

EXPERIMENTAL
Materials

Analytical grade trans-resveratrol and chromatography grade acetonitrile and acetic
acid were obtained from Sigma-Aldrich Chemie GmbH (Germany). Resveratrol was sup-
plied by Naturex (France). MEs were formulated using PEG-8 caprylic/capric glycerides as
surfactants and polyglyceryl-6-isostearate as cosurfactants, both supplied by Gattefosse
(France). Ethyl oleate was used as an oily phase in MEs and was purchased from Alfa
Aesar GmbH & Co KG (Germany). Ultrapure water was produced using a water purifica-
tion system Millipore Simplicity™ (USA). Dimethyl sulfoxide (DMSO) and 96 % ethanol
were used as solvents for resveratrol and were obtained from Sigma-Aldrich Chemie
GmbH (Germany) and AB Vilniaus degtiné (Lithuania), respectively. Polyethylene glycol
(PEG 400) was purchased from Carl Roth GmbH+Co KG (Germany). Trypsin, Dulbecco’s
modified Eagle’s medium (DMEM), penicillin/streptomycin solution, fetal bovine serum
(FBS), Hank’s balanced salt solution (HBSS), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) were obtained from Life technologies (USA).

Quantitative determination of trans-resveratrol

Resveratrol was determined in all tested samples by validated high-performance liquid
chromatography (HPLC) using an Agilent 1260 Infinity capillary LC system (Agilent
Technologies Inc., USA) with a diode array detector. The Zorbax C18 column (150 x 0.5 mm,
5 um) was used for separation of frans- and cis-resveratrol. Separation was performed
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under isocratic conditions using a 0.5 % aqueous solution of acetic acid (solvents A) and
acetonitrile (solvent B) in a ratio 75:25 (V/V) as mobile phase. Eluent flow rate was 10 puL
min™, UV detection was performed at a 306 nm wavelength. Column temperature was
maintained at 25 ° C.

Formulation of microemulsions

Composition of MEs was chosen considering our previous results of composition op-
timization, characterization, stability and skin penetration studies, and contained 57 % of
the surfactant and co-surfactant mixture, 38 % of aqueous phase, and 5 % of oily phase (9).
Skin penetration studies demonstrated that highest quantities of resveratrol in the skin
were determined when 2 % resveratrol ME (ME-RES) with surfactant and co-surfactant
mass ratio 5:1 was applied. Physical properties of ME-RES were defined by evaluating
droplet size distribution and the mean particle size.

MEs with and without RES were formulated using the oil titration method at room
temperature. A mixture of surfactant and co-surfactant (5:1, m/m) was added to water un-
der mixing at 1250 rpm for 10 minutes using a magnetic stirrer IKAMAG® C-MAG HS7
(IKA-Werke GmbH & Co.KG, Germany). Ethyl oleate was added dropwise to the mixture
under vigorous stirring until transparent and a clear formulation was obtained. ME-RES
was formulated by dissolving RES in the oily phase and surfactant to produce a 2 % con-
centration of active substance in the finished product (9). ME and ME-RES formation was
confirmed visually. MEs were allowed to equilibrate for 24 hours keeping formulations at
ambient temperature.

Characterization of microemulsions

The physical quality of MEs was evaluated by determining the mean droplet size and
polydispersity index (PDI) of MEs using a Zetasizer Nano ZS particle size analyzer (UK).
PDI was measured to characterize the droplet size distribution. All formulations were
analyzed at 25 °C 24 h after their production and measurements were performed in tripli-
cate.

Evaluation of resveratrol photostability

Photostability studies were performed to determine the effect of UVB on the frans-RES
to cis-RES transformation. Transformation process was evaluated by comparing RES
photostability in a 2 % ME-RES and 2 % ethanolic resveratrol solution (RES-control). Stabil-
ity of formulated MEs was evaluated by irradiating ME without resveratrol (ME-control).
Irradiation of samples was performed in Petri dishes placed at a 20 cm distance from a
MRL-58 Multiple-Ray UV lamp (Ultra-Violet Products Ltd, UK) and were exposed to the
light source < 1 mW cm for 4 hours under ambient conditions (4, 10). Irradiance was de-
termined using a UVX radiometer (Ultra-Violet Products Ltd, UK). Aliquots were taken
from 2 % ME-RES and RES-control at 15, 30, 60, 120, and 240 min, diluted with ethanol, and
trans- and cis-RES were determined by HPLC. Physical stability of ME-RES and ME-con-
trol was evaluated by measuring the droplet size and PDI applying the dynamic light
scattering technique after UBV irradiation for 120 and 240 min.
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In vitro release studies

RES release from MEs was studied by measuring diffusion from a dialysis bag (5).
ME-RES samples (1.00 + 0.02g) were placed into the pre-swelled dialysis bag (Sigma-Al-
drich Chemie GmbH, Germany). The ends of the bag were fixed with clamps and im-
mersed into 500 mL of dialysis medium. A mixture of purified water and PEG 400 (50:50,
m/m) was used as acceptor medium and was stirred using a hotplate magnetic stirrer IKA-
MAG® C-MAG HS7 (IKA-Werke GmbH & Co.KG, Germany). Medium temperature was
kept at 32 + 0.1 °C. Sink conditions were maintained throughout release studies. 1 mL of
acceptor medium was removed at time points of 0.5, 1, 2, 4, 6 hours and replaced by the
same volume of fresh dissolution medium. Withdrawn samples were filtered through 0.20
pm nylon membrane filters and analyzed by the HPLC method.

Cell lines and cell culture

The immortalized human keratynocyte cell line, HaCaT cells, was obtained from Cell
Lines Service GmbH (Germany). The cells were seeded and grown in culture flasks with
DMEM containing 10 % fetal bovine serum (FBS) and 100 U mL™ penicillin and 100 pg
mL™ streptomycin. HaCaT cells were cultured at 37 °C under humidified conditions with
5 % CO,. The cells were sub-cultured after reaching about 80 % confluence and the medi-
um was changed two or three times per week.

Measurement of cell viability

Cell viability was assessed by the MTT method (11). The cells were seeded into 96-well
plates at a density of 20,000 cells/well and incubated for 24 h. After incubation, cells were
treated with different sample solutions: a) ME without added resveratrol (ME-control), b)
ME-RES, and c) solution of resveratrol in DMSO (RES-control). All the prepared samples
were diluted using Hank’s balanced salt solution (HBSS). After 24 h of treatment with the
preparations, DMEM medium was removed and cells were washed twice with HBSS (100
pL/well). After washing, 180 pL/well HBSS and 20 uL/well MTT (final concentration, 5 mg/
mL) dye were added to each well, and cells were incubated for 2 h at 37 °C under humidi-
fied conditions with 5 % CO,. After that, the dye was removed and DMSO (100 pL/well)
was added in order to dissolve the purple crystals of formazan formed. The plate with
solvent was kept in the dark for 15 min. Absorption was measured spectrophotometri-
cally at 550 nm and 620 nm wavelengths using a microplate spectrophotometer (Thermo
Scientific Multiscan FC, USA). Results of cellular viability were expressed as the percent-
age of untreated control cells. All experiments were repeated three times at least.

Effect of formulations on cell damage caused by UVB

Different doses of UVB irradiation (10, 25, 50, 75 and 100 m] cm™) were used to cause
cell damage and to evaluate the protective effect of tested formulations (ME-control, ME-
RES, RES-control). The cells were seeded into 96-well plates (20,000 cells/well) and incu-
bated for 24 h. After incubation, HaCaT cells were treated with different doses of UVB ir-
radiation to determine the dose-cell viability relationship. Later on, the possible protective
effect of tested formulations on the irradiated cells was assessed by testing cell viability
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after UVB irradiation. Tested formulations were added to the HaCaT cells cultivated in
96-well plates 2 h prior to UVB irradiation (12). Before UVB exposure, the medium was
removed and cells were washed once with HBSS. The cells were irradiated with UVB using
a UV lamp (UVP, MRL-58 Multiple-Ray Lamp, USA) after HBSS thin layer addition. Irra-
diation dose was calculated using a UVX Radiometer (UVF, USA). HBSS was removed
after irradiation. Fresh medium was added to each well and cells were incubated for 24 h.
Cell viability was determined by the MTT method as described above. Untreated cells and
UVB irradiated cells without test formulations added were used as controls.

Statistical analysis

All tests were repeated three times at least. The results were expressed as means + SD.
Statistically significant difference was determined when p <0.05. Student’s t-test was used
to evaluate significant differences in test results. Statistical analysis of experimental data
was performed using the Microsoft Office Excel and 2013 SPSS software (version 19.0).

RESULTS AND DISCUSSION

Published research data demonstrated limited stability of RES under irradiation with
UV light, which could cause photodegradation of RES (13). Microemulsions (MEs) were
formulated to provide a protective effect on RES and minimize possible isomerization. In
order to evaluate the protective effect of formulated ME on the photostability of RES under
UVB exposure, the stability of trans-RES in RES-ME and ethanolic solution of RES (RES-
control) was tested. The concentration of trans-RES in tested formulations was 2 %.

Concentration of trans-RES decreased both in ME and in ethanolic solution under
UVB exposure (Fig. 1). Results of photodegradation studies showed a decrease of trans-RES
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Fig. 1. Stability of 2 % trans-resveratrol in microemulsion (~e-) and ethanolic solution (--) under UV
irradiation.
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by 83.7 % in ethanolic solution in 4 h. Trans-RES concentration decreased by 39.1 % after 4
h of UVB exposure when ME-RES formulation was irradiated. The results demonstrated
that inclusion of RES in ME decreased photoisomerization of RES while concentration of
trans-RES was approx. 3.2 fold higher. ME provided efficient protection to RES for 1 h
under UVB irradiation. Concentration of trans-RES in RES-control was gradually decreas-
ing over all the 4 h of exposure to UVB. Decrease of trans-RES was determined in samples
collected at 2-h and 4-h time points. The results demonstrated the ability of MEs to provide
increased physical stability of RES under UVB irradiation compared to ethanolic solution.
These results could be related to physicochemical characteristics of the active substance
since lipophilic RES predominantly accumulated in droplets’ interfacial layer and was less
accessible to UVB radiation. Similar observations were reported when application of nano-
structured formulations (nanocapsules, nanospheres, liposomes, nanostructured lipid
carriers) decreased RES photodegradation significantly (4, 10).

The effect of UVB irradiation on ME particle size characteristics was evaluated by
measuring the mean droplet size and PDI before and after UVB exposure. Smaller droplets
of ME-control were determined compared to droplet size when ME contained RES (Table
I). The increase in droplet size could be due to incorporation of RES as a fraction of surfac-
tant and co-surfactant should participate in solubilization of RES molecules. Decreased
availability of surfactant and co-surfactant molecules resulted in a decrease of interfacial
film surface area and a proportional increase in droplet size. However, the size of ME-RES
was in an acceptable ME droplet size range. Similar effects of active substances on droplet
size were reported previously when active substances were incorporated into colloidal
systems, e.g. microemulsions (14), liposomes (10), nanosuspensions (15). The possibility of
RES accumulation in the interfacial layer of nanostructure systems has been discussed
earlier (6). Incorporation of RES into MEs did not affect PDI values of the system compared
to ME-control and the narrow droplet size distribution indicated homogeneity of formula-
tions.

The results demonstrated increased mean droplet size with increasing exposure to
UVB. Mean droplet size in ME-RES was 1.7 fold bigger compared to the mean droplet size
in ME-control before UVB irradiation (0 h). After 4 h of UVB exposure, the mean droplet
size increased by 37.2 % in ME-RES and by 65.41 % in ME-control compared to the mean
droplet size before UVB irradiation. This indicates that UV irradiation can induce changes
in the chemical composition of the interfacial film and lower the surface activity of possi-
bly formed compounds. The presence of RES in the ME interfacial film increases its resis-
tance against the damaging UV effect. Study results demonstrated a decrease in PDI of
ME-control (from 0.286 to 0.242) and a single peak droplet size distribution pattern. Expo-

Table I. Characteristics of MEs-RES and MEs before and after UVB irradiation

Duration of UVB ME-RES ME-control
irradiation (h) Droplet size (nm) PDI Droplet size (nm) PDI
112.5+1.3 0.263 + 0.008 66.3+0.2 0.286 + 0.005
1324 +2.6 0.301 £ 0.024 - -
1544 +20 0.316 + 0.041 109.7 £ 0.7 0.242 +0.008
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Fig. 2. Effect of UVB irradiation on droplet size distribution in ME-RES.

sure of MEs to UVB resulted in increased PDI and a two-peak droplet size distribution in
ME-RES, indicating the appearance of bigger droplets (Fig. 2).

Droplet size distribution was investigated to evaluate the physical stability of the car-
rier before and after UVB exposure. Study results demonstrated that 24 h after formulation
the droplet size in ME-RES ranged from 28.21 to 531.2 nm. Changes of ME-RES droplet size
were observed after 2 and 4 h of UVB irradiation. After 2 h of UVB exposure, droplet sizes
were in the ranges of 28.21-396.1 nm and 4145-5560 nm. Droplet size measurements dem-
onstrated the formation of bigger droplets (32.67-458.7 nm and 4145-5560 nm) after 4 h of
UVB radiation, but the droplet mean size of the second peak did not change. The results
of intensity measurements demonstrated that the predominating particle fraction in the
main peak remained the same as before UV irradiation (Fig. 2); however, the appearance
of a bigger particle peak was identified. The second peak indicates formation of bigger
particles, which could represent the products of possible coalescence of ME droplets or
their agglomeration. The applied photon correlation spectroscopy method did not allow
reliable differentiation of droplets and agglomerates. However, the applied method con-
firmed the presence of bigger particles and pointed to the destabilizing effect of UV irra-
diation on the MEs formulations tested. Evaluation of ME components’ individual suscep-
tibility to UV light could provide information for a better understanding of processes that
potentially induce changes in MEs. Stabilization of MEs against the UV effect could be
achieved either by including antioxidants or by using surfactants possessing antioxidant
properties for interfacial film formation (16).

The ability of the formulated system to release active substances is considered to be an
important criterion in product characterization and quality evaluation studies. Determina-
tion of the RES release profile provided additional understanding of the distribution of RES
in ME. RES is considered to have limited solubility in water and it required a modified ac-
ceptor medium compared to water-soluble drugs. As regards solubility characteristics, PEG
400 was added to acceptor medium to maintain sink conditions throughout the testing pro-
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cedure. Results of biopharmaceutical evaluation revealed that RES was released at a constant
speed and the total amount of released RES reached 60.73 % after 6 h. However, the delay of
RES appearance in acceptor medium in the initial phase of the experiment could be attrib-
uted to the limited diffusion process across the semipermeable membrane and release of
RES from ME droplets (5). Results of RES release evaluation demonstrated a constant release
rate over the 6 h of testing. A zero order kinetic model was used to describe release kinetics
of the drug from the formulated system (R? = 0.992). Results of drug release studies con-
firmed the suitability of the carrier to incorporate and release RES, and ME-RES formulation
was considered acceptable for further biological testing.

Effects of ME excipients in their formulation on manifestation of RES biological activ-
ity should be confirmed by biological testing on appropriate cell models. Biological evalu-
ation of the produced formulations was done applying the human keratinocyte (HaCaT)
cellular model. Different concentrations of ME-control were used to evaluate its potential
cytotoxicity. No statistically significant difference was established (p > 0.05) between the
viability of control group cells (untreated cells) and the viability of cells exposed to ME-
control at concentrations of 0.01, 0.05, 0.1, 0.15 and 0.2 %. Exposure of keratinocytes to 0.25
% or higher concentrations of ME-control resulted in a statistically significant difference
(p <0.05) of cell viability compared to the control since the viability of keratinocytes was
less than 90 %. Considering these results, the 0.15 % concentration of ME was chosen for
further studies.

Protective effects of formulated systems against oxidative stress damage were evalu-
ated using UVB as inducer of ROS generation. UVB is a major factor in the development of
skin diseases, particularly skin cancer (3, 12). The viability of UVB affected HaCaT cells
was evaluated using the MTT method. Five different UVB doses (10, 25, 50, 75, and 100 m]
cm?) were applied to evaluate the effects of UVB irradiation on cell viability (Fig. 3). Study
results demonstrated that UVB exposure caused a statistically significant p <0.05) decrease
of cell viability. Viability evaluation showed that cell viability depends on the UVB dose,
since its increase resulted in decreased numbers of viable cells. The results in Figure 3
show a two-fold decrease of HaCaT viable cells after exposure to a 50 mJ cm™ dose com-
pared to non-irradiated cells. Maximum decrease (75.32 %) was observed after 100 mJ cm™
UVB exposure.

Results of the experiment indicated decreased cell survival after UVB irradiation,
thus different formulations were tested to evaluate their protective potential for HaCaT
cells. Keratinocytes were pretreated with tested formulations (ME-control, ME-RES, RES-
control) for 2 hours prior irradiation with UVB and the protective effect of RES was evalu-
ated. RES concentration in cell containing wells was 131 uM.

Study results demonstrated that treatment of cells with ME-control and following
UVB irradiation had no effect on the viability of cells in the tested irradiation range from
10 mJ em™ to 100 mJ em™ compared to UVB irradiated cells (Fig. 3). Pretreatment of cells
with RES, applied in ME (ME-RES) and in solution (RES-control) before UVB exposure,
resulted in increased HaCaT cell viability. No statistically significant difference was estab-
lished (p > 0.05) between the viability of cells subjected to UVB (UVB-control) and RES
pretreated cells when radiation doses of 10 and 25 m] cm™ were applied. Increased RES
photoprotection was identified at higher doses of UVB (> 50 m] cm~?) and cell viability dif-
fered significantly (p < 0.05) compared to UVB irradiated control cells. Protective effect of
ME-RES was determined when keratinocytes were irradiated with UVB doses ranging
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120 +
mUVB-control @ ME-control @ ME-RES 0 RES-control

Cell viability (%)

50 75 100
UVB dose (mJ em~2)

Fig. 3. Effect of the presence of resveratrol in applied formulations and of UVB dose on HaCaT cell
viability.

from 50 to 100 m] cm™ cell and cell viability increased by 27.8-40.1 % compared to UVB-
control. A similar protective effect on cell viability was established when results obtained
after ME-RES application were compared to ME-control. Application of RES in ME re-
sulted in higher cell viability than RES-control even though differences were not statisti-
cally significant in the UVB irradiation ranges tested. The above findings provide a ratio-
nale for using MEs in the delivery of RES considering increased RES stability in ME and
delayed release pattern.

These studies also confirmed the photoprotective effect of RES and its ability to reduce
UVB radiation caused cell death. Protective effects of RES on stressed keratinocytes could
be associated with its antioxidant activity. Epidermis has a specific binding site for RES,
thus topical application of RES is considered an effective approach in prevention and treat-
ment of skin diseases (1). The results of this study demonstrate the ability of formulated
ME to function as an efficient RES delivery system for transporting it into epidermal cells,
and thus confirms the significant protective effect of RES against oxidative stress.

CONCLUSIONS

ME:s are spontaneously forming disperse systems and were formulated as potential
carriers for delivery of RES into the skin. Physical stability, drug release and biological stud-
ies were performed to determine the suitability of the formulated nanocarrier system. The
results demonstrated that MEs could protect RES from photoisomerization and ensure the
stability of RES for up to 1 hour under UVB irradiation. Drug release testing revealed diffu-
sion and gradual release of RES from ME. The effects of RES on skin cells confirmed the
potential use of this antioxidant as a protective agent to reduce ROS generation and enhance
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cell viability when the cells were subjected to oxidative stress. All these findings indicate
that the formulated ME-RES could be considered a drug delivery system for RES topical ap-
plication although the increase in droplet size of MEs under UV radiation was determined.
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SUMMARY
INTRODUCTION

Microemulsions are the modern formulations of drugs used to achieve
the following characteristics: a better solubility of pharmaceutical substan-
ces, more intensive and enhanced release from the topical, transdermal,
parenteral systems, penetration into/through biological barriers, and
bioavailability. These dispersive systems are currently of great scientific
interest to the researchers because of their ability to incorporate a relatively
high amount of pharmaceutical substances with different physicochemical
properties as well as to maintain their stability [145]. A small droplet size of
disperse phase and thermodynamic stability are the main characteristics of
microemulsions, and there are no special conditions for manufacturing
technology [11]. Considering these advantages, microemulsions are attrac-
tive drug dosage form, which are designed to achieve targeted delivery of
active substances.

The main aim of the development of pharmaceutical preparations is the
effective delivery of pharmaceutical substances to targeted site of action in
order to achieve high therapeutical efficacy and prevent adverse reactions
[142]. In terms of modern pharmaceutics, the human skin is one of the most
accessible sites for delivery of pharmaceutical substances to the body. The
use of dermatological carriers is based on the following benefits: (i)
possibility of delivery to the systemic circulation bypassing the digestive
tract, thus avoiding first pass metabolism in the liver, (ii) possibility of
purposeful and controlled delivery of pharmaceutical substances to the site
of action, (iii) rapid effect of active substances, and a possibility of
removing of carrier from the skin to prevent adverse reaction, (iv) method is
convenient and painless to use [78, 116, 123]. However, there are several
essential problems of pharmaceutical substance delivery to the body -
penetration of pharmaceutical substances is limited by the natural skin
barrier properties that are influenced by the stratum corneum and the
physicochemical characteristics of these compounds [34, 142].

There are a few pharmaceutical substances that have optimal physico-
chemical characteristics: low molecular mass, a suitable lipophilicity, low
melting-point temperature — all of them necessary for good penetration of
active substances to tissues [80, 158]. Therefore, carriers play a particular
role in the delivery of pharmaceutical substances to the skin. The micro- and
nano-structured carriers are promising drug delivery systems due to their
ability to increase the solubility and stability of biologically active
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compounds, modify the barrier properties of the stratum corneum, and
ensure targeted delivery of these substances into the skin and bioavailability
[92, 126, 142]. Studies of the design of innovative carriers and practical
application are very important for the development of pharmaceutical
products that comply the modern requirements of quality, therefore,
modelling of microemulsions is a relevant trend for scientific and applied
studies in pharmacy.

Resveratrol was selected as a model active substance because of its
biological activity and physicochemical characteristics. This compound has
demonstrated antibacterial, antifungal, antiviral, anticancer properties as
well as high antioxidant activity, therefore it may be used as an effective
preventive measure for the maintenance of skin functions and treatment of
skin pathologies [122, 124, 146]. Scientific studies have proven the ability
of resveratrol to inactivate reactive oxygen compounds, thus it is regarded as
an effective prevention against UV damage [119, 162]. However, resveratrol
is unstable in exposure to light and its lipophilicity limit the possibilities of
practical application. Due to lipophilicity, resveratrol penetration into the
deeper layers of the skin is limited by hydrophilicity, thus resveratrol
accumulates in the surface layers of the skin [1]. In order to achieve the
effective dermal resveratrol delivery and its biological activity, micro-
emulsions were selected as a suitable measure to solve the problems of
instability and lipophilicity of active substance.

The modelling of microemulsons containing resveratrol were studied,
and the evaluation of quality and stability of produced carriers was
performed. Microemulsion ability to release active substances and their
suitability for resveratrol delivery into the skin are the most important crite-
rions to evaluate topical microemulsions. The results of biopharmaceutical
studies allowed us to evaluate the suitability of microemulsions and
determine the distribution of an active substance in the skin layers that is
important for effective skin prevention against possible damage, and
treatment of skin pathologies. The studies performed on biological models
allowed us to assess the suitability of microemulsions for topical
application. Additionally, the results of biopharmaceutical and biological
studies enable to predict the bioavailability of the formulated microemul-
sions containing resveratrol, and that is important for effective quality
control of the product and purposeful practical application.

The aim of the study. To formulate optimal and stable microemulsions,
to apply them as carriers for resveratrol delivery into the skin and to
evaluate their quality using physicochemical, biopharmaceutical and bio-
logical studies.
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The objectives of the study:

1. To model microemulsions using an experimental planning and to
perform optimization of obtained formulations according to the
selected critical parameters of the quality.

2. To evaluate the quality of optimal composition of microemulsions and
to investigate their stability.

3. To apply selected stable microemulsions for incorporation of an active
substance and to evaluate the quality and stability of formulated
systems.

4. To investigate kinetics of resveratrol release from microemulsions and
to evaluate its penetration into the skin ex vivo.

5. To evaluate the irritating effect of microemulsions containing
resveratrol on the experimental animals skin in vivo.

Scientific novelty. Stable and optimal microemulsions containing resve-
ratrol were modelled combining the excipients of microemulsions and their
suitability was evaluated by biopharmaceutical and biological studies. Also,
the influence of components forming microemulsions on resveratrol release
was confirmed by biopharmaceutical studies. The penetration of resveratrol
into the undamaged human skin using the modelled microstructured carriers
was evaluated for the first time. The distribution of this model active
substance in the skin layers was determined, and the evaluation of the
influence of modelled microemulsions with different amount of excipients
on these processes was performed.

The methodology of the high performance liquid chromatography was
developed and validated for qualitative and quantitative analysis of resvera-
trol in the human skin and experimental microemulsions.

The safety and suitability of the application of the modelled microemul-
sions containing resveratrol on the skin are based on in vivo animal testing.

Practical and theoretical significance. Experimental planning was used
to formulate microemulsions, and that allowed significantly decrease the
number of experiments and purposefully to develop the modelled micro-
emulsions. The suitability of the chosen method was evaluated by practi-
cally performing optimisation of compositions of the modelled microemul-
sions.

Stable and optimal microemulsions were modelled and applied for resve-
ratrol incorporation. The influence of resveratrol concentration on the the
quality and stability of optimal microemulsions was proven by the studies.

The methodology of the high performance liquid chromatography
allowed to separate trans-resveratrol from its isomerisation product and this
fact is important for the evaluation of the quality of modelled microemul-
sions containing resveratrol.
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The results of skin penetration studies confirmed that lipophilicity of
active substance had the effect on the penetration into skin and distribution
of resveratrol between the epidermis and dermis. Using the microemulsions
as the effective carrier system, a better penetration of resveratrol into dermis
was determined. The results of in vitro and ex vivo biopharmaceutical
studies are significant for the evaluation of the quality of the modelled
microemulsions containing resveratrol and the development of purposeful
nano- and micro-structured carriers.

In vivo animal testing determined that relatively high concentrations of
surface active substances did not cause the skin irritation. The studies with
biological objects and obtained results are significant for the evaluation of
the application of microemulsions containing resveratrol on the skin.

MATERIALS AND METHODS

Analysis of resveratrol: Resveratrol was determined in all tested samp-
les by validated high-performance liquid chromatography (HPLC). This
method was used in the qualitative and quantitative evaluation of active
substances in the biopharmaceutical studies in vitro and ex vivo [73].

Pseudoternary phase diagram construction and optimization: The
design of experiment was applied to construct pseudoternary phase
diagrams of oil-in-water (O/W) type MEs. The compositions of MEs for
optimization were generated by applying D-optimal design model.
Optimization of experimental MEs was performed setting three criteria as
important: (a) MEs droplet size ranged from 1 nm to 100 nm; (b) single
peak distribution of droplet size; (¢) minimum deviation from the mean of
the droplet size value [73]. According these criteria, optimal compositions
of MEs (OPT-MEs) were formulated.

Formulation of microemulsions. MEs with and without resveratrol
were formulated using the oil titration method at room temperature [73,
156]. MEs containing resveratrol (MEs-RES) were formulated by dissolving
resveratrol in the oily phase and surfactant to produce a calculated
concentration of active substance in the finished product. Resveratrol
containing surfactant and cosurfactant were mixed in different ratios adding
calculated of water. Then oily phase added by drops and MEs-RES were
formulated. The formation of MEs and MES-RES was confirmed visually.
All MEs were allowed to equilibrate for 24 hours keeping formulations at
ambient temperature. Predominant quantity of resveratrol was incorporated
into MEs with surfactant.

Characterization of microemulsions. Physical quality of MEs was
assessed by evaluating droplet size, polydispersity index (PDI), viscosity,
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pH, conductivity, and oil-in-water (O/W) type. Mean value of droplet size
and PDI were measured applying dynamic light scattering technique, using
Zetasizer Nano ZS particle size analyser (Malvern, UK), viscosity was
determined using Vibro-Viscometer SV-10 (I&D Company, Limited,
Japan), and pH was measured using pH-meter 766 (Knick, Germany). Type
of microemulsions was confirmed performing conductivity determination at
room temperature using conductivity meter (Cond 3110 SET 1, Germany).
Homogeneity of MEs was evaluated using centrifugation at 3500 rpm for
30 min.

Thermodynamic stability of MEs was evaluated using heating-cooling
and freeze-thaw cycles [139, 156]. MEs were stored at 4°C, 20°C, 32°C,
and 45°C for not less than 48 hours in heating-cooling cycle, and —21°C,
4°C, and 25°C for not less than 48 hours at each temperature regimen in
freeze-thaw cycle. Homogeneity of the MEs was evaluated after storage of
each of temperature regimens in both cycles.

Stability studies of microemulsions. MEs were stored (i) at 15-25°C
temperature protected from light; (ii) at 15-25°C temperature under light;
(iii) long term (T 25+£2°C / RH 60+5 %); and (iv) accelerated (T 40+2°C /
RH 75+5%) storage conditions for 6 months. Long term and accelerated
stability studies of MEs were performed using climatic shelf Binder KBF
(Binder GmbH, Germany). Stability of MEs was assessed measuring droplet
size, PDI and concentration of resveratrol after 1, 2, 4, 7, 14 days and 1, 3, 6
months after formulation.

In vitro release studies of resveratrol from microemulsions. Resve-
ratrol release from MEsS-RES (n=3) was studied by measuring diffusion
from a dialysis bag. MEs-RES samples (1.00+0.02 g) were placed into the
pre-swelled dialysis bag (Sigma-Aldrich Chemie GmbH, Germany). A
mixture of purified water and PEG 400 (50:50, m/m) was used as acceptor
medium and was stirred using a hotplate magnetic stirrer IKAMAG ® C-
MAG HS7 (IKA-Werke GmbH & Co0.KG, Germany). Medium temperature
was kept at 32+0.1°C. Samples from acceptor medium were removed at
time points of 0.5, 1, 2, 4, 6 hours and replaced by the same volume of fresh
dissolution medium. Samples were analysed by the HPLC method.

Ex vivo skin permeation studies of resveratrol. Caucasian women’s
abdominal skin (age range: 25-40 years) was obtained from the Department
of Plastic and Reconstructive Surgery, Hospital of Lithuanian University of
Health Sciences, Kauno Klinikos. The skin was stored at —20°C for less than
6 months before use in the study. The studies of transdermal permeation
were performed in accordance with the permission of Kaunas regional
Biomedical Research Ethics Committee. SKin permeation ex vivo studies
(n=6) were performed using Bronaugh type flow-through diffusion cells
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with full-thickness undamaged human skin. Diffusional area in the cell was
0.64 cm® The experiment was conducted according to the methods
published in scientific publications [79, 169].

Evaluation of resveratrol photostability. Photostability studies were
performed to determine the effect of UVB on the trans-resveratrol to cis-
resveratrol transformation. Samples (2% ME-RES S:CoS 5:1, 2% ethanolic
resveratrol solution and OPT-ME S:CoS 5:1) were exposed to the light
source <1 mW cm™ for 4 hours using MRL-58 Multiple-Ray UV lamp
(Ultra-Violet Products Ltd, UK) [44, 132]. Aliquots were taken from 2%
ME-RES and RES-control at 15, 30, 60, 120, and 240 min, diluted with
ethanol, and trans- and cis-resveratrol were determined by HPLC. Physical
stability of 2% ME-RES S:CoS 5:1 and OPT-ME S:CoS 5:1 was evaluated
by measuring the droplet size and PDI applying the dynamic light scattering
technique after UVB irradiation for 120 and 240 min [74].

In vivo skin irritation examination. Balb/c mice (25-30 g) were used in
this experiment (n=20, males) [57, 128]. In vivo studies were performed in
accordance with the permission of State Food and Veterinary Service
(Lithuania). Different formulations were used in this experiment: a) OPT-
ME S:CoS 5:1; b) 2% ME-RES S:CoS 5:1 and c) resveratrol dissolved in
surfactant (RES-control). The experiment was performed as described in
scientific publications [47, 94]. Histological analysis of mice skin was
performed using an OLYMPUS BX 40F4 microscope supplied with the
XC30 digital camera (Olympus Corporation, Tokyo, Japan).

Statistical methods. MEs optimization was performed using experiment
planning software Design-Expert 6.0.8, D-optimal design model. Statistical
analysis of experimental data was performed using SPSS software (version
19.0) and Microsoft Office Excel 2013. One Way ANOVA method with
Tukey HSD (Honestly Significant Difference) criterion or Repeated
Measures ANOVA were used for statistical analysis. Means, standard
deviations, Spearman’s correlation coefficient were calculated. Statistically
significant difference was determined when value of P<0.05.

RESULTS AND DISCUSSION
Formulation and optimization of experimental microemulsions
MEs were formulated using PEG-8 caprylic/capric glycerides and
polyglyceryl-6-isostearate as surfactant and cosurfactant, respectively. Ethyl
oleate was chosen as an oily phase for formulation of MEs as available data

demonstrate maximum efficiency of PEG-8 caprylic/capric glycerides
solubilizing capacity of ethyl oleate instead of isopropyl myristate [45].
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The design of experiment was applied to define the minimum number of
experimental compositions of O/W type MEs in the defined region of
pseudoternary phase diagram. The input of limit values for MEs forming
components (Table 3.2.1) produced 14 experimental formulations for com-
positions containing S:CoS in 5:1, 6:1, and 7:1 weight ratios (n=42). Formu-
lated MEs were evaluated regarding mean droplet size, single peak
distribution of droplet size, and minimum deviation from the mean of dro-
plet size value (Supplementary material, Tables 2, 3, and 4). For more infor-
mation, see manuscript “Design and formulation of optimized
microemulsions for dermal delivery of resveratrol”.

Optimization of MEs formulations were performed applying D-optimal
design model. Designed optimal compositions of MEs (OPT-MEs) with
different S:CoS weight ratios are demonstrated in Table 1.

Table 1. Optimal compositions of microemulsions with different S:CoS
weight ratios

Name of S:CoS Amount of components, %

samples weight ratios S:CoS Water oil
OPT-ME 5:1 5:1 57 38 5
OPT-ME 6:1 6:1 55.5 37.9 6.6
OPT-ME 7:1 7:1 56 37.6 6.4

OPT-MEs were formulated and droplet size, droplet size distribution, and
standard deviation from the mean of the droplet size were evaluated. Study
results demonstrated that theoretically designed characteristics had no
significant difference if compared to determined values of OPT-MEs
characteristics. For more information, see manuscript “Design and for-
mulation of optimized microemulsions for dermal delivery of resveratrol”.

Study results indicated suitability of applied theoretical approach for
modelling of MEs and all formualated OPT-MEs (S:CoS 5:1, 6:1, and 7:1)
were used for further investigations.

Quiality evaluation of optimal microemulsions
Thermodynamic stability studies. The results of OPT-MEs thermody-
namic stability studies demonstrated that all prepared formulations were

transparent, no signs of phase separation, cracking or creaming in OPT-MEs
were determined.
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Determination of physical characteristics. Droplet size, PDI, conduc-
tivity, viscosity and pH of OPT-MEs were determined (Table 3.3.1.1).
Droplet size of OPT-ME 5:1, OPT-ME 6:1 and OPT-ME 7:1 were
68.54+1.18 nm, 66.08+0.16 nm, and 66.66+0.56 nm, respectively. PDI
values of formulated OPT-MEs were relatively low (0.274-0.288) and
single peak distribution of droplet size was determined, thus indicating
homogeneity of disperse phase. O/W type of OPT-MEs was confirmed by
conductivity measurements (74.45-95.55 uS/cm) [18, 115, 134]. The
viscosity of all tested OPT-MEs varied between 53.95-62.80 mPaes, and
these results were similar to the published data for the same type of MEs
[115, 134]. The pH of OPT-MEs were in physiologically acceptable range
[6, 107]. Characteristics of OPT-MEs confirmed that formulated systems
met the requirements for O/W type MEs.

Stability studies. Study results demonstrated that storage conditions
affected the quality of OPT-MEs. According to research data [69],
formulated MEs are stable during the storage period of the long-term
stability study. The study results demonstrated that all OPT-MEs (S:CoS
5:1, 6:1, and 7:1) remained stable during 6 months stability testing period
when formulations were stored protecting from light and long-term stability
conditions (Figs. 3.3.2.1-3.3.2.3). Significant changes of OPT-MEs droplets
size were determined when samples were stored in accelerated stability
conditions and exposed to light (Figs. 3.3.2.1-3.3.2.3). Study results
demonstrated the highest increase of droplet size and decrease of PDI when
OPT-MEs were stored under light. Droplet size of OPT-MEs increased by
28.4-55.2%, depending on S:CoS weight ratio, after 6-months stability
studies. The increase of droplet size could be related to the changes of MEs
forming components, which are destabilised by external stress factors (high
temperature and light).

Formulation and quality evaluation of microemulsions containing
resveratrol

Optimal compositions of MEs with different S:CoS weight ratios were
used for resveratrol incorporation. Resveratrol was dissolved in surfactant
and oily phase, thus minimizing possible redistribution of resveratrol
between phases of MEs and achieving high incorporated quantities. Accord-
ing to resveratrol solubility and scientific research data, 1%, 2%, 3% and
4% microemulsions containing resveratrol (MES-RES) with S:CoS weight
ratios 5:1 (ME-RES 5:1), 6:1 (ME-RES 6:1) and 7:1 (ME-RES 7:1) were
formulated (n=12). Stability of MES-RES was evaluated visually. The study
results showed that 4% MEs-RES (S:CoS 5:1, 6:1 and 7:1) were cloudy,
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confirming instability of formulated systems. Transparency of 1%, 2% and
3% MEs-RES with different S:CoS weight ratios was observed after 24
hours’ equilibration, and all these formulations were used for further
investigation.

Thermodynamic stability studies. The results of MEsS-RES thermody-
namic stability studies demonstrated that all prepared formulations were
transparent, no signs of phase separation, cracking or creaming in MEs were
determined.

Determination of physical characteristics. Physical characterization of
MEs-RES was performed to detect possible effects of resveratrol inclusion
into disperse phase of OPT-MEs (Table 3.4.1.1). Study results demonstrated
that resveratrol incorporation into OPT-MEs increased droplet size. The
results of statistical analysis showed a statistically significant (P<0.05)
direct correlation (r=0.844) between the incorporated amount of resveratrol
and the mean droplet size. The study results demonstrated that increasing
concentration of resveratrol increased droplet size of MEs-RES and it could
be related to a large incorporated amount of resveratrol, which is distributed
between the surfactant and cosurfactant molecules, which are forming
interfacial surface of MEs droplets [28, 44, 134]. The similar effects for
droplet size increase is described in scientific publications when active
substances were incorporated into disperse systems [54, 132, 134]. The
droplet size of 1%, 2% and 3% MEs-RES with different S:CoS weight ratios
were smaller than 200 nm, confirming that formulated system met the
droplet size requirements for MEs [134]. Droplet size measurements of 1%
and 2% ME-RES 5:1 demonstrated single peak distribution of droplet.
When 3% resveratrol was incorporated into OPT-ME 5:1 the presence of
two-peak droplet distribution pattern was determined (Fig. 3.4.1.1). The
droplet size measurements of 1%, 2% and 3% MES-RES revealed existence
of two-peak droplet distribution in ME-RES 6:1 and ME-RES 7:1 24 hours
after formulation (Figs. 3.4.1.2, 3.4.1.3). However, PDI values of formu-
lated MES-RES were relatively low (0.227-0.274) thus indicating
homogeneity of disperse phase. Determined average conductivity for all
tested MEs-RES was close to 100 uS/cm, confirming that formulated MEs-
RES maintained O/W type [18, 115, 134]. The inclusion of resveratrol into
OPT-MEs caused an increase of disperse system viscosity (Table 3.4.1.1).
The pH of MEs-RES was in physiologically acceptable range (6.47-7.18)
[6, 107].

Stability studies. Droplet size, PDI and resveratrol concentration were
evaluated when MEs-RES were stored at different storage conditions for 6
months. The study results demonstrated that 1% and 2% MESs-RES (S:CoS
5:1, 6:1 and 7:1) remained stable during 6-months stability testing period
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when formulations were stored protecting from light and long-term stability
conditions. The droplet size of all formulations increased until 5.7% after 6-
month stability studies (Figs. 3.4.2.1.1-3.4.2.1.3). The study revealed that
the percentage droplet size increase of OPT-MEs and MEsS-RES was
similar, confirming that amount of resveratrol incorporated into MEs had no
effect on the relative droplet size changes. The study results demonstrated
that ME-RES storage conditions affected the quality of formulated systems.
The droplet size of MEs-RES statistically significantly increased when all
formulations were stored in accelerated stability conditions (Figs. 3.4.2.1.1—
3.4.2.1.3). The droplet size of 1% MES-RES and 2% MEs-RES increased
7.1-12.8%, and 15.4-18.3%, respectively, depending on S:CoS weight
ratio. The study results showed instability of all 3% MEsS-RES when
formulations were stored in accelerated storage conditions. The study results
demonstrated PDI decrease, thus indicating redistribution of droplet size
within fractions. Significant changes of droplet size were not observed when
MEs-RES were stored unprotected from light, however resveratrol concent-
ration statistically significant decreased after 6-months stability test (Fig.
3.4.2.2.1). The concentration of resveratrol decreased by 78.0-82.0% and
57.5-65.5% in 1% and 2% MEs-RES, respectively, when data of 24 hours
was compared to 6-months stability results. The increase of droplet size and
decrease of RES concentration could be related to the changes of MEs
forming components, which are destabilised by high temperature, and
photosensitivity of resveratrol, respectively. Changes of resveratrol concen-
tration were not determined when MEs-RES were stored in other storage
conditions. The results of our study demonstrated higher resveratrol stability
in 2% MES-RES (S:CoS 5:1, 6:1 and 7:1) when compared to 1% MES-RES
(S:CoS 5:1, 6:1 and 7:1). Incorporation of maximum resveratrol amount into
OPT-MEs was desirable to formulate stable MES-RES, therefore 2% MEs-
RES (S:CoS 5:1, 6:1 and 7:1) were selected for further biopharmaceutical
tests.

Biopharmaceutical evaluation of microemulsion containing resveratrol

In vitro release studies. The results of resveratrol release from 2% MEs-
RES (S:CoS 5:1, 6:1 and 7:1) evaluation demonstrated a constant release
rate over the 6 hours testing (Fig. 3.5.1.1). The highest amount of resveratrol
(60.73+4.58%) was released from 2% ME-RES 5:1 during 6 hours test.
Study results showed that released amount of resveratrol from 2% ME-RES
6:1 and 2% ME-RES 7:1 were 39.81+2.08% and 41.81+ 1.99%,
respectively. Statistically significant difference was not established between
amount of resveratrol released from 2% ME-RES 6:1 and 2% ME-RES 7:1.
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However statistically significant difference was determined between
released amount of resveratrol from 2% ME-RES 5:1 and 2% ME-RES 6:1
or 2% ME-RES 7:1. Different released amount of resveratrol could be
associated with the homogeneity of disperse system. The droplet size
measurements of formulated system revealed existence of two-peak droplet
distribution in ME-RES 6:1 and ME-RES 7:1. Single peak droplet size
distribution was observed when 2% ME-RES 5:1 were evaluated, thus
confirming better homogeneity of disperse system. A zero order Kinetic
model was used to describe release kinetics of the drug from the formulated
systems (R*=0.992). Results of drug release studies confirmed the suitability
of the carrier to incorporate and release resveratrol, and 2% ME-RES
(S:CoS 5:1, 6:1 and 7:1) formulations were considered acceptable for
further ex vivo testing.

Penetration of resveratrol into the human skin ex vivo. Ex vivo penetra-
tion studies were performed to evaluate MEs influence of resveratrol
delivery into the skin. Resveratrol penetration from PEG-8 caprylic/capric
glycerides and ethyl oleate were used as control. The results of ex vivo stu-
dies of the skin penetration showed that resveratrol demonstrated lipophilic
properties and mostly accumulated in epidermis. Meanwhile, when 2%
MEs-RES (S:CoS 5:1, 6:1 and 7:1) were applied on the skin, better resve-
ratrol penetration into deeper layers of the skin was determined and these
findings support the suitability of MEs for enhancing the delivery of resve-
ratrol into dermis [67, 68]. For more information, see manuscript “Design
and formulation of optimized microemulsions for dermal delivery of
resveratrol”.

Biopharmaceutical study results showed that 2% MES-RES 5:1 released
the highest amount of resveratrol and demonstrated better resveratrol
penetration into the human skin ex vivo, therefore this formulation was
selected for further investigations.

Evaluation of resveratrol photostability

Protective effect of the formulated ME-RES 5:1 on the photostability of
resveratrol under UVB exposure and stability of trans-resveratrol in MEs
and ethanolic solution of resveratrol (RES-control) were evaluated. The
concentration of trans-resveratrol in tested formulations was 2%. The
results of photodegradation studies demonstrated a decrease of trans-
resveratrol concentration by 83.7% and 39.1% in ethanolic solution and
ME-RES 5:1, respectively after 4 hours testing. The results of the study
confirmed that inclusion of resveratrol in MEs decreased photoiso-
merization of active substance.
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The effect of UVB irradiation on MEs (OPT-ME 5:1 and ME-RES 5:1)
droplet size characteristics was evaluated by measuring the mean droplet
size and PDI before and after UVB exposure. For more information, see
manuscript “Testing of resveratrol microemulsion photostability and
protective effect against UV induced oxidative stress”.

Biological evaluation of experimental formulations

In vivo skin irritation assays. Different formulations (OPT-ME 5:1, 2%
ME-RES 5:1, and surfactant solution with resveratrol) were used to evaluate
a possible effect of skin irritation. The study results demonstrated that the
skin of mice remained unchanged after 24, 48 and 72 hours test. Erythema
or skin dryness were not observed.

Histological evaluation of the skin samples showed that experimental
formulation did not cause skin irritation and had no influence on epidermis
changes of mice skin (Fig. 3.7.1). The epidermal thickness of control mice
was 21.3+3.4 pm (Fig. 3.7.1, A). When mice skin were treated with OPT-
ME 5:1 and 2% RES-ME 5:1, epidermal thickness was 23.9+4.3 um and
21.94£3.9 um, respectively (Fig. 3.7.1, B, C). The highest epidermal thick-
ness of mice skin (28.0+6.1 um) was determined when mice were treated
with surfactant solution with resveratrol (Fig. 3.7.1, D). No statistically
significant (P>0.05) difference was established between epidermal thickness
of control mice skin and epidermal thickness of mice skin treated by
experimental formulations. In vivo study results did not demonstrate
irritation effects when MEs, containing relatively high concentrations of
surface active substances, were applied on the skin, therefore formulated
ME-RES are safe for topical application.

121



CONCLUSIONS

1. The compositions of experimental microemulsions were formulated by
using experimental planning. Optimisation of experimental microemul-
sions was performed setting three criteria as important: (i) the range of
microemulsions droplet size 1 nm to 100 nm; (ii) single peak distribution
of droplet size; (iii) minimum deviation from the mean of the droplet size
value. The conformity between the properties of produced and for-
mulated microemulsions has proven the correctness of the theoretical
model and the choice of critical quality parameters.

2. Formulated microemulsions were thermodinamically stable and their
droplet size average was in range of 66.08-68.54 nm, polydispersity
index 0.274-0.288, pH value 7.01-7.11, electrical conductivity 74.45-
95.55 puS/cm and viscosity 53.95-62.80 mPaes, and thus confirmed that
the formulated microemulsions complied the quality requirements for
this dispersion System and are suitable for use on the skin. The
significance of average droplet size and polydispersity index was confir-
med by evaluating stability of microemulsions affected by temperature
and light exposure, because these factors destabilize the components of
microemulsions.

3. The effect of resveratrol concentration on the changes in physical and
chemical properties of optimal microemulsions was investigated and
evaluated. Incorporation of resveratrol into optimal microemulsions
demonstrated statistically significant increase in the average droplet size,
which depended on the amount of resveratrol in microemulsions. Relati-
vely good solubility of resveratrol into the surface active substances
demonstrated its distribution in the interphase layer of disperse system
explaining the changes in droplet size of microemulsions.

4. Formulated microemulsions containing resveratrol remained stable for 6
months keeping them at 15-25°C temperature, protecting them from light
and at long-term stability testing conditions. The average droplet size in-
creased by 7.1-18.3% and polydispersity index decreased by 7.2—15.0%,
depending on surfactant and cosurfactant weight ratios and concentration
of resveratrol, when microemulsions containing resveratrol were stored
in accelerated stability testing conditions due to sensitivity of compo-
nents of microemulsions to temperature. Isomerisation of resveratrol was
determined when disperse system was only affected by direct light.

5. The active role of the carrier in the process of release of the active sub-
stance has been confirmed. Different resveratrol release kinetics from
microemulsions was caused by the weight ratio of the surfactant and
cosurfactant, droplet size distribution in the formulated system and its
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homogeneity. In vitro study results demonstrated that resveratrol was
released more intensively from a 2% resveratrol microemulsion when
surfactant and cosurfactant weight ratio was 5:1 and the disperse system
was homogeneous.

. The suitability of microemulsion as the carrier for improving resveratrol
penetration into deeper layers of the skin has been proven by ex vivo
testing. The results of penetration studies into the human skin ex vivo
showed that microemulsions containing resveratrol improved resveratrol
penetration into dermis by 0.9 to 1.3 times, therefore it can provide local
protective effects.

. Photostability study results have confirmed that the formulated micro-
emulsions increased resveratrol’s resistance to UVB radiation, and
resveratrol stabilised microemulsion components, which are sensitive to
UVB radiation. The study results demonstrated that the concentration of
trans-resveratrol in formulated microemulsions containing resveratrol
remained 3.2 times higher than in ethanolic solution and the average
droplet size of microemulsions containing resveratrol was 1.7 times less
if compared to optimal microemulsions.

. The results of in vivo animal testing have confirmed that relatively high
amounts of surface active substances used in microemulsion formulation
did not irritate the animal skin and did not influence the changes of
epidermis. The study results demonstrated that formulated microemul-
sions containing resveratrol were sufficiently safe for topical application.
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PRIEDAI

1 lentelé. Mikroemulsijy sudétys, sugeneruotos naudojant D-optimaly
dizaino modelj, ir jy daleliy dydis

Eil. Sudétis, proc. Daleliy dydis, nm
Nr. | S/KoS | Vanduo | Aliejus |S/KoS 4:1 | S/KoS 5:1 | S/KoS 6:1 | S/KoS 7:1
1 52,5 37,5 10,0 73,27 70,50 65,46 65,50
2 50,0 45,0 50 53,04 49,14 46,6 47,83
3 45,0 45,0 10,0 54,02 50,29 51,58 53,75
4 60,0 35,0 50 82,23 86,98 70,49 71,55
5 50,0 35,0 15,0 91,67 79,16 129,10 149,50
6 45,0 40,0 15,0 91,03 74,22 - -
7 55,0 40,0 5,0 63,94 61,16 56,69 60,41
8 48,8 42,5 8,8 60,86 67,80 51,28 55,30
9 48,8 38,8 12,5 72,09 57,36 117,50 106,70
10 55,0 35,0 10,0 84,08 79,45 78,63 75,63
11 60,0 35,0 5,0 83,54 84,45 78,18 77,44
12 50,0 35,0 15,0 86,93 81,31 141,00 161,00
13 50,0 45,0 50 53,52 51,09 49,85 48,40
14 45,0 45,0 10,0 54,54 50,60 56,56 67,51
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2 lentelé. Mikroemulsijy sudétys (S/KoS 5:1), sugeneruotos naudojant
D-optimaly dizaino modelj, ir gautas atsakas

Eil. ME komponentai, proc.- | VDD, nm Srfizﬁ?;ggls Smﬂliu
Nr. | s/KoS5:1 | Vanduo Aliejus nm skaicius

1 52,5 37,5 10,0 70,50 54,98 1

2 50,0 45,0 5,0 49,14 72,82 1

3 45,0 45,0 10,0 50,29 81,27 2

4 60,0 35,0 5,0 86,98 50,90 1

5 50,0 35,0 15,0 79,16 63,49 1

6 45,0 40,0 15,0 74,22 88,06 2

7 55,0 40,0 5,0 61,16 50,83 1

8 48,8 42,5 8,8 67,80 71,23 1

9 48,8 38,8 12,5 57,36 66,28 1

10 55,0 35,0 10,0 79,45 46,94 1

11 60,0 35,0 50 84,45 63,02 1

12 50,0 35,0 15,0 81,31 68,77 1

13 50,0 45,0 50 51,09 92,49 1

14 45,0 45,0 10,0 50,60 79,10 2
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3 lentelé. Mikroemulsijy sudétys (S/KoS 6:1), sugeneruotos naudojant
D-optimaly dizaino modelj, ir gautas atsakas

Eil. ME komponentai, proc.- | VDD, Srtlir;ﬁz’;l;ggls Smf;\j!iq
Nr. | s/KoS6:1 | Vanduo Aliejus nm nm skaicius
1 60,0 35,0 50 78,08 46,55 1
2 46,0 39,0 15,0 76,16 77,73 2
3 50,0 45,0 50 48,78 55,01 1
4 50,0 35,0 15,0 79,51 64,93 1
5 46,0 45,0 9,0 48,54 80,31 1
6 52,7 39,9 7,4 60,47 51,16 1
7 55,0 35,0 10,0 75,89 46,95 1
8 48,2 40,9 10,9 59,65 67,01 1
9 50,2 37,4 12,4 69,01 61,74 1
10 50,2 42,4 7,4 55,36 58,29 1
11 50,0 45,0 50 48,51 54,26 1
12 46,0 39,0 15,0 75,17 83,72 2
13 60,0 35,0 50 77,51 47,03 1
14 46,0 45,0 9,0 48,74 77,03 1
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4 lentelé. Mikroemulsijy sudeétys (S/KoS 7:1), sugeneruotos naudojant
D-optimaly dizaino modelj, ir gautas atsakas

. i Standartinis -
EII! — M-E komponentai, proc.. - VDD, nm | nuokrypis, sskn;?é'll::;
0S7:1 | Vanduo Aliejus nm
1 60,0 35,0 50 76,12 45,56 1
2 46,0 39,0 15,0 77,69 77,72 2
3 50,0 45,0 50 47,68 51,93 1
4 50,0 35,0 15,0 79,94 64,64 1
5 46,0 45,0 9,0 47,67 71,18 1
6 52,7 39,9 7,4 59,00 50,04 1
7 55,0 35,0 10,0 74,88 45,01 1
8 48,2 40,9 10,9 58,89 65,12 1
9 50,2 37,4 12,4 68,01 56,20 1
10 50,2 42,4 7,4 54,07 55,33 1
11 50,0 45,0 50 47,75 51,11 1
12 46,0 39,0 15,0 77,19 80,39 2
13 60,0 35,0 50 75,79 43,84 1
14 46,0 45,0 9,0 47,95 74,35 1
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REGIONINIS BIOMEDICININIU TYRIMU ETIKOS KOMITETAS
iversitetas, A, Mickevitiaus g. 9. LT 44307 Kaunas, tel. (+370) 37 32 68 89; ;

LEIDIMAS ATLIKTI BIOMEDICININ] TYRIMA

2016-07-14  Nr. BE-2-41

Biomedicininio tyrimo pavadinimas: "BiologiSkai aktyviy medZziagy skvarbos j (pro) biologines
membranas vertinimas
Protokolo Nr.: BTP-1
Data: 2016-06-16
Versija: 1
Asmens informavimo forma Var. 2,2016-07-13
Pagrindinis tyréjas: Prof. Vitalis Briedis
Biomedicininio tyrimo vieta: Lietuvos sveikatos moksly universitetas
Istaigos pavadinimas: A. Mickevitiaus g. 9, Kaunas
Adresas: Klinikinés farmacijos katedra
Sukiléliy per. 13, Kaunas

I$vada:
Kauno regioninio biomedicininiy tyrimy etikos komiteto posedzio, jvykusio 2016 m. liepos mén. 8 d.
(protokolo Nr. BE-10-10) sprendimu pritarta biomedicininio tyrimo vykdymui.

Mokslinio eksperimento vykdytojai jsipareigoja: (1) nedelsiant informuoti Kauno Regioninj biomedicininiy Tyrimy Etikos
komiteta apie visus nenumatytus atvejus, susijusius su studijos vykdymu, (2) iki sausio 15 dienos — pateikti metinj studijos
vykdymo apibendrinimg bei, (3) per ménesj po studijos uzbaigimo, pateikti galutinj praneSima apie eksperimenta.

Kauno regioninio biomedicininiy tyrimy etikos komiteto nariai
Nr. Vardas, Pavardé Veiklos sritis Dalyvavo posédyje
1. Prof. Romaldas Maciulaitis Klinikiné farmakologija taip
2. Prof. Edgaras Stankevicius Fiziologija, farmakologija taip
3. Doc. Eimantas Peitius Filosofija ne
4. Dr. Ramuné Kasperavitiené Kalbotyra taip
5. Med. dr. Jonas Andriuskevitius Chirurgija taip
6. Agne Krudinskaite Teisé taip
7. Prof. Skaidrius Miliauskas Pulmonologija, vidaus ligos ne
8. Med. dr. Rokas Bagdonas Chirurgija : ne
9. Eglé Vaizgeliené Visuomenés sveikata ne
Kauno regioninis biomedicininiy tyrimy etikos komi dirba vadovaud is etikos principais nustatylais biomedicinini

imy Etikos jstatyme, Helsinkio deklaracijoje, vaisty tyringjimo Geros klinikinés praktikos taisyklémis.
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Prof. Edgaras Stankevi¢ius
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LEIDIMAS ATLIKTI BANDYMO SU GYVUNAIS PROCEDURU PROJEKTA

2015-12-34Nr. G2-37
Vilnius

Vadovaujantis Lietuvos Respublikos gyviiny gerovés ir apsaugos jstatymo 16
straipsnio 4 dalimi, Mokslo ir mokymo tikslais naudojamy gyviiny laikymo, prieziaros ir
naudojimo reikalavimais. patvirtintais Valstybinés maisto ir veterinarijos tarnybos
dircktoriaus 2012 m. spalio 31 d. jsakymu Nr. B1-866 ,Dél Mokslo ir mokymo tikslais
naudojamy gyviiny laikymo. prieZitiros ir naudojimo reikalavimy patvirtinimo®. Europos
konvencija deél eksperimentiniais ir kitais mokslo tikslais naudojamy stuburiniy gyviiny
apsaugos (OL 2004 m. specialusis leidimas, 15 skyrius, 4 tomas, p. 325) ir remiantis Lietuvos
bandomyjy gyviiny naudojimo etikos komisijos prie Valstybinés maisto ir veterinarijos
tarnybos 2015-12-23 isvada Nr. 18 ..Dél leidimo atlikti bandymus su gyviinais™,
leidziama

Lietuvos sveikatos moksly universiteto Veterinari '!os akademijai,

TUKS0 subjyckio (-uT. uriam [-ieme] duoias Toidimas ailik e 30 gy vinan provedany prowkia

Tilzes . 18. LT-47181 Kaunas. 302536989,

dresas [-ail, kodas (-a1) Jundini asmeny regse]

atlikti bandymo su gyviinais procediiry projekta

~Resveratrolio mikroemulsijy priesuzdegiminio ir pazaidy skatinan¢io poveikio vertinimas in
vivo®,

T TR0 U Y VERANS Proce Prajpckio pasadinimas, vadovas, wvina

projekto vadovas Aidas Grigonis, naudojant 170 peliy,

Lietuvos sveikatos moksly universiteto Veterinarijos akademijoje, Tilzés g. 18, LT-47181
Kaunas.

andymo su gyviinais procedlng projekio ailkimo vielos pavadinimas, adresas)

Leidimas atlikti bandymo su gyviinais procediiry projektg galioja iki 2019 m.

balandzio 7 d. /
/ ’_\
/ / -
Gl / / e
Direktoriaus pavaduotojas. / / ,( ( e
pavaduojantis direktoriy { /& [ L Vidmantas Paulauskas
|
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PADEKA

Dékoju disertacinio darbo vadovui prof. Vitaliui Briedziui ir visam Kli-
nikinés farmacijos katedros kolektyvui uz visapusiSkg pagalbg ir suteikta
materialing bazg.

Dékoju Dr. L. Kriauceliino smulkiyjy gyviny klinikos darbuotojams
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Dékoju prof. Vilmantei Borutaitei ir visam Neuromoksly instituto Bio-
chemijos laboratorijos kolektyvui uz suteikta galimybe atlikti mokslinius
tyrimus su lgsteliy kultiromis.

Dékoju LSMU Mokslo fondui ir Atviram LSMU fondui uz suteiktg fi-
nansing parama.
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