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bnaromapuoct

JlokTopckaTa aucepraiyja e u3padoreHa Bo naboparopunte Ha DapmareBTCKUOT
daxynrer Bo Ckomje. Jlenm o ekcriepuMeHTanHara padora Gerie ciposeaera Bo Oienor
3a (hapMaleBTCKa TEXHOJIOTH]a U Onodapmalija mpu Y HuBep3uTeToT Bo [ 'pair, ABcTpHja
kako nen onx CEEPUS — CEKA wmpexara 3a moounroct (ClII-RS-1113), kako u Bo
HuctutyToT 32 HeBpoOHosoruja mpu byrapckata akajgeMuja Ha HaAyKUTE Kako JAEN O]l
NpoeKToT ,IN VIVO cTyauu 3a ompelenyBambe Ha MOTCHIHMjalHATA AKTHMBHOCT Ha
HAHOCHUCTEMH CO BrpajeH ekctpakt oj Cannabis sativa 3a Tperman Ha OojiecTH Ha
[EHTPATHUOT HEepBeH cucteM™. M3pazyBaM OaromapHOCT O CUTE KOU JUPEKTHO WIIH
MHAUPEKTHO Oea BKIYyYEHU BO OpraHu3alyjaTa U peajn3alujata Ha eKcliepuMeHTaTHaTa
pabora.

Co Hajmraboka U UCKPEeHA MOYHT ja M3pa3yBaM CBojaTa 0JaroJapHoOCT Ha MOJOT
MEHTOp W yuurten mpod. n-p Mapuja ['maBamr JlomoB, 3a orpoMHaTa IOAIPIIKA,
MPEHECEHUTE 3HaeHha M UCKYCTBA, 32 pa3MUCITyBamara, COBETUTE U JIoBepOaTa u3pa3eHa
NpeKy NpykeHaTa ci1000Aa Ja TM pealu3npaM MOHUTE HAyYHOUCTPAKYBAUKH HJICH.
Orpomuo 6marogapam 3a Bamara necebuuHa cekojiHeBHa 60p0a 3a MOCTUTHYBamkE Ha
HAIIUTE eI U 3aMHCIIH.

[ToceOna OnaromapHOCT H3pa3yBaM Ha MOjOT Kojera u mnpujaten Jlymiko
Hlanabanuja unj mpugoHec 3a U3padoTKaTa Ha OBOj JOKTOPCKH TPYJ € HEMPOIICHIIMB.
bnarogapam 3a HeceOMuYHaTa MOMOII M JApyrapckara MOAJpPINKa, 3a pa3OupameTo U
Tprienuero. Tu GnarogapaM ITO CH €T OF TUMOT OJf CAMHUOT IMOYETOK Ha HAIINUTE
UCTPaXyBamba.

Ha npod. n-p Hukona I'emkoBckHM 3a CTpyYHHTE COBETH M JUCKYCHH KOHU
MoMOrHaa BO (DMHATHOTO OOJMUKYyBamke Ha TPYAOT, Kako M 3a copaboTkarta Hu
Oe3pesepBHATa MOJIPIIKA MTPU eKCIIepUMeHTanHaTa padora. HemsmepHo Oxaromapam 3a
MIPEHECEHOTO 3HACHE U BEILITHHA 32 padoTa CO KJIETOUHU KYITYpH.

Tonema Gnarogapaoct Ha mpod. a-p I'omre CTeKOB 3a IPEHECEHOTO 3HACHE, 33
ujejara, 3a CUTE CyreCTUM M COBETH, 3a IEJIOKyHAaTa MOMOII U MOJAIPIIKA KOU Ce O]1
OTPOMHO 3HAYCH-E 32 MEHE M 0Baa JOKTOPCKA JAUCEpTaIHja.

bnarogapuoct o npod. a-p Karepuna ['opauniHoBa 3a HeceOMUHATa MOAJIPILKA,
3a CTPYYHHUTE COBETH M Pa3MHCIyBamba.

Ha npod. n-p Maja Cumonocka LlprapeBcka 3a mHpeHECEHOTO 3HacHme, 3a
NOJIpIIKaTa, HeceOWYHATa TIOMOII M COBETUTE MPH N3paboTKaTa Ha JOKTOPCKUOT TPYA.

bnaromapam Ha npod. a-p Ilerpe Makpecku ox IlpupomHOMareMaTHYKHOT
¢dakynter u Ha mpod. n-p Mapuja IlerpymeBcka ox MeAUUIMHCKHOT (aKynaTeT 3a
Hay4yHaTa copabOTKa U KOPUCHUTE CTPYUYHH COBETH.

Ocobena OmaromapHocT wu3pasyBaMm 10 mpod. n-p Amnxapeac Ilumep 3a
copaboTKara, CTpyYHHUTE COBETH U IIPYKEHATa MOKHOCT JIEJT Of] eKCIIEPUMEHTHUTE Ha OBaa
JIOKTOpCKa AucepTaluja 1a ougat cpaboreHu noj Bamie MeHTOpPCTBO.

Ha mpod. n-p Jana UekamapoBa 3a OABOGHOTO BpeMe BO Hu3paboTKara u
eBaJlyanyjaTa Ha aHTUKOHBYJI3MBHATAa aKTHBHOCT, KaKO M 3a Hay4YHaTa cOpabOTKa |
CTPYYHHUTE COBETH.

WM Gmarogapam Ha koserute ox dapmaneBTCKHOT (akyJITeT 3a JoCeranrHara
copaboTka u npujatenctBo. OcobeHo ce 3abmarogapyBam Ha Kosierute o MHCTUTYTOT
3a (hapMakorHo3Wja 3a IIOCTOjaHaTa M HeceOMYHA TOMOII TpH Hu3paboTKaTa Ha
AQHATUTUYKUOT JIENT OJ1 OBa HCTPAXKyBaIbe.



Hajronema u uckpena OiaromapHocT noibkam Ha Enena m lopre, kako u Ha
IIEIOTO MOE CEMEjCTBO 3a CEKOjJHEBHATa TOJJIPINKA, 3a JbyOOBTa, 3a TPIECHHETO, 3a
pa3zOupameTo.

W3jaByBam fieKa TOKTOPCKUOT TPYJ] € OPTUHAJIEH TPY/I IITO TO UMaM H3padOTEHO
CaMOCTOJHO.

Jbyouna Muxaniiosa

N3jaByBam JieKa e€1eKTpOHCKATa Bep3Hja Ha JOKTOPCKUOT TPY/ € UJICHTUYHA CO
OTIIEYaTEHUOT TOKTOPCKH TPY. Jby6uria Muxaniiosa, c.p.

Mucremara BO MOIJIe]] Ha JOCTABCHUTE aBTOpPE3MMea Ha JOKTOPCKHOT TPY.L MO/
HacloB ,,Jlu3ajH, hopMmyanmja, KapakTepusamnuja 1 in VIVO cTyauu Ha epUKacHOCT Ha
JIMITUIHA HAHOCHCTEMH CO BrpajieH ekctpakt ox Cannabis sativa 3a moteHImjaneH
TpEeTMaH Ha enuiierncuja®“ ce naaenu o Ilpunor 1.
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Jlucta Ha o0jaBeHU TPYJOBU MOBP3aHU CO UCTPAKyBamaTa BO IOKTOPCKaTa
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Y4ecTBO BO MPOEKTH U OCTBAPEHU IPECTOM/COPAOOTKHM MOBP3aHU CO
JOKTOpCKaTa JMcepraiuja

1. ®opMynaucKy pa3Boj Ha OMOMHCTIMPUPAHT HAHOIMITIO30MH KaKO HOCA4H HA AKTUBHH
CYICTAaHIIMK 3a TPeTMaH Ha AumxajMepoBa 00yecT (HAIMOHAIECH MPOSKT (DMHAHCUHPAH O
Vuusepsureror ,,Cs. Kupun u Meroauj“ Bo Cromje, 2016-2017 roxuna).

2. JluzajH, pa3Boj M ONTUMH3AIHMja HAa HAHOCTPYKTYPUPAHH JHMIUIHH YECTUYKU CO
SHKAICYJIPaH eKCTPAKT oJ JKanduja 3a TpeTMaH Ha AJixajMepoBa OonecT (HalMOHATIEH TIPOEKT
¢dunancupan oxg apmaneprckuot daxynrer Bo Cxomje, 2018-2019 roauna).

3. CEEPUS wmpexa 3a moomisoct, CEKA PharmTech ClII-RS-1113-02-1819-Central
European Knowledghe Alliance for Teaching, Learning and Research in Pharmaceutical
Technology (mpecroj Ha VYnuBepsuter Bo ['pan, ABcrpuja, WHctutyT 32 (hapmareBrcka
TexHojoruja u buodapmarja, 2019 roguna).

4. InVvivo cryauu 3a onpe/ienyBame Ha MOTEHIMjaTHATa aKTUBHOCT HA HAHO-CHCTEMH CO
BrpazieH excrpakt ox Cannabis sativa 3a TpeTman Ha GONECTH Ha [IEHTPAHAOT HEPBEH CHCTEM
(copabotka momery @apmanesrcku (axynrer, YKHUM, Ckomje n Bypapckara akagemuja Ha
Haykure, 2019-2020 roauna).

5. ®apMaKOTHOCTHYKH, (UTOXEMHCKH, (HapPMAKOIOIIKO-OMONIOMIKH U MOJEKYIapHH
MCIIMTYBarba Ha BHI0BH Ha Koot (Cannabis spp.) u cooxsetHu Ouostomku npepabotku (11 dasa),
MPOEKT MoMery ATeHIHja 3a JekoBH W MemuiuHcku cpenctBa — MAJIME]] u ®apmaneBTcku
dakyarer Bo Crome, 2020-2023 roauna.

6. CEEPUS wmpexa 3a moounaoct, CEKA PharmTech CllI-RS-1113-02-1819-Central
European Knowledghe Alliance for Teaching, Learning and Research in Pharmaceutical
Technology (mpecroj Ha VYuuBepsuter Bo ['par, ABctpuja, WHcTHTyT 3a (apmarneBTCKa
TexHojoruja u buodapmaryja, 2022 roguHa).

7. Ilporeomudko mpodummpame Ha IPOTEMHCKATa KOpOoHa (pOpMUpaHa Ha TOBPIIMHATA
Ha HaHOYeCTHYKHTe Mo HuBHA WHKyOamuja Bo hCMEC/D3 kieroueH memuyMm (MelryHapojeH
npoekT gpunancupan oy Joint Research Centre na EBponckara komucuja, 2022-2023 roauna).






Jbyouna Bacun MuxaunoBa

JU3AJH, POPMYJIAHUJA, KAPAKTEPU3ALIUJA U IN VIVO CTYJIUHU HA
E®UKACHOCT HA JIMIITMIHU HAHOCUCTEMMH CO BI'PAJJEH EKCTPAKT O/l
CANNABIS SATIVA 3A NIOTEHHUJAJIEH TPETMAH HA EINIMJIEIICHJA

—AncTpakT-—

MHory wucTpakyBama C€ HACOYCHHM KOH HCIUTYBAamke Ha MATOQHU3MOJOTHjaTa Ha
eMuIIeTICHjaTa KaKo CJI0’KeHa HEBPOJIOIIKa 0OJIECT, HO M TTOKPaj TOA MCTaTa ¢ YIITe IPeTCTaByBa
TJIaBEH MPEIM3BUK IPH Pa3BOjOT Ha e(hUKACHHU TEPANEBTCKU MPHUCTAITU CO 11T KOHTPOJIHUPAE HA
HamaauTe. VIMeHo, 3a ycriemHo MeHayHupame Ha OOJEeCTHTe Ha IIEHTPATHUOT HEPBEH CHCTEM
(IHC) kaxo mTo ce HEeBpoAeTreHepaTUBHUTE OOJEeCTH, HAlaIUTe Ha IMaHWKa, MEHHHTHUTHCOT,
TYMOPHUTE Ha MO30KOT U CEKaKO EMUIeTICHjaTa, MOTPEOHO € MOCTUTHYBAahE Ha PEIATHBHO BUCOKH
KOHIIGHTpAlliM Ha aKTHBHaTa KOMIIOHEHTa Ha MECTOTO Ha jenyBame. JlomomHuTenHo,
(hapMaKoOJIOMIKNOT OATOBOP OJl aKTMBHATa KOMIIOHEHTA 3aBHUCH O] OpojHU (haKTOpH, MPH IITO
nprUMapHa yJiora uMa reHeTpalujara npeKky KppHo-Mo3o4Hata 6apuepa (KMB) mnm ciocobHocTa
Ha aKTMBHATa KOMIIOHEHTA JIa ce Bp3e 3a crenru(UYHU NPOTEMHCKH TPAHCIIOPTEPH CO el 1a ce
OJIECHH TpPAHCHOPTOT TIpeKy MeMmOpaHara. JlOMOMHWMTENHO, 3a Ja IO TOCTUTHAT CBOjOT
(bapmakonomkn edexT, MOJIEeKyIUTe HAa aKTUBHUTE KOMIIOHEHTH MOTPEOHO € Ja CTHTHAT BO
JIOBOJIHA KOJIMYMHA Ha IETHOTO MECTO Ha JenyBame. OTTyKa € jacHO JieKa € MOTpeOHo 1a ce
HaJAMHUHAT ToBeke mpenpekd, a KMb ce cmera kako emHa o HajKOMITIEKCHUTE Oapuepu 3a
aKTHBHHUTE KOMIIOHEHTH HaCOYEH KOH MO30KOT.

3eMajku TM BO MpEABH] HAjHOBHTE IMOJATOLUM KOM YKa)KyBaaT Ha MOTEHIMjATHUTE
AHTUKOHBYJI3MBHU edekTr Ha kaHaounuon (CBD) u kanaduoaunonna kucenuna (CBDA), kako n
NPETHOCTHUTE HA JIMITUIHATE HAHOCUCTEMH KaKO HOCaYM Ha aKTHBHU KOMITOHEHTH 32 HaCOYECHA
UCIIOpaKa BO MO30KOT, [IeJITa Ha 0Baa JOKTOPCKa JUcepTalyja Oelie BO HacOKa Ha TIOATOTOBKA U
in vitro dusnuko-xemrcka u OnodapmarieBTCKa KapakTepusaiija, Kako u in Vivo epayaruja Ha
HAHOJIMIIO30MH W HAHOCTPYKTYPHUpPaHH JIMITHUIHK HOcadyd co ekctpakT ox Cannabis sativa
HaMeHeT 3a 0e30eeH u edukaceH Tpancopt npeky KMb u TpeTMman Ha enmnernicuja.

Bo Texor Ha mpBara ¢aza ox oBaa JOKTOpPCKa AMcepTanvja Oea MOATOTBCHH JIBa
pa3nuyHM TUIA Ha eKkcTpakTu ox Cannabis sativa u Toa: TedeH ekcTpakT 100ueH 0e3 MpeTXoIHa
nekapOOKCHITallija Ha pacTUTETHHOT MaTepujan (o cyBu 1iBeToBH (FA) 1 cyBu femoBu o1 1ienata
xep6a (CA)) u cyB ekcTpakT qo0ueH co auoduimnsanuja (ox cysu 1setou (FE) u cyBu aenosu
on mnenara xepba (CE)). CormacHo moOueHwTe pe3ynraTd of iN Vitr0 HCIHMTYBameTO Ha
antuokcunatuearoT Kanaruter (ORAC) u in vitro esanyanumjara Ha nmurorokcuanocta (MTT),
Kako M (pUTOXEMHCKaTa KapaKTepH3alfja Ha MOJrOTBEHUTE EKCTPAKTH CO AaKIEHT Ha TJIaBHUTE
kanabuHouau, CE Oerie cenektupat ja Oujie MHKOPIIOPUPAH BO JIMITUIHU HaHOCHCTeMU. Bo Taa
Hacoka, Oellle HarpaBeHa [eJI0CHa (PUTOXeMHUCKA KapaKTepu3alja Ha N30paHuoT THOPHIM3HPaH
CYB €KCTPakKT oj1 Iieata xepba o pacrenuero Cannabis sativa, kame mro CBDA 6ere n3bpana
Kako MapKep-KOMIIOHEHTa IMpU eBallyalujara Ha e(hUKacHOCTa Ha eHKalcyJjanuja, Kako U BO
oJipelyBamkeTO Ha Op3uHaTa Ha ociioboayBame Ha CE on moarorsenure hopmyaum.

Bo cnennata ¢asza on uctpaxyBamara, Oea MOATOTBEHH U IIEIOCHO KapaKTepU3HPAaHU
JIBa Pa3jIMYHU THUIMA HA JUNUAHU (HOpMyJAllMKd U TOAa Ha TpasHu u nonHu (co BrpameH CE)
Hanomumo3omu (NL) wu  Hanoctpyktypupanu sunuanu  Hocauun (NLC), coomBeTHO.
@®opmynanuuTe Cce pazIMKyBaa I0 NPUCYCTBOTO M BHUIOT Ha IIOJMMEPOT 3a CTEpHA
crabwimzanuja. MiMeHo, Bo mpBara rpymna Ha ¢opmysnaimu, monuetwicH riaukon (PEG) Gerre
ynoTpebeH kako crent noiaumMep (noouenu ce npasuu Gopmynannu NL1 u NLC1, popmymnaum
co Brpagen CE, NL1CE u NLC1CE), a Bo Bropata rpymna nosiokcamep (POL) Gerre ynorpeben



Kako cTenT nonmumep (noduenu ce npasuu popmynanuu NL2 u NLC2, popmynaimu co BrpajacH
CE, NL2CE u NLC2CE). Bp3 ocHoBa Ha goOuenute TEM mpukasu, cute dopmynanuu ce
KapakTepu3upaa co chepuyna popma 1 Ma3Ha MOBPILUHA, CO Z-TipoceveH aujamerap ox 105-120
nm 3a npasuute popmynaruu u ox 111-160 nm 3a popmynanuute co BrpaneH CE, yaumoaanna
JUCTpuOyIMja Ha yecTHukuTe cropen ronemuna (PDI<0,3) u HeraTuBeH 3eta moteHujan (~-30
mV). Curte mnoarorBeHu (QopMmyrnanuyu MOKakaa BHCOK MPONEHT Ha eQHUKAaCHOCT Ha
enkancynamuja Ha CE (>87%). CtynmuuTe Ha CTaOMITHOCT MOKa)kaa JeKa KOra MOJTrOTBCHHUTE
tdhopmyrnanuu 6ea HHKyOMpaHU BO (U3HONOIIKY peieBaHTEH MEIUYM, HE Joara 0 3HAYUTEIHA
MpoOMEHa BO CpelHaTa rojieMHHAa Ha YeCcTHUYKUTe Ha HaHocuctemute. Opn npyra crpana, mo 24
yaca BpeMe Ha MHKyOallija BO XyMaHa [1a3Ma, IpoMeHaTa BO CpeIHaTa roJieMiHa Ha YeCTUUKHUTE
Ha ToAroTBeHHTE (hopMyanuu Oelre BO HACOKA Ha 3rojieMyBambe, IITO HajBepPOjaTHO Ce JOIDKU
Ha TIporecoT Ha (GopMmupame Ha MpoTenHcka kKopoHa. IIpuvenara Ha ATR-FTIR amamm3sa ro
HOTBP/Y MPUCYCTBOTO HA CTEJNT NOJIMMEPHTE HA MMOBPIIMHATA HA YECTUYKNTE HA HAHOCUCTEMHUTE.
Hononuurenno, npucycrsoto Ha PEG 1 POL mpunonece 3a momain NpoLEHT Ha aTcOpOUpaHH
IU1a3Ma MPOTEHHH Ha MOBPIIMHATA HA YECTHUYKHUTE, BO CIIOpea0a CO MOATOTBEHUTE (GOpMYyJIaIin
0e3 morMep 3a cTepHa cTabuin3alyja.

Cure nmoaroTseHu GopMyJIaIlUK Pe3yJITHPaa co MPOJA0JDKEHO 0ciioboayBame Ha CE, nako
Oea 3a0enexxaHu Pa3IUKK BO 3aBHCHOCT OJ1 TUTIOT HA HAHOCHUCTEMOT, KaKO U BUAOT Ha MOJINMEPOT
3a CTepHa CTa0WiIHM3anyja Ha dYecTWYKuTe. Bp3 ocHOBa Ha moOWeHWTE KOepHIIMEHTH Ha
KopeJaiyja, MOJCIIOT KOj Hajao0po ja omuina KMHETHKaTta Ha ocio0onyBame Ha CE Oerre
momenor Ha Peppas-Sahlin. IIIto ce oaHecyBa [0 aHTHOKCHAATHBHHOT KAaMalUTET, CHTE
¢dopMynanuy TOKaKaa CTATHCTHYKM 3HAYajHO MOTOJIEM AHTHOKCHIATHUBEH MOTEHIMjAI BO
crniopenda co CE.

HOI[I‘OTBCHI/ITG JIMIIAAHU HAHOCHUCTEMU HE IMOKaKaa HUTOTOKCUYHOCT BO UCIIUTYBAHUOT
KOHIIGHTPAIMCKKA OIICEeT, CO HCKIYyYOK HaMallyBaleTO Ha BHjaOMIIHOCTA Ha KIETKHUTE II0
uHKyOarmja co Hajrosemara konneHrpauja Ha NLC1 u NLC2 (100 pg/mL), mto HajBepojaTHO
ce IODKM Ha TPOUICHE Ha KIEeTOYHaTa eHepruja, a co Toa W HaMalyBame Ha MeTaboiHarta
AaKTUBHOCT Ha  KIETKHTe. YCIeIHara WHTepHAJIM3alyja Ha  HAHOJIHMIIO30MH U
HaHOCTPYKTypHupanu junuaau Hocaun Bo hCMEC/D3 u SH-SYSY kierounute nuHuu Oerre
MOTBPZCHA CO MOMOII Ha (IyOpecIeHTHa W KOH(OKaTHa MUKPOCKOMHja, KOja TO MOIIpPKYBa
HUBHUOT MTOTEHIIMja 3a 0e30eneH TpancnopT npeky KMB, kako u edrkaceH TpeTMaH Ha 6oJiecTu
Ha [{HC. Kora cranyBa 300p 3a eBailyanuja Ha TOYHHOT MEXaHW3aM Ha WHTEpHAIHM3AIMja HA
HAaHOCHUCTEMHTE BO TOPECIIOMEHATHTE KJIETOYHM KyINTypu, Tpebda 1Ja ce HCTaKHe JeKa
HAaHOCHCTEMHTE MOXKE Jia C€ TPAHCIOPTHPaaT M HHTCPHAIU3UPAAT CO MOBEKE MEXaHWU3MH, a
criopeq HOOMEHHUTE pe3yNATaTH JIMIHIHUTE HAHOCHCTEMU HajBEpOjaTHO ClleaT EHEePreTCKH-
3aBHCEH MEXaHN3aM Ha MHTEPHAIN3aIHja, KaKo U TPAHCIIOPT CO MacuBHA Tudy3uja.

JloOuenunTe pe3yaratu of in VIVO CTyIMUTE 32 aHTUKOHBYJI3MBHA aKTUBHOCT Kaj TUTYBIH
MOKaXkaa JIeKa CHTE HAHOCHCTEMH 3HAUMTENHO TO 3roJieMyBaaT BpEMETO Ha JIaTeHIHja 3a
MHOKJIOHUYHH, KJIOHWYHU ¥ TOHWYHH Hamajgu. VM nBaTa THIa Ha CHCTEMH IOKa)Kaa pa3iIndyeH
MOTEHITHjall BO CIIpeYyBamkeTo Ha Hamaaute. Haj3abenexuTenHa Oemie momanaTa akTHBHOCT Ha
NL2CE Bo cniopeiba co ApyruTe HAHOCUCTEMH, ILITO HAajBEPOjaTHO C€ JIOJDKHM Ha TOJUMEPOT 32
crepHa crabmimsanuja (POL) Ha YeCTHYKUTE, CTPYKTypaTa Ha HAHOCUCTEMOT, KaKO M HETOBUTE
KapaKTePHCTHKH.

Bp3 ocHOBa Ha cuTe HCTpakyBama HAlpaBeHW BO PAaMKHTE Ha OBaa JOKTOPCKA
Jquceprainyja, WHKoprnopupamero Ha CE BO HaHOJHMITO30MU M HAHOCTPYKTYPUPAHH JTUITHAIHH
Hocaun, kage mrto CBDA Oeme mnpucyTHa Kako JOMHHAHTeH KaHAOWHOWJ, JOBEAE 0
3roJieMyBambe Ha aHTHKOHBYJI3MBHATA aKTHBHOCT CO IIEJT YCIIEITHO MEHAIUPAhe CO PA3IMIHUTE
TUTIOBU Ha CMWICNITHYHH Hamaau. Bo Taa Hacoka, MOTpeOHO € Jla ce HarjacH Jeka QU3HIKo-
XEMHCKHUTE KapaKTePUCTHKU Ha JIUMUIHUTE HAHOCHCTEMH IPHIOHECYBaaT 3a HUBHOTO iN VIVO
oJHecyBame. FIMeHO, MOIMMepoT 3a CTepHa cTabMIH3aija Ha YeCTHYKUTE HE CaMo IITO BITHjae
Bp3 CTaOMJIHOCTA HAa CHCTEMHUTE, TYKy BIIMjac M BP3 HUBHHUTE OMOQapMaleBTCKH OCOOMHU BO
Hacoka Ha ToAoOpyBambe Ha OMOpPACTIONOXKIMBOCTa HA CHCTEMHTE, MPUTOA HaMallyBajKH ja



HUBHATa TOKCHYHOCT iN ViVO, mTO € 0/ 0cOOEHO 3HaueHhe Kora CTaHyBa 300p 3a TpeTMaH Ha
eMuIIeTICH]a.

Kiay4yHu 3060poBHM: HAaHOJHMIIO30MH, HAHOCTPYKTYPHPAHH JHIUIAHK HOCAYHM, KPBHO-MO30YHA
Oapuepa, KaHaOWIMOIHA KHCEIWHA, AQHTHKOHBYJI3WBHA AaKTHUBHOCT,
eIUIICTICHja
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DESIGN, FORMULATION, CHARACTERIZATION AND IN VIVO EFFICACY
STUDIES OF LIPID NANOSYSTEMS LOADED WITH CANNABIS SATIVA
EXTRACT FOR POTENTIAL TREATMENT OF EPILEPSY

—Abstract-—

As a complex neurogical disease, epilepsy is still remaining a major challenge for the
development of therapeutic approaches to control the seizures, in spite of the fact that a lot of
research has been done in order to examine and understand the epileptic pathophysiology. For
successful management of central nervous system (CNS) diseases such as neurodegenerative
diseases, epilepsy, panic attacks, meningitis and brain tumors, high drug concentrations at the site
of action have been of utmost importance. Additionally, pharmacological response provoked by
potentially active substances depends on numerous factors, like penetration through blood-brain
barrier (BBB) or their ability to attach on specific protein transporters in order to facilitate their
transfer across the membrane, uptake and efficacy. To achieve its pharmacological effect, the
drug molecule needs to reach its target tissue in sufficient quantity upon administration. However,
many obstacles need to be overcome along the way, and the BBB is considered the most
challenging for the drugs acting on the CNS.

Taking into consideration the latest reported beneficial anticolvusant effects of
cannabidiol (CBD) and cannabiodiolic acid (CBDA) for clinical applications and the advantages
of lipid nanosystems as carriers for targeted brain delivery, the aim of this study was set in
direction of in vitro physico-chemical and biopharmaceutical characterization and in vivo
evaluation of nanoliposomes and nanostructured lipid carriers loaded with Cannabis sativa
extract intended for safe and efficient transport via blood-brain barrier and treatment of epilepsy.

During the first phase of this doctorial dissertation, two different types of Cannabis sativa
extracts were prepared: liquid extract obtained without prior decarboxylation of the starting
material (from dry flowers (FA) and dry parts of the whole herb (CA)) and dry lyophilized extract
(from dry flowers (FE) and dry parts of the whole herb (CE)). According to the obtained results
from the in vitro antioxidant capacity assay (ORAC) and in vitro cytotoxicity test (MTT), as well
as, the phytochemical characterization of the prepared extracts with emphasis on the main
cannabinoids, CE was selected to be incorporated in the lipid nanosystems. In this sense, complete
phytochemical characterization was done of the selected lyophilized dry extract of the whole herb
of the Cannabis sativa plant, where CBDA was selected as marker compound which was further
used in encapsulation efficacy evaluation as well as in determination of the release rate of CE
from the prepared formulations.

In the next research phase, two different types of four formulations of blank and four
formulations of CE loaded nanoliposomes (NL) and nanostructured lipid carriers (NLC) were
prepared and thoroughly characterized. The formulations differed in the presence and type of the
polymer for steric stabilizataion. Namely, in the first group of formulations polyethylene-glycol
2000 (PEG) was used as stealth polymer (blank formulations NL1 and NLC1, CE loaded
formulations NL1CE and NLC1CE), and in the second group poloxamer 407 (POL) was used as
stealth polymer (blank formulations NL2 and NLC2, CE loaded formulations NL2CE and
NLC2CE). Based on the obtained TEM micrographs, all formulations were characterized with
spherical form and smooth surface, with z-average diameter 105-120 nm for blank formulations
and 111-160 nm for CE loaded formulations, following unimodal particle size distribution
(PDI<0.3) and negative zeta potential (~-30 mV). CE loaded formulations were characterized



with high percent of encapsulation efficacy (>87%). The stability studies showed that when
incubated in physiologically relevant medium the nanosystems did not change their mean size
significantly. On the other hand, there was slight increase in the particle mean size of the prepared
formulations after 24 h incubation time in human plasma, which is probably due to the process of
protein corona formation. The ATR-FTIR analysis confirmed the presence of stealth polymers
onto the nano-carriers’ surface. Additionally, the presence of the PEG and POL contributed to
lower plasma protein adsorption, when compared to the formulations with no stealth polymer.

All prepared samples resulted in prolonged CE release, which was dependent on the type
of nano-carrier system and the type of stealth polymer used. Based on the obtained correlation
coefficients, the model that best described the release kinetics of the CE was Peppas-Sahlin.
Regarding the antioxidant capacity, all formulations showed statistically significant higher
antioxidant capacity compared to CE.

The prepared lipid nanosystems did not show cytotoxicity, with the exception of the
reduced percentage of cell viability by the highest concentration of NLC1 and NLC2, which has
been probably due to the consumption of cellular energy and decrease in metabolic activity of the
cells. The successful internalization of nanoliposomes and nanostructured lipid carriers in
hCMEC/D3 and SH-SY5Y cell lines was confirmed using fluorescent and confocal microscopy,
which supports their potential for safe targeting and transport through the BBB, as well as
effective treatment of CNS diseases. When it comes to the evaluation of the exact uptake
mechanism of the nanosystems by abovementioned cell culture lines, it should be highlighted that
nanosystems could be transported and internalized by multiple pathways, where according to the
obtained results they most likely follow ATP-dependent internalization mechanism as well as
transport by passive diffusion.

Obtained results from the in vivo studies of the anticonvulsant activity in mice indicated
that all nanosystems significantly elevated the latencies for myoclonic, clonic and tonic seizures.
Both types of systems have shown different potential in preventing seizures. The most noticeable
was the lower activity of NL2CE compared to the other nanosystems, which was probably affected
by the type of stealth polymer, the structure of this nanosystem and its properties.

Based on all research done within this doctoral dissertation, the incorporation of CE into
nanoliposomes and nanostructured lipid carriers, where CBDA was present as dominant
cannabinoid, led to an increase in the anticonvulsant activity in order to successfully manage the
different types of epileptic seizures. Moreover, it should be emphasized that, the physico-chemical
characteristics of the lipid nanosystems contribute to their in vivo behaviour. Additionally, the
polymer for steric stabilization of the particles not only affects the stability of the systems, but
also affect their biopharmaceutical properties in order to improve the bioavailability of the
systems, while reducing their toxicity in vivo, which is of particular importance when it comes to
the treatment of epilepsy.

Key words: nanoliposomes, nanostructured lipid carriers, blood-brain barrier, neurons,
cannabidiolic acid, anticonvulsant activity, epilepsy
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1. BoBen






WHTeH3uBHNUTE UCTpaKyBama BO 00JIaCTa HA HAHOTEXHOJIOTHjaTa U MpUMEHaTa
BO Tepanuja HyJaT pelieHuja Ha royeM Opoj mpaiama BO BPCKa CO HAIMHHYBAamETO Ha
Ouonomkure Oapuepu M OTTYKAa IMOCTHTHYBame Ha OapaHHOT TEPAaNeBTCKH EQEKT.
BeymHoct, cocoOHocTa &a ce au3ajHApaaT M pa3BHjaT HAHOCHCTEMHU CO PAa3IHYHH
CBOjCTBA M KapaKTEPHCTUKH, BKIYYHTEIHO M IOA0OpEHAa OHOPACIIONOKIMBOCT Ha
CHKAICyJIupaHuTe akTHBHU KomroHeHTH (AK) co ucroBpemeHo mnomoOpyBame Ha
HUBHATa pAcCTBOPJIMBOCT M CTaOWJIIHOCT, HaMaleHa TOKCHYHOCT, HAcCO4YCHO U
KOHTPOJIUPAHO 0CI000IyBamke, KAKO M MOXKHOCT 32 (pJIyOpECIEHTHU WU APYTH BUAOBH
Ha BH3yeJlHM3alKja Ha MCTUTE T'M MPaBH OBUE CHCTEMH IEPCIEKTUBHU KaHIUAATH BO
TPETMaH U JAWjarHOCTHKA Ha pa3HU COCTOjOn/00ecTH.

XepOaHUTE JIEKOBU M HAjpa3IMYHUTE PACTHTEIHHU EKCTPAKTH CO TOAWHHU
IpeTCcTaByBaJIe IJIaBEH TEPANeBTCKU INPHCTAIl U O COYMHYBAIE HAjrOJIEMHOT NN Of
MoHorpaduute Bo Toramunrte hapmakonen. XepOarHaTa MEIUIIMHA KOja BO TOJIEM el
ce 6a3upaia Bp3 UCKYCTBOTO IITO € MPEHECYBAHO CO I'eHEpallHH, ICHEC Ce moBeKke 1001Ba
HaydYHa TOTBpJAA 3a Hej3MHaTa e(uKacHOCT u 0e30emHocT. Bo mociemHuTe roauHu
3a0enexaHo € JeKa rojeM Jel O] MOIyJalHjaTa ce HaBpaka Ha TpaJulMOHAIHATA
MeIWIHa, a yrorpedaTa Ha XepOaTHUTE JIEKOBH BO TPETMaH Ha OpojHU 3a00iyBama €
BO MOCTOjaH pacT. MHOTY Jyfe co 3a00yBama Ha IeHTpaHUOT HepBeH cucteM (L[HC),
Kako INTO C€ HeBpOJereHepaTuBHUTE 3abomyBama (AnmxajmMepoBa  Oolecrt,
[TapkuHCOHOBaA O0JIECT), EMUIIENICH]ja, MYJITUIUIEKC CKJIEpo3a U Ap., CE CHIIHO MOTO/ICHH
O]l CTUTMaTa M TUCKpUMHHAIIMjaTa MMOBp3aHu co 3apasjero (Sahoo and Marar, 2018).
Toxmy HecakaHuTe e€(eKTH KOM TH IOKaXXyBaaT HEKOM OJf CHHTCTHYKHTE JIEKOBH
NOTTHUKHAJIE MHOTY HMCTPaXyBadH Ja Cc€ HacoyaT KOH TPAJAMIMOHAIHUTE METOAM Ha
JeKyBame. FIMeHo, XxepOaTHiTe CYNICTaHIIMY CE OJUTMYHM KaHAUIATH 32 0e30eTHH JIEKOBU
IITO € 0OCOOEHO Ba)KHO KOTa CTaHyBa 300p 3a TPETMaH Ha HEBPOJIOMIKHTE 3a00TyBamba.
JIOTOTHUTENHO, MHOTY OJf KOMIIOHEHTHUTE TNPHCYTHH BO HCTUTE HMMaaT IHPEKTHA
(bapmakosonika akTuBHOCT Bp3 opranu3mot (Sandhya et al., 2010). U mokpaj Toa mto Bo
MOMEHTOB OpOjHH KJIMHHYKH TIOJATOIM ja TIOTBpAyBaaT euKacHOCTa Ha xepOaTHHUTE
CYICTaHIIMU U NPUBJIEKYBaaT OrPOMHO BHUMaHHKE, HOTPEOHO € Jla Ce CIIpOBeIaT ACTaIHH
UCTpaKyBama 3a J1a ce JOKaXaT MPUIOOMBKUTE O] yIoTpedara Ha OBHE CYIICTAHIINU 3a
HalyeHTHUTe.

Bo nocnennara nexana HanpaseHu ce noseke o 30 NpeKIMHUYKY U KIMHUYKU
CTyIuH, Mel'y KOM M HEKOJIKYy PaHIOMH3HMPAHU IIIale00-KOHTPOIMPAHN HCTPaKyBarba,
KajJie ce MCIUTyBa €(PEeKTOT OAHOCHO JIEJCTBOTO KOE IO MpPOjaByBaaT E€KCTPAKTH O]
Cannabis sativa, kako NOTeHIMjaTHH KaHIUIATH 32 TPETMaH Ha MAlMeHTH CO SIMIeICcHja
pe3ucTeHTHa Ha JiekoBH. [logaTokoT aexa npuommkHo 36% oJ1 MalMeHTUTe KO IpruMaat
AaHTUKOHBYJI3MBHA Tepamuja, a MpUToa HEMaaT COO/BETHA KOHTPOJa Ha HarlajiuTe,
300pyBa Jeka emmiencujata € 3a0oiyBame KO€ IMPHUBJICKYBAa OTPOMHO BHUMAaHUE U
IPETCTaByBa BUCTHMHCKM TMPEAM3BHK 3a MOJEpPHaTa MeAWLMHA. ['0JleM NpOLEHT Ox
nanueHTure (xypu 10 50%) 1oxuByBaaT v OMXEBUOPATHU KOMOPOUIUTETH, KaKO LLITO Ce
KOTHHUTUBHO HapyIyBame, aHKCHO3HOCT U JIETIPECHja, ITO TOHEKOTall NpeTcTaByBa U
norosieM rpobiem o camure Hanaau (Téllez-Zenteno et al., 2020). Mmajku ru npeaBus
oBre (aKTH, KaKo M TOTEHIMjaJOT Ha KaHAOWHOMIWTE BO TPETMaH Ha eMHIIeNcuja,
NOTPEeOHU Ce JTOTIOTHUTEIHHU CTY/IHH CO LI J1a C€ UCTIMTAT U Ae(pUHNpaaT TepaneBTCKUTE
OeneduTH Ha eKCTpaKTUTE J0OMeHH oJ] pacteHreTo Cannabis sativa.

[losHato € Jexka HEKOM Off KaHAOMHOWAWTE, OCOOCHO JepUBaTHUTE Ha
terpaxuapokanaduaronor (THC), umaaT cmocoOHOCT /1a ja MOMHUHAT KPBHO-MO304YHATa
6apuepa (KMB) 1 na ro mokaxkat cBOjoT NMCHUXOAKTHBEH e(dekT. MeryToa, Kora cTanyBa



300p 3a (UTOKAaHAOMHOMIHUTE KUCEIMHH, HU3 JINTEpaTypara ce cpekaBaaT MOJATOIH
JIeKa MCTUTE ce MOJUIOKHHU Ha cinaba meHeTpaiuja BO MO30KOT, LITO HajBEpOjaTHO ce
JOJDKM Ha JAEJOT O] MOJIeKyJiaTa co KapOOKCHJIHA KHCelMHa KOja MMa HeraTHBHA
HAEJIEKTPU3UPAHOCT BO (PU3UOJIONIKH YCIOBH, ITO IO CIIPEYyBa HUBHUOT TPAHCIIOPT HU3
KMB (Anderson et al., 2019).

bnaromapenne Ha crnenuduyHaTa aHaTOMHja W (HU3MOJIOTHja Ha IEepedpo-
BacKyJnapHoto TkuBo, KMb mpercraByBa rnaBeH Npenu3BUK 3a pa3BOj Ha JICKOBH 3a
TpeTMmaH Ha 6osectu Ha [THC. YcnentnoTo MmeHanupame Ha 3a0omyBamata Ha [IHC, kako
HITO Ce AEMEHIIH]ja, euIeTiChja, TAaHWYHN HaIaJad, MEHUHTUTHC U TYMOPH Ha MO30KOT,
[JIaBHO 3aBUCH O] OJJP’KYBambeTO Ha MOBUCOKU KOHIIGHTPAIMK Ha JIEKOT Ha MECTOTO Ha
nenyBame. MMeHo, (apMakoJOMIKMOT OATOBOp TMPEIU3BUKAH O] CTpaHa Ha
MOTEHIIMjaHIHUTE aKTUBHU KOMIIOHEHTH 3aBUCH 0J1 MHOTYOpOjHU (haKTOpU KAKO IITO Ce:
epuKacHOCTa, Mpe3eMameTo 1 neHerpanujata npeky KMb wim cnocoOHocTa ctuTe /1a
ce Bp3ar 3a cnerupUYHU MPOTEMHCKHM HOCA4YM CO IeJ TPAaHCIOpT HU3 MeMmOpaHara
(Zeeshan et al., 2020).

3emajku ru Bo npensun oBue daktu, AK Ou Tpebasno na Ouaar Au3ajHUpaHu Ha
TAaKOB HAYMH JIa TIOCEyBaaT ONTUMAaIHA JIMIHUIHA PACTBOPIIMBOCT CO IIeJ TIEHETpaIuja
Hu3 KMb u oznpkyBame Ha TepaneBTCKU KOHIIGHTpalMH BO MO30KOT. MefyTroa, co
3rojieMyBamke€ Ha JIMMOPHUIHOCTA Ha MOJEKYyJIHTe Joafa N0 TIPOMEHH BO
(dbapMakOKMHETCKUTE MapaMeTpyd KOU INTO TMPHUAOHECYyBaaT 3a HaMalleHa CHCTEMCKa
pacTBopiIUBOCT U Ouopacnonoxiausoct (Begley, 2004).

OBue mnpoOnemu [doBedyBaaT 10 TNoTpeda OJ pa3BUBaKE HA pa3iINYHU
dbopMynanucku mpucTanu co nen epukaceH tpancrnopt Hu3 KMbB u onpxyBame Ha
onTUManHU KoHHeHTpanuu Ha AK Ha wMectroto Ha JAenyBame. HTeH3uBHUTE
UCTpaXKyBama BO 00JacTa Ha HAHOTEXHOJOTHjaTa C€ HACOUYCHW KOH JU3ajHUpamke Ha
OMOKOMITATUOWJIHM HAHOCHUCTEMH KOW HyJaT peIIeHHWE Ha TojJeM Opoj mpamiama
MOBP3aHHU CO HACOYEHO U KOHTPOIUPAHO OCIO00yBake Ha AKTUBHUTE KOMIIOHEHTH BO
JIMjarHOCTUKATa M TPETMAHOT Ha pazinudHu 3a0omyBama Ha [IHC u cekako moedukaceHn
HUBEH TPaHCIOPT.



2. IIperJyen Ha JuTeparypara






2.1. KpBHO-M0309Ha Oapuepa

KpBHo-Mmo304nara 6apuepa (KMB) ce coctou o KanuiapHd €HAOTSIHH KICTKA
Y [IPUTOA MMA JIBOjHA yJIOTa, 3aIITUTa HA MO30KOT OJ1 IIOTCHIIN]AJTHO IITETHU CYTICTAaHIIHN
NPUCYTHU BO IHPKYJIAlMjaTa OTPAHUYYBajKH T'O TPAHCIOPTOT BO MO30KOT IMPEKY
bu3nYKK (TECHUTE ja3nM) W METa0OJMYKH (€H3UMCKH) Oapwiepd W HCTOBPEMEHO
COOJIBETHA TMPOMYCTIIMBOCT 33 XPAHJIUBUTE MaTepUM KOU C€ HEOIMXOJHHU 3a HEroBa
HopMmanHa (yHKIMja. DHU3UYKO-XEMHUCKUTE W MOJICKYJIAPDHUTE KapaKTEPUCTUKU IITO
JIOBEIyBaaT 10 HaMajeHa crocoOHocT 3a nuctpudynuja Ha AK Bo knerkure Ha KMB ce:
3HAYHUTEJIHA TIOJIAPHOCT, BUCOK TNOTEHIMjald 3a (opMUpame Ha BOJOPOTHH BPCKH,
MoJieKyapHa mMaca rorosiema o1 500 kDa u mpucycTBo Ha pOTaOHIIHU BPCKU MITH MHOTY
pasrpanera MoJjekyiaapHa crpykrypa (Haque et al., 2012). Ox ngpyra crpaHa mak,
UCTpaXyBamara IOKaXyBaaT JeKa M TOJEM TPOICHT OJ HOBOOTKPHUCHHUTE MaJH
MOJICKYJIH co moTeHnujainHo aejctBo Bp3 LIHC He ja nomunyBaat KMbB, mto noBenya
JI0 OTCYCTBO Ha e(MKACHH TEPANeBTCKH KOHIICHTPAIIMM BO MO30KOT M COOJBETEH
OJITOBOP.

Bo Taa mHacoka, ce TmTOrojieM € MHTEPECOT 3a pa3Boj Ha pPa3IUYHU
HAHOMAPTUKYJIUpaHu cuctemMu co 1en tpancrnopt Ha AK w3z KMB. I[IpemuHor Ha
HaHocuctemure Hu3 KMb rinaBHO 3aBUCH 071 roleMHUHAaTa HA YECTUYKUTE HA CUCTEMOT U
npUpojiaTa Ha TOBPIIMHATA HA YECTHUYKAaTa, KAKO M HEj3MHATa HACIEKTPU3UPAHOCT.
JloTIOTHUTETHO, TOTPEOHO € HAHOCUCTEMHUTE J1a CE ABMXKAT HHU3 KIIETOYHATA ITUTOIIIa3Ma,
Jla Cce CEJIEKTUBHU 3a MO30YHHOT EHAOTEN, J1a MMaaT CIOCOOHOCT Jia TO TOMHHAT
MO30YHHUOT €HJIOTE]I HHTAaKTHH, JIa Ouaar mpe3eMeHu of Tapret kiuetkata Ha [JHC u na
©Maar HEUCKa TOKCHYHOCT B umyHoreHocT (Gromnicova et al., 2013).

2.1.1. Tpancnioptau mexann3mu Ha KMb

[TocTojaT HEKOJIKY MEXaHU3MH Ha TPAHCIIOPT U UHTEPHAIHM3AIM]a HA MOJICKYJIUTE
a3 KMB, kako mTo ce macuBHa audy3uja 3aBUCHA 0/ KOHIICHTPALUCKUOT TPAJHUCHT,
onecHeta audysuja, nudysuja NpeKy BOJAHUTE KaHAIM BO PaMKUTE Ha MeMOpaHaTa,
AaKTUBEH TPAHCIOPT CO MOMOII Ha TPAHCIOPTHH NPOTEHHH M PELUENTOPH, KAKO H
KJIETOYHO mocpeayBaHa TpancuuTo3a (de Lange, 2012).

[MacuBHata wim exHoctaBHAa Jaudy3mja BO TIABHO € 3aBHCHA O]
KOHIEHTPALMCKUOT TPAJAMEHT, OTHOCHO Of] KOHIICHTpaIijaTa Ha CyTICTaHI[1jaTa O]l IBETE
CTpaHM Ha MeMOpaHaTa, Kako M O] TOJIEMHHAaTa Ha YECTHUKUTE W JUIOPHIHOCTA
OJIHOCHO MapTUIIMOHUOT KoeduimeHT. Kora cranyBa 300p 3a onecHeTa mudysuja,
Op3unata Ha nudyHaupame Ha KoMmrnoHeHTuTe HU3 KMb e orpannuena u 3aBucu of
MPUCYCTBOTO Ha TMOMOIIHU MOJEKynu. VIMeHo, NOKONKY J0jAe A0 3acCUTyBamke Ha
KaralyTeToT Ha TOMOIITHUTE MOJIEKYJIH, 3T0JIEeMyBamheTO Ha KOHIIeHTpanujata Ha AK He
ja 3rosieMyBa Op3uHara Ha npemuH HH3 KMBbB. OBoj THIT Ha MeXaHW3aM HAjYeCTO CITYKH
3a TpaHCHOPT HA CYNCTAHIIMM KakO IITO C€ XEKCO3W, aMHHH, aMUHOKHCEIIHHHU,
HYKJICO3U/IU, [NIyTaTHOH, Majiu nentuau u cimano (de Lange, 2012).

TpaHcmopTOT mocpeyBaH CO HOCad MOKe Jia Ce OJBUBA U BO HACOKA CIIPOTHBHA
0]l KOHLIEHTPAIMCKHOT IPaHeHT Ouzejku 3a Tpancnopt Ha AK 3amomkenn ce onpeneHu
HOCAYH U PEILETITOPH IIITO CE JIOIMPAHU Ha MeMOpaHaTa Ha eHA0TeNHUuTe KieTku Ha KMB.
OB0j TpaHCTIOPT € HAj9eCTO 3aBHCEH 0] aieHo3uH Tpudocdar (ATII), a camure cuctemu
3a TpaHcnopT Moxe aa oumat influx wmu efflux cucremu xou BeymHoCT ciyskaT 3a mpeHOC



Ha €HJOT€HU MOJICKYJIM M OJIp)KyBame Ha XOMeocTa3zaTa BO MO30KOT. Bo Taa Hacoka u
camute AK Moke 1a mpeTcTaByBaaT JUTaHIM 32 OBHE TPAHCIIOPTEPH.

Enpornmros3ara Kako BE3MKyJIapeH TPaHCIOPT, MPETCTaByBa CHEPIreTCKH 3aBUCCH
IpoIieC Ha KIIETOYHO Mpe3eMamhe BO KOj ITa3MaTcKaTa MeMOpaHa ce BIJIlaOHyBa HABHATPE
3a J1a BHeCe eKCTpallellyJlapHd MOoJIeKysid BHaTpe Bo kietkata (Doherty and McMahon,
2009). I'maBHaTa (yHKIMja HA MEXaHU3MOT Ha €HIOLUTO3a € BCYIIHOCT TPAHCIIOPT Ha
XpaHJIMBH MaTEPUH, HO UCTOBPEMEHO MMa U yJiora Jia ja oJpKyBa KOMyHHKalujaTa co
OCTaHATUTE KIIETKU U OKOJIHATA cperHa. EHonmnTo3ara MoXe /1a ce Kiacuuiupa Kako
¢aronnrTosa, mpUCyTHA caMoO Kaj OJPEICHM KICTKH Kaj IUIaYd U MHHOIMTO3a, Koja ce
jaByBa Kaj CUTE TUIOBHU Ha KJIeTKH. DaronnTo3ara BCyIIHOCT CE OJHECYBa Ha IPE3eMarbe
Ha I[BPCTH YECTHYKU CO JUjaMeTap OJf HEKOJKY MHUKPOMETPH, a IHHOLMUTO3aTa ¢
npe3eMamke Ha TEYHOCTH KOH COJIPKAT YECTUYKHU BO OIICETOT HAa HAHO TosieMuHa. Bo Ttaa
HACOKa, KaKo MO3HAa4YajHH OCOOCHO 3a TPAaHCIOPT HAa HAaHOCHCTEMUTE CE H3JIBOjyBaaT
KJIATPUH-TIOCPEIyBaHa SHIOIMTO3a M KaBEOJIUH-TIOCPEyBaHa SHIOIUTO3a.

Knatpun-iocpeyBaHara €HIONMTO3a IMPETCTaBYyBa BE3WKYJIAPEH CHUCTEM IIO
MopdoJorija ¥ ce Haora BO HEJIMIUJAHUTE PETMOHM Ha KIETOYHAaTa MeMOpaHa.
KnatpuHOT € IpoTeHH Koj ja ONKPY»KyBa BE3HKyJaTa Koja ce ppopMupa mpH mporecoT Ha
SHIIOIMTO3a Yrja roiemuHa ce apwku g0 200 nm (McMahon and Boucrot, 2011). TTpu
KJIaTPUH-TIOCPEyBaHaTa EHJIONMTO3a, KOMIIOHCHTUTE HAjIpBO C€ Bp3yBaaTr 3a
TPaHCMEMOPAHCKHUOT PEIENTOp U MOTOa CO MOMOII Ha NMPOTEHHH CE BrpajyBaaT BO
BE3UKYJIH 00JIOKEHHU CO KJIATPUH, KOM IT0T0A e MHTepHaTu3upaar. HajsaxxHHOT afantep
nporenn ¢ AP2 (adaptor protein complex). JluHaMHHOT Kako MeMOpPaHCKH MPOTEHH
BCYIIIHOCT MPETCTaByBa rojieMa rBaHO3MH Tpuocdaraza, K0j BCYITHOCT ja MOCPEIyBa
¢ucujatra Ha (opMupaHaTa BeE3WKyJa OJ IUIa3Marckara MeMOpaHa W ToMara BO
0CJI000/TyBa-ETO Ha BE3UKYJIaTa 00JI0’KEHA CO KIaTPUH BO BHATPEIIHOCTA HA KJIETKATA.
Bo mnwmrorazmara, BE3MKYJIHMTE MOYHYBaaT Ja ro rydaT CBOjOT KJIATPUHCKH CJIOj IO
dopmupamero Ha panuor enmozom (EI-Sayed and Harashima, 2013), kage mTo
KOMITOHEHTUTE OCJIO00/ICHU BHATpPE MOXKE Ja C€ PEUUKIMpaaT Ha3ajJ J0 KIeTOYHATa
MeMOpaHa WM TaK, PAaHUOT CHII030M MOXKE Jla co3pee BO JolieH eHao3oM. [lotoa ce
ciydyBa (Qy3mja momery JOIHHOT €HI030M W JIM3030MHTE 3a Ja ce (opmupa
€HJIOJIN3030M, KajIle IITO CE CIIydyBa MPOILECOT Ha Jerpajaluja u ociao00yBame BO
KJIeTKATa.

KaBeonmuH-mocpeiyBaHata €HJOLMTO3a MPETCTaByBa YECT MEXaHMW3aM Ha
UHTEpHaIM3aIHja 0codbeHo kaj GubpobracTuTe W eHIOTENHUTE KiIeTKU. Enponuro3ara
HocpelyBaHa OJ] KaBEOJIM € BE3WKYyJIapHAa WM TyOyJOBE3HMKyJapHa 1o Mopdoiioruja.
Kaseonute ce Bo ¢opma Ha Koyi0a, H3BOHPETHO CTAOWIIHM WHBAarMHAIMKM HA IIa3Ma
MeMOpanute Bo rosemuHa oa 50-100 um. OBue WHBaruHaIMA c€ TOBP3aHU CO
JIMITUTHUTE pervioHH. KaBeoJMHUTE Kako MHTErPAIHM MEMOpAaHCKU MpPOTEHHH, ja
COYMHYBAaT TIaBHATa MPOTEHHCKAa KOMIIOHEHTa Ha KaBeoJiCKaTa MeMOpaHa W MMaar
CTPYKTypHa yjora BO (OPMHUPAamETO Ha KaBeoiuTe. Ha KileTodHaTta MOBpIIMHA,
kaBeonmuTe (GopMHUpaaT cTaOWiIHAa (QYHKIMOHAIHA EIWHHIIA KOja Ce TEHepHpa Of
OJIMTOMEPU3UpPaH KaBEOJIHH M Npuapyxuute nporernn u sunuan (Couet et al., 2001).
Kaj kaBeosmH-IOCpeyBaHaTa eHA0IMTO3a, KABEOJIUTE MPBO CE€ CTUMYJIMPAAT, & CAMHOT
IpOILIEC € PEeryJIMpaH CO JUHAMHH, MpoTerH KuHa3a 1| u Tupos3un kunHazu. Kaseomute
(dopMupaar KaBeoJapHU HOCAYU KOU CE€ CIIOjyBaaT CO PaHHOT €HI030M MJIH MaK MOXeE Ja
ce crojar Haszajg BO IIa3Marckara mMemOpaHa 0e3 BKIydyBame Ha CHJ030MAIHHUOT
WHTEPMEIMEp M KaKO pe3yiTaT Ha TOa BCYIIHOCT ja MOKaXyBa CBOjaTa yjora BO
tpanciurosata (Tuma and Hubbard, 2003).



2.1.2. In vitro ucniutyBame Ha npeMHHOT Ha HaHocuctemute U AK a3z KMb

WneamHu kapakTepUCTHKH IITO Tpeba Aa I'M MoceayBaaT HAHOCHCTEMUTE CO IIeT
npemud HU3 KMbB u ucmopaka Ha AK BO MO30KOT ce: OMOKOMIATHOWIHOCT H
OnonerpagadMiIHOCT, HETOKCHYHOCT, TOJIEMHHA Ha YecTHYKHM momaia on 200 nm,
CTaOMITHOCT BO LIEHTpAJIHA [UPKYJalja (1a He J10jAe 0 arperamuja Wik JUCOIUjallrja
Ha CHCTEMHTE), IPOJIOJDKEHO BpeMe Ha IMPKYyJanrja BO KPBTa, HACOUCHO JICNTyBABE U
NPOIOJDKEHO 0cnoboayBambe Ha AK BO TEKOT Ha BpEMETO.

Co men ga ce ucnuTa crnocoOHocTa Ha cucreMute 3a npeMuH HuU3 KMbB u
COOJIBETHA UHTEPHAIIN3AIIH]ja BO KJIIETKUTE, TIOCTOjaT HEKOJIKY IN VItro TecToBH Ha MOJIEITH
Ha KJIeToyHH JuHuH. Kako eneH o1 HajuecTo KOPUCTEHUTE MOJENN KOU ja MMHTUPAAT
¢ynkuujata Ha xymanata KMDB mpercraByBa KieTOYHAaTa JIMHHja Ha YOBEUYKU
nepedpanuu MukpoBackyaapau engorenuu kiaetku (hRCMEC/D3) (Ca. 1). Uctute Mmoxke
JIECHO J1a ce OJrjiefyBaaT M Jia MOJUIekKAT Ha KICTOYHH W MOJIEKYJApHU CTYIHH 3a
NaTOJIONIKK MEXaHW3MU M MeXaHW3MHM 3a TpancnopT Ha AK mro ce ox 3Haueme 3a
TpeTMaH Ha 3abonyBama Ha [IHC, kako mrTo ce HeBpojaereHepaTUBHUTE 3a00J1yBamba,
enusencujara U Ap. Pesyarature onx moBeke cryauu mokaxysaar jgeka hCMEC/D3
KJIETKHTE ja 3aJp)KyBaaT eKCIpecrjaTa Ha HajrojeM Opoj Ha TPAHCIIOPTEPH U PELENTOPH
Kou i uMa in vivo Ha KMb kaj goBekot, BkiaydyBajku ru MDR1 (multidrug resistance
protein 1), BCRP (breast cancer resistance protein), MRP4 (multidrug resistance protein
4), peuentop 3a TpaHchepHH, PELENTOp 3a HHCYJINH, TPAHCIIOPTEP 3a TIIyKo3a nzohopma
1 (Glut-1), Hekon MeTabOMU3UPAYKUA CH3UMH, KAaKO M MPOTEHHUTE CO TECHU ja3IiH.
[TocTojar peraTMBHO MajJKy MOJETH KOM ja MMHTHpaaT M MojenupaaT (GpyHKIMjaTa Ha
yoBeukaTta KMB, kou 3a pasnuka on hCMEC/D3 knerounara juHUja, € MUHUMAIHO
KapakTepusupand. Bo Taa Hacoka mMoke na ce 3aknyuu geka hCMEC/D3 mpercraByBa
€IMHCTBEH MOJIEJN 332 UCTPAXKyBarme Ha OMOJIOTHjaTa HA €HJOTEJIOT HAa YOBEUKHOT MO30K.
I'naBuata npegnoct Ha hCMEC/D3 kierounara nuHHja € TOa IITO MPETCTaByBa
cTabWjeH, JieceH 3a OAIVIeAyBambe M 3a paboTeme Mojen Ha TNOomyianyja Ha
MHUKPOBACKyJIQpPHU €HJIOTEIHU KJIETKM Ha YOBEUKHM MO30K KOj TO 3aJpKyBa (DEHOTHUTIOT
Ha xymaHata KMb. imeno, oBaa ki1eTo4YHa JIMHKja Ce KOPUCTU HAjMHOTY 32 UCTIUTYBAhE
Ha KJIETOYHOTO MpPEe3eMambe U CTYIUN Ha aKTHBEH TPAHCIIOPT, KaKO M 3a aHAJTM3UPAbE Ha
OJrOBOPOT WITO 'O IaBa MO30YHHOT EHJIOTEI KAaKO PE3yJITaT Ha MPUCYCTBO HA PA3IUYHH
NaTOTeHU W BOCHAIMTENHH areHcu. Kako Hajroyiem Mmpeau3BUK CE yIITe MPEeTCTaByBaatr
tecuuTe jaznu Ha NCMEC/D3 k1eTOYHHOT MOHOCIIO], KOj HCTPaXKyBaunuTe HACTOjyBaaT
Jla TO pelIaT co e Jia ce 00e30e11 onThUMaeH in Vitro Moien koj Ou ' moceIyBall CUTe
kapaktepuctuku Ha KMb Ha yoBeKoT, BKIy4yBajKH ja 1 OTpaHUYEHATa MPOMYCTIUBOCT
u cooaserHute efflux u influx Tpancnoptau cucremu. Cenak 0Boj MO C€ KOPUCTHU BO
OpOjHU WCTpaKyBama W TECTOBH KOW C€ KOPHCTAaT 3a HCIUTYyBame Ha Oe30emHocTa M
epUKacCHOCTa Ha HAHOCHCTEMH HAaMEHETH 3a TpeTMaH Ha 3a0oiyBamba Ha HEPBHUOT
cuctem (Weksler et al., 2013).

Ha nymunanHaTa cTtpana Ha €THOTEITHUTE KJIETKH IITO T (GopMUpaaT MO30YHHUTE
mukpocanoBu ce ekcrnpecupanu ABC efflux tpancmoprepu, BkimydyBajku ro P-
rimukornporenHoT (P-gp) (ABCB1 / MDR1), BCRP (ABCG2) u nekonky MRPs (ABCCs),
KOM AaKTUBHO TO OrpaHM4YyBaaT BIE30T Ha OpOjHM EHIOreHH KOMIIOHEHTH W
KCEHOOMOTHUIIM BO MO30KOT. P-gp e HajmoOpo MOo3HATHOT O] MHOTYTE TPAHCIIOPTEPH Ha
AK na KMbB u rmaBHO e ekcrpecuMpaH Ha JyMHHAJHaTa MeMOpaHa Ha MO30YHHTE
SH/IOTEeTTHN KIJIETKH M Kaj Jiyreto W Kaj xuBoTHHTEe. BCRP mcro Taka e oTkpuen Bo
NPUMapHH KyJITYpU OJ] XyMaHW MO30YHH €H/IOTEIHU KJIETKH U € IMYHOJIOKaIN3UPaH Ha
JyMUHAIHATa MeMOpaHa Ha YOBCUKHTE eHAOTeaHHM KieTku. Op rpymata Ha multidrug



resistance protein kaj mpuMapHU KyJTypH Ha TOBEJCKA MO30YHHM CHIOTEIHH KJICTKH
nerektupanu ce: MRP1, MRP4, MRP5 u MRP6, no camo MRP1, MRP4 u MRP5 6une
OTKpPUEHHM Kaj €HJJOTEIIHU KJIETKM Ha MUKPOCAJIOBU Kaj YOBEYKH MO30K. Mako mpeTxoaHu
cryaun mokaxkane aeka P-gp, BCRP, MRP1 u MRP5 ce mpucyran xaj hCMEC/D3
KJIeTOYHATA JMHKja, HUBHATA eKcipecuja cé ymre He e yrepaeHa (Dauchy et al., 2009).

Cruxka 1. Ipuka3 ua sxusu hCMEC/D3 knerku nanpases co nomorr Ha NanoLive 3D CEIl Explorer.

Knerounara nuauja hCMEC/D3 koja e moOuena ojf mpuMapHa KyJTypa Ha
nepeOpaTHi MUKpPOBACKyJIapHHU SHJIOTEJIHU KJICTKH € HaMEeHeTa Jja MPUKaXe CTaOuJIeH
¢deHoTHn xKoj ru nMa Haj3HauajHUTE cBOjcTBa HA KMbB. Kiterounara nuHuja € Bamuanpana
ciopex moBeke kpurepuymu. Cemak, MHOTY MalKy IOJATOIM C€ JOCTAllHH KOH
NOKa)XyBaaT Jeka oBue KieTku ekcrpecupaar efflux tpancmoprepum Ha AK mro ce
cmeraar 3a (enorunckun mapkepu Ha KMb Ha woBekot. EnHa cTyauja ja ciopemyBaina
eKcIipecrjaTa Ha TreHu mTo Koaupaar Hekou ABC-tpancmoprepu, numroxpom P450
ersumure (CYPS) u HuBHHTE TaBHM TpaHCKpuiuonu ¢aktopu Bo hCMEC/D3 u He-
nepeOpaliHi CHJIOTEIHN KJIeTKH, kKako mTo ¢ human umbilical vein endothelial CEII
(HUVEC) knerounara nuHHja, co 1en mga ce yrBpau gamu hCMEC/D3 wumaar
cenuuueH 1epeOpaiHO eHJOoTeNeH MNpopuI IITO CE€ pa3iduKyBa OJ OHOj Ha
nepudepauTe eHxorenHu kiuetku. CTyaujata e W3BeAeHa 3a Ja Ce JAeTepPMHHUpAAT
eKcnpecuoHuTe mpoduiar Ha reHu Kou ru kKoaupaat ABC-tpancnoprepute, CYPS u
rmaBHUTE (GaKTOpU KOW ja perynupaar HuBHata TpaHckpumimja (PXR, CAR, AhR) kaj
hCMEC/D3. Ortkpueno ¢ nmexka mojaenor Ha ABC-tpancmoprepu u CYPS renckara
excripecrja B0 hCMEC/D3 ce pasnukysa o1 oHaa Bo HUVEC. Exmorennure KJIeTku Ha
MHKpPOCAJIOBUTE BO MO30KOT T'M ekcmpecupaar efflux tpancmopreputre Ha HHBHATa
JdymuHajdHa MemOpana in Vivo. Ilpodpunor Ha reHckara ekcrnpecuja Ha ABC-
tpaucnoprepure Bo hCMEC/D3 ¢ pasiauuna ox onaa Bo Hemosounute HUVEC.



Haj3nauajna pasnuka e Hamanenara MDR1 ekcripecuja na rean Bo HUVEC. Tlokaxano
e neka hCMEC/D3 umaat ekcrnpecuja Ha Bucoku koawmuuau Ha MDR1/P-gp, BCRP wu
MRP1 mRNAS u mporenHu, yrja penaTUBHA 3aCTAallEHOCT HE € Mo3Hara. Peszynrarure
MOKaKyBaart Jieka HuBoara Ha excrpecuja Ha MDR1 u BCRP Bo hCMEC/D3 ce cianunm,
HO TOHHCKH OTKOJIKY BO M30JIMPAHUTE XyMaHW MO30YHU MHUKPOCAIOBH, COTJIEAyBarmbha
ITO Ce MOTBPJICHA ¥ Ha HUBO Ha MpoTenHu. McTo Taka, motBpaeHo e neka P-gp u BCRP
ce ¢pyukunonanau Bo NCMEC/D3 (Dauchy et al., 2009).

2.2. Enuericuja

Enunencujata npercraByBa 3abonyBame Ha I[HC koe ce kapakrepusupa co
SNMWICTITUYHY Hamaau. Bo 3aBHCHOCT Of IeOT Ha MO30KOT KOj € 3apaTeH W THIOT Ha
HEBPOHCKHUTE TMpa3HeHa, HANaJuTe MOXE J1a MMaaT pPa3IMYyHU OOJIMIM M HCXOIH.
CornacHo MOCIEeIHUTE CTATHCTUYKY aHaau3u Ha CBETCKaTa 3/[paBCTBCHA OpPTraHMU3AIlH]ja
(C30), enunencuja umaat okoiay 50 MHIMOHM Jyfe BO CBETOT, ogHocHO 0,5 10 1% ox
riobanHoTo Hacenenue. Ce ymre He € 100po MO3HATO KaKO HacTaHyBa eMHIIETCHjaTa,
MaKO UCTaTa MOXKE JIa CE pa3BHe IO OIITETYBamkE Ha MO30KOT IOCJIE MpETpIieHa Tpayma,
WH(QEKIIMA WM pacT Ha TyMOPH HJIM HEKOW JPYTHM BUJAOBH HEBPOJIOIIKH OOJECTH,
BKIIy4yBajKH ' ¥ HACJIETHUTE CHHJIPOMHU.

2.2.1. Bunosu Ha Hamaau

EnmnentrynnTe Hamaaum ce mpociieIeHN CO MPUBPEMEHO Mpa3HEehe Ha HMITYJICOT,
KO€ TO BPILY Ipyla Ha HEBPOHH BO MO30KOT. KakBu CHMIITOMH Ke Ce€ 1ojaBat 3a Bpeme
Ha HaNaJaoT, 3aBUCH OJ MECTOTO Ha Mpa3HEHE W OINCEroT Ha HErOBOTO IMIMpeme. Bo
3aBHCHOCT O] TOA, MOX€ J1a UMa KPaTKOTPajHO MPEKNHYBambe Ha BHUMAHHUETO, T1a Ce JI0
IIeJIOCHO Pa3BHEH HamaJ| CO CHJIHM KOHBYJI3UM KOW Tpaat U JI0 HEKOJIKYy MUHYTH. Bo Taa
Hacoka, ako € 3adaTeH JAen O KOPTEKCOT, HacTaHyBaaT KOHBYJI3MH, ako € 3adareH
XHIIOTANIAaMyCOT joara a0 nepudepHH aBTOHOMHH IIpa3sHEma, a ako € 3adareHa
petukynapHara opmaimja Ha TOPHUOT AEJ O] MO30YHOTO CTe0II0, Joara 70 TyOeme Ha
CBecTa.

[locrojar nBa TMHa Ha ENWJIENITUYHM HANaad, KOM COIVIACHO KJIMHUYKATa
KIacupuKanyja MoXXe Aa OuIaT MapuujalHd M TeHepanu3upaHu. JlomoaHMTENHO,
JIOKOJIKY HeE Jjoara JIo TyOeme Ha CBecTa HallaJuTe Ce O3HAYEHH KaKO MPOCTU WJIM IaK
CIIO’KEHH JIOKOJIKY Joara J1o ry0eme Ha cBecTa. Kaj mapriujanHuTe Hamaay MpasHembeTo e
JIOKAJIHO ¥ CJIEJCTBEHO Ha TOa CUMITOMHTE K€ 3aBHCAT O] MO30YHATa peruja Koja e
3agareHa. Vctute HajuecTo BKIydyBaaT: HEBOJHH MYCKYJIHH KOHTPAKIMH, HApYIICHH
CeTUJIHM MCKYCTBa WJIM aBTOHOMHHM TIpa3HEHa WM BJIHMjaaT Ha PacIlOJIOKEHHETO U Ha
OJTHECYBAHETO JIOKOJIKY CTaHyBa 300p 3a ICHXOMOTOpPHA eMMJIETICH]ja. 3a pa3iiKa O HUB,
reHepaIM3upaHuTe Hamaad Tro 3adakaaT LETUOT MO30K, BKIYYyBajKH TO U
PETHKYJIapHHOT CHCTEM W 3aroa NpeAW3BHKYBaaT HapyIlyBamkbe Ha eJIeKTpUYHATA
aKTHBHOCT BO JBeTe Xemuchepu. 3a 0BOj TUI HA HAlaaH, I'yOCHETO Ha CBECTa € IIIaBHA
KapaKTEepPUCTHKA.

[TocTojar nBe r7IaBHH KaTeropuy Ha Halaad M TOAa: TOHHYHO-KIOHWYHU Haraau
KOHM C€ KapaKTepHU3HUpaaT CoO CHIIHM KOHTPAKIMH Ha I[eJlaTa MyCKyJIaTypa, pecupanujaTa
mpecTaHyBa, 4YecTo ce jaByBa Jedekalnja, MUKTypalija U cajlliBalija — TOHMYHa (a3za
KOja OOMYHO Tpae OKOJIy €lHa MHHYTA, a 3aKPEIHYBAHKETO Ha MAlMEHTOT HACTaHYBa
IIOCTETICHO BO TEKOT HAa HEKOJIKY MHHYTH; WM allCaHCHU HamaJu KOW HAjuecTo ce
jaByBaar Kaj ieraTa v ce IoMaJIky ApaMaTUIHH Off TOHUYHO-KIIOHUYHHUTE, METyTOa MOXKE



HI0YECTO JIa CE jaByBaaT M TOA [0 HEKOJIKY HaIla i BO TEKOT Ha AeHOT. KapakrepucTuaHo
3a OBOj THII Ha HAMA/HM € IITO MAI[MEHTOT 3a BpeMe Ha Hala 0T HEHAJIejHO TpecTaHyBa 1a
ro MpaB¥ OHA INTO TO MpaBel O MOMEHTOT Ha HAIaaoT, TMOHEKOTAll MPECTaHyBa CO
300pyBame Ha Cpejl peucHHIla W MPa3HO TIe[a HEKOJKY CEKYHIH, CO MaJKy HIu 0e3
MOTOPEH HeMHUp. 3aKpermHyBambEeTO HACTaHyBa HaeaHAIl M 0e3 OWIIO KaKBU TOCICAUIH
(Rang et al., 2018).

Kaxko moce6Ha kareropuja ce u3/IBOjyBa CTaTyC SMIICIITUKYC, KOj CE€ OJJHECYBa Ha
NPOIO/DKEHH HEMTPEKUHATH HAaIlaIu, 32 KOU € MOTPeOCH UTEH MEAUIIMHCKU TPETMaH.

2.2.2. In vitro u in vivo Mojienu Ha enuIercuja

bunejku He e mo3Hata TOYHAaTa MPUYMHA 33 €KCLMTALMjaTa HA HEBPOHUTE MPHU
Pa3BOjOT HA ENIJICHTUYHUTE HAMaH, KOja MPUPOIHO TEKHEE J1a Ce IIMPU HU3 MpEka Ha
MeryceOHO MOBp3aHM HEBPOHH, HajuecT MEXaHM3aM 3a CIpeuyBame Ha OBaa I0jaBa €
MHXUOUIM]ja HA UCTaTa. 3aT0a, HaJ4ECTO MOJIEINTE KOU CE MPEUI0KEHH 3a TECTUPABE Ha
AQHTUKOHBYJI3UBHU KOMIIOHEHTH C€ HACOYEHM KOH INPEeHOC WIM HMHXHOuIMja Ha
excuuranujata. [locrojat moeke in Vitro Moeny Ha enuIencHja mTo rIaBHO CIYXarT 3a
UCIHTYyBambe Ha HuTOTOKCMYHOCTa Ha AK mnu Ha no3upanure GopMu Kako IPOU3BOJIH.
Hajuecto kopucTeHu ce: €X VIVO MpeceKk Ha XHUIIOKAMIIAJIHUOT JieJI Ha CTaopIy;
OPraHOTHUITHY TIpecely JOOUEeHU OJ] HEOHATAIHHM CTAOpIM KOW Ce OAp)KyBaat in Vitro
HEKOJIKY HEJeNH; KJIETOUYHU KYJITypu Ha MPUMApPHH HEBPOHM; aCTPOLUTH U OCTAHATH
[JIMAJIHU KJIETOYHH JIMHUU; YOBEUKO TKHBO O] TALIMEHTH CO EMUJIENICHja PE3UCTEHTHA Ha
JIEKOBH; M KIJIETKH JOOMEHU CO TEXHOJIOTHja HA WHAYIUPAHH TUTYPUITOTEHTHH MAaTUYHU
kierku (Grainger et al., 2018).

Bo oaHoc Ha In VIVO MojenuTe, HCIUTYyBamaTa C€ BpIIAT HA Pa3lIUMYHU
KMBOTUHCKM MOJIENIM Ha €NWIENCHja, 3aToa IITO € TEIIKO Ja Ce CHpOBeNaT JeTATHU
IpoydyBama Ha MALMEHTUTE IITO OOJedayBaaT OJ EHMWIENCHja 3apagd pa3IudHaTa
IpUpoJa Kako Ha MaTo(U3MONIOTHjaTa, Taka M Ha HACTAHYBAWmETO M BHIOT HA CAMHTE
Hamagu. Hekou on Mozaenutre BKIy4dyBaaT pa3HOBUIHM TI'€HETCKHM BHJOBH CO
KapaKTePUCTUKU CIIMYHU Ha EMUJICTICH]ja, KaKO IITO CE TIIyBIM HITO UMAaT KPATKOTPajHU
KOHBYJI3UM KaKO OJrOBOp Ha OJPENCHM 3BYLHU WIM CBETIOCHM curHamu. Ilonatamy,
MIOCTOjaT ¥ MOJIENTM Ha HEKOJIKY TPAHCTE€HU BHJIOBH TJIYBLHU CO MYTAIllMM HA Pa3InYHU
JOHCKM KaHaJlu, PeLleNTOPU U APYTH MPOTEUHH, Kaj KOU CE jaByBaaT CIIOHTaHH HaraJu.
[Tpu TecTupame Ha aHTHMKOHBYJI3MBHUTE KOMIIOHEHTH, HAajuYeCTO KOPUCTEHH ce iN VIVOo
UCIHTYBamWba Kaj IIIyBUMHba Kaj KOU C€ MPEJU3BUKYBaaT HalaJu cO MOMOII HAa XeMUCKH
areHCH OJIHOCHO KOHBYJI3MBHU KOMITOHEHTH KaKO IITO € MeHTuIeHTeTpazonot (PTZ) wu
Hara Iy peIu3BUKAHU CO €IeKTPUYHA CTUMYJIallK]ja Ha [IeTUOT MO30K. Y TBPJIEHO € JeKa
JIEKOBHUTE KOU T MHXUOUpaat PTZ-uHnynupannuTe KOHBYIJI3UU MPUTOA ITOAUTHYBAjKU TO
IparoT Ha OCETJIMBOCT HA €JIEKTPUYHUTE MMIIYJICH, C€ e€(pUKAaCHU MPOTHB allCAaHCHUTE
Hamnajau, A0JieKa MaK OHME JIEKOBH KOU LITO IO HamallyBaaT TPaeHhETO M LIUPEHETO Ha
€JIEKTPO-UHIyLIUPAHUTE KOHBYJ3UU ce e(UKAcCHU BO (DOKATHUTE TUIOBU EMUJIEIICH]a,
KaKo IITO ce TOHWYHO-KIoHn4YHMTe Hamaau (Rang et al., 2018).

3a xaJj, HUTY €JeH MOJeJ] Ha XMBOTHM HE MOXeE LI€JOCHO Ja ja UMUTHpa U
NpUKaXKe KIMHUYKAaTa MaHU(eCcTalrja Ha enuIernicrjaTa.

2.2.3. TepaneBTCKU MpUCTANU M KOHBEHIIMOHAIIHA Tepariija

Enunencujata riaBHO ce TpeTHpa €O JIEKOBU, HO BO TELIKU CIydyal MOXKE Ja Ce
U3BpIIAT M XUPYPIIKKM 3aaTu Ha MO30KOT. 3HAYajHO € Ja Cce MCTaKkHe JeKa



AHTUETIICITHYHNATE JICKOBH IITO CE HAOraaT Ha Ma3apoT €PUKACHO T'M KOHTPOIHPAAT
HaIlauTe Ha eruIeTichja Kaj okoiry 70% oJ1 malueHTuTe.

[TocTojaT HEKONKY MEXaHW3MH Ha [ICjCTBO HA AHTHUCTUJICTITHIIUTE W TOA:
3acUIIyBamb€ Ha JICjCTBOTO Ha rama-aMuHOOyTepHa kuceianna (GABA), nuxubuimja Ha
¢yHKIMjaTa HA HATPUYMOBHUTE KaHAJIHM, MHXUOWIMja Ha (YHKIMjaTa HA KaJHMyMOBHTE
KaHAJIM ¥ MHXUOUIIUja Ha TITyTaMaT U 0JIOKa/a Ha TIyTaMaTHUTE perentopu. Bo rpymnara
Ha JIGKOBH KOHW TIOJIOJITO BpeMe ce BO ymoTpeda crmaraar: (peHUTOWH, KapOama3emnuH,
BaJIIIPOAT, €TOCYKCUMU M (eHOOApOUTOH, 3aeMHO cO OCH30/IMa3eIUHUTE (IHMa3emnam,
KJIOHa3emnaMm u kiobasenam). [loHoBaTa reHepalja Ha aHTHCIJICOTHIIN TH BOpOjyBa:
BUrabaTpuH, TabameHTHH, JaMOTpUruH, ¢endamar, THAraOWH, TOMHMpaMaT,
JeBeTHpaleTam u 3oaucamu. [Ipenqnocra Ha moHOBaTa reHepaIyja aHTHETTUIICTITHIIA BO
OJTHOC Ha TIPETXOJHATa € BO HAacOKa HAa HaMallyBalkbe Ha HecakaHuTe e(ekTu u
WHTEPAKIIMH, HAaKO HUBHOTO JICjCTBO BO OJIHOC HA KOHTPOJIA HA HAMAIUTE HE € ITOTOJIEMO.

Bo Tperara reHepanuja Ha aHTHCNMWJICNTUIM craraar: OpuBapaleram,
neHo0amaT, eclmkapOa3enuH arerar, JiakocamMuji U - rnepammanen. [locnmempaute
JUTEpaTypHU MOAATOIN YKaKyBaaT Ha TOa JIeKa OBaa rpyIia JICKOBH IMOKa)XyBa OTPOMEH
NOTEHIMjaJl KaKo MOHOTEpanuja BO pEayKIHjara Ha eNWISNTHYHUTE Hamaau Kaj
Bo3pacuu marentu (Mula, 2016), Ho cemak mOTpeOHH Ce TOMOJHUTEIHN KIMHHYKH
CTYJIUU U TIOCTMAPKETHHIITKO CJIE/ICH-E, CO e TTOJIETATHO JIa Ce KapaKTepu3upa HUBHUOT
KJIMHUYKA MPOGUI U TEPaneBTCKU MOTEHIMjal BO TpeTMaH Ha emmierncuja (Lattanzi,
2022).

U mokpaj Toa mTO MOMEHTAIHO UMa 0JI00PEHO MOBEKe 01 25 aHTHKOHBYJI3UBH 32
TPETMaH Ha eMWJICNCHja, TPUOIMKHO €IHA TPETUHA OJ MAIMEHTUTE CO CMHIICTICH]a Ce
VIITE UMaaT MPOOJIEMHU CO KOHTPOJIMPAKETO Ha HUBHUTE Hanaau. O qpyra cTpaHa mnak,
U3pa3eHUTe HecakaHu epekTH U (papMaKOKMHETCKH MHTEPAKIMHN Ha JICKOBUTE KOM BEKe
MOJIOJITO BPeME ce BO ymoTpeda, a M Ha IMOHOBHUTE aHTUCTHIICIITHUIN, JOBEIyBaar 0
norpeba 0/ pa3Boj Ha HOBM TEPANCBTCKH PEIICHMja 3a TPETMaH Ha OBa 3a00JyBambe.
[ManmenTuTe mMTO OOJIEAYBaaT OJ CHIJICTICHja JICKOBUTE I'M MPUMAaaT KaKO XPOHHYHA
Tepamnuja, 3apajyd IITO M30CTHYBAamkETO W HAMAlyBambeTO HAa HECaKaHUTEe ePeKTH O
UCTaTa € 0J1 0cOOEHO 3HAYCHE.

Bo mocneanuTe romuHM BHUMAHHMETO € HAaCOYCHO TOKMY KOH pa3Boj Ha
coBpeMeHHU (HOPMYJIALIMCKH PENICHHja KaKO HA MPUMEP HAHOMAPTUKYJIUPAHH CUCTEMH,
KOM HE caMoO INTO Ke MpHIOHEcAT 3a HaJMHHYBame Ha MPOOJIEMHUTE IMOBP3aHU CO
npemuHoT HU3 KMbB 1 HacouyBame 10 MECTOTO Ha JieyBame, TyKy U OU T HaMaJuiie
CHCTEMCKHUTE HecakaHu eextu. TakBu popMyIIaliuu ce Ha MPUMEP HAHOCTPYKTYPHUPAHH
JMIUAIHA HOcayn co (peHoOapOuTa, KOU MOKa)xkajae U3BOHPEIHH pe3yaTaT Ha in VIVo
Mojen Ha riryBunmba (Scioli-Montoto et al., 2022), kako u JUMUAHA HAHOYECTHUKH CO
KPUTITOJIENTMH KOW TIOKaKaje aHTHUEMWICNTHYHA AaKTHBHOCT TPEKy WHXHOWIMja Ha
aKTMBHOCTA Ha HAIOH-3aBUCHHTE KamuymoBu kanamu (Mante et al.,, 2021). Co
WHKOPIIOPHpAkhE Ha apa3ojaMoT BO JIMITUIHN HAHOYECTUYKHU, OMOPACTIONOKINBOCTA
ce 3rojemuna HekonkykpatHo (Singh et al., 2012). IToctojar moBeke (opMmyranucku
pelieHnja co kapOama3enuH Kaje UCTUOT € WHKOPIIOPUPAH BO JIMIHIHU U IMOJIHMMEPHU
HOCAYH, MPH IITO PE3yJITATHTE yKakaje Jeka MCTUTe umaaT u jqo 30 matu morosiema
AHTUKOHBYJI3UBHA aKTUBHOCT BO criopenda co kapOaMa3elmnHOT KaKo KOHBEHIIMOHAJICH
aex (Nair et al., 2012; Scioli-Montoto et al., 2022; Zybina et al., 2018). [JomonHuTeIHO,
Pa3BHEHH CE€ M CHCTEMH 3a WHTpaHa3allHa yIoTpeda Co KaTeXWH XUAPAT WHKOPIOPHPAH
BO IOJIMMEPHU HAHOUYECTHYKH CO IITO CE OBO3MOXHJIO HaMallyBame Ha Ji03ara Ha
KaTeXWH XHAPATOT, KaKo U W30erHyBame Ha MeTaboIM3MOT Ha mpB mpemud (Ahmad et



al.,, 2020). Co BrpamyBame Ha OKCKapOa3emWH BO TMOJMMEPHH HAHOYECTHYKH O]
NOJIMMIICYHA-KO-TJIMKOJIHA KHUCEIMHA HAaMEHETH 3a WHTpaHazalHa yrorpeba, Owmio
MOCTUTHATO HAMaJTyBame Ha J103aTa U (pEeKBEHIMjaTa Ha JO3UPAmbE, ITO UCTO TaKa € O
roJieMO 3Ha4yeHe 3a MalMeHTUTEe KOM MpuMaaT XpoHudHa Teparnuja (Musumeci et al.,
2018).

Nako HU3 nuTeparypara ce cpekaBaaT rojeM Opoj Ha HCTpaXyBama ILITO Ce
HAaCOYEHM KOH pa3Boj M JW33ajH Ha MYITU(QYHKIMOHATHM HOCAaYd U HHUBHA
NOTCHIMjalTHaTa TpPUMEHA Kako eQUKacHH [03upaHd (OPMH BO TPETMAHOT Ha
enuierncujata, Kora craHyBa 300p 3a ynorpeba Ha pacTUTENHH CYpPOBUHH
MHKOPIIOPHPAHN BO HAHOHOCAYH, ITOJIATOIIUTE CE PEJIATHBHO OTPAHIYCHH.

2.3. Cannabis sativa L. (f. Cannabaceae)

Cannabis sativa onuIiano Kako JICKOBUTO paCTEHHE YIITE BO IO3HATOTO jeiio De
Materia Medica, ¢ emno oa Hajuecto ymoTpeOyBaHWTe (Ha TJ00aTHO HHUBO) M
KOHTPOJIUPAHH PAcTEHHja IITO COJMP)KH TMICUXOAKTHBHHU CYICTAHIIMHU, Ydja peryjrpaHa
npUMEHa BO MEIUIIMHCKA W HayYyHH I[IEJH CEKOJIHEBHO 3a3eMa C€ IOroJeMHU
TEPUTOPHjATHH pa3MepH.

Bo mocnenHuTe TOAMHU HANIPaBEHU CE TIOBEKE CTYAWU HA )KUBOTHH M JyI'e KOH
yKa)XyBaaT Ha OTpOMHATa TepareBTCKa BPEJHOCT HAa OBa pPAacCTEHHWE BO TPETMaH Ha
3abomyBama Ha [ITHC.

2.3.1. XeMHUCKH COCTaB

Cannabis sativa Bo cBojoT cocTtaB coapxu okoiay 500 pasauyHu KOMITOHEHTH,
knacuduuupanu Bo 18 XeMHCKM KJIacM OJf KOW Haj3HAYajHU Cce KaHAOMHOWIHWTE,
¢dmaBoHouauTe, Teprienure W Macuure kucenuuu (Alves et al., 2020; Hillig and
Mahlberg, 2004).

dapMakoJIONIKK aKTUBHUTE CyrncTaniu Bo Cannabis sativa — kanabuHouante
(Cn. 2), 6pojar nmoseke o 70 pa3nuydu GUTOKAHAOMHOM/IN, & KAKO TJIaBHU KOMITOHCHTH
ce m3aBOjyBaar aenta-9-terpaxuapokanabunon (A°-THC, THC), xama6unon (CBN),
KaHaOU MO (CBD), KaHaOUTepoI (CBG), KaHaOMXPOMEH (CBC),
terpaxuapokanadbusapus (THCV) u qpyru mro umaar rojgem moTeHIHjall BO TPETMAHOT
Ha MYJITUIUIA CKIIepo3a, AJIIxajMepoBa 00JIeCT, MOBpean Ha “pOETHUOT MO30K, TypeToB
CHHJIPOM, CITUIICTICH]a, XUIIEPTeH3H]a, riiaykoMm u apyro (Ben Amar, 2006). XeMUCKHOT
COCTaB Ha EKCTPAKTOT € MHOTY Ba)KE€H, KaKO M OJTHOCOT Ha IJIaBHUTE KaHAOMHOUIU BO
uctuot (Perucca, 2017). Ona 1mITo € 3Ha4ajHO Ja ce CIIOMEHE € JICKa BO CBEKO pacTeHHE,
OJTHOCHO HATWBHO TPUCYTHHU C€ KaHAOMHOMIUTE BO OOJNMK Ha KHCEJHHH, JIOJeKa TMaK
HEYTpaJHHUTE OOJIMIIM HACTAaHyBaaT BO TEKOT Ha CKJIAJMPAFETO M MPH HU3JIOKEHOCT Ha
MOBHCOKa TeMIepaTypa min condena ceetnuna (Fischedick et al., 2010).

[Toxpaj kaHaOWHOMIUTE, KAKO IITO € HAaBEICHO MOTOpe, KAHAOMCOT COAPKU €THA
UCTO TaKa MHOTY OMTHA TpyIia Ha KOMIIOHEHTH — TepIieHu. Bo CBOjOT cocTaB kaHAOHCOT
Opou okomy 140 pa3nuyHU TEPIIEHU KOU BJIETYBaaT BO COCTAaB HA €TEPUYHOTO MACIIO KaKO
NpUMapHA KOMIIOHEHTH, Mel'y KOM KaKO JIOMHMHAHTHH MOHOTEPIICHH CE W3][BOjyBaar:
MUpLIEH, G-TIMHEH, O-TepIUHOJeH, (rans-kapmoduieH W o-XymyseH, a Of
ceckBuTepnenute — f-kapuoduien (Hanus and Hod, 2020). Ox rpynata Ha ¢aBoHOUIH
HAaj3aCTalleH! Ce: alMTeHUH, JIyTeOJIMH, KBEPLUETHH, KeM(epol, OpHjeHTHH, BUTEKCHH,
JyTEeONUH-7-O-TITUKO3K 1, aureHuH- /-O-riauko3ua u kanduasua A u b (Vanhoenacker
et al., 2002). Bo macioro on kaHaOuc uaeHTUHUKyBaHH ce moBeke ox 30 MacHH



KHCEJIMHU, O] KOU MPEOBIayBaaT He3aCUTCHUTE MAaCHU KHUCEIMHU U TOA: JIMHOJIHA, O-
JMHOJICHCKA U OJIEMHCKa KucenuHa. O] 3aCUTEeHUTE MaCHU KUCEJIMHU Haj3acTarleHH Ce:
NaJIMUTHHCKA, CTCapUHCKA, apaxuJI0HCKa, OexeHcka kucenuHa u apyru (Brenneisen,
2007).

4-Carboxy-THC / THCA-B THC

CBD

OH OH O OH
) g O
HO o) o)

CBG CBC CBN

Cnuka 2. CTpyKTypH Ha mo3Havajuute kanadbuxouau ox Cannabis sativa (mpesemeno ox: Tahir et al.,
2021).

[Tokpaj oBHe YeTHPH rPYyNU Ha COCAUHEHH]jA, BO XEeMUCKHOT cocTtaB Ha Cannabis
sativa mpucyTHH ce 1 0koJy 70 a30THU COeMHEHH]a 0/ KOU aJIKaIOu I (KaHaOMCAaTHBEH,
aHXUJIpOKaHAOMCATUBEH), XOJIUWUH, MyCKapuH, U30JIeyIIUH, OeTauH, HeypuH, aMmuau (N-
trans-depynomntupamus, N-p-KyMapouiaTHpaMuH, N-trans-kadeonnarupamun),
MPOTEUHH, CH3UMH U KapaKTEPUCTUYHN aMHHO KHCEJTMHH 3a caMOToO pacTteHue. Mcrto Taka
coapxu u okoiny 50 jarJeBoIOpOJHM CoeAMHEHHWja (HOHAKO3aH, XemnTako3aH, 2,6-
TUMETHIITETpaeKaH, TEeHTAKO3aH, XEKCaKO3aH M XEHTPUAKOHTaH), jariexXuapaTh
(rmyko3a, (pykro3a, MaHO3a, TajakTo3a, apabMHO3a, caxapo3a, MaiTo3a, paduHO3a,
[EeNTyJI03a, XeMHIIeNy03a, MEKTHH, KCUJIaH), IeKEPHU alKOXOoJU (MaHHUTON, COPOUTON,
[JIMLEPOJI, MHO3UTOJ) M aMHuHollekepHu (TajakTo3amMHH, Tiayko3amuH). Hcro Taka,
MPUCYTHH C€ U AJIKOXOIH, AJIeXUIH, KETOHU U puTocTeponn. Oa BUTAaMUHUTE TPUCYTEH
e ButamuH K, a on munepamute Na, K, Ca, Mg, Fe, Cu, Mn, Zn, Hg. Ucro Taxa,
KCaHTO(UIOT ¥ KapOTEHOT CE MUTMEHTUTE KOU BIIEryBaaT BO COCTAaBOT Ha OBa pacTCHHE
(Brenneisen, 2007).



2.3.2. ®apMaKOKMHETUKA HA KAHAOMHOUIUTE

Kako w® cuTe aKTUBHUM KOMIIOHEHTH Taka M Kaj KaHaOWHOWIHWTE,
(apMaKOKMHETHKATA IJIABHO 3aBUCH 01 opMyJanrjaTa 1 HAYMHOT Ha a]MHHUACTpAIH]ja.
Bo omHOC Ha HAYMHOT HA aJIMUHHCTpallMja, Kora kaHaOuHouaute, reHepasno THC u
CBD, ce agmMuHHCTpHpaaT co MHXANAIMja MOKaXXyBaaT UCTa WIH CIIMYHA KUHETHKA KaKo
U TIPU MHTPABEHCKa mpuMeHa. [IpuToa, eheKToT M MUKOT Ha TUTa3Ma KOHIEHTaPIIHja ce
JOCTUTHYBA MHOTY 0p30 (3-10 MUHYTH), @ MAKCUMAITHUATE TJIA3MAaTCKA KOHIICHTPAITUH Ce
JIaJIeKy TIOBHCOKH OJi OHME KOW C€ IOCTHTHYBaaT NpU IEpopajHa aJIMUHHCTpPAI]ja.
buopacnonoxmuBocta Ha THC mocie naxananuja ce auBmwxu of 10-35%, a na CBD Bo
npocek o1 okoiy 31%, co cmuvHu MpoGUIIK BO OJTHOCOT IIa3Ma KOHIICHTpaIlija — BpeMe.
buopacmnonoximBocTa 3aBUCH O]l MHOTY (DakTOpH, NMOYHYBAjKU OFf WHAUBHUIYATHUTE
0COOMHU Ha OPTraHU3MOT, KaKO W OJf HAYMHOT U KapaKTEPUCTHKUTE HA MHXAIHPAIbE.
JlonomHUTENHO, 3HaYajHa YJI0Ta BO OMOPACTIONOKINBOCTA HA KAaHAOMHOUANUTE IITO CE O]
UCKJTyYHUTEJIHA BAXXHOCT C€ IMapaMETPUTE KaKO TOJeMHHA Ha YECTHYKH IITO Ce
WHXaIMpaaT ¥ HUBHATA JICTIO3UIIMja BO OPTaHU3MOT, OJHOCHO MECTOTO KaJle UCTHUTE Ce
3a7pKyBaaT BO pecrupaTopauoT tpakt (Lucas et al., 2018).

[Ipu mepopanHa anMuHHCTpanWja, KaHAOWHOUUTE TOJUIEkKAT Ha MeTaboIn3aM
Ha TIPB MPEMHH, KaJie BO 3HAYMTEJICH MPOIEHT ce METa0OIM3UpaaT. 3apaau roiemMara
TUMOGMIHOCT HA KaHAOMHOMTHUTE MOJIEKYJIH, OMOPACTIONOKIMBOCTA € HAa HABHCTHHA
HUCKO HUBO M COTJIACHO MCTpa)kKyBamara ce MPETIOCTaByBa JieKa € HeKale oKory 6%
(Gaston and Friedman, 2017).

TpaHcnepMaTHHOT HAaYMH Ha aJIMUHHCTpaldja TPETCTaByBa €llHA OMIMja 3a
n30erHyBamkbe Ha MeTabONM3MOT Ha TMpB TNPEMHH, MeryToa 3apaad ToyieMara
XuapoHoOHOCT HAa KaHAOMHOMIWUTE HMCTHTE WMaaT MOTEMIKOTHH Npu audy3uja HU3
XUJIPUPAHNATE CIIOEBU Ha KOXKaTa.

Kanabunonnute ce muctpuOympaaT Op30 BO JT0OpO NMPOKPBEHUTE TKHUBA (Oenmm
IpoOOBH, CcpIie, MO30K M IpH Apo0). Ce MeTabomu3upaaT JOMUHAHTHO BO XEHApOT MO/
nejctBo Ha nutoxpom P450 eH3umute, a ce eMMUHUpaaT npeky ypuHa u ¢erec (Lucas
etal., 2018).

Kora cranyBa 300p 3a kaHaOMHOUJTHUTE KUCEIWHU, JINTEPATYPHUTE MOAATOLHU
yKa)kKyBaaT Ha Op3a arcopIiiyja Bo Ijia3Mara U eKCTPEeMHO HU30K MO30K/IIa3Ma OHOC,
1ITo 300pyBa 3a (akToT JeKka oBue GopMu HE MOKaT J1a ja momuHaT KMb 1 oTTyKa 1a ro
nokaxar cBojot epekt (Formato et al., 2020).

2.3.3. @apmaxonouiku epekTn Ha KaHAOMHOUINUTE

THC nenyBa kako nenpecop Ha I[HC, mpu mrTo BiaMjae Ha KOTHUTHBHUTE
CHOCOOHOCTH, KaKo IITO C€ KpaTKOTpajHa MEMOpHja, KOHIICHTpallkja U YUYeHe, a UCTO
Taka BIIjae U Bp3 MCUXOMOTOpHUTE criocobHocTu. [Ipeky CB1 penentopor Biujae Bp3
3rojieMyBamke Ha TOJiepaHIMjara 3a 0OJKa, a MOKaKyBa M AaHTHEMETHYHO JIEjCTBO
(Grotenhermen, 2003).

AHTHOKCHUAATUBHUTE W aHTUUH(IaMaTopHuTe Kapaktepuctukun Ha CBD ro
o0jacHyBaaT MOTEHITH]aJIOT 32 HEBPOMPOTEKTUBEH eeKT Ha oBa pactenue (Scuderi et al.,
2009). HesaBrcHO O MeXaHHM3MOT Ha J€jCTBO, Mmocrojar goka3u jgeka CBD moxke
NOTEHIIUJaJTHO J]a C€ KOPUCTH 32 TPETMaH M HaMalyBame Ha CHMITOMHUTE HA Pa3THYHH
HEBPOJIOIIKK TIOpEeMeTyBama kako enwiencuja u Hanaau (Hofmann and Frazier, 2013;
Jones et al., 2010), ncuxo3u (Rohleder et al., 2016), ankcuosnoct (Bergamaschi et al.,
2011), mopemeTyBama Mpu ABMKCHE (Ip. XaHTUHITOHOBA OOJIECT U aMHUOTPO(pHUYHA



marepanHa ckieposa) (Fernandez-Ruiz, 2009) u mynrumiekc ckieposa (Lakhan and
Rowland, 2009).

Mexanu3mor Ha aejctBo Ha CBD Bo 0HOC Ha aHTHUKOHBYJI3UBHATa aKTUBHOCT €€
yIITE HE € T00po 00jacHET, HO MPEATIOKECHU CE HEKOIIKY MOXHH TapTeTH Ha MOJICKYJIAPHO
HuBo (Senn et al., 2020). Patel el al. (2016) Bo cBouTe in Vitro TecToBM MOKaxaie Jeka
peayKIyjata Ha HEBPOHCKaTa ekcruTaOmiHocT o crpaHa Ha CBD ce cioydyBa mpeky
WHXHOUWIM]ja HA HATPUYMCKH KaHAIW 3aBUCHU 07 HarmoH. OcTaHATUTE MEXaHW3MHU Ha
JIeJCTBO BKJIydyBaaT aroHM3aM Ha cepotoHepruunu 5-HT1A penentopu, Moaysaiuja Ha
NMDA penenropu, 3rojieMyBamke Ha CHUTHAJIM3alMjaTa Ha aJieHO3MH M aKTHBallMja Ha
GABA peneniropure.

JluteparypHUTEe  MOJATOLM  OJ  IOCIETHUTE  HEKOJIKY TOAMHH 32
KkapOokcuiupanata Gopma - kaHabuauonna kucenuna (CBDA), 0aHOCHO TPHUPOIHHOT
npekypcop Ha CBD, xom mako ce OCKyJHM yKa)XKyBaaT Ha MOYKHA CEPOTOHHHCKA
akTUBHOCT U Aypu 10 100 matu nmorosiem adpunutet 3a 5-HT1A peuentopoT Bo ciopenda
co CBD (Russo, 2018). Pesynrature o1 HCIUTYBamaTa HalpaBEeHH BO MOCICIHHUTE
roJMHM yKaxkyBaaT Ha Toa aeka CBDA ja mogoOpyBa akTuBaIijaTa u Ha peLenTopure 5-
HT1A Bo MO30K Ha CTaopell, a UCTOTO € MOTBPACHO IN VIitro u kaj yoBeukure 5-HT1A
peuentopu. JJomomaurenno, CBDA npenu3BrukyBa aHTUEMETHYCH OATOBOP IMOCPEAYBaH
on 5-HT1A perenitopoT kaj craopiiu in Vivo. FiMeHO, akTHBUPAKETO HA PEIENTOPOT 5-
HT1A npenu3BuKyBa peakluM Ha XHIEpIiojapu3alyja Ha MeMOpaHaTa MOBP3aHHU CO
3rojieMeHa CIPOBOJUIMBOCT HA KAJIUYyM M MOKa)XyBa aHTHMKOHBYIJI3MBHA aKTUBHOCT TPU
MOBEKE pa3IMYHM EKCIepUMEHTanHu wmoaenu Ha Hamagu (Theodore, 2003). Ce
npernocraByBa neka CBDA mokaxyBa aHTUKOHBYJI3MBHA aKTHBHOCT, HAMAIYyBajKH ja
(dbpekBeHIMjaTa Ha HAMmaJId OCOOEHO BO TPETMaH Ha eMuJIericHja Kaj Jera Kaj Kou He
NOMOTHaJIa KOHBEHIIMOHAIHATA Teparivja, Mel'yToa MOTpeOHH ce MOBeKe MCTPaKyBama
3a moTBpa Ha oue npernoctaBku (Anderson et al., 2019). Ox apyra crpana nax, 100po
JOKYMEHTHPAHU CE aHTUMHKPOOHUTE W aHTHU-EMETUYHUTE €(PEKTH KOM T'M IMpOjaByBa
CBDA. Co nBojHa mHXHOHWIMja HA MUKJIOOKCUTEHA3UTE MPEKY HAJOIHA peryiainuja u
€H3UMCKa MHXHOUIIHja, KaKO ¥ CO aKTHBAallMja Ha KaHAJIWTE HA BAHWIOWA | ¥ aHKUpHH |
tpansutopuute peuentopu (TRPV1 u TRPA1, cooxBeTHo) M aHTaroHuszaMm Ha
TPaH3UTOPHHUOT PELENITOPCKU KAaTjOHCKU KaHal of cyOodamminja M unen 8 (TRPM8 —
pelenTop Koj ce aKTHBHpa 3a BpeMe Ha 00JIKa, BOCIAIMTEIHU MPOLECH U TPU YyBCTBO
Ha nagHo) CBDA ro nokaxkyBa u cBojoT anturHbiamaropen edext (Formato et al., 2020;
Pellati et al., 2018).

2.3.4. TOKCUYHOCT HAa KaHAOWHOUINUTE

Kora cranyBa 300p 3a TOKCHYHOCTA, JOCETAIIHUTE IN VIVO CTYIMK HalpaBeHH Kaj
YKMBOTHH TTOKaXKaJie JIeka KaHAOMHOMIUTE UMaaT MIUPOK TePAIeBTCKUA WHJIEKC, OJTHOCHO
uMaart 1oBoJieH npodui Ha 0e30eJHOCT co rpaHulla Ha ekcro3uyja noroiema ox 10000
(Lachenmeier and Rehm, 2015). In vivo cTyquuTe Kaj )KHBOTHU HAIIPABEHHU O]l CTPaHa Ha
Thompson et al. (1973), nokaxaine aeka mepopaiHaTa npuMeHa Ha jgo3a ox 3 g/kg kaj
Kyuuiba 1 9 g/Kg Kaj MajMyHH HE I0BeAyBa 0 CMPTHH MCXOH. JIOMOIHUTEIHO, TTOCIE
UHTpaBeHCKa 703a o1 92 mg/kg kaj MajMyHH He e 3a0eJieaH HUTY e/IeH CMPTEH CIIy4aj,
nojeka mak qo3a ox 127 mg/kg 6uma neranna 3a sxkusotuute (Thompson et al., 1974).

Co ornen Ha Toa mTo THC nma BuCOK apuHATET 32 KAHAOMHOMIHUTE PELENTOPH,
ocoberno tun 1 (CB1R) xou ce Haoraar Bo IITHC u Toa BO TepMHHAIHHUTE JEJIOBH Ha
HEBPOHUTE Ha 0Oa3aJIHUTE TAHTJIMU, BO IEPeOCIyMOT, XMIIOKAMIYCOT, HEOKOPTEKCOT,



XHUIIOTAJIAMYCOT U JIMMOWYKHUOT JIeNl O] KOPTEKCOT, CE OUeKyBa M HEeCaKaHUTE e(eKTH,
0c00EHO aKyTHHTE, Ja OMJaT MOBP3aHU CO YJIOrara Ha OBHE JEJIOBH Ha MO30KOT BO
MOTOpHAaTa aKTUBHOCT, KOOpIHMHAIMjaTa, KpaTKOTpajHaTa MEMOpHja, areTUToT,
cemanjara u cauano (Sachs et al., 2015).

Cormacio C30 (Cannabidiol (CBD) Critical Review Report, 2018),
KaHaOMIMOJIOT € 03HAYCH KAaKO HHUCKOTOKCHYHO coequHeHue. HanpaBenu ce moseke in
VItro ucnuTyBama Kaje INTO Pe3yJITaTHTE yKaKyBaaT Ha MPO-allONTHYHHOT ePeKT Ha
CBD Bo mumdonutute. MiIMeHO, OBa COeIWHEHHE BIIMja€ HAa PAacTOT HA MAJUTHUTE
KJIETKH, HO HeMa BIIMjaHWE BP3 HEMAJUTHUTE KJIETKU. J[OMOIHUTETHO, HCTPaXKyBambara
nokaxaie faeka CBD Bnuwjae Bp3 UMyHHOT CHUCTEM Ha TO] HAYMH IITO BO HUCKH 03
NpeIr3BUKYyBa UMYHOCTHMYJIAIMja, @ BO MOBHUCOKH JI03M MMYyHOCympecuja. Meryroa,
TOYHHOT MEXaHW3aM Ha JI¢jCTBO c¢ ymTe He € pasjacHer. McTo Taka, BO OZHOC Ha
XOPMOHAQJIHUOT CTaTyC, BO 3aBHCHOCT OJf XOPMOHUTE€ M MPHUMEHETHTE METO/IH,
pe3yJATaTUTe O]l HEKOW HAay4YHH CTyAuH TMokaxyBaaT jqeka CBD wma Biujanue, a apyru
neka Hema Biwjanume. Bo msBemrajor og C30 wmcro Taka ¢ HaBeneHo jgeka CBD we
NpeM3BUKYBa 3aBUCHOCT 3a paszyinka o] THC, He moka)kyBa NICMXO0aKTUBHU e(DEKTH 1 HE
NpeIN3BUKYBa HECAaKaHU €(EKTH Ha KapJHUOBACKYJIAPHUOT CUCTEM H JIPYTH CUCTEMH BO
OpraHU3MOT.

Bo onHOC Ha KaHaOWAMONIHATA KUCENIMHA, KOja Ce YMHU JIeKa MOKaKyBa CIUYHU
dapmakomomkn epeKTH Kako cBOjoT Heyrpajgen anamor (CBD), nureparypHuTe
MOJATOIH jaCHO TOKaXKyBaaT JIeKa CTaHyBa 300D 3a MOJIEKYJIa CO OTPOMEH TE€PareBTCKU
MOTEHIIMjajl, MEyTO0a BO OJIHOC Ha TOKCHYHOCTA M MOYKHUTE HECaKaHU e()eKTH CE YIITe
HeMma oBostHO nH(popMmarmu (Formato et al., 2020).

2.4, JIlunuaHu HAaHOCUCTEMHU

VYHHUKaTHUTE (U3NYKO-XEMHCKH OCOOWHM Ha HAHOCHCTEMHUTE, Mery KOM |
npuiaroayBame Ha HuBHaTa ronemuHa (~100 nm), ¢uexcuOunaHOocTa M TONEMaTa
cienu(uyHa TOBPUIMHA, T IpaBaT MOTEHIMjAIHN KaHAWAATH 33 HaJAMUHYBambe Ha
Oapueputre co kou ce cpekaBaar AK Hacouenn koH Mo30KkOT. [lo3Hato e ngexa
HAHONIAPTUKYJIHPAHUTE CHCTEMHU e(QUKacHO M KOHTPOJHMPAHO TI'M Oci0001yBaar
KOMITOHEHTHTE Ha LIETHOTO MecTo Ha AenyBame (Adams et al., 2001). bnarogapenue Ha
HUBHUOT OTPOMEH IOTEHIMjall, MCTHTE MOCTHTHYBaaT pENaTHBHO BHCOKA JIOKaJTHA
KOHIICHTpaIlKja Ha MECTOTO Ha JICyBambe U MOXKHOCT 32 HAMATyBambe HAa CHCTEMCKHTE
HecakaHu e()eKTH, WITO € 0] 0COOCHO 3Hauekme 3a TperMaH Ha Oonectu Ha [THC (Mullis
etal., 2018).

N3rpanenn ox Hajpa3NIUuHU MaTepujalid Kako MOJIUMEPH, JTUIHAU, aMpubriHu
CYIICTaHIIMHU, METAJI, HEOPTAHCKHU €JIEMEHTH, jarJIepoIHA HAHOTYOHU, IEHAPUMEPH U CIL.,
HAHOMAPTHUKYJIMPAHUTE CUCTEMHU MMaaT MOK Ja neHerpupaar Hu3 KMb, nacuBHo mnm
aKTUBHO M Ha TOj] HAa4MH 3HAYUTENHO Ja ja moaoOpaT OMOpacHoJOXKIMBOCTA U
TepaneBTCKUOT ehekT Ha AK BO MHOTY MOHHCKH KOHIIEHTPAIUH IITO € BaYKHO OJ] aCIIEKT
Ha HaMalyBame Ha HECaKaHWUTE CHCTEMCKH e(ekTH. J[OmoIHUTEeNHO, HCTpaKyBamkaTa
MOKa)XyBaaT JIeka HAaHOCUCTeMHUTe 0a3upaHu Ha JIMIHIM TOBETyBaaT 0 HaMalyBamke Ha
HEBPOBACKYJIAPHHUTE OLITETYBama M aKTUBAIMjaTa Ha Kacra3a-1 BO MUKPOTJIHjaTHHUTE
KJIETKH KOja € OATOBOpHA 3a JIOKAaJHAaTa HEeBpOWH(IaMaIyja MpeKy MPOTEOTHUTUIKO
pasrpaayBame U 0ciI0001yBamke Ha HHTepieykuH-14 u uaTepaeykud-18 (Huang et al.,
2013).



JlumopuIHUTE HAHOCUCTEMH, KaKO IIITO CE JINTIO30MUTE M HAHOCTPYKTYPHUPAHUTE
JMITUTHA HOCAuH, UMaaT CIIOCOOHOCT Ja ce (y3HupaaT co SHIOTEITHUTE KICTKH H J1a TH
tpa"cnoptupaat AK co eHonmTo3a nian TpaHcienyiapHo. OBue CUCTEMH Ce CIIOCOOHU
3a TpaHCIIOPT Ha akTHUBHM Mojekynmu mnpeky KMB, kako u 3a Taprermpame Ha
cnenuUYHA THIIOBH Ha KIETKH, a BoeqHO o0e30eayBaar ©W  KOHTPOJIHPAHO
0c1000/TyBak-€ Ha BrpaIcCHUTE KOMIIOHEHTH CO MOXKHOCT 32 ITOCTHTHYBAhE Ha PEIATHBHO

NIOBUCOKHM KOHIIGHTPAIIMU BO MO30OKOT IpeKy edukaced npemun uu3 KMB (Saraiva et al.,
2016).

2.4.1. JIuno3oMu Kako HOCAUMU HA AKTUBHU KOMIIOHEHTH

JlunozoMuTe mpeTcTaByBaaT COBpEMEHHM Hocauu 3a ucrnopaka Ha AK, cocraBenu
ol (ochonumuay KoM NpU KOHTAKT CO BOJeHA (as3a (hopMupaaT Malld BE3HKYJIapHHU,
chepuunu cucreMu. MO>KHOCTA 3a eHKarcynanyja Ha xuapoduiau u nunodunau AK ru
NpaBU OBHE CHCTEMH €IHHM O]l HajOapaHUTE W HAjYeCTO YMOTpeOyBaHUTE CUCTEMU-
Hocauu. [lokpaj ampubUIHHOT KapakTep, JUIO30MHUTE C€ Pa3JIMKyBaaT BO OJHOC Ha
COCTAaBOT Ha JIMIIUAMTE, MOJHEKOT Ha IMOBpPIIMHATA HA BE3UKYJIUTE, IoJEMUHATa Ha
BE3UKYJIUTE, KAKO U METOJIOT Ha MOJIMOTOBKA.

dochonmnnaeH
ABOC/Oj noanmep 3a CTepHa
«— .
)) cTtabunusaumja

J
BoAeHa dasa

e
mu-\/, /a/
xnapodunHa \{J ,‘F‘L\‘& nmnodunHa AK
_J

LS
Cnuka 3. lllemarcku npuka3s Ha JIMIIO30M M HHKOpHopupame Ha AK coriacHo pacTBOpJIMBOCTA.

®ochomunuaure UMOYJICHBHO (GoOpMHUpaar ABOCIOjHA CQepryHa, 3aTBOPEHA
CTpyKTypa BO npucycTtBo Ha Boga. Cdepuunara Be3ukynaa ce (opmupa Han
Temneparypara Ha ¢azna Tpanzunuja (Tc), mpu mro nopaau ampuduIHUTE CBOjCTBA HA
dochonunmuanTe, MOTAPHUTE [EIOBH C€ OPHEHTHPAaaT KOH BHATPEIIHOCTa W KOH
HaJIBOPEUIHOCTAa Ha JBOCIOjOT, JOJEKa IaK HEMoJapHHUTE JEJIOBH CE CBPTEHH KOH
cpeauHATa Ha JBOCIOjOT M ja WMoOOWIM3upaar BojcHara ¢asza. [lopamm BakBaTa
CTPYKTYpa, BO JIMIIO30MHUTE MOXKE J]a C€ MHKOPIIOPHPAAT U JUMOPHIHE B XUAPODIITHH
AK (Cn. 3). HUmeno, mokxonky mnpupomata Ha AK e nunodunna, Toram Taa ce



MHKOpIIOpHpa BO OpraHckara - junuaHa ¢aza. Jlokoiaky mak craHyBa 300p 3a
KOMITOHEHTa OJ XUApOQHIHA NPUPOAA, TOTAIl WCTaTa Ce J0jAaBa MPH HPOIECOT Ha
XHJPUPAEE U e HHKOPIIOPHUPA BO BHATPEUIHATA BOJICHA (ha3a.

['eHepanHO, TMTIO30MCKUTE BE3UKYJIM MOXKE J1a IMaaT rojieMuHa o 30 nm ma ce
J0 HEKOJKY MHKPOMETpHU. BHOKOMMATHOWIIHOCTa M CTPYKTypHATa CIMYHOCT CO
XYMaHHUTE KJIETKH, OHOAerpagadWIHOCTa, HHCKAaTa TOKCUYHOCT W HWMYHOTEHOCT,
¢iekcnOMIHOCTa, KAKO M MOXKHOCTA 32 CIEUU(UYHO U IETHO HACOUYBame, I'M IpaBatr
JIMITIO30MHTE €/THU O]l HAQJUCTPAKyBAHUTE CHCTEMH M KOMEPIIMjaTHO HAjKOPHUCTEHU KaKO
cucremu-nocaun Ha AK (Tabena 1) (Akbarzadeh et al., 2013).

Kako mTo e HaBelieHO morope, rojieMrHaTa Ha JJMITO30MCKHUTE BE3UKYJIH MOXKE J1a
Bapupa BO IIUPOK orcer. JInmozomMure Moke Jja OMIaT COCTABeHU Of €/IHA WUJIM TIOBEKe
JIBOCJIIOJHM MeMOpaHHW, IITO TPETCTaByBa IlapamMeTap KOj JUPEKTHO BIWjae Ha
KOJIMUMHATA Ha eHKancynupana AK, a o1 apyra cTpaHa nak rojeMruHarTa Ha BE3UKYJIUTE
ro JIETEPMHUHHUPA BPEMETO Ha IHMPKYyJaldja Ha uctute Bo kpBra (Beltrdn-Gracia et al.,

2019).

Tabena 1. HpedHocmu u Hedocmamouu HA Iunozomume Kako cucmemu-Hocadu

IIpennoctu HenocraToun

Ja sronemyBaaT eUKacHOCTA U TEPAIEBTCKHUOT Cnaba pacTBOPIHBOT

naaexc Ha AK

Ja 3ronemyBaat crabunnocta Ha AK Kpatox nomyxuBot
Hetokcuunu, (riekcuOMITHA, OMOKOMIATHOMITHH, dochomunuauTe MOXKe Ja Mo UIerHar Ha
OHMOpa3rpayIUBH, HCUMYHOTCHU peakiMy Ha OKCHIAIM]a U XUAPOIIH3a

Ja HamayBaaT TOKCMYHOCTA Ha €HKaINCyJupaHata | VcrekyBame Ha BrpageHaTa AK
AK

CrneunduyHO U TapreTUpPaHoO JICIyBakbe Ckano npou3BOACTBO

Kako pesynrar Ha roieMuHaTa ¥ OpOjOT Ha MPUCYTHHU JBOCIOEBH, JTUITO30MUTE
ce TOJENIEHH BO JIBE OCHOBHM KJach W Toa: yHuinamenapHu Besukynu (YJIB) u
myntuwiamenapan  Besukynu (MJIB). VYHunamenapHute BE3UMKYJIM MOXE Ja ce
KiacuuIpaat BO JIB€ KaTerOPUH, KaKo roJieMy YHUIIaMenapHu Be3ukyiu - JIVB (100-
1000 nm) u manu yHuiamenapau Be3ukyian - CYB (<100 nm). Kaj yaunamenapaute
BE3UKYJIM MIOCTOM caMmo eHa oudocdonunuana MeMOpaHa BO BUJI Ha cdepa, J0/1eKa MmaK
MyJITUIaMETIapHUTE BE3UKYJIM MOJKE J1a OMJIaT COCTaBEHHU O] IOBEKE JIMMIUIHU CJIOEBU CO
npasuiieH pacnopen (MJIB - myntunamenapau Be3ukynu co roiemuna oa 100 nm mo
HEKOJIKY MUKpPOMETpHU) WIKM co HempaBuwieH pacrnopen (MBB - mynruBesukynapHu
BE3HKYJU TorojieMu o1 1 pum).

Kako ocCHOBHM CypOBMHHM 3a MOATrOTOBKAa C€ KOPHCTAT JIMIUIUTE U TOA:
dochomunuau, CcOUHTONUNUAM, TIUKOCHUHTOMUNUAMU, CTEPOUIH, CHHTETCKU
dochomunuan u apyru cyncranuuu. Gocdonunuanre ce CTPYKTYpH KOU C€ COCTABEHU
TJIaBHO OJ1 IB€ OCHOBHU I'PYIH U TOA: eHaTa cTpaHa oJf MOoJieKyJiaTta € XuapodobHa u e
COCTaBeHa Of AIlMJIHU jarJeBOJOPOIHM JIAaHIH, a Jpyrara CTpaHa ¢ XxuapoduiaHa u ja
npercraByBa mnonapHata (ocdartHa rnaBa. MMeHo, uctaTa HE € BOJOPACTBOPIIHBA,



MeryToa BO KOHTAKT CO BOJIa MOJICKYJIMTE arperupaaT u co3aaBaar 1Bocioj. Ha Toj Haunn
XUIPO(GUITHUTE MOJIAPHU IPYIIH CTAITyBaaT BO KOHTAKT CO HAJBOPEIIHATA BOJcHA (a3a, a
xuapoGoOHUTE JIAaHIU ce 3apoOeHu Bo cpenrHa. McTo Taka ce cmera ieka xuapohoOHuTe
JIAHIIM pearupaar rnmomery ce0¢ M Ha TOj HaYMH [OMaraaT BO CIIOHTaHO CO3/IaBambc Ha
chepuuna Besukynapua ¢popma (Bozzuto and Molinari, 2015).

dopMHpameTo Ha JUIO30MHUTE € MOBP3aHO CO (PCHOMEHOT Hape4eH KPUTHYHA
murenapHa konnenrpanuja (CMC) Ha nunuaute BO Boja. KpuTudHara muIenapHa
KOHIICHTpaluja ¢ AeuHUpaHa Kako KOHIICHTpAIMja Ha JIMIUAMA BO BOJAA HAJ KOja THE
(GopMupaaT MHILENA U JBOCIOJHH CTPYKTYpH (JIMIo3oMH). JlumuanmTe MCTO Taka ce
KapaKTepu3upaaT co TeMIlepaTrypa HaJ Koja HUBHATa (DIyHTHOCT ce MEHYBa, OJJHOCHO
Temreparypa Ha (ha3Ha TpaH3UIMja Ha KOja HACTaHyBa PeBEP3UOMIICH IPEMUH O] TeJl BO
TEYHO-KPUCTAJTHA  CTPYKTypa Kako I[OcCleiuiia Ha TpaHcpopmanujata Ha
jariaeBomopoJHuTe JaHIM Ha ¢ochonunuaute. OBaa Temmeparypa € JUPEKTHO
IPOTIOPIIMOHATIHA CO JIOJDKMHATA Ha allMJIHUTE JIAHIH, CO TOA IITO KOJIKY IITO CE MOJIOJTH
JaHIMTE TOJKY € MOBHUCOKa Tc, a O] JApyra CTpaHa M PUTHIHOCTa Ha MeMOpaHaTa ¢
norojiemMa. PurumaHocra Ha MemOpaHata € OJIrOBOpHA 3a CTAaOMIIHOCTa Ha CaMHTE
BE3UKYJHM, CO TOa IITO KOJKY INTO € MOpUTHJHA MeMOpaHara TOJKY IIOBEKe
enkancymupanara AK ja yyBa BHaTpe BO CHCTEMOT, CO JIPYT'H 300pOBH HE JI03BOJTyBa
UCTeKyBame Ha ucrarta (Sharma and Sharma, 1997).

2.4.2. HaHOCTpYKTYpHpaHU JIMITHIHA HOCAYH

JIunmuaHUTE HAHOYECTUYKH, KAKO INTO CE€ HAHOCTPYKTYPUPAHUTE IJIUUIHH
Hocaun (NLC), ce KOJOMAHH CHCTEMH COCTaBEHM OJi OHOKOMIIATHOWIEH M
OuojerpaaduiIeH TUMHICH MAaTPUKC KOj HAa COOHA M TelleCHa TeMIIepaTypa € BO I[BPCTa
coctojb6a. CocTaBeHH ce 071 OMHApHA MEIIaBHHA Ha [IBPCTA M TEYHA JIMITHIHA KOMITOHEHTA
(Cn. 4) u mokaxxyBaaT rmoroJjieMa e(h)uKacCHOCT Ha EHKAICyJIallrja 3a pa3arKa 0/ HUBHUTE
NPETXOHUIY — LIBPCTUTE MU IHA HaHOouecTHUKU (SLN).
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Crnuka 4. [llemaTcku pUKa3 Ha HAHOCTPYKTYPUPAHH JIUIUIHA HOCAYH.
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Cnopeneno co SLN, NLC mokaxcyBaar morosiemMa e(hUKacHOCT Ha CHKAICYyJIaluja
U KamnaluTeT Ha MOJHEHe, Mopaau IoMajaTa NopeIeHOCT Ha JIUIMHUIHUOT MaTPUKC, BO
koj munuaaute AK siecHo ce mHKopriopupaar. [IBpcTHOT MaTPHUKC U IITUTH BrPAICHUTE
AK on xemucka aerpaganuja u aaBa (pIEKCHOMIHOCT BO Moau(UIIMpame Ha Op3uHaTa
Ha HHUBHOTO ocjobomyBame. Co wMomudummpame Ha (UINIKO-XEMUCKUTE H
ouodapmarieBTckute kapaktepuctuku Ha NLC moke ma ce 00e30eau celeKTHBEH
TapreTUHI W HaMalleH KIWPEHC Ha CHCTeMOT, Kako M e(EeKTUBHA TepareBTCKa
KOHIIEHTpall1ja Ha MECTOTO Ha JIeTyBambe.

[TocTojaT pa3nuyHU TUTIOBH HA JWIHIA KOW CE KOPUCTAT pH GOopMyIUpame Ha
NLC, xako mTO ce: TPUIIULEPUIU, TIIULEPUAN, MACHU KUCEIUHU, CTEPOUIN U BOCOIIH.
Macnara (TEYHHUTE JHMMHIM) W MACTUTE COIPKAT MEIIABMHH OJf MOHO-, IU- U
TPUTIHUIIEPUIN Ha MAacCHH KHCEIUMHHU CO pasziiMyHa JOJDKMHA Ha JIAHEUOT U CTENeH Ha
He3acCUTEeHOCT. DUBNIKO-XEMUCKUTE KAPAKTEPUCTHKHU Ha JIMITUIUTE WHKOPIIOPUPAHH BO
dbopMmynanujaTa BCYIIHOCT ja OJipeyBaaT HUBHATa cOCTOj0a Ha coOHa TemmepaTypa. Bo
nenor Ha mpedopmynanvja Ha NLC, om wckiydnTenHa BaXHOCT € Ja CE HCIUTA
pactBopimBocta Ha AK Bo munuaute. Ako AK He € pacTBopeHa u aucTpuOyupaHa BO
JUNHUIHOTO jaapo, UCcTaTa Ke ce MPUKAYX WM Ha MOBPIIMHATA HA YSCTHYKHUTE UITU Ke ce
MHKOPIIOpHpa BO MUIEIH BO BOJeHaTa (pa3a U OTTyKa MPOILEHTOT Ha €HKaIcylanuja u
BrpanyBame Ha AK Bo uectuukute ke 6une muory man (EImowafy and Al-Sanea, 2021).

NLC ce cmeraar 3a reHepanHO Oe30eqHM TMOpagd Toa INTO COJPXKAT
OMOKOMIATUOWIHM U OHOpPa3rpayIMBU JUMUAM, KAaKO W TOMaIM KOJUYMHU Ha
cypbakTaHTHd M Kocyp(aKkTaHTH 3a pa3iuka OJ EMYJI3HHTE, KOM OCOOHMHHU CEKaKo
NPUOHECYBAaaT KOH HUBHHOT 0e30e1HOCeH nmpodut.

2.4.3. [Tonmumepu 3a cTepHA cTaOMIM3alija HA HAHOCUCTEMHUTE

Co men na ce momobpu (apmakokuHeTHKaTa W OuoamcTpuOynujata Ha AK
BrPaJICHH BO JIMIIMAHUTE HAHOCHUCTEMH, TIOTpEOHO € uCTHTEe Ja Oujar
byHKIIMOHANM3UpaHU Ha ToBplIMHaTa. Ha mpumep, co J0JaBameTO Ha MOJIMETHIICH
riukoi (PEG), MONMMOKCHETHIICHCKH MTOJTMMEPH WITH TTOJIMCaXapH i, OTHAKPHII aMUJIH,
MOJMBUHUI ajKoXou1, Moiu (N-BUHWI-2-IUPONUAOH), ce popMuUpa 3aIUTUTEH CJIOj Ha
MOBpIIMHATa HA HAHOCHUCTEMHUTE W HA TOj HAYMH CE€ CIpEedyBa HHUBHOTO BpP3YyBame 3a
11a3mMa MpOTEeMHUTE, a CIEJICTBEHO HAa TOAa CE€ HaMajayBa WM CIpedyBa U MPOLECOT Ha
ONCOHM3AIMja W  TOCIEAOBAaTETHOTO  TpeB3eMame o]  Makpodarute  Ha
petuxynoenotenHuot cucreM (PEC), oqHOCHO ce HaManyBa KJIMPEHCOT Ha JIUITO30MUTE
u NLC in vivo. Mako oBue mojuMepHu 3a CTEpHA CTaOMIM3alldja HAa CUCTEMHTE TO
MPOJOHKYBaaT BPEMETO Ha LHUPKYJalldja BO TEJOTO, THE MCTO TaKa OBO3MOXYBaaT U
npemuH Hu3 KMB. JlonoiaHUTETHO, HAJHOBUTE HAYYHU UCTPAXyBamka IMOKAXKYBaaT JeKa
CO TIONIUMEpPUTE 3a CTepHa cTabuiu3alldja ce MOCTUTHYBA HECHEHU(PUYHO KIIETOYHO
3a00MKOJTyBae IITO PE3YyIATHPA CO 3rojieMeHa OuopacnonoxiauBocT Ha AK Bo
napeaxumot Ha ITHC, mTo e ox ocoben Genedur 3a HacoueHoTo nenyBame (Jenkins et
al., 2016).

KommnoneHnTta koja 3a3zema BaKHO MECTO MpPH MOAOOpYyBame HAa OCOOMHHTE Ha
munuaaaTe Hanocuctemu ¢ PEG, koj ce KopucTHm Kako IOJMMep 3a CTepHA
cTabunu3zanyja, a caMHoT mpoiiec ce HapekyBa PEG-unanuja. ['enepanno, koBaleHTHaTa
noBp3anocT Ha mnozomute U NLC co PEG oBo3MoykyBa 3amTuTa Ha OBUE BE3UKYJIApHH
CUCTEMH OJI UMYHOJIOUIKMOT CHUCTEM Ha OPraHM3MOT, IITO PE3yITHpa CO HaMajeHa
UMYHOTEHOCT M aHTHTeHOCT. VcTO Taka, mpoOMEeHUTE KOU TH NPEAU3BUKYBa BO (hHU3HUIKO-



XEMHUCKHTE CBOjCTBAa HA CHCTEMHUTE, BKIYYyBajKH TH H IPOMECHUTE BO
XUIPOAMHAMUYHATA TOJIEMHHA, JOBEAyBaaT JO JOIMOJHUTEIHO HaMalyBambe Ha
PCHATHUOT KJIMPEHC, a Ha TOj HAYMH CE MPOAOJDKYBa U BPEMETO Ha IMpKYyJaluja Ha
HaHovecTHukuTe Bo opranusmot (Bulbake et al., 2017).

[Momokcamepot (POL) e xuapoduiieH HEJOHCKH CyphakTaHT KOj IMpPETCTaByBa
TpU-OJIOK KOIMOJIUMEp Ha IEHTPATHO MOCTaBeH XUApo(oOeH OJO0K Ha TOIHMIPOIUICH
okcuza (PPO) Bp3an 3a nBa xuapoduianu Oonka Ha noiuetwieH okeua (PEO). Kako
pesyaTar Ha mnpucyctBoto Ha sarepanaute PEO xumpodumam cuapmpu, POL
00e30emyBa cTepuyHa CTa0WIIM3allMja U CIPedyBamke Ha aTCOPIIUja Ha IPOTEUHH, IITO
pe3yJTHpa co TIoMaia ONCOHU3aIja Ha HAHOYECTHYKHUTE U CIIEJCTBEHO HA TOA MOJI0JIT
HOJTY’)KUBOT BO CHCTEMCKaTa UPKyJanuja. J{pyra HCKIyduTEeIHO BaKHA KapaKTePUCTUKA
e toa mto POL mokaxyBa mHXuOUTOpeH e(eKT KOH ediyKcHaTa akTUBHOCT Ha P-
TJIUKOIIPOTEUHOT, KOj BCYIIHOCT MPETCTaBYBa €ICH O/ IIABHUTE BUHOBHUIIM TIOBP3aHU
CO PE3MCTEHTHOCTA Ha MMoBeKe JekoBuTH cyrcraniuu (Moura et al., 2020).

On napyra crpaHa, TOBPIIHMHCKATa (PyHKIMOHAIM3ANM]ja CO OHOJOIIKA
AKTUBHHUTE JIMTAH/M, KAaKO IITO C€ MENTUAMTE, aHTUTeNaTa, anTaMepH W JIPYTH, KOH
crenu(pUYHO Cce Bp3yBaaT 3a PELENTOPUTE KOW CE IMOCTABCHM HA IOBpIIMHATA HA
€HJIOTEITHUTE KJIETKH Ha MO30KOT, TO OJIECHYBa HMBHOTO BP3yBame M TPAHCIIOPT HU3
KMB, a ucto taka n ucnopaxata Ha AK Ha MecToTo Ha Je/TyBame.

OtTyKa, cMeTaBMe Jieka OM O MHTepPECEH MPUOI0T KOH UCIIMTYBake Ha in Vitro
U in Vivo onHecyBameTo Ha HaHonumo3omute U NLC kako JUNuIHE HAaHOCHCTEMH OJ
u300p, KaKo W UCIHTYyBake HAa HHUBHHUTE (U3UYKO-XEMUCKH U OHO(apMarieBTCKU
KapaKTepUCTUKU Kora uctute ce 001oxenu co PEG unn POL kako monmMepu 3a cTepHa
crabunu3anuja. JIOMONTHUTETHO, CO HHKOPIOpUpame Ha ekcTpakrot o Cannabis sativa
BO FOPECIIOMEHATUTE HOCAuH, OYEKYBAHO € /1a C€ OJ00pH MeHeTpaIyjaTa u TpPaHCIIOPTOT
Ha (urokaHabmHommute HU3 KMDB, omHOCcHO nma ce mocTurHe TOAOOpeHa
OMOPACIIONIOKIIMBOCT TMPEKY IIETHO HACOYYyBarke KOH MO30KOT IITO OW Tpebdano naa
pesyntupa co 6e306eneH u epuKaceH TPETMaH Ha CIHJICTICH]a.






3. Ilesn HA HCTPAKYBAHETO






Wmajku ru peiBU/I TOPEHABEICHUTE TIPOOICMH U TIPESIM3BUIH, OCHOBHA I HA
0Baa JIOKTOPCKa JucepTalyja Oemie moaroToBka, Kapakrepusaiuja u in Vivo cTyun Ha
e(MKAaCHOCT Ha pa3IMYHU JIMIUIHA HAHOCHCTEMH CO BrpajieH ekctpakTt ox Cannabis
sativa 3a HacoueHo aenyBame koH LIHC u moreHuujanseH epukaceH TpeTMaH Ha
eTIHJICTICH] .

3a COO/IBETHO OCTBAapyBame Ha rOpeHaBeeHara Iell, Oea MOCTaBeHU CIICHUBE
paboTHH 3a/1a4u, OJEICHH BO HEKOJIKY (ha3u 0] HCTPAXKYBAKETO U TOA:

®DA3A 1: [Toaroroska, KapakTepusaiuja u u300p Ha eKCTpakT oj pacrenuero Cannabis
sativa (CE)
o JloGuBame Ha eKCTPAKTHU CO Pa3JIMYECH COCTAaB U OJTHOC Ha KaHAOMHOUHUTE
KOMITOHEHTHU OJ] UHTEPEC.
o In Vitro cKpUHHHT-TECTOBH Ha IATOTOKCUYHOCT HA €KCTPAKTUTE UCITUTAHU
Ha HUBHH Pa3JIMYHU KOHIIEHTPAIUH.
In Vitro ckpUHUHT-TECTOBH 3a OMOAKTUBHOCT Ha €KCTPAKTHUTE.
dutoxemMrcKa KapakTepu3alrja Ha eKCTPAKTOT O] U300p.

DA3A 2: [loarotoBka u KapakTepu3alyja Ha JUIHAHA HAHOCHCTEMH 0€3 SHKaICyJIupaH
CE

o IloaroroBka Ha ¢opmynamuu Ha Hanomumnozomu (NL) co pasmuuen
nojiuMep 3a crepHa crabmimsaija (momuerwieH riaukon 2000 (PEG) wu
nosokcamep 407 (POL)) Ha cucremure.

o IloaroroBka Ha HaHocTpykTypupanu munuaau Hocaun (NLC) co paznuyen
mojuMep 3a crepHa crabmnmsaija (momueruiaen riaukon 2000 (PEG) wu
nosiokcamep 407 (POL)) Ha cucremure.

o ®u3nuka KapakTepusalyja Ha MOJATOTBCHHTE JIMIUJIHU HAHOCHCTEMHU
(MOpdoOImKK W3TJea, TOJIEMHHAa M JUCTPUOYyIMja CIOpel TOJIeMUHA,
OIpe/ieTyBambe Ha MOBPIIUHCKA HACICKTPU3UPAHOCT).

o HcnuryBame Ha CTAOMIIHOCTA HA JIMITHIHUTE HAHOCUCTEMHU BO (DU3HOJIONIKU
peneBanteHn ((ocharen mydep pH 7,4) u Ouonomku Meauym (XymaHa
IJ1a3Ma oj 3JJpaBu JOOPOBOJIIIN).

o ®ypue TtpanchopmHa wuHppaupeeHa crektpockonuja (ATR-FTIR) Ha
MOCTMHCYHUTE KOMIIOHEHTH M TOATOTBEHUTE (DOpMyJAIllK HA JIUITHHH
HAHOCHUCTEMH.

o KBanTHTaTMBHA KapakTepu3aiyja Ha HAHOCHCTEM - IIPOTEUH KOMILICKCUTE
co bpaadopa peakuuja.

o In vitro ucnuryBame Ha wHXHOWIHMjaTa Ha pacT Ha KieTkd (MTS) u
murorokcnyHocta (LDH) mo wunkyOanumja ma hCMEC/D3 xierouynara
JMHHjA CO TIOJTOTBCHUTE JIUTTHIH HAHOCUCTEMH.

o In vitro ucniutyBame Ha u3dpanu kierounu kyarypu (hCMEC/D3 u SH-
SY5Y) u creneme Ha TPAHCOOPTOT W AMCTpUOyLHMjaTa HA JIHIUJHHUTE
HAHOCHCTEMH BO HCTHTE.



®A3A 3: [ToaroroBka u KapakTepu3alyja Ha JUMAIHA HAHOCUCTEMH CO SHKAICyJINpaH

CE

o IloaroroBka Ha Gpopmynanuu Ha HaHoumo3omu (NL) co BrpageH ekcTpakt
ox Cannabis sativa (popmymnaru co PEG (NL1CE) u POL (NL2CE) kako
MOJMMEPH 32 CTepHA CTa0HIM3a1Inja).

o Iloaroroska Ha Be hopMyiany Ha HAHOCTPYKTYPUPAHHU JTUITHTHE HOCAYX
(NLC) co Brpagen excrpakt on Cannabis sativa (dpopmymnanuu co PEG
(NLC1CE) u POL (NLC2CE) kako moauMepH 3a CTepHA CTaOMIn3aluja).

o Du3NMYKO-XeMHCKa KapakTepu3alMja Ha  IOATOTBCHUTE  JIUIHIHU
Hanocucremu CE

» Mopdoromika kapakTepusaiuja co npuMeHa Ha TEM,

* TOJIEMUHA W JUCTpUOyIHja cropelx TOJIEMHHA CO INpHMEHa Ha
JMHAMHYHO pacejyBame Ha cBeTiuHara (DLS),

*  OIpeleNyBambe Ha MOBPIIUHCKA HACIEKTPU3UPAHOCT,

* udepeHnrjanHa CKeHIpadKa KaJopuMeTpuja,

* edukacHocT Ha eHkarcynamuja Ha CE co mpumena Ha HPLC
METO/I.

o In vitro ompenenyBame Ha Op3uHaTa Ha OCIO0OMYBarbe Ha AKTHBHHUTE
KOMITOHEHTH O] OJrOTBEHHTE (HOPMYIIalliK Ha JIMITUIHN HAHOCHCTEMH,
KaKo ¥ Je(UHUPakhe Ha KHHETUKATa U MEXaHU3MOT Ha 0CII000/TyBambe.

o HcnuryBame Ha CTaOMIIHOCTA HA IMTUIHUTE HAHOCUCTEMH BO (DU3HOJIOIIKU
peneBanTeH (docdaren nydpep pH 7,4) m Ouonomku MemuyMm (XymaHa
TUIa3Ma o]l 37JpaBu JT0OPOBOIIIIN).

o In VItro CKpPUHHHI-TECTOBM 3a OHOAKTMBHOCT Ha IOATOTBEHHUTE

dbopMyanuy Ha JHUIUAIHA HAHOCHCTEMHU CO KOPHCTEHE¢ Ha MOAUDUIIUPAH
ORAC Ttecr.

®A3A 4: In VIVO cTynud Ha WCIHTYBalbe Ha e(QUKACHOCTa Ha TMOATOTBEHHTE
(dopMyanuu Ha JUIUIHA HAHOCHCTEMH CO BrpajieH ekctpakt o1 Cannabis sativa npeky
clelelhe Ha HUBHATAa AHTUKOHBYJI3MBHA aKTUBHOCT HAa MOJEN Ha TIyBUMIbA MPEKY
UHAYLUpambe Ha Halau CO €IeKTPUYEH U XEMHUCKU CTUMYI.



4. ExcnepuMeHTAaJIeH el






4.1. Matepujanu 1 onpema 3a MoJI0r0TOBKA M KapakTepusaiuja Ha popMyIaluuTe

4.1.1. Marepwujanu

Co men MOArOTOBKAa M HCIHTYBake Ha uU3paboTeHuTe (opmynaiuu Oca
yIOTPeOCHU CIICTHUTE MAaTCPH]jalli:

e Coja nerutus (Vitalia, North MaCEdonia)
LIPOID PE 18:0/18:0-PEG 2000 (PEG) (Lipoid, Germany)
Xwunporenupan pocharuaunxonun (LC-3) (Lipoid, Germany)
dochomunon 90H (Phospholipid, Germany)
Tween 80 (Merck, Germany)
ITomokcamep 407 (POL) (BASF, Germany)
Xonecrepoi (Sigma Aldrich, USA)
Ounenncka kucennna (Sigma Aldrich, USA)
e Cannabidiol (CBD) CRM wmeraHosieH pactBop BO KoHieHTpamuja 1mg/ml
(CAS:13956-29-1, purity 98.66%) (CErilliant Corporation, USA)
e Cannabinol (CBN) CRM wmeraHosieH pacTBop BO KoHIeHTparmja 1mg/ml
(CAS:521-35-7, purity 99.50%) (CErilliant Corporation, USA)
e (-)-A%tetrahydrocannabinol (THC) CRM pacTBOp BO AaIlETOHUTPHI CO
koHmentpanuja Img/ml  (CAS:1972-08-3, purity 99.39%) (CErilliant
Corporation, USA)
e (-)-A%tetrahydrocannabinolic acid (THCA) CRM pacTBop BO alleTOHUTPIII CO
koHmentpanuja 1mg/ml  (CAS:23978-85-0, purity 96.99%) (CErilliant
Corporation, USA)
e cannabidiolic acid (CBDA) CRM pacTtBop BO alleTOHUTPHUII CO KOHIICHTpAIHja
1mg/ml (CAS:1244-58-2, purity 97.88%) (CErilliant Corporation, USA)
e Cannabis sativa cyeu aenoBu on pacrerueto (Institute of Pharmacognosy,
Faculty of Pharmacy — UKIM, North MaCEdonia)
e Xymana muasma (Institute of Neurology, Clinical CEnter — Majka Tereza,
Skopje, North MaCEdonia) — ITporokonuTe 3a XymMaHa rjia3ma 0ea 0100peHu 0/t
eTnyka koMmucHja npu Meauuumacku ¢akynrer — YKHM, Ckomje, C. Makenonuja
(25.05.2016, No. 03-2039/9)
e bosun cepym andymun (BSA) (Sigma Aldrich, USA)
Bradford pearenc (Sigma Aldrich, USA)
Dulbecco’s pocdaren mydep (DPBS) (Sigma Aldrich, USA)
Konaren tun | (rat tail) (Sigma Aldrich, USA)
dnyopecrienn ucoruormanar uzomep | (FITC) (Sigma Aldrich, USA)
Nile Red (Sigma Aldrich, USA)
Xnopnpomaszus (Sigma Aldrich, USA)
Wupomerarun (Sigma Aldrich, USA)
YoBeuku  mepeOpaiHM  MHKPOBACKYJapHH  CHIOTENHjaIHH  KJIETKH
(hCMEC/D3) (CELLutions, Biosistems/CEdarlane, Canada)
e Enjnorenujanen 6azanen meauym — 2 (EBM-2) (Life Technologies)
o @ecranen 6oBuH cepyMm (FBS) (Life Technologies)
o Xewmwucku nedunupan munuacH konmentpat (Life Technologies)



HEPES 1M (Life Technologies)

[ennnumnn — crpentomuiue (Life Technologies)

dakrop Ha pacreme yoBeuku Gpudbpodmact (bFGF) (Sigma Aldrich, USA)
Ackopbuncka kucenuna (Sigma Aldrich, USA)

XunapoxkoprusoH (Sigma Aldrich, USA)

Tpuncun — EJITA (GIBCO, Thermo Fisher Scientific)

Krnerouna nuauja on yoBeuku HeBpoOiactom (LCG Standards, Wesel,
Germany)

e Heecennujanmuu amuno kucenmuuau (NEAA) (Sigma Aldrich, USA)

e CEIllTiter 96 Aqueous Non-Radioactive CEIll Proliferation Assay (MTS)
(Promega, USA)

e CytoTox-ONE™ Homogeneous Membrane Integrity Assay (LDH) (Promega,
USA)

e Alexa Fluor™ Phalloidin 488 (Thermo Fisher Scientific, USA)

e Hoechst FluoresCEnt stain (Thermo Fisher Scientific, USA)

¢ Dil stain (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate
('Dil'; DilC18(3))) (Thermo Fisher Scientific, USA)

e pHrodo™ Green dextran conjugate (Invitrogen, Thermo Fisher Scientific,
USA)

e CEIlILightTM ER-GFP (Invitrogen, Thermo Fisher Scientific, USA)

CuTe KOpPHCTEHH XEMHUKaJIMH W peareHcH Oea co (hapmareBTCKa/aHAIUTHYKA
YUCTOTA U Oea ynoTpeOeHu 0e3 JOMOTHUTEIIHA MOAU(UKAITIH.



4.1.2. Onpema

3a u3paboTKa W HCIUTYBamke Ha (QOpMyJIallMuTe Oelie KOpPHCTEHa CleTHaBa
orpema:
Agilent 1200 Model HPLC (Agilent Technologies, USA)
Potaamnop (Buchi 215, Switzerland)
JInodpummzarop (Labconco, FreeZone 5L Freeze Dry System, USA)
VYirpaconnuHa 6ama (Ultrawave Limited, Cardif, UK)
Bonena Gama co xopuszoHTaIHO Metiame u Tepmoctat (Unitronic OR, Selecta,
BarCElona, Spain)
e Xomorenuzarop UltraTurax T25 basic (IKA — Werke GmbH & Co. KG,
Germany)
e Marnerna memainka (Jenway, UK)
e MarnerHa Mermaika co temneparypra conaa (IKA Plate — RCT Digital, IKA
— Weke GmbG & Co. KG, Germany)
e Tpancmucuona enekTpoHcka mukpockonuja TEM (JEM-1400, Jeol, Japan)
npuKIydeH Ha qururanHa kamepa (Veleta TEM Camera, Olympus, Germany)
e Zetasizer Nano Series (Nano-ZS, Malvern Instruments Ltd., UK)
e Kusern 3a yarpanenrpudyrupame 100 000 MWCO (Vivaspin 20, Sartorius,
Germany)
o Ilenrpudyra (Rotofix 32 — Hettich Zentrifugen, Germany)
e [lonymmponyctimBa memOpana (MEMBRA-CEL dialysis tubing; MWCO
7000 RC, Serva Feinbiochemica GmbH, Germany)
e Uurau Ha mukporioun (VICTOR Perkin Elmer, USA)
e T-75 mmmmmara 3a kietounu kyarypu (Greiner Bio-One GmbH, Germany)
e [Inouu co 96 6ynapuuma (CEllstar® 96 well CEIl Culture Microplate, Greiner
Bio-One GmbH, Germany)
e UYuray Ha mukporuioun (FLUOstar, BMG LabTechnologies, Germany)
e benn mwioun co 96 Oymapuuma (Corning® 96 Well Solid POLystyrene
Microplate)
e Zeiss Axio Observer Z1 wumBepren mukpockom (Zeiss, Jena, Germany),
OTIPEMEH CO enH(pIyOpeceHTeH HIIyMUHATOP U KOMOpA 32 3arpeBame Ha MII0YH
o 35-munumerapcku crakienu canosu (p-Dish 35 mm, POLymer coverslip
uncoated)
e Kondokanen mukpockomn (Carl Zeiss, Axiovert 200M Inverted Microscope)
o dypue Tpanchopmua uHppanpsena crnekrpockonuja (FT-IR Perkin Elmer
2000, USA)
o JludepennujanHa ckenupauka kanopumerpuja (Phoenix DSC 204F1 Netzsch,
UK)
e CrnektpodoTromerap ompeMeH co ontuuka Mukpoconnaa (Cary 60 UV-VIS,
Agilent Instruments, Germany).



4.2. MeToniu 3a MOJATOTOBKA M KapakTepu3aluja Ha (popmyanunre

4.2.1. TlonroroBka Ha ekctpakTu oa Cannabis sativa (CSE)

Kako marepujan 3a MOAroTOBKa Ha €KCTPAKTHTE Oea KOPUCTEHH CYBH JICTIOBH O]
usetoT (F) u cyBu nenosu o nena xep6a (C) o auBopacredka Cannabis sativa, coopana
on repuropujata Ha C. MakenoHuja. bea moaroTBeHu Ba BUIa HA EKCTPAKTH CO TIOMOIII
Ha JIBE pa3JIMYHU METOJM/TIOCTANKK U Toa: 1) TedeH eKCTpakT Jo0ueH 0e3 MpeTxojaHa
JekapOOKCHIalrja Ha 1MojI0BHHOT MaTepuja (o1 cyBu 1BeToBH (FA) U CyBHU I€TI0BH O
nena xepba (CA)) u 2) cyB immodunmsupan exctpakT (ox cyBu uperoBu (FE) u cyBu
nenoBu ox 1iena xepba (CE)).

4.2.1.1. JlobuBame Ha TEYECH EKCTPAKT 0e3 MPeTXo/JHa JeKapOoKcUualyja Ha I10jJOBHHOT
MaTepujai

Oppenena KoOJMYMHA HA OJ[BaraH, CIpAlieH W XOMOTCHU3HMPaH pacTUTENCH
MaTepujall Of CyBH JICTIOBH OJ1 IIBETOT M CYBH JICTIOBH O] 11eJ1a XepOa Oere ekcTpaxupan
CO METaHOJ Ha yJITpacoHW4YHa Oama BO Bpeme on 15 mmuytu. Ilo dunrpupamero,
OCTaTOKOT OJl pacTUTEIHaTa CypOBHHA Oelle eKCTpaxWpaH YIITE eIHAll CHOpe[
MPETXOJHO OINMIIAHUTC YCIIOBU.

4.2.1.2. JlobuBame Ha CyB TUOPUIH3UPAH CKCTPAKT

CypoBHOT Te4eH eKCTpakT o1 pactenuero Cannabis sativa Oerre moaroTseH co
mocTarnka Ha Marepanuja. FiMeHo, ekctpaknujata Oere HarpaBeHna co 1,5 L meranon Ha
50 g cymieH W MelleH pacTHTEIeH MaTepHjan oj auBopacteukud Cannabis sativa, Bo
Hepuo OJ 3 dYaca IMojJ KOHTHHYHpPAaHO Mellame Ha marHeTHa memanka (60 °C, 250
BpTexku Bo MuHyTa; Jenway, UK). Ilo 3 uaca, npumepokor Oere GuiaTpupan u Ha
PACTUTEITHUOT MaTepHjall IOTMOJIHUTENHO Oerie poaaneH 1 L MeraHoa U ekcTpakimjara
Oerie Mpojo/DKEeHa 3a ymTe 4 dYaca 107 TOpeHaBeIeHUTE yCIoBH. Marepanujata ce
OJIBUBAIlIC HA COOHA TeMIepaTypa BO Bpemerpaewe o1 17 vaca. J[para ¢unrparu Oea
W3MEIIaHU 3a€JHO U OTIApEHH Ha poTa-Bamop 10 KoHctantHa Maca (40 °C, 50 Bprexwu
BO MuHyTa, 50 mBar; Buchi 215, Switzerland). JlobueHnot npuMepok Ha I'yCT eKCTPaKT
oemie 3amp3HaT Ha -80 °C, 1o mTo ucTHoT Oere modunusupan (24 gaca, 0,048 mbar, -
45 °C; Labconco, USA).

4.2.2. TToaroToBKa Ha JUNUAHU HAHOCUCTEMU

Ha moueTok Ha oBHe UCTpaKyBama 3HAYajHO € J]a CE UCTaKHE JeKa Ie)iTa Ha OBaa
JIOKTOpPCKa JHCepTanuja He Oelie Ja ce HampaBW JIU3ajH U (pOpMyJaIucKu pa3Boj Ha
JIMITATHA HAHOCHCTEMHU 3a HacoueHo JenyBame Bo [IHC. MimeHo, 3a uctpaxxyBamara Oea
o10paHK JBE ONTHMAIHM (OPMYJIAlMU Ha JIAMUAHA HAHOCUCTEMH (JIMIIO30MU U
HAHOCTPYKTYPHUPAHH JIMITUJAHA HOCAuW) NOOMEHM KaKO ONTHMATHH (OPMYJIAllUU O
HAIIIM TIPETXOIHU ucTpaxyBama (Markova et al., 2022; Shalabalija et al., 2021).

Co men ga ce ocTBapar NMPEIBUACHUTE UCTpakyBamba, oBHE (Gopmyranuu Oea
JOTIOTHUTETHO MOAU(HUIIMPAHU CO MOJMMEpH 3a cTepHa cTabunm3anuja (PEG u POL,
COOJIBETHO).

Bo Hacoka Ha aM3ajHHpame HAa HAHOCUCTEMH 3a e(QUKAacCeH TpeTMaH Ha
enuierncuja, 6ea moJAroTseHu u Gopmyranuu co BrpajeH ekctpakT o1 Cannabis sativa,
KOj MPETXOTHO Oelie COOBETHO MOATOTBEH U KapakTepusupaH. VIMEHO, 1o U3BPIICHUTE



N VItro cTyauum 3a UCHHUTYBake Ha AHTOKCHIATUBHHOT IOTCHIHMjal, KaKo WU
UCHTYBameTo Ha Bujabuinnocta Ha hNCMEC/D3 kietkute mo 48 gyaca, mpu TpeTMaH €O
TOPEHABEJCHUTE pa3JIMYHH CEKCTPAKTH, HAJroJieM TMPOICHT Ha BHja0MJIHH KJICTKH
TPETUPAHU CO Pa3IMYHU KOHIIEHTPAIIMU O] eKCTpakTHTEe ce noouenu co CE.

Bp3 ocHOBa Ha OBHME NpPEIMMHHAPHU UCIHUTYBamba HA CUTEC YETHPH MOJITOTBEHH
eKCTPaKTH, 3a TOHATAMOIIHUTE HCTPaKyBama ¢ W30MpaH JTHOGWIM3HPAHHOT CYB
exkctpaktT on xepba (CE). Mctuor, moHatamy Oelle KOPHCTEH MPH MOATOTOBKA Ha
JWIATHATE HAHOCUCTEMH CO IIeN1 HETOBO BrpajlyBarkbe BO HAHOJHUIIO30MH H
HAaHOCTPYKTYPUPAHU JUMHIHU HOCAYM CO MTO OM ce 00e30eqmio HUBHO e(hUKacHO
HacouyBame, 0e30eaeH npemud Hu3 KMb 1 nienHo genyBame BO MO30KOT.

4.2.2.1. TlonroroBka Ha Haroumno3omu (NL)

[pasuure nunozomcku Be3ukynu (mpumepok NLO) cocraBeHM o1 JICHUTHH,
xunporenupan ¢ochomunua u xonecrepon Bo oxHoc 17,3:1:1 Gea moarorBeHH co
MoaudHIMpaHa TEXHUKA Ha XUApHpare Ha cyB junuaeH ¢unm (Ci. 5) (Mihailova et al.,
2022). lomonHUTENHO, Oca MOArOTBEHH JBE pa3indHu GOPMYJIalKu CO 1Ie Ja CC YBUIH
KaKO pa3jIMYHUTE TOJMMEPH 3a CTepHA CTAOMIIM3aIlHja BIMjaaT Bp3 GU3NIKO-XEMHUCKUTE
u OuodapmarieBTcKuTe 0ocoounu Ha jumno3omute (Tabema 2). Bo npBara popmynaiuja
6ea nomagern 30 mg PEG (mpumepok NL1), a Bo Bropara 6ea momamenu 30 mg POL
(mpumepok NL2). Baka moarorBeHara cmeca Oemie noianeHa Bo 5 mL cmemra Ha
OpPTaHCKH pacTBOpPYBauH (METaHOI B XJ0podopM Bo ogHOC 1:4 v/v).

3a noaroroBka Ha NL co enkancysupan ekctpakt o Cannabis sativa, 200 mg o
NPETXOAHO H30paHWOT CyB JuoduIM3upaH ekcrpakT ojn Iena xepba (CE) Oemre
pacTBOpeH BO CMemlaTa OJf OPTaHCKM pPAacTBOpYBaud M JOAANeH BO MacHaTa (asa
(mpumeporu Ha popmyraanuu NL1CE u NL2CE, coonBeTHO).

Tab6ena 2. Cocmag na noocomeenu NL popmynayuu uspasen kako macer 0oHoc Ha
KOMNOHEHmume

®opmynanuja Coja nenutud  Xuaporenupan pochomunun  Xomecrepon PEG POL CE

NLO 8,67 0,5 0,5 / / /
NL1 8,67 0,5 0,5 1 / /
NL1CE 8,67 0,5 0,5 1 / 6,67
NL2 8,67 0,5 0,5 / 1 /
NL2CE 8,67 0,5 0,5 / 1 6,67

[Toroa, opranckuTe pacTBOpyBaud O0ea OTCTpPAHETH CO MOMOII Ha eBaropanuja
MOJ1 BaKyyM KOpPHUCTEjKkH poTaBarnop Ha Temnepatypa o 40 °C u 6p3uHa Ha poTaluja of
50 rpm. @OpMUPAHHOT TEHOK JHIHICH QWM Oelre XuIpupaH co BojacHara (asa,
onHocHO 10 mL docdaren mydep co pH 7,4. Xunpupamero Oemie HarpaBeHO BO 3
MOCJIEIOBATEIHN ITUKIYCH BO TeK Ha 15 MHUHYTH, KOH C€ COCTOjaT O 2 YEKOpPH M Toa
yntpaconupukanuja (50/60 Hz) na 40 °C Bo Bpeme o1 10 MUHYTH U pauHO MeEIIamke Ha
40 °C Bo BoneHa Oama, BO Bpeme oa S5 wmuHyTd. JloOmeHute nmmo3omMu Oea
XOMOTE€HU3UPaHU Ha YITpa-Typakc Bo Bpeme o1 3 munyTy Ha 24 000 rpm u uctute Oea



OocTaBeHH BO (pmkuaep Ha temreparypa on 2-8 °C Bo mepuon on 24 yaca. Iloroa,
JIMITO30MCKaTa JAUCIIEp3Hja MOBTOPHO Oelle XOMOT€HU3UPaHa BO BpeMe 07 3 MUHYTH Ha
6 500 rpm. Baka moarorsernte NL nucniep3un ce gyBaar Ha Temreparypa ox 2-8 °C.

neyumuH
XuOpo2eHuUpaH ocgonunuo
Xonecmepon
nonuemusneH 2nuxon (NL1 u NL1CSE) unu thochamen nycpep
nonokcamep (NL2 u NL2CSE) pH 7,4

™

)
40 °C 24 000 rpm YyyBakb€ Ha
50 rom 6 500 rpm 4°C

OpraHcKa esanopauumja xuapauuja
¢daza NnoJ Bakyym

Cnuka 5. [llemarcku npukas Ha moarotoka Ha NL.

4.2.2.2. TlogroroBka Ha HaHOCTPYKTypupanu Junuaau Hocaun (NLC)

NLC ¢opmynaruute 6ea moAroTBEHU CO METOJ] Ha €Baropalrja Ha pacTBOpyBay
(Cn. 6) (Mihailova et al., 2022). bea moarorseHu pa3audHu GopMyialiu co el Ja ce
YBUAM KaKO pa3IUYHUTE MOJMMEpPU 3a CTepHa cTaOuiu3anuja BivjaaT Bp3 (U3UYKO-
xemuckute u onopapmaneBrckure ocoonnu Ha NLC (Tabemna 3).

nonuemuneH anuzon (NLC1 u

¢oconunox 90H NLC1CSE) unu
OfICUHCKA Kucenuua \ nonokcamep (NLC2 u NLC2CSE)
MemaHorn { u 3% pacmeop Ha tween 80
. YyBakbe Ha
== 7 Melliarbe __ 6500 rpm
'— ﬂ—_ﬂ- u H‘ HaHOCTPYKTYpPUpPaHM
avunugHa gasa  BoaeHa dasa emynsuja mnuaHn Hocauu (NLC)

Cnuka 6. [llemarcku npukas Ha moarotoka Ha NLC.

Kaj cure popmynanun, nunuanata ¢aza Geme cocraBeHa o1l pocdomaumnon 90H
KaKO IBPCT JIUTIK/] U OJIEMHCKA KHCEITMHA KaKO TeUeH MUl Bo oxHoc 1:1,15, cooaseTHo,
pactBopenu Bo 10 g MeraHon Ha marHeTHa memainka (60 °C, 250 rpm; Jenway, UK).
[Totoa mumuanara ¢aza Oemie A0aJeHa BO BojAeHaTa (a3a (0IHOC HA JTUIUIHA/BOJCHA
daza 1:1 m/m) xoja Oeme coctaBeHa on 3% BomeH pactBop Ha Tween 80 3a
dopmyrnanujata 0e3 mosmMmep 3a crepHa crabmimsandja (dopmynammja NLCO).



JlomoauTeHO, Oea MOATOTBEHH JIBE Pa3InyHU (OPMYJIAIUU CO 1IeN Ja Ce YBUAHU KaKO
pa3IMYHHTE TOJIMMEPHU 32 CTEpHA CTAOMJIM3alMja BIMjaaT BP3 (PU3UYKO-XEMHUCKUTE U
ounodapmarerTckute ocoounu Ha NLC. MmeHo, Bo pBaTa Gopmynainuja BojaeHaTa (hasza
ce cocroerne o7 3% BozaeH pactBop Ha Tween 80 u 30 mg PEG (nmpumepok NLC1), a Bo
BTOpara opmynanuja ox 3% Boaen pactop Ha Tween 80 u 30 mg POL (mpumepok
NLC2). Memamero Oelre MPOJODKCHO IIOJ MPETXOJHO CIIOMEHATHTE YCJIOBH IO
KOMIUIETHA eBaropaiyja Ha MeTaHOJIOT.

3a moaroroBka Ha NLC co enkancyaupan ekcrpakT o Cannabis sativa, 200 mg
0]l MPETXOAHO M30paHUOT CyB JuopuIM3upaH ekcTpakT on meia xepba (CE) Oerme
pactBopeH Bo 10 g Ha meraHonm um Oemie nonajeH BO MacHaTta (pa3a Ha COOJBETHHUTE
dopmynanuu (npumepord NLC1CE u NLC2CE, cooaBeTHO).

Tabena 3. Cocmas na noocomsenu NLC uspaszen xaxo macen 00OHOC Ha KOMNOHeHmMume

dopmynanuja  Dochonunon 90H Oneuncka kucennna Tween80 PEG POL CE

NLCO 2,17 2,5 10 / / /
NLC1 2,17 2,5 10 1 / /
NLC1CE 2,17 2,5 10 1 / 6,67
NLC2 2,17 2,5 10 / 1 /
NLC2CE 2,17 2,5 10 / 1 6,67

JloOueHata Toruia JIMIuHA eMyIi3Huja Oerie XxoMoreHn3upana S MunyTa Ha 6 500
rpm U mortoa Oeme uyyBaHa Ha 2-8 °C mpeky HOK, CO el Ja Ce OBO3MOXKH
pEKpUCTATN3AlIN]ja HA JIMITUIOT ¥ KOMIUIETHO (hOpMHUpake Ha YSCTHUKHUTE.

4.2.3. dutoxeMHUCKa KapakTepu3alja Ha u3dopannot ekctpakt ox Cannabis sativa

CoapkrHaTa Ha eKCTpaxXupaHUuTe KaHAOMHOMIN OelIe Ompe/ieieHa co IOMOII Ha
MeToI0T onuian Bo ['epmanckara papmakorea (DAD) coriacHO TECTOT 3a O/IpeyBarbe
Ha MIOTEHTHOCTA Ha KaHaOucoT. AHanu3ute Oca HanpaBenu Ha Agilent 1200 Model HPLC
ypen, onpemen co DAD G1315D, kBarepnapna nmymna G1311A, tepMocTaT Ha KOJIOHA
G1316A u Ttepmoctatupan astrocemiuiep G1329A (Agilent Technologies, USA),
kopuctejku kosona (150 mm x 3 mm ID, 2,7 mm; Agilent Technologies, USA). Kako
MoOuHa (haza Oerre KopucTeHa: A — BoJieH pacTBop Ha opTodochopra kucenunna (8,6
g/L) u B — atnieToHUTpHII, 110 eNTyIHja Ha TPAMEHT Ha pacTBopyBay o1 0 — 16 MUHYTH CO
36% no 18% nunHeapen rpaaueHt, 16 — 17 munyTa co 18 1o 36% nuHeapeH rpagueHT U
on 17 — 30 MUHYTH CO MOBTOPHA PAaMHOTEKa Ha KOJIOHATa CO Op3uHa Ha MPoTocok o 0,7
mL/min. Mepemara Oea crnpoBeneHu Ha 225 nm u 306 NnmM OpaHOBa JO/DKHMHA 32
JETEeKIMja U KBaHTH(HUKAIMja Ha TIaBHUTE KaHAOWHOMIM BO HEyTpaIHa U Kucena Gopma,
COOJIBETHO.

4.2.4. MUKPOCKOIICKU U3TJIE] Ha MOATOTBEHUTE POpMyTIaIiu

Mopdonorujara u nopmuHara Ha NL m NLC Oeme kapakrepusmpaHa co
TpaHCMHCHOHA eJIeKTpoHCKa Mukpockonuja TEM (JEM-1400, Jeol, Japan) co aururanna



kamepa (Veleta TEM Camera, Olympus, Germany), KoHTpoJinpaHa oj cTpaHa Ha iTem
software v.5.2. meno, 2 uL ox cekoj mpuMepok Oelie COOABETHO HAHECEH Ha CHUTO
o6oxeHo co 6akap (100 mesh) co gomoaHUTENCH jaraepoaeH Guam.

4.2.5. OnpenenyBame Ha TOJIMUHA, TUCTPUOYIIM]ja 11O TOJIEMUHA U Z-TIoTeHIjas Ha NL
u NLC

OnpenenyBameTo Ha ToOJeMHHATa, AWCTpUOylWjaTa MO TOJNEMUHA U Z-
NOTEHIIMjaJIOT HA MOATrOTBEHUTE (opMysanuu Oelie HampaBeHO o MOMOoII Ha Zetasizer
Nano Series (Nano-ZS, Malvern Instruments Ltd., UK). 3a Taa 1e1, CBEKO0 [TOATOTBCHUTE
npumepor Oea mperxonHo paspeneHu 20 matu co Qocdaren mydep co HHCKa
momapHoct (10 mM). Mepemara Oeca HampaBeHn Ha 25 °C, mpu Bpeme Ha
tepMmocTatupame o1 120 cexynau, BUcko3HocT Ha meauyMoT 0,8894 cP, nuenektpuuna
KoHCcTaHTa 78,5 u aron on 173 °, BO MpOBUIHU KUBETH 3a €IHOKpaTHa ymnoTpeba, co
pedpaxtuen uanekc ox 1,339 u 1,348 3a NL u NLC, coonserHo. JloOnenure pe3ynararu
MPEeTCTaByBaaT MPOCEUYHU BPEAHOCTH OJ1 HAJMAJKY 3 pa3iIuyHU IPUMEPOLIH, CEKOE OJ1 HUB
aHaJIM3UpaHo 3 natu co 12 nmocieaoBaTeIHN Mepema.

['onemunara Ha yectnukute Ha noArorBeHuTe NL u NLC e mpercraBena kako
npocedeH z-guametap (d; NM), aucTpuOynujata HAa YECTHYKUTE IO TOJIEMHHA KaKoO
uHIeke Ha mnomumucrep3noct (PDI) u moBpinMHCKaTa HACICKTPHU3HPAHOCT MPEKY
U3MEepeHNoT 3eTa noTeHujan (MV). MMajku Bo mpenBua Jeka cpeaHara rojeMuHa Ha
YEeCTUYKUTE Ha MPUMEPOIUTe € momaia oa 0,2 MM u neka UCTUTE Ce MEPEHH BO MEIUYM
CO Mayja JUeNeKTpUYHa KOHCTAaHTa, eNeKTPO(POPETCKUTE OIlpenelyBamba Ha 3€Ta
noTeHIujanot 6ea nmpecmeranu coriaacHo Huckel-oara paBenka:

_ 2¢ezf(ka)
ET T 3y

kane, Ur ja mpercraByBa eeKTpopopeTcKka MOOHMIHOCT, € c€ OJHecyBa Ha
JIMEJICKTPUYHATa KOHCTAHTA, Z TO MPETCTaByBa Z-MIOTCHIU]aJ0T HA YECTUYKHUTE, CO 7] €
O3Ha4YeH BHCKO3UTETOT Ha MPUMEPOKOT, a co f(ka) e o3nauena Henry-eBata dyHkuuja.

4.2.6. In vitro ucniurtyBame Ha pU3NYKaTa CTAOMIIHOCT Ha MOATOTBECHUTE JIMITUIHU
HAHOCUCTEMU

Co 1en aa ce ucnmra in Vitro ¢usuukara crabuiHoct Ha cute moarorseHu NL u
NLC, 200 pL ox dhopmynanuure 6ea nakyoupanu co 800 UL ¢usmonomku peneBanteH
menuyMm (pocdaren mydep pH 7,4) u xymana mnasma, cooaBetHo, Ha 37 °C Bo nepuoa
on 1, 4, 6 u 24 yaca. Bo oBue BpeMEHCKU TOYKH, ONPEIEITYBAkETO HA rOJIEeMUHATa U
aucTpuOynyjaTa Mo rojeMruHa Ha YeCTHUKUTE Oellle HarpaBeHO cO IMoMoul Ha Zetasizer
Nano Series (Nano-ZS, Malvern Instruments Ltd., UK), mox mpeTxoaHo ONUIIaHUTE
ycioBH Bo fien 4.2.6.

4.2.7. dypue tpancoppmHa undppanpsena crekrpockomnuja (ATR-FTIR)

CtpykTypaTa Ha TOATOBEHHUTE (QOpMyJAIMH, KAaKO U MOXHHUTE HHTEPAKLIUU
noMery CTpYKTYPHHTE KOMITOHEHTH Ha HCTHUTE, 0€a HCITUTAHU CO MIOMOII Ha CHUMAHE CO
arenynpana totanHa peduiekcuja (ATR). IToarorsenute popmynamnuu (NL u NLC), kako



Y CeKOja KOMITOHEHTA MTOeIMHEYHO, HajIIpBO Oea octaBeHu Ha -80 °C Bo Bpeme of1 2 yaca,
a nmoroa Oea nmuodunusupanu (-40 °C, 0.052 mBar; FreeZone 2.5 Freeze Dry System —
LABCONCO, USA). ATR-FTIR cnexrpute 6ea caumenu na Perkin-Elmer System 2000
FTIR criektpomerap, kopuctejku Golden Gate (Specac) kako ATR momaTok, onpeMeH co
mjamanTckd ATR kpucran u ZnSe neku, co aron Ha uHImAeHa ox 45 °. bpojor Ha
CKeHHpama Oemie 64, Kako 3a IMO33JMHCKUOT CIIEKTap Taka W 3a CIEKTPUTE Ha
npumeporure. Criektpute 0ea aHaIM3MPaHU CO IMOMOII Ha COOJBETEH cO(TBEp 3a
cnekTpanuu anaausu (Grams32, Thermo, USA).

4.2.8. lndpepenumjanna ckenupayka kagopumerpuja (DSC) na popmynanuure u CE

DSC xpuBute Ha NL u NLC, kako u CE, 6ea CHUMEHH CO KOPHUCTCHE Ha
mudepennmjanHo ckenupauku kanopumerap (Phoenix DSC 204 F1 - NETZSCH), Bo
nepdopupanu anrymuHuyMcku caguumba (40 PL) co maca Ha mpumepok ox 1,5-5 mg,
JoJleKka TpaszeH can Oerne kopucteH kako pedepenia. DSC kpuBure 6ea CHUMEHU BO
temrepatyper panr ox -20 °C mo 200 °C, co 6p3uHa Ha 3arpeBame oa 5 °C/min, mox
atmocdepa Ha N2 ox 20,0 mL/min go 70,0 mL/min.

4.2.9. OnpenenyBame Ha epukacHOCT Ha eHKarcynanuja Ha CE Bo monrorsenute NL u
NLC

[TponienToT Ha eHkarncynupad CE Bo TMITUIHNUTE HAHOCUCTEMH Oellie OnpeeIicH
WH/IMPEKTHO, TPEKy ONpe/ieTyBamke Ha HeeHKancyiaupanara ¢ppaknuja Ha CE co momorn
Ha niperxoaHo ormmiannor HPLC meroxa. 3a Taa 1en, TOYHO ompesesieH BOJYMEH O
noAaroTBeHute popmynamuu oemie GUITpHUpaH HU3 KUBETHU 32 YITPALESHTPUPYTHPAEHE CO
rojeMuHa Ha mopu ox 100 000 MWCO (Vivaspin 20; Sartorius, Germany).
[Mpumeporute 6ea nentpudyrupanu (4000 rpm, 25 °C, 30 min; Rotofix 32 — Hettich
Zentrifugen, Germany) co 2 nociieioBaTeIHA MUCHa 110 15 MuHyTH cO (hocdaTeH mydep
pH 7,4 u nectunupana Bona 3a NL u NLC, coonsetno. Cynepuaranture 6ea puntpupanu
Hu3 MeMOpancku untep 0,45 pm (Ministar RC25; Sartorius, Germany) 1 aHaIM3upaHu
co nomot Ha HaBegeHnoT HPLC meron, a konuunnara Ha CE Gernie onpeeneHa npexy
kBanTudukanuja Ha CBD u CBDA xanabunougure on untepec. [Ipasaure popmynarmm
(6e3 Brpamen CE) Gea xopucrenu kako ciera mpobda (mpumepor NL1, NL2, NLC1 u
NLC2, coonBeTHO).

4.2.10. In vitro mocranka 3a onpeeayBambe Ha Op3uHaTa i KHHETHKATa Ha 0CII0001yBambe
Ha GUTOKAHAOWHOMIUTE O] TIOJITOTBEHUTE JIUTTUIHH HAHOCHCTEMHU

In vitro mocramkara 3a ompeaenyBame Ha Op3WHATA Ha OCIO00JyBame Ha
¢duTOKaHAOMHOUANTE O] JIMMHUAHUTE HaHocucTemH (3 mL HaTuBHa Aucmep3uja) Oerne
HalpaBeHa CO KOPHCTEHE Ha JUjalu3e€H METOJ CO MOIyHpOIyCTiuBa MeMmOpaHa
(MEMBRA-CEL dialysis tubing; MWCO 7000 RC; Serva Feinbiochemica GmbH,
Germany). Kako aujanusupayuku meauym oemie kopucter 30 mL na pocdaren mydep co
pH 7,4 na remneparypa ox 37 + 1 °C u 200 rpm. Bo nperxoaHo neduHIpaHr BPEMEHCKH
uHTepBanu (1o 1, 2, 4, 8 u 24 yaca), 6ea 3emenu no 10 mL og MmennymMoT U 3aMEHETH CO
€/IHaKOB BOJIyMEH Ha TpeTxoqHo 3arpeaH (ocdaren mydep. Konmenrtpamujara nHa
¢dbuToKaHAOMHOMIM BO CEKOj IPUMEPOK Oellie onpeeneHa CieKTpopoToOMEeTPUCKH Ha 225
u 306 nm OpanoBa momkuHa 32 CBD m CBDA, coomBerno. Excrnepumenture Oea
HarpaBeH! M Ha Mpa3HHu (HOPMYIIANH CO LEN Ja ce TOTBPAM COOIBETHOCTA HA METO/IOT



U 1a ce 006e30eaar penpe3eHTaTuBHU pe3ynTaTh. JJoOueHnTe pe3yiaraTu 3a JeTeKInja u
KBaHTU(HKAIMja HA TOPCHABEJICHUTE KOMIIOHEHTH CO TIOMOII Ha CIEKTPOPOTOMETpH]ja
ce MOKa)kaa JIeKa ce CIOPEIIMBH CO PE3yJNTaTUTe TOOMEHH O/ MPETXOJHO OMHUIIAHHOT
HPLC meton.

Co 1en aa ce onpenenyu KMHETHKaTa ¥ MEXaHU3MOT Ha ociiobonyBame Ha CE on
MOATOTBEHUTE (PopMyIamuu, TOOMEHUTE PE3yATaTH o1 Op3uHATa Ha 0CII0001yBamke Oea
MaTeMaTHYKHA MOJICIIMPAHU CO MOMOII Ha KomijyTepcku nporpam DDSolver 1.0 (menu-
driven add-in program for Microsoft EXCEI), mpu 1iro 6ea HCIUTaHU CICIHUBE MOJIETIH:

0 Kuneruka on mpB pex — TO ONMINYBa OCIOOOAYBAaWmETO HA aKTHBHATA
KOMIIOHEHTa KO€ € 3aBUCHO OJ1 KOHIICHTpaIijaTa:

log C,=log Cy +K; * t/2.303

kane Ci e konuentpamnuja Ha AK ocrnoboaena Bo Bpeme t, Co € moyeTHa KOHIIEHTpaIja
Ha AK, a K1 e koHcTaHTa Ha 0c000yBamke OJ1 IPB Pel.

0 Higuchi-es monen Ha nqudysuja — ja onurrysa nudysujata Ha AK HI3 XOMOTEH
MaTpPHKC:

C=Kh * t1/2

kane C e koHneHTpamuja Ha ociodonena AK Bo Bpeme t, a Kn € koHcTaHTaTa Ha Op3uHa
Ha 0CJI000 TyBambe.

0 Peppas-Sahlin — ro onmmysa ocino6oayBamero Ha AK co Mmexannzam Ha Fick-
oBa nu(y3nja U IOJMMEpHA peJlaKcaluja;

F=K; ¥t + K, *t

kaze Ki e kuHeTMuka KOHCTaHTa Ha Op3uHaTa Ha ocnobomyBame cropen Fick-oea
mudysmja, Kz e KHHEeTHYKa KOHCTaHTa Ha Op3WHaTa Ha OCI000AyBame CIIOpen
MEXaHW3MOT Ha MOJHMMEpHA peJlaKcalyja, a m € KOHTPOJIUPAHO OCIO00yBame CO
Tdy3nja o1 pa3IHuHN TEOMETPUCKU (POPMH.

0 Korsmeyer-Peppas — ro onwuiryBa ocinoboayBamero Ha AK on cucremu co
aTMIYHO OfIHecyBame (He-Fick-oBa mudysuja). MomenoT e CooIBETECH 3a CUCTEMH Kajle
MIOCTOjaT pa3IMYHU KHHETHKU Ha 0CTI000/IyBamke O] eJHa UCTa (hopMyJialrmja:

&:k*tn
Mo,

kage Mt e konmnuuna Ha ocio6oaena AK Bo Bpeme t, M, e BkymHa konuunHa Ha AK, K
€ KOHCTaHTa Ha Op3uHa Ha ocno0oayBame, a N € EKCHOHEHT ITO To neduHupa
MEXaHMU3MOT Ha ocio6oyBame Ha AK.

4.2.11. KBanTUTaTUBHA KapaKTepH3alyja Ha HAHOCUCTEM — MMPOTEUH KOMIUIEKCHUTE

Co 1en 1a ce ucnurta epeKTOT Ha cTepHa ctabmim3aiuja Ha monumepot (PEG wiu
POL, coonBeTHO) NpHCYTEH Ha MOBPIIMHATA HA YECTHYKUTE Bp3 (OPMHUPAKETO Ha



IPOTEUHCKATa KOPOHA, KaKo U Jla e MPEIBUAN CTa0MIIHOCTA M OMOJIoIKaTa CyJ0uHa Ha
bopMyIUpaHUTe HAHOCUCTEMH IN ViV, Oea HallpaBeHN EKCIICPUMEHTH 3a KBAHTUTATHBHA
KapaKTepHu3alyja Ha HAHOCUCTEM — MPOTEUH KOMIUIEKCHUTE.

W3BeneHuTe EKCIEPUMEHTH C€ BO COTJIACHOCT CO MPETXOAHO BOCIOCTAaBEHU
excnepumentanau ycimou (Dimchevska et al., 2017; Shalabalija et al., 2021). Bo Taa
HACOKa, KOJMYMHATA Ha aTcOpOMpaHd NPOTEHMHH Ha MOBPUIMHATA HA MOJATOTBEHUTE
npazau ¢opmyrnanun Ha NL u NLC Gemre criopenena co KkonmuunHaTa Ha aTcopOMpaHH
MPOTEUHHN Ha MOBPIIMHATA HAa HUBHUTE aHAJIO3U 0e3 MPUCYTEH Mojumep (MpUMEpOru
NLO u NLCO). ®opmanujata Ha MPOTEHHCKHOT KOMIUIEKC ITOMEIY HaHOCHCTEMHUTE U
1a3mMa npoTeuHuTe Oelre onpeaeseH Npeky MHKyOalja Ha MOATOTBEHUTE TPUMEPOLIH
CO XyMaHa Iu1a3Ma o] 37ApaBu 100pPOBOJIIIH.

3a taa men, NL1 u NL2, xako u NLC1 u NLC2 Gea pa3peneHu co aecTriMpaHa
BOJa 70 (hmHaAIHA KOHIEHTpanuja o1 1 MM u mocienoBareHo MHKYOUpaHU CO XyMaHa
mwia3ma Bo oxHoc 1:1 (V/V) Bo Bpemerpaeme ox 1 gac Ha 37 °C Ha BojeHa Oama CO
XOpu30oHTAIHO Metmambe (75 rpm). [Ipex uekopoT Ha nHKyOaIMja, XyMaHara riasma oeie
yyBaHa Ha 2-8 °C u mortoa ueHTpudyrupana Bo Bpeme oa 5 muHytd Ha 15 000 rpm co
1IeJ1 /1a Ce OTCTpaHaT mpoTenHckuTe arperati. Konnunnara (MQ) Ha atrcopOupaH mpoTenH
Ha TOBpIIMHATA HAa YECTUYKUTE OJ] HCIUTyBaHUTE (opMmyrnanuu Oelie MNpecMeTaH
WH/IMPEKTHO TMPEKYy OIpeaellyBambe Ha IpeocTaHaTaTa KOJMYMHA Ha MPOTEHHH BO
¢dunrparor nocie neHrpudyrupame (15 min, 4000 rpm, 3 yekopu Ha MPOMHUBAKLE) CO
nomorn Ha Bradford-os merox (microtiter plate protocol; VICTOR Perkin Elmer, USA)
U COOJIBETHO OJI3€Marbe OJ1 BKyINHaTa (MoYeTHaTa) KOJIMYMHA Ha TPOTEMHH BO IJ1a3MaTa.
Kako xoHTpoma Oemie KopucTeHa AWIyWpaHa IUla3Ma, WHKyOMpaHa IO HCTHTE,
MPETXOHO OMUIIaHU ycioBH. llpuMepounTe W KOHTpoiauTe Oea AarmIuIUpaHd BO
TPUILINKAT.

[IponertoT Ha ancopOupanu nporenHu Ha noBpmmHata Ha NL 1 mHa NLC Oermre
MIPECMETaH COTJIACHO paBEHKATa:

% Ha ancopbupaHu NPOTEUHU

mg ancopb6upanu npoterHy Ha NL nau NLC 100
= k
BKYIIHU Mg Ha NPOTEUHH BO IJla3Ma

4.3. OnmpenyBame Ha aHTHOKCHUAATUBHUOT MOTEHIMjall HA MOATOTBEHUTE €KCTPAKTH H
dopMmynanuu

AHTHOKCHIATUBHUOT MOTEHIMjaa Ha moarorBenute ekcrpaktu (FA, FE, HA,
HE), npa3uu dopmynanuu 6e3 momumep 3a crepHa craduinsanuja (mpumepor NLO u
NLCO), npasuu popmymaiuu mto ce ctepro cradbmmmsupann (NL1 u NL2, kako u NLC1
u NLC2) u popmynauuu co Brpanen ekcrpakt (mpumepor NL1CE, NL2CE, NLC1CE u
NLC2CE), Geure ucnutan co momoin Ha momudwuimpad ORAC rtect (Oxygen radical
antioxidant capacity).

3a mpolieHKa Ha aHTHOKCHIaTHBHATA aKTHBHOCT BO IIJI0YH cO 96 OyHapuuma Oea
nojaneHu 25 pl of eKcTpakTUTe MOATOTBEHH BO 4 pa3iWyHM KOHLIEHTPAIMH BO OICEr
0,1-5 mg/mL unu on noarorserute Qopmynanuu u 150 pL wHa 10 nM pactBop Ha
¢uryopecLieuH HaTpUyM, a TEHEPUPABETO Ha CI000IHU paluKail CO KOHCTaHTHA Op3uHa
oerre norTukHaTo o1 100 mM 2,2’- a3o6wuc (2-amuHonponan) auxuapoxiopun (AAPH)



(25 pL). Kako mo3utuBHa KOHTpOJIa Oerie KOpUCTeH pacTBop oA duryopecuend co AAPH,
a Kako HeraTHMBHA KOHTpOJIa Oelle KOPUCTEH pacTBOp oj ¢uiyopeclenH 0e3 0JaacH
AAPH. ®nyopecuienijata 6emie u3mepena Ha mouetok (Fo) u mocne 120 munytu (Fi20)
(excruranmja Ha 492 nm, emucuja Ha 535 nm; VICTOR, Perkin Elmer, USA). Cure
eKCIepUMEeHTH Oea M3BEleHH BO YETHPH PEIUIMKAaTH, a CTaTUCTHYKA aHanu3a Oerie
HarpaBeHa co nomom Ha ANOVA u mynruBapujateH PLS monmen. Pesynratute Oea
NpeCMeTaH! Kako mpoueHT onx noderHara ¢uyopecueHuuja (Fi(%)) Bo dyHkumja ox
BPEMETO.

F120

Fi(%) = =22+ 100

0

Pesynrature 3a aHTHOKCHJATUBEH TIOTEHIMjad Oea H3pa3eHH Kako
KOHIIeHTpaIrja koja uaxuodupa 50% oxcumarmja (ICsox).

4.4. In vitro ucnuryBama Ha OArOTBEHUTE (hopMyaliu Ha H30paHU KICTOYHH
KyJITYypH

3a II0CJIIEA0OBATCIIHUTE in VitrO HCIIUTYBamba Oea KOPHUCTCHH [IBC KJICTOYHU JIMHUH
1 TOa KJICTOYHaA JII/IHI/Ija Ha YOBCUKHN uepe6paJIH1/1 MHKPOBACKYJAapPHU CHAOTCIHU KIICTKHU
(hCMEC/D3) (CELLutions Biosystems/CEdarlane®, Canada) u kmerouna nuHHja
nobuena o1 yoBeuku Heypoobmactom (SH-SY5Y) (LCG Standards, Wesel, Germany) kou
ja UMHTHpaaT u Mojaenupaar ¢yHkirjara Ha xymanata KMb u HeBpoHuTe, COOABETHO.

4.4.1. llonroroBka Ha h\CMEC/D3 kierouna nuH#ja

Hajopeo, T-75 mmmmumara 3a kierounu kyiarypu (Greiner Bio-One GmbH,
Germany) 6ea o6soxxenu co 0,05 mg/mL xonaren Tun [ Bo DPBS Bo Bpeme o MuanMym
enex yac Ha 37 °C. Kierkute 6ea kyntuBupanu Bo EBM-2 kierouen meauym Ha 37 °C u
5% COz. Knerounnor menuym Oemie 3aMeHYBaH CO HOB Ha Cekou 2-3 JeHa, ce 10
NIOCTUTHYBaWke Ha KOH(IYCHTHOCT Ha KieTkute. [loToa, KJIETOYHHOT Menuym Oerire
OTCTpPaHET W KJICTKUTE Oca OTKAYCHHM OJI MOBPIIMHATA HAa IIUIIMKATA 33 KICTOYHH
KynTypu o unkyb6armja co 0,1 mg/mL tpuncun-EJITA pactsop (37 °C Bo Bpeme ox 8
munyTH). CycnieH3ujata ol kietkute Oerie neaTpudyrupana aa 1500 rpm 3a BpeMe ox
3 munytu (Hettich, Rotofix 32, Germany) u cynepHaTaHTOT Oelle OTCTpaHeT.
[TocnenoBarenno, kiaeTkuTe Oea cycneHanupanu Bo S mL kieToueH Meauym, co mTo Oea
MOJATOTBEHHM 3a IOHATAMOIIHH €KCIIepUMeHTH U ucTpaxyBama. NCMEC/D3 kierounara
nuHUja Oelre KyJITUBUPaHa COTIACHO BOAUYOT O] POU3BOAUTEINOT.

4.4.2. IlonroroBka Ha SH-SYS5Y kierouna nunuja

Knerkute 6ea kyntuupanu B0 DMEM na 37 °C u 5% CO.. Knerounnor meanym
Oelie 3aMEHYBaH CO HOB Ha CEKOW 2-3 JieHa 10 MOCTUTHYBambe Ha KOH(IYSHTHOCT Ha
KJIETKHUTE. 32 BpeMe Ha MPecaJayBambeTo Ha KIETKUTE, HAJIIPBO MEAMYMOT CE€ OTCTpaHyBa
U KJIETKUTE Cce OTKadyBaaT OJ MOBPIIUHATA HA MIMIIHIKaTa co momorr Ha 0,1 mg/mL
pactBop Ha TpunicuH-EJITA Bo Bpemerpaeme ox 3 muayTta Ha 37 °C. CycreH3ujara o
KiIeTku Oemre neHTpudyrupana Ha 800 rpm Bo BpeMe 01 5 MUHYTH U CYNEPHATaHTOT
6eme orcrpaner. IloTtoa xierkure Oea cycneHaupanud Bo 5 ML memmym co mro Gea



MOATOTBEHU 3a TOHATAMOIIHM eKkcriepuMeHTH. CuTe ocTaHaTu mpoienypu Oea BO
COTJIACHOCT CO BOJUYOT OJ1 TPOU3BOJUTEINOT.

4.4.3. VciutyBame Ha MHXMOUIMja Ha pacT Ha kietku og hCMEC/D3 kierouna nuHuMja
CO MOJTOTBCHUTE CKCTPAKTH M JIMIIUIHU HAHOCUCTEMHU

In vitro ctyauuTe Ha MHXUOMIIM]a HA PACT HA KJIETKUTE Oca M3BEICHN Ha KYJITypa
ox hCMEC/D3. Knetkute 6ea 3acagenu Bo mioun co 96 6ynapuunma (CEllstar® 96 well
CEIl Culture Microplate; Greiner Bio-One GmbH, Germany), npeTxoaHo 00JI0KEHH CO
xomares Tun 1 Bo Bpeme oj 1 yac, co ryctuna o 1x10* kinerkn/Gynapue Bo coonBeTen
kjeToueH meauym (200 pl).

Bo mpBara ¢asza on umcrpaxyBamara, cO €Nl Ja C€ HalpaBUd CKPUHUHT Ha
MOJTOTBEHUTE EKCTPAKTH, EKCIepUMEHTUTe Oea W3BEICHU NpPHU HUBHU Pa3IHYHU
konuenrpanuu (0,1 pg/mL, 10 pg/mL u 100 pg/mL) Bo mepuoa Ha ekcrno3uirja o 48
yaca Bo 6 OyHapuuma/ekcTpakT. BujabmiHOoCTa Ha KieTkute Oerre onpenaenena co MTT
— TECTOT MpBOAT onuiiad oj ctpana Ha Mosmann (1983), mpeky kBaHTu(UKalMja HA
BUOJICTOBUTE PACTBOPIUBHU KpHCTAIX 011 (hopMazaH KOM ce JOOMBaaT MpH peayKIrja Ha
xoatnor MTT onm crpana Ha ensumckuor komiwiekc (NAD(P)H-3aBucHu
OKCHJIOPEIYKTa3u) HWMOOWIM3MPAaH BO MHUTOXOHAPUUTE HA BHjaOMIIHUTE KIETKH.
KommunHata Ha Qopmupanu Kpuctaiu ojJ (opmazaH 3aBUCH OJl TPOICHTOT Ha
MeTabOJIMYKH aKTUBHU T.€. )KUBH KIETKU. AricopOaHIujaTa Oemre u3meperna Ha 490 nm
co oMot Ha yutad 3a Mukporioun (FLUOstar; BMG LabTechnologies, Germany), a
BHja0MITHOCTA Ha KJIETKUTE Oelie M3pa3eHa Kako TPOICHT BO criopenda co KIETKHUTE
UHKYOHUpaHH caMO CO KIIETOYeH MeanyM (Io3WTHBHA KOHTposa). Triton X-100 Gemie
KOPUCTEH KakO HeraTHMBHAa KOHTpOJa, OnarojapeHre Ha HETrOBHTE OCOOMHM Ja TO
HapyIIyBa HHTETPUTETOT HA KJIETOYHATA MEMOpaHa.

Hcture excnepumeHTH O€a W3BEICHM W CO PA3IUYHM KOHLEHTPAIMH O]
NOArOTBEHHUTE TMpa3Hu Junuanu Hanocuctemu (0,1 pg/mL, 10 pg/mL u 100 pg/mL)
mutyupann co DPBS u  1omosHUTENHO JUCIIeprUpaHd BO KIIETOYCH MEIHYM.
ExcniepumenTtuTe 6ea U3BEICHH BO IIEPHOJ Ha eKcro3ulirja o 4, 24 u 48 yaca. Bo cekoja
BPEMEHCKA TOYKA, MEIMYMOT O] CeKoe OyHapue Oelie COOJIBETHO OTCTPAHET O] KIICTKUTE
U CKJIaJIMPaH 32 UCIUTYBakhe HA IUTOTOKCHYHOCTA HA KJIETKUTE CO TIOMOII Ha TECTOT 3a
olpeNeNyBambe Ha JIAKTaT JexuaporeHasa. [loroa, kierkure 6ea tperupanu co 20 plL
MTS pactBop Bo Bpeme ox 4 gaca Ha 37 °C u 5% CO». BujabuiiHocTa Ha KIeTKUTE Oerre
OTIpeJieNieHa COTIIACHO TOPEHABEICHUOT MIPUHIIMI HAa PEeaKIlnjaTa.

4.4.4. VicnutyBame Ha IUTOTOKCHYHOCT Ha KieTku og hCMEC/D3 knerouna nuHuja

[To muKkyOanuja Ha JUIMUAHUTE HAHOCUCTEMHM, IIUTOTOKCUYHOCTA Ha KIJIETKUTE
Oemre ucnurana co nomout Ha LDH Tector. Meauymot (25 pl) noGuen no nukyOaujara
Ha mpasHute popmynanun Ha HaHomumo3omu (NL1 u NL2) u HaHOCTpyKTypHpaHuTe
munuaan Hocaun (NLC1 u NLC2) Gemre cooaetHo mpedpiieH Bo Oeau ioun co 96
OyHapunma (Corning® 96 Well Solid POLystyrene Microplate). Ocino6oayBamero Ha
JAKTaT JEXUAPOTeHa3a BO CYNEepHATAHTOT Oelle AETEKTUPaHO cO AoAaBame Ha 25 uL
cyncrpar (CytoTox-ONE™). Tlo unky6anuja Bo Bpeme oz 20 Munytu Ha 37 °C u 5%
COg, 13 uL ox pacTBOpOT 3a CTOMHpamE HAa peaKirjaTa U IOHATAMOIIHO CO3aBambe Ha
dyopecueniyja 6emie noaaaeH Bo cekoe OyHapue. dnyopecrennujara 6eiie uamMepeHa
co oMot Ha ynuTad Ha Mukporutoun (FLUOstar; BMG LabTechnologies, Germany) Ha
560 nm excuuramyja ¥ 590 nm emucuja. L{lutoTokcuuHocTa Oelle MpeTcTaBeHa Kako



OPOIEHT BO cropenda CcO MaKCHMaJTHOTO KOJHYECTBO Ha OCIO0O0JEH JaKTaTr
nexuaporeHasa Bo mpucyctBo Ha triton X-100 (mosutmBHa KOHTposda). EBM-2
KJICTOYHUOT MeIuyM Oelle KOPHUCTeH KaKO HEraTWBHAa KOHTPOJA, OWACjKH TMOI THE
yCIIOBH He Oellle JIeTeKTUpaHa [IUTOTOKCHYHOCT.

4.45. Ctynuu Ha MHTEpHAIM3AlMja HA JMIUIHATE HAHOCHUCTEMHU BO KHMBH KJIETKU CO
(bayopeciieHTHa MUKPOCKOITH]a

Co men pa ce wWCNHTa WHTEpPHATW3allMjaTa HA IMOATOTBCHHUTE JUIUIHU
HAaHOCUCTEMHU BO XMBHU KieTku, SH-SYS5Y kierkute Oea 3acajieHH MPETXOIHO (2X105
KJICTKH BO OyHapue) Ha 35-MuimMeTapcku crakieHu camosu (p-Dish 35 mm, polymer
coverslip uncoated) u unkyoupanu Ha 37 °C u 5% CO2 Bo Bpeme oj 48 daca co 3eiieHa
duryopecuieHIija 3a Bu3yenu3anuja Ha enaoriasmarcku perukyiaym (CellLight ER-GFP,
BacMam 2.0; Thermo Fisher). ITocine Toa, kineTkure 6ea HHKYOHpaHu BO BpeMme o1 1 Jac
co cexo noaroreenute npasuu popmynammu (NL1, NL2, NLC1 u NLC2) nperxomHo
MapkupaH# co ipBeHa 6oja Dil (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine
Perchlorate). 3a 1a ce ucniura MHTEpHAIM3AIMjaTa U KO-JOKAIM3aIMjaTa Ha YCCTUIKHUTE,
KJIeTKHTE Oea HHKyOHUpaHu Bo Bpeme ox 1 uac co pHrodo Green dextran conjugate mro
JaBa 3eJieHa (IIyopecIeHIINja BO KHcella CperuHa, OJHOCHO 00ja KapaKTepUCTUYHA 3a
BU3yeIU3alija Ha eHonuTo3a. Mukyobanujata Ha kiaetkure co Dil osnauenn NL u NLC
Tpaecme 4 waca. [lo coonBeTHata WHKyOaluja, KIETKATE Oea NMPOMUEHH JBAIATH CO
docdaren mydep pH 7,4 u co momonr Ha (yopeciieHTHa MUKPOCKOITHja Oea HanpaBeHU
ciuku Ha 37 °C Ha Zeiss Axio Observer Z1 uaBepTen Mukpocko (Zeiss, Jena, Germany),
ONpPEeMEH cO enuQIIyOPECIECHTEH WIYMHHATOP M KOMOpa 3a 3arpeBame Ha IUIOYH.
[Monaramy ciukute 6ea oopaborenu co momoin Ha copreepot Carl Zeiss (ZEN 2.6).

4.4.6. Ctynuu Ha KJIETOYHA HMHTEpHAIM3allMja Ha JUNUAHUTE HAHOCUCTEMH CO
KOH()OKaTHa MUKPOCKOIIH]ja

Co 1ien aa ce AeTepMUHUPA HHTEPHATM3aIMjaTa o] cTpaHa Ha kieTkute Ha KMb
U HEBPOHHUTE, KIeTOYHOTO mpe3emarbe Ha NL u NLC ox crtpana na hCMEC/D3 u SH-
SYS5Y knerouHuTe NTMHUMM W HUBHATa AMCTPUOYIMja BO HCTHTE, O€IIe MCIHUTAaHA CO
nomorr Ha koH(okanmHa wmukpockonuja (Carl Zeiss, Axiovert 200M Inverted
Microscope).

3a Taa 1en, kiIeTkuTe Oea 3acajJieHu Ha 35-MUJIMMETapCKU CTAKJICHU CaIoBH ([L-
Dish 35 mm, polymer coverslip uncoated) (2x10° x1eTku Bo GyHapue) 1 HHKYOHpPaHHU Ha
37 °C u 5% CO2 Bo Bpeme ox 24 vaca co npasuure Gopmysaanuu Ha NL u NLC (NL1,
NL2, NLC1 u NLC2) nperxomno Mapkupanu co npBena 0oja Dil (1,1'-Dioctadecyl-
3,3,3',3'-Tetramethylindocarbocyanine Perchlorate). ITo unky6arujara, KieTkuTe Oca
npomueHu nBamatu co ¢ocdaren nypep pH 7.4 u Pukcupanu co 3,7%
napadopmanaexu Bo Bpeme o1 20 MuHYTH Ha coOHa Temneparypa. [lo nmpomuBame Ha
kietkute aBanatu co ¢ocharen mydep pH 7,4, memOpanara Oemre o3HaveHa co 5 pl
senena 6oja Alexa Fluor™ Phalloidin 488 8o 200 pl 1% GoBuH cepyM anOyMHH BO BpeMe
ox 10 munyTr Ha 37 °C, npocieneno co 6oeme Ha jagporo kaj NCMEC/D3 co 0,5 ul cuna
60ja Hoechst fluorescent stain, a kaj SH-SY5Y kierounara nmunauja co 300 nM DAPI (4, 6-
diamidino-2-phenylindole), Bo Bpeme o 5 munyTH Ha coOHa Temneparypa. Vectashield
mounting medium Gelie KOPUCTEH KaKO MEIUYM 3a OIPXKYBarbe U UyBarbe, OJHOCHO
MEINyM IITO TO CIpedyBa HAMaTyBameTO HAa MHTEH3UTETOT Ha (IyopecIeHnrjaTa BO



TEKOT Ha 4yBameTo Ha kiekute. Crnukure 6ea obpaborenn co momorm Ha Carl Zeiss
software (ZEN 2.6).

4.4.7. KBaHTUTAaTUBHU CTYAHH HA KJIETOYHO MIPE3EMAbE Ha JIMIUIHUTE HAHOCUCTEMH BO
n30paHy KJIIETOYHU KYJITYPH

Co men na ce oapeny KBaHTUTATHBHO KIeTOYHOTO mnpe3emame Ha NL H NLC,
hCMEC/D3 u SH-SY5Y kierounure nmuHnm Gea 3acajeHy Ha uoun ox 96 6ynapu (10%
kietku/Oynapue) u 6ea kynrusupanu Bo 0,2 ml EBM-2 u DMEM, coonetno. [Tocne na
nena Ha 37 °C Bo atmocdepa o1 5% CO2 10 TOCTUTHYBamke Ha KOH(GIYEHTHOCT, KJIETKUTE
Oea mHKyOupanu co noarorBenute npasuu Gopmynanuu (NL1, NL2, NLC1 u NLC2)
nperxoaHo o3uadenu co Nil Red, paspenenn Bo cooaBeTHHOT KieTodeH memuym (10
pg/mL) Bo Bpeme ox 2 ywaca Ha 37 °C Bo atmocdepa ox 5% COq. Ilo unkyOamujara,
KJIeTkuTe Oea mpoMuenu asamatu co PBS u 6ea musupanu co 2% Triton X-100 (2h, 37
°C, 5% COy). ®nyopecneniyjata Oerie u3MepeHa Ha eKciuTaIyja o 535 nm u emucuja
on 635 nm (BMG Labtech, Ortenberg, Germany). Kierkure WHKYyOMpaHH camoO BO
MeInyMOT Oea KOPHUCTEeHH Kako KOHTpona. KonuymHata Ha WHTEpHAIM3HpPAHH
HaHOCHUCTEeMHU Oellle MpecMeTaHa Kako MPOIEHT OJ MaKchumalHaTa (ryopecieHIja
no0MeHa co ucTara KOHIEHTpaIja Ha cooBeTHUTE HemHKyOnpanu HatuBHU NL 1 NLC
dbopmyanuu.

3a ga ce WCOUTaaT MEXaHM3MHTE Ha EHJIOIMTHOTO TIpe3eMame, OBHE
eKcIiepruMeHTH 0ea NCTO TaKa CIPOBEICHU BO MMPUCYCTBO HA MHXUOUTOPH 33 COOJIBETHUTE
nateku Ha eHponmros3a. IIpen mHkyOanumjaTta, enHa rpymna KIETKH Oerie MpeTXOJHO
Tpetupana co 15 uM xmopnpomasuH Bo Bpeme oA 40 MuUHYTH, TIpocCieleHa CO
uHKyOaruja co noarorsenure npasuu popmynarmu (NL1, NL2, NLC1 u NLC2), noneka
Jpyra rpyrmna KJIeTku Oerle mpeTXoAHO TpeTupaHa co 25 UM HHIOMETaluH BO BPEME O
40 munyTH (37 °C, 5% CO»). Tperata rpyna kiietku oerre uznoxena Ha 4 °C, 40 MUHYTH
npell W3BEAyBambe Ha EKCIEPUMEHTOT M TOCIEAOBAaTeNHO 2 Yaca HMHKyOammja co
rOpeHaBeICHUTE JIUMHUIHA HAaHOCUCTEMH, CO IIell Ja ce HaOJbyayBa e(heKTOT Ha HUCKaTa
TeMIIepaTypa Kako OMIIT METa0OIHMIKA HHXUOUTOP.

4.5, CratucTuyka aHajM3a Ha pe3y/ITaThTe JTOOMEHH oJ IN VIro ompejeiyBameTo Ha
AHTUOKCUJIATUBHUOT MOTECHIIM]AJI U CTYJUUTE HAa U30PAHU KICTOYHU KyITYpPH

Mertononorujara Ha HajMaym kBaaparu (PLS) Gerre mpuMeHeTa co KOPUCTEHE Ha
BaTuAupad cTaTucTuaku copreep Simca 14.1 (Sartorius Stedim Biotech, Germany). Co
IeJT J]a € UCTAKHAT IOMHUHAHTHUTE (PaKTOPU KOM MMaaT 3HAYaCH MPUIOHEC BO MOJICIIOT,
kopucteH € VIP ckop pesyaraTor.

4.6. In vivo cTyinu Ha e()UKaCHOCT Ha MOATOTBEHUTE JIMITHIHU HAHOCUCTEMHU

Co men ga ce ucnuta epUKACHOCTa Ha TOATOTBeHHUTE (opmynamum, Oea
kopuctenn Mamiku ICR raysium (25-30 ), 3eMeHH On OIAETOT 3a JKUBOTHH TPH
Wucturyror 3a HeBpoOmonormja, BAH. Ilo mpucturHyBamero, TIyBUME-aTa Oea
aJlanTUpaHu Ha HOBaTa CpelrHa HajMalKy €Ha HeJena Mpena Ja OugaT KOpUCTEHH BO
crynujata. [myBiuTe 6ea cMecteHu Bo rpyna on 10-12 Bo cranmapaau kade3u u moj
cleHUTE ycloBu: TeMmneparypa of 21-24 °C, snaxsHocTt ox 40-50 %, npu BemTauku
MHAYyLUpaHa CBETJIMHA BO IIUKIYyC o 12 yaca cBeTiinHa U 12 yaca TeMHUHA, CO CBETJIa
BkiydeHd Bo 7:00 wacoT HayTpo. Boma m xpana 3a xKUBOTHHUTE Oea HCIIOpayyBaHU



COTJIaCHO HHBHHTE TOTpeOu. EKcrepuMeHTanHWTe mporeaypu Oea CIpPOBEIACHH BO
cormacHocT co Jupekrusara 2010/63/EU na Cosetot Ha EBporckure 3aeauuiy u 6ea
omobpenu o byrapckara areniuja 3a 6e36eHoct u xpaHa (JIumeniia 6p. No#58000183).

4.6.1. Jlo3upame Ha moaroTBeHuTe hopmynainuu 3a npuMmena kaj |ICR rioysiu

oaroreenure nonuu ¢popmynamuu (NL1CE, NL2CE, NLC1CE, NLC2CE) u
nua3ernam Kako pedepeHTeH aHTHeNUISNTHYEH Jiek O6ea aucnep3upanu Bo 1% pactBop
Ha Tween 80 u agMUHUCTPUPAHU HHTpaniepuTOHeaTHO (1.p.) Bo Tpu paszmuyau a03u (30,
100 u 300 mg/kg Bo Boaymen ox 0,1 mL ma 10 g TemecHa TEKHMHA) BO BPEMEHCKH
uHTepBas o1 30 MUHYTH Ipen Aa ce 3amoyHe co tectoBure. OcraHatute pedepeHTHH
JIEKOBH, Kako ()eHUTOWH M KapOaMaszernuH, Oca agMUHUCTpUpaHu BO 103U ox 30 u 10
mg/kg, coomBetHo, 60 MHUHYTH mTpea Ja ce CTUMyJIMpa Hamaa. Bo Hacoka Ha
eKCIIepUMEHTUTE, 0€a UHjEKTUPAHU U COOABETHH KOHTPOJIH.

4.6.2. lcniutyBame Ha aHTHKOHBYJI3UBHATA aKTUBHOCT Ha TIOJITOTBEHUTE (POPMYJIAIIUU
NpeKy HHIYIUParhe HaMad Co TECT 3a MakcuMaiieH enektpo mok (MES)

MES TtectoT Oellie U3BEJICH COTTIACHO MPETXOAHO onuinana nocranka (Angelova
et al., 2019; Todorov et al., 2020). Hakpatko, 0AroBOpOT Ha Hama Oellie HHIYIUPaH CO
cTUMyJanuja co TpaHckopHeanHu enekrpoau (Constant Current Shock Generator; 50
MA, 60 Hz wucnopauanun 3a 0,2 cexkyHmau). [IpeBeHIMjaTa Ha TOHWUYHH HamaJH
NpUIPYKEHH CO eKCTeH3Mja Ha 3aJHUTe eKcTpeMuTeTH Kaj 50 % ox rimyBummara Oerre
npu(aTeHO KaKO aHTHKOHBYJI3UBEH e()EKT.

4.6.3. lcniutyBame Ha aHTUKOHBYJI3UBHATA aKTUBHOCT Ha MOATOTBEHUTE (popMyrammu
CO MHJYKIIMja Ha ICUXOMOTOPH Hamaau co 6 Hz

[McuxomoTopHHTE Hamaau Oea eBayHMpaHH COTJIACHO KPUTEPUYMHUTE 00jaCHETH
nperxomgno (Angelova et al., 2019; Todorov et al., 2020). Hamagute O6ca
KapaKkTepu3upaHu kako Straub omarika (qop3aiHa ¢uiekcrja Ha oralikara), BAOpHpame
Ha TEJIOTO, TPEIKAmhE CO OKO/0YH, JOKOMOTOPHH JIBUKEHA, KHMAMhe CO TIaBaTa, KJIOHYC
Ha TPEJHUTE EKCTPEMUTETH. JKUBOTHOTO KOE ja BPaTUIIO HOpMAITHATA MOJIOKOa BO POK
o1 10 cexyHaM 1O CTUMYJIOT, O€1lie CMETaHO 3a 3aIITUTEHO.

4.6.4. VcnutyBame Ha aHTUKOHBYJI3UBHATa aKTUBHOCT Ha MOATOTBEHUTE (popmyramnuu
CO MHIYKIMja HAa Hamaau TNpeKy CyOKyTaHa aJMHHHUCTpaIja Ha NEHTHUICHTETPA30Jl

(scPTZ2)

3a SCPTZ tecroT, n0o3a oa 85 mg/kg npeau3BukyBa KIOHUYHH Hamaau Kaj 97%
(CD97) on tectupanute kouTponnu xuBoTHH (Angelova et al., 2019). Tectupanure
nIyBIW Ocea HaOJbyayBaHU BO mieproa oa 30 MuH, P MITO Oelle ASTEKTHPaH NEPUOIO0T
HAa JIATEHTHOCT JO T10jaBa Ha IPBUTE MUOKJIOHUYHH, KIOHHYHU U TOHUYHU HATIa/IU.



4.6.5. lcniutyBame Ha aHTUKOHBYJI3UBHATA aKTUBHOCT Ha MOATOTBEHUTE (popMyrammu

(610] I/IH,IIYKL[I/Ija Ha HallaJiu MpCKYy HWHTPABCHCKA a,I[MI/IHI/ICTpaHI/Ija Ha ICHTUJICHTCTPA30JI
(iVPT2)

[Ipeky KOHTHHYHpaHa HHTpaBeHCKa agMuuuctpanmja (0,01 mL/S) Bo Benarta Ha
ofanikaTta Ha TECTUPAHOTO JKUBOTHO Oerie BHeceH 1% pacTBOp Ha MEHTUIICHTETPA30JI
(PTZ) co uen na ce merektupaaT TpuTe Ga3u Ha MHOKJIOHMYHH, KIOHHYHU U TOHUIHU
Hanaau. [Iparor Ha mojaBa Ha Hamamu Oemie mpecMeTaH Bo MQ/KY ol BOMIyMEHOT Ha
undynaupan PTZ Bo mL, TenecHaTa TeXMHA U KOHIICHTpanujata Ha PTZ.

4.6.6. UcniuryBame Ha HEBPOTOKCHYHOCTA Ha MOATOTBEHHUTE (OPMYJIAIIUU CO POTA-POJT
TECT

Kako HeBpoTOKCHYHa 103a Oemie npudareHa 103a o1 HOATOTBEHUTE (GOPMyIIauu
IITO IPEIN3BUKYBa I'yOeHhe Ha MOTOpHATa KOOPAMHALIM]ja Ha TIIyBYETO IPH U3JI0KYBabE
Ha MCTOTO Ha POTHpAvko Tpkayo (3,2 cm Bo amjamerap co Op3uHa o 10 BpTexH BO
MHHYTa) 32 IOMaJIKy 0J1 | MUHYTa BO TPH TOCIIEIOBATEIIHU CECHU.

4.6.7. CTaTUCTUYKA aHAIA3a

Pesyarature o/ iN VIVO TECTOBUTE 3a HCITUTYBambE Ha €(DUKACHOCTA HA JTUITHIHUTE
HAaHOCHCTEMH CO BrpasieH eKcTpakT oj CE ce mpeTcTaBeHH KaKo CpelHa BPEeIHOCT +
crangapaHa rpemika (S.E.M.). Jlosure kou ru 3amrrutyBaat 50% oxn riyBiute Bo MES u
6 Hz — recroBure (ED50), kako u no3ara koja nmpean3BUKyBa TOKCHYHU edekTr kaj 50%
on tectupanute xkuBoTHHU (TDS50) nobuena ox pora-poxa TecToT, 6€a MpecMeTaHu MPeKy
log-probit meromor (Litchfield and Wilcoxon, 1949). Eanonacouna anaiu3a Ha
Bapujarca (ANOVA) npocneaena co Dunnett-os moct xok tect Geriie koprctena 3a ivPTZ
tectoT. [lomaToruTe Kou He OGea HOpMATHO TUCTPUOYHpaHH Oea MPecMETaHHu CO MTOMOII
Ha Kruskal-Wallis mpocieneno co Mann-Whitney-oB  U-tect. Cratuctuukara
curauukanTHoct Oeme npudarena npu p<0,05. Ananmsure 6ea HaPaBeHH CO MTOMOII
na Graph Pad Prizm Version 7.04 3a Windows (GraphPad Software, San Diego, Ca,
USA).






5. Pe3yjraTu M ANCKYCH]a






IenTa Ha OBaa JIOKTOPCKA JAUCepTalija Oerre MoAroToBKa U KapakTepu3alija Ha
pa3InYHK JIMITHIHA HAHOCHCTEMH CO BrpajeH ekcrpakT ox Cannabis sativa, kako u in
VIVO cTyaun Ha epUKacHOCT Ha MCTHTE CO IIEJT JIa C€ OTBPA HacouyBameTo KoH [THC u
MOTEHITU]aJI0T 32 €(PUKACEH TPETMaH Ha eMUJIeTICH]a.

5.1. Kapakrepuzaiuja Ha €KCTPAaKTH MOArOTBeHU 0] pactenueTo Cannabis sativa

3a ocTBapyBame€ Ha LEIUTE HAa OBa HCTpaxyBame, BO mpBara ¢asza of
UCIUTYBamara MoTpeOHo Oelle a ce CelleKTHpa HajcooaBeTeH ekcTpakt o Cannabis
sativa koj moHaTamy Ke OHWJC CHKAICyJUpaH BO JUIHIHUTE HAHOCHCTEMHU CO M
noedukacHa U 0e30emHa ucropaka Ha UCTHOT Npeky KMb u tpermMan Ha GojecTu Ha
IHHC, ogHOCHO TpeTMaH Ha enuIericHja.

Kako miro Gemie HaBe1IeHO BO METOJI0JIOTHjaTa Ha OBa UCTPAXKYBAhE, TOATOTBEHH
Oca JiBa BUJIa HA CKCTPAKTH CO TIOMOIII Ha JIBE PA3JIUYHH TIOCTAIIKH M TOA: TEYCH EKCTPAKT
no0ueH 6e3 mpeTxojHa JiekapOoKcHualyja Ha MojJJOBHHOT MaTepujai (0 CyBU I[BETOBH
(FA) u cyBu nenoBu oj nena xepba (CA)) u cyB auopuIM3HpaH €KCTPaKT (01 CYBH
nserosu (FE) u cyBu nenoBu ox 1ena xepba (CE)).

Pesynrature on omnpenenyBameTO Ha KOJIMYMHATA HAa KaHAOMHOMAM BO
MOJTOTBCHUTE EKCTPAaKTH yKakaa JieKa HajrojieM TPOICHT Ha eKCTpaxupaHH
KaHaOWHOUU O] UHTEpeC ce NOOMEeHH Ka] CyBUTE TUO(DHIU3UPAHH €KCTPAKTH M TOa
56,96 mg u 17,95 mg CBDA Ha g exctpakT 3a CE u FE, coogserno. On npyra crpana,
Kaj eKCTpakTuTe AooueHu o cyBu jJenoBu ox 1usetoT (FA u FE) Oemre onpenencua u
ronema koianunHa Ha A%-TetpaxunpokanabuHonHa kucenuna (188,57 n 357,82 mg THCA
Ha g eKCTPAaKT, COOJBETHO). MIMajku ro BO MpenBU NMCHUXOAKTUBHHOT €(PEKT KOj TO
MOKa)XyBa UCTATa, KAKO EKCTPAKT OJ1 300D 3a BrpayBamke BO JIMITUIHUTE HAHOCUCTEMHU
BO oBaa (aza Oemie og0paH CyBHOT JTUO(PMIN3HPAH EKCTPAKT OJI CYBH JEJIIOBU Ha Ieja
xepba (CE).

JlomotHUTETHO, 3a OmpeAeiyBarbe HAa AaHTUOKCHIATUBHHOT €(EeKT Ha
MOATOTBEHUTE eKcTpakTh Oemie u3BeneH Moaudunupan ORAC tect. JloOueHure
pe3ynTatd u3pa3eHu Kako KOHIEHTpallja Koja npeam3BukyBa 50% wuHXuOHWIMja Ha
okcumanuja (ICso%), ce mpukaxkanu Bo Tabena 4.

Tabena 4. |1Cso% 8pednocmu na noocomeenume eKCmpakmu uzpaseHu 6o mg/mL

[pumeporm Ha exkctpakta | CA CE FA FE
1Cs0% 0,108 | 0,052 | 0,058 | 0,052

Bp3 6a3a Ha moOueHUTE pe3yaTaTh MOXKE Ja Ce 3aKIy4H JeKka ekcTpaktute CE u
FE umaar Hajronem aHtuokcuiatuBeH moTeHnujan (TaGema 4), Ho 3apaau roieMara
conpxura Ha THCA Bo FE, ekcrpakr o m36op Bo oBaa (asza oI MCTpaKyBamara
nosTopHo Oeme CE.

Co men 5a ce MCHHUTAa IMUTOTOKCHYHUOT €(PEeKT Ha TMOATOTBEHUTE EKCTPAKTH,
OJIHOCHO Ja ce omnpeaenu 6e30eTHOCHHOT KOHIIEHTPAIMCKH OICer BO KOj UCTUTE HE ja
HaMaJlyBaaT BHMjaOMJIIHOCTA Ha KICTKHTE, Oelle HampaBeHO IN VItro ucnuTyBame Ha
BujabuHocta Ha hCMEC/D3 knerkute mo 48 waca BpeMe Ha HHKyOammja co
noAroTBeHUTe eKcTpakTu. Ha Cnmka 7 ce NpUKaXaHW JTOOMEHUTE pPE3yJTaTH Off



UCTIMTYBAamETO HA BHjaOMITHOCTA HA KJIETKUTE TPETUPAHU CO 3 pa3TUYHU KOHIIEHTPAIUH
(0,1 pg/mL, 10 pg/mL u 100 pg/mL) ox moarorsenute ekcrpakt (CE, CA, FE u FA).
Kako mro mosxe na ce 3abenexxu o1 rpapUuKuOT MpUKa3, Mo TPETUPAE HA KIETKUTE CO
HajBHUCOKaTa KOHIIeHTpanuja Ha ekcTpakT (100 pg/mL) Hajronem nporeHT Ha BUjaOUIHU
KJIeTKH Oeirie 3a0enexan npu uHkyOanuja co CE (cyB muodunusupan eKCTpakT o meja
xep6a), a Hajman kaj FE (cyB nmnodunu3upan eKCTpakT O IIBET).
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Cuuka 7. TIpolieHT Ha BHjaOMIIHOCT Ha KIIETKH 1Mo 48 uaca Tpetupanu co Tpu kKounentpanuu (0,1 pg/mL,
10 pug/mL, 100 pg/mL) ox moarorsenute excrpaktu (N=6).

Bp3 0a3za Ha mpPEeTXOAHO HM3HECEHUTE pE3yJNTaTH OJHOCHO KOJMYMHATA Ha
exctpaxupana CBDA o moaroTBeHuTe eKCTpakTH, KaKO U IICUXOAKTUBHUTE €(PEKTH KOU
Il Tpefu3MBKyBaaT aepuBaTuTe Ha A-TeTpaxmapokaHaGMHONOT U pe3yJTaTHTE Off
UCIUTYBaWbaTa Ha aHTUOKCHIATUBHUOT MMOTEHLMjall U MHXUOMIIMjaTa Ha pacT Ha KJIETKH,
3a MOHATAMOIIHHUTE eKcrepuMeHTH Oeme u30paH CE (CyB THOQHIM3MpAH EKCTPAKT
NoOMEeH o] 1iena xep6a).

3aroa, BO TIOCIENOBAaTEIIHUTE HCTpPaKyBama Oelle HampaBeH IEIO0CeH
¢uToxeMucku npogui Ha U30paHUOT IMOPMINZUPAH CYB €KCTPAKT O Liena xepda o
pacrenuero Cannabis sativa (mpumepok CE).

Co mpumena Ha nperxoano Bamuaupad HPLC merox, cneaHuBe KaHAOMHOUAM
0ea IeTCKTUPAHH U COOZBETHO KBaHTU(UKYBaHU: Ha tr=7,095 min kanadumnon (0,524%
m/m) u kaHabuauoHa KucenuHa (5,696 % m/m) uva tr=6,017 min (Cu. 8).

Kanabunnonnara kucenuna (CBDA) Gemie n3dpaHa kako MapKep-KOMIIOHEHTA U
IOHAaTaMy Ce€ KOpHUCTelle NMPU MCIUTYBAKHETO Ha e(UKAaCHOCTa Ha eHKalcylalujara u
OJlpeyBameTO Ha Op3uHAaTa Ha ociao0oayBame Ha CE o1 MOArOTBEHUTE (HhOpMyIIaIHH.
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Cnuxka 8. HPLC xpomarorpam ra Cannabis sativa ekctpakt caumen Ha: a) 225 u 6) 306 nm 3a CBD u
CBDA, coonBeTHO. XeMHCKUTE CTPYKTYPH KoM Oea N30paHy 3a KBAHTUTATHBHA aHAJIN3a CE€ NPETCTABCHN
Ha cnukute; CTanaapa Muke Oerie cHuMeH Ha B) 225 u ) 306 nm.



5.2. O®usnuko-xemMucka u OuodapmaleBTcKa KapaKTepusaldja Ha IOATOTBEHHUTE
JUTHATHA HAHOCUCTEMU

5.2.1. Mopdomnouiku usrien

MopdonomKuTe KapakKTepUCTUKH HA HAHOCHCTEMHTE TPETCTaByBaaT €IHHU OJl
napaMeTpHUTE IITO 3HaYajHO BIIMjaaT Ha HUBHATA CyI0MHA BO OPTAaHU3MOT U OMOJIOMIKOTO
OJIHECYBamb€, MOKpaj rojeMuHara ¥ MoBpIIMHCKHOT moiHex (Bozzuto and Molinari,
2015). Bo Taa Hacoka, 0]l OTPOMHO 3HAYCHE € MOJIrOTBEHUTE HAHOCHCTEMH Ja OuIat
JETaIHO KapaKTepU3UpaHu Mpej HUBHATA yIoTpeba U Jla ce HallpaBu Kopelaiyja nomery
HUBHUTE (PU3NYKO-XEMHUCKH KapaKTEPUCTHKH U riepdopmancute in Vitro u in vivo.

®oromukporpadckuTe npukasu co nmpuMmeHa Ha TEM mokaxyBaaT JeKa CHUTE
yetupu HopMyIIaliU ce KapakTepusupaar co chepudna opma 1 peaTuBHO BOSTHAYCHA
rosiemuHa Ha yectudkure (Ci. 9 u 10).

B)
Cnuxka 9. TEM npukasu on Hanocucremure 6e3 Brpazed CE: a) NL1, 6) NL2, 8) NLC1 u r) NLC2.



B)

Cnuxka 10. TEM npukasu ox Hanocuctemute co BrpageH CE: a)NL1CE, 6)NL2CE, 8)NLC1CE u
r)NLC2CE.

5.2.2. 'oneMuHa Ha 4YeCTUYKH, QUCTPUOYIIM]ja HA YECTUUKHU 110 TOJIEMUHA U MTOBPUIMHCKU
HOTGHHI/IjaJ'I Ha JJUIIUJHUTC HAHOCHUCTEMU

JlunuaHUTe HAHOCUCTEMHM INIPETCTaByBaaT €JHM OJf HAJKOPUCTEHHTE U
HajepcrneKTuBHUTE Hocaun Ha AK co 11e71 KOHTpOIMpaHo 0CI000ayBamke Ha MECTOTO Ha
JienyBame, 0JlarofapeHne Ha HUBHATA CIMYHOCT CO XyMAHUTE KJIETKH M OHOJIOLIKUTE
MeMOpaHH.

[MoarorBenure mnpazHu HauHoiumo3oMcku (opmynanuu (NL1 u NL2) Gea
KapaKTepU3UpaHU CO Z-TIpOCE€YEeH nujamerap o okoiry 120 nm, yHUMomamHa
muctpuOynuja cnopen ronemunara u PDI Bpennoctu ox 0,235+0,035 u 0,270+0,006 3a
NL1 u NL2, coomBerno (Ci. 11a). Ox apyra cTpaHa nak, npasHUTe HAHOCTPYKTYPUPAHU
munuaan Hocauw (popmynar NLC1 u NLC2) Oea kapakTepu3upaHu CO Z-IPOCEUEH
nujamerap okoiy 105 nm u PDI oxomy 0,190 (Ca. 11a).

Kaj manonmumno3omckute hopmynanuu co BrpajgeH exkctpakt ox CE (mpumeporm
NL1CE u NL2CE) umariie 3roneMyBarme Ha Z-IPOCEUYHHOT AUjaMeTap Ha YSCTUIKHUTE BO
oIHOC Ha mpasHute Gopmynanuu U uctuoT uzHecysamre 130,70+2,526 u 159,80+3,230



nm 3a NL1CE u NL2CE, cooaserno (Cin. 12a). Kora cranysa 3600p 3a hopmynanuunre
Ha HaHOCTPYKTYpPUPaHU JUMHIHU HOcauu co BrpaneH CE, uctute Oea mpoCieeHH CO
MaJIo 3rojieMyBamk-¢ Ha roJieMHUHaTa Ha yectudkute u toa 111,80+1,256 u 133,40+2,319
3a NLC1CE u NLC2CE, coonsetrno (Cun. 12a).

OHa mTO JAOMOJHUTEHO Oelie YBHIEHO o1 nooueHute pesynraru (Tabema 5) e
Jieka kaj (hopMmyJsaliuuTe Ha yhja moBpirHa ¢ nmpucyteH POL kako moimMep 3a crepHa
crabwnmmzanyja (popmynarun NL2CE u NLC2CE) umaat morosnem aumjameTap Ha
YECTUYKUTE BO cropeada co dopMmylanuuTe Kou Ha moBpmmHara umaar PEG
(bopmynarmu NL1CE u NLC1CE).

Tabena 5. Quzuuxo-xemucku Kapakmepucmuku Ha noozomeenume HaHoCUcmemu

Z-TIpOCceYCH DL%SD (mg
dopmynamuja  aujamerap=SD PDI£SD ZP£SD (mV) EE+SD (%) CE/100 mg
(nm) JIMITU )
NL1 112,90+4,726  0,164+0,035 -26,50+2,928 / /
NL1CE 130,70£2,526  0,285+0,024 -28,90+3,269 99,86+1,01 65,48+0,69
NL2 123,00£1,365  0,270+0,006 -31,20+3,326 / /
NL2CE 159,80£3,230  0,253+0,017 -43,80+2,387 99,89+0,76 65,50+0,52
NLC1 104,00£3,200  0,191+0,065 -24,60+0,833 / /
NLC1CE 111,80+1,256  0,213+0,053 -24,60+0,763 98,02+0,62 105,97+0,88
NLC2 106,70+2,612  0,181+0,024 -24,30+0,850 / /
NLC2CE 133,40+2,319  0,202+0,047 -31,20£1,117 87,19+0,42 94,26+0,61

JloOuenuTe pe3yaTaT 0/ TOJIEMUHATa HA YECTUYKUTE CE€ BO IPUIIOT HA IEJINUTE 32
epukacen npemun Hu3 KMbBb u penyBame Bo I[HC, mmajku rum BO mpeaBun
JUTEepaTypHUTE MOIATOLM KOM Cyrepupaat Aeka chepuuHUTe HAHOCUCTEMHU CO TOJIEMUHA
Ha yectnuku <200 nm pesynrupaar co HamaneHn PEC kinupeHc u mpogomKeHo BpeMe Ha
nupkynanydja (Liu et al., 2012), mto ox apyra cTpaHa J0BeIyBa 10 MOrojieMa MOKHOCT
UCTHUTE JIa UHTEppearnpaaT co crenu(UIHUTe CTPYKTYypy Ha JTyMHUHATHATA CTPaHA HA
egaorenujanauTe kietkn Ha KMbB u crnenctBeHo Ha Toa, ycmemieH TPaHCIOPT HU3
uctute. [lokpaj Toa, TUTEpaTypHUTE IMOAATOIM YKaXyBaaT Ha TOA JeKa HAHOCUCTEMH CO
npoceueH aujamerap Ha dectudku on 100 mo 200 Nm ce MokeOu W HajJIIOTOTHA KaKO
Hocaun Ha AK kKou O IMOCTUTHAJIE U HajBUCOK MPOIEHT Ha KJIeTOYHO npe3emame (Wang
etal., 2018).



Size Distribution by Intensity
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Cnuka 11. JTuctpuOynuja mo a) roieMrHa Ha YeCTHYKH U 0) MOBPIIMHCKH MOTEHIIMjall Ha TIOATOTBEHUTE
thopmymnanum 6e3 BrpageH CE.

Cute moxarorBeHn (¢opmynanuu Oea KapakTepH3HpaHW CO HEraTHBEH
MOBPITUHCKU MOoTeHIHjal (-26 10 -43 mV u -24 1o -31 mV 3a NL u NLC, cooaBeTHO)
(Cn. 116 u 126), mTo HajBEepOjaTHO c€ MOJKHM Ha HETATUBHO HAETIEKTPU3IUPAHUTE TPYIH
Ha CTpyKTypHHTe yunumud Bo ¢dopmynanuure (Singh and Gupta, 2016). Mwmeno, z-
noteHiujan okoiy |30 MV reHepalHO yKakyBa Ha CTaOWJIHOCT Ha MPHMEPOKOT Oe3
npucyctBo Ha arperati (Németh et al., 2022). lomoaauTeNHO, T0OUEHNUTE PE3YITATH CE
BO TPHJIOT Ha 3aKJIydYOLMTe OJ UCTpaxkyBamara Ha Patil et al. (2007), xou ykaxyBaar
JleKa HETaTHBHO HACNEKTPU3UPAHUTE HAHOUYECTUYKH IOKA)KyBaaT MOHMUCKA aTCOPIIIHja
Ha MPOTEWHH HA HWBHATa MOBPIIMHA, IITO YCIOBYBA U IOCTHTHYBamke Ha MOe(pHKACHA U
noycnemHa ucriopaka Hu3 KMb.
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Cruka 12. Jluctpuby1mja o a) rojieMHHa Ha YECTUYKHU U 0) TOBPIIMHCKY TOTEHIIMja Ha OATOTBEHUTE
¢dopmymnanuu co BrpageH ekcrpakt CE.

Bo o1HOC Ha TIPOICHTOT HA CHKAICYyJalnja, MOXE Jia ce 3a0eNeKH JeKa CUTe
HOATOTBEHH (hOpMYyJTalii Oea KapakTepu3MpaHu CO BUCOK MPOIEHT Ha EHKaIICyJaluja
(>85%) (Tabemna 5).

5.2.3. CrabunHoct Ha popmynauunte Bo pochaten mydep pH 7,4 u xymana niazma

Co uen aa ce godujat GopMynaiy MITO K& MOCTUTHAT BUCOKA aKyMyJiaidja in
ViVO BO MO30KOT CO [TaCHBHO TapreTHPambe, Kako U COO/IBETHA Op3UHA Ha 0CI0001yBabe
Ha AK Ha MeCTOTO Ha JiellyBame, O] CYIITHHCKO 3HaueHke Oelle a ce ucnura in Vitro
crabunHocta Ha paznuunute ¢popmynanuu Ha NL u NLC Bo dusmonomku peneBanTeH
menuym (docharen mydep pH 7,4) m Bo xymana tuazma. Mmajku mpeaBun aexa
MEpEeHETO Ha NPOCEYHUOT JHMjaMeTap Ha 4YEeCTHUKUTE ¢ e(eKTUBHAa ajarka 3a
HaOJbyIyBame Ha POIIECOT Ha arjioMepanrja, Kako U 3a MpeBUIyBamke Ha CTAOMITHOCTA
Ha HaHO(OPMyJIALMUTE BO JaJeH BPEMEHCKH MEPHO/I, Z-IPOCCUHHUOT AujameTap (NM) u



PDI na noarorsenute npasau GopMmyialnuy, Kako U Ha ¢popmynanuute co BrpaneH CE
Oea onpeieIeH! Ha TOYETOKOT Ha EKCIIEPUMEHTOT M BO Pa3JIMUHU BPEMEHCKU HHTEPBAIIN
(mo 2, 4, 6 u 24 yaca) oJ] HUBHATa MHKYOaI1ja BO TOPEHABEACHUTE MEIIYMH.
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Cnmka 13. TIpomeHu Bo cpeTHHOT AujaMeTap Ha ¢popmyranuu 6e3 BrpaaeH CE Bo Tek Ha 24 gaca npu
HHBHA HHKYOaIja Bo dhocdaren mydep pH 7,4 (n=3).
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Cnuka 14. TIpomeHu Bo CpelHUOT AujameTap Ha dopmysanuu 0e3 BrpaaeH CE Bo Tek Ha 24 yaca npu
HMBHA MHKyOanuja Bo XxymMaHa miasma (n=3).



Opx noOueHnTe pe3yaTaTH MOXKeE J1a Ce 3aKITy4H JIeKa CUTe (PopMyIIaliui Ha Ipa3Hu
JIMIATHA HaHOCHUCTEMH TOKaXKaa COOJBETHA cTabmiHOCT BO (ocharen mydep pH 7,4,
OCBCH Kaj (popMmyramnmjara Ha HAHOCTPYKTYPUPAHU JTUITUIHHA HOcaun o6oxkeHa co POL
(mpumepok NLC2), kame Oemre 3a0enexaHO CHTHH(DHKAHTHO 3rOJIEMYBame BO
NPOCEYHUOT AMjamerap Ha dvectmukutre mo 24 wyaca (p=0,0101; p<0,05; ANOVA)
(Cn.13). Cnuyno onHecyBame Oeiie 3a0enekaHo NpU HMHKyOalMja Ha MCTHTE
¢dopmynannu BO XyMaHa Ijia3mMa, HO MMOBTOPHO CO MCKIY4oK Ha (opmynarujata NLC2,
Kajie Oemie 3a0erexano 3HAaYUTEITHO 3roJIeMyBabe Ha TUjaMeTapoT Ha YECTUIKUTE U TOa
3a ~25%, omuocHo ox 117,5 nm wa 157,1 nm no usmunatu 24 gaca (p=0,0000; p<0,05;
ANOVA) (Cn. 14).

Kaj ¢dopmynanuure Ha IMOUIHA HAHOCHCTEMH cO eHKarncymupadn CE
nHKyOupanu Bo pocharen mydep pH 7,4, kako u Bo XymaHa 1ia3ma, o 24 gaca Bpeme
Ha MHKyOammja Oemre 3a0enekaH MCTHOT TPEHJA KAaKO M Kaj mpasHUTe (popmynanuw,
OJTHOCHO 0Oea JOOMEHW CTAaTUCTHYKHM 3HAYajHU PA3JIMKU BO CPEAHHMOT JHMjaMeTap Ha
YECTUYKHUTE Ha HAHOCTPYKTYPHUPAHUTE JIUITUAHN Hocaun obnoxkern co POL (mpumepok
NLC2), Ho camo mo 24 vacoBHa MHKyOaiuja Bo HaBemeHute meamymu (p=0,0174 u
p=0,0178 3a dpocdaren mydep pH 7,4 u xymana 1iasma, cooasetHo; p<0,05; ANOVA)
(Cn.15u 16).

On mnpukaxkaHuTe pe3yNTaTH, MOXE Ja Ce€ 3aKIy4yd JeKa IOATOTBEHUTE
dopMynanMu Ha JUNHIHA HAHOCHCTEMH IIOKakaa COOJBETHA CTAOMIHOCT BO
UCTIMTYBaHNUTE BPEMEHCKH WHTEPBAIM TPU MHKYyOaruja Bo Gocdaten mydep pH 7,4 mro
yKa)kKyBa Ha HUBHaTa CTaOWJIHOCT BO HAaTMBHATa JWCHEp3Wja W TPHU HUBHA
aJIMUHUCTpaIMja, KaKo M BO XyMaHa IUIa3Ma, CO MKIYYOK Ha TPa3HUTE U TOJIHH
HAHOCTPYKTYPHPAHH JHMIHAHM HOcauk crepHo cradbmmusupann co POL (NLC2 wu
NLC2CE). OBue pe3ynratu ykaxKyBaaT Ha MOKHOTO BJIMjaHHE HA MOJMMEPOT 33 CTepPHA
cTadmin3anyja Bp3 CTaOMIHOCTa Ha HaHocHcTeMHTe. MIMeHO, Kaj (hopMyrIanuuTe KOH
conpxkat PEG, monueTuneH TNIMKOJIHUTE TPYIU ce MpHUIBpPCTEHHU 3a Qochonumnuanata
omarnika (DSPE), koja mto ¢ mocraBena mapaiesiHo co GochOTUIMUIHITE MOJICKYIIH O
MeMmOpaHaTa Ha (GOpPMYJIAIMUTE, CO ITO UM JIO3BOJIYBa HA XHIPOPUIHUTE TOJTHUETUIICH
TJIMKOJTHY JIAHITH J1a ce mpoTteraar HaHaaBop. OBaa KoH(HTypalija ce MmoKa)xaia JeKa ja
HaMmaiyBa XuJapopoOHOCTA HA MOBPIIUHATA HA YECTUYKHUTE M HA TOj HAYMH BCYIITHOCT CE€
penyumpa u arcopiijara Ha ia3ma nporennure (Shalabalija et al., 2021). Ox apyra
CTpaHa TakK, TroJieMUTe XUAPO(POOHW MMONMMIPONUICH OKCUAHM OyiokoBu Ha POL
HajBEpOjaTHO C€ IIOCTAaBEHH TMOMJIA00KO ¥ TMOOJIUCKY [0 JHUIMHIHHOT CJI0] Ha
HAHOJIMITO30MUTE U HAHOCTPYKTYPHPAHUTE JIMITUHA HOCAYH, CO IITO IO OrpaHHYyBaat
CTETEHOT JI0 KOj HerOBHTE JIAHIIM OU Ce€ TMOCTaBHJIE M MPOIIMPHIIEC Ha MOBPUIMHATA HA
nanocucremute (Alayoubi et al., 2013).

CornacHo nMTEpaTypHHUTE TIOAATOLM, NMPH KOHTAKT HA HAHOCHCTEMHTE CO
OHMOJIOIIKMTE TEYHOCTH BEJHAII HACTaHyBa HMBHO NPENO3HABAaWkE U HATPYIyBamke Ha
NPOTEHHU U JPyrd OMOMOJIEKYJIM Ha HUBHATA MOBPIIMHA, KOW MOXE J]a TIPUA0HECaT JI0
poMeHH BO rojiemuHata Ha yectuukute (Hadjidemetriou and Kostarelos, 2017). Bo taa
HacoKa M IMMpoMeHaTa BO IMjaMeTapoOT Ha YECTHUKUTE MTPU MHKYOaIlHja BO XyMaHa Iiazma
MOYXE Jla Ce JIOJDKHM Ha JecTaOuin3ainja Ha CUCTEMOT O] aclieKT Ha arjioMepalija Ha
YECTUYKHUTE BO TEKOT Ha BPEMETO MJIM MTOBEPOjaTHO, (popMUpame Ha MPOTENHCKA KOPOHA
(Wang et al., 2021). OBaa nojaBa Moe Ja ce 3a0€IeKH BO MPBUTE BPEMEHCKH TOYKH OJ1
uHKyOarmjara Ha (OpMyJIaUUTE, IITO YIaTyBa HA AMHAMHYKHOT MPOILEC Ha (OpPMHUpakHEe
Ha IPOTEWHCKA KOPOHA, OJIHOCHO Ha IIOCTOjaHaTa aTCOPIIIHja U JICCOPIIIHja Ha TIPOTCHHH



O/l TOBPINMHATA HAa YECTHYKHUTE, IITO € O0COOCHO W3pa3eHa NPH HACTAHyBambeTO Ha
moyeTHarta, ,,Meka‘“ kopona (Yu et al., 2022).
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Crnuka 15. TIpomenu Bo cpeHuoT faujameTap Ha ¢hopmynanuu co BrpaneH CE Bo Tek Ha 24 yaca npu
HHUBHA MHKyOaruja Bo ocdaren mydep pH 7,4 (n=3).
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Cnuka 16. IIpomenu Bo cpegauoT aujameTap Ha popmynanuu co BrpaaeH CE Bo tek Ha 24 yaca npu
HHMBHA MHKyOaIja Bo Xxymana miasma (n=3).



[Ipu mHTpaBeHCKa MPUMEHA HAa HAHOCHCTEMHUTE, aTCOPIIHjaTa Ha CEPYMCKHUTE
OMOMOJICKYJIM Ha HHMBHATa TOBPIIMHA MOXE Ja pe3yiTHpa CO IyOeme Ha CaMHUOT
WHTETPUTET HA YECTUIKUTE U MOXKE CEPUO3HO J]a TH IPOMEHN OCOOMHHUTE Ha YeCTUUKUTE,
IITO CEKaKO MMa OTPOMHO BJIMjaHHE BP3 HUBHHUTE KIy4HHU KapakTepuctuku (Abstiens et
al., 2019). Bo taa Hacoka, moTpeOHO € J1a Ce MCTaKHE JeKa JOOUEHHUTE pe3yaTaTu OJ
UCIUTYBAakETO Ha CTa0WJIHOCTAa Ha MOArOTBeHUTE (opmynanuu BO (PHUIUOIOMIKH
pElieBaHTEeH MEINYM, a OCOOCHO BO XyMaHa Iia3Ma OJ1 37paBU JOOPOBOJIIIH BO TEPUO
O]l YeTHUPHU 4Yaca ce O0COOCHO 3HAYajHU, UMAjKU BO TMpEABHUJ JAeKa IMOCIe CHCTEMCKa
aJIMUHHCTpAIMja Ha JIMIIAIHA HAHOCHUCTEMH TEPUOJOT J0 YETHPU Yaca ce CMeTa 3a
JIOBOJICH BPEMEHCKM MHTEpBal 3a KOMIUIETHa OMOAMCTpUOYIMja HA HUCTHUTE BO
OpPraHu3MOT U COOJIBETHA aKyMmyJiaiiija Bo noeaunu opranu (Mannucci et al., 2020).

5.2.4. KBanTuTaTHBHA KapaKTepI/Baqua Ha HAHOCHUCTEM — IMPOTEUH KOMIIJICKCUTE

Bo w#3MuHATUTE HEKOJKY JCLCHUH, JOKaXKaHO € JeKa (OPMUPAmETO Ha
IPOTEHHCKATa KOPOHA HAa MOBPILIMHATA HA YECTUYKUTE HA HAHOCHCTEMHUTE BIMjac Ha
HUBHATa Cy0MHa IN VIVO U BcTaTa MOKE 3HAYMTEIHO Ja nHTepdeprupa co MOXKHOCTA 3a
TapreTupame, OnoaucTpulyIHja u KiieTouHa naTepHanu3anuja (Bros et al., 2018; Zhang
et al., 2019). JlomomHuTeNHO, HU3 JUTEpaTypara € HaBEICHO JieKa (OPMUPABETO U
eBOJIyllMjaTa Ha MPOTEMHCKaTa KOpPOHA TEHEPAlHO 3aBUCH O] OCOOMHUTE Ha
HAHOCHCTEMHUTE, KaKO INTO C€: TOJIEMHUHA, TOBPIIMHCKU TOTEHIUjan, Mopdooruja,
xuapodoOHoCT, mpucycTBo Ha nuranau u cinano (Tekie et al., 2020).

40
35
2
= 30
I —
=R
L =25 T
g g
< £20 T
ma
%%15 - T
o ©°
Q_I:
§ 10 i
<C
5
0
0 ‘ 1 ‘ 2 0 ‘ 1 ‘ 2
NL ‘ NLC ‘

Cnuka 17. IIponieHT Ha aTcopOMpaHy MPOTENHM Ha OBPIIMHATA HA MCIUTYBAHUTE JIUIIMIHNA HOCAUN
(n=3).

3atoa, Bo oBaa (pasa o;x HUCTpaxKkyBamara, MOTPEOHO Oelie Ja ce HCIUTaar
UHTEPAKIMHUTE MOMETY IMOATOTBEHUTE JIMITUJIHN HAHOCUCTEMH U MPOTECHHHUTE MPUCYTHU
BO XyMaHara Iia3Ma co Iej Jia ce 100HjaT mopeeBaHTHN HH(POPMAIIHH 3a MPOIIECOT Ha



bopmuparme Ha MPOTEHHCKA KOpoHa iN Vivo. 3a taa e, popmyaiiuu kou coapkat PEG
na mospmuHara (NL1 u NLC1) u onue o6moxkenu co POL (NL2 u NLC2), xako u
dopmynanuute 6e3 monumep 3a crepra crabunuzanuja (NLO u NLCO), 6ea nakyOupanu
BO BpeMe o1 |1 yac co xyMmaHa rjia3ma ToOueHa oJ1 3paBu Jo0poBou. Pesynratute on
KBAaHTUTATUBHOTO OIpEENyBalkbe Ha aTcopliidja Ha NPOTEMHH Ha MOBpIIMHATA Ha
YECTUUYKUTE ce npe3eHTupanu Ha Cnuka 17.

On pesynratute npukaxkanu Ha Cnmka 17 Moxke na ce 3akiayud Jeka
dopMynanuuTe TOATOTBEHU O€3 TOJMMEp 3a CTepHa CTa0WiIM3alvja Ha HHUBHATA
MOBPIIMHA UMAAT TCHCHIIN]ja 32 3HAYUTEITHO IMOBHCOK MPOLIEHT Ha aTOCPOMpaHu Ij1azma
nporennu (29,3% u 22,7% 3a NLO u NLCO, cooaserHo) (p=0,0031 u p=0,0290 za NL u
NLC, coonBetHo, p<0,05; ANOVA) Bo criopenda co hopmynamuure kou coapxkar PEG
(mpumepor NL1 u NLC1) nimm POL na nospimmnHara (mpumepornn NL2 u NLC2).

JloOuenute pesyirarn Oea OYeKyBaHW OWJICJKU TETHJAIMjaTa Kako METOJ 3a
HaMalyBamke HAa HMHTEPAKIMHTE TOMEry HAHOCHCTEMHUTE M IUla3Ma MPOTCUHUTE €
KOHBCHIIMOHAJICH U TpaaunuonaiaHo ce kopuctu (Pelaz et al., 2015; Shalabalija et al.,
2021). Cauuno kako kaj PEG, xumpodumnure GmokoBu ox POL ce crmocobHu aa
dopMupaar eneH BuJ Ha Oapuepa 3a aTCOpHIMja Ha MPOTCHMHH HAa XUApodoOHaTaA
TIOBPIIIMHA HA JIMITUTHATE HAHOCUCTEMH, PE3YITHPAJKU CO HAMaTyBamke Ha MPE3eMambETO
O]l CTpaHa Ha MOHOHYKJICApPHUOT (DarolUTeH CHUCTEM W Ha TO] HAYWH IOCTUTHYBAjKH
IPOJI0JDKEHO BpeMe Ha Iupkyiandja Bo kpeta (Dimchevska et al., 2017; Goppert and
Mdiller, 2005; Simonoska Crcarevska et al., 2013; Stolnik et al., 2001).

Bo ogHOC Ha BiMjaHHWETO HA BUAOT Ha MOJMMEPOT 3a CTEpHA cTadWiIn3anuja, He
Oea 3abenexaHW CUTHH(DHMKATHU PaA3IMKH BO TPOLEHTOT HAa aTCOpPOMpaHU IIa3ma
nportenHu moMery dopmynamuure obnoxenu co PEG (p=0,1448) u onue 0610keHN CO
POL (p=0,3950) (p<0,05; T-test). Cenak, TeHACHIIMjaTa HA YECTUYKUTE OOJIOKEHH CO
POL na umaar norosem mpoIeHT Ha aTcOpOUpaHy IPOTEHHH 32 Pa3IuKa OJ1 YeCTHUKHUTE
obnoxenu co PEG Moxe na ce o6jacHu mpeKy pa3iuKUTE BO XeMHCKaTa CTPYKTypa U
IPOCTOpHATA OCTABEHOCT Ha JBaTa MOJIMMEPU BO CKJIOI Ha JIMIUIHUTE HAHOCHCTEMH,
KaKo IITO Oellle TUCKYTUPAHO U PETXOIHO BO JIENOT 5.2.3.

Pesynratute on HWCIUTYBameTO Ha CTAaOMIIHOCTAa TPEKYy ONpelenyBame Ha
ronemuHara Ha yectnykuTe Ha NL 1 NLC nmo unkyOaruja Bo (pU3HOIONUIKYA pelieBaTeH
MeIMyM M BO XyMaHa IUIa3Ma, MOKaXa JIeka HaHOJIUII030MCKHUTE (popMyanuu co u 6e3
BrpajicH CE ce KapakTepu3upaar co pellaTHBHA CTAaOMITHOCT Ha CUCTEMHUTE BO CIIOpeaoa
co (opmynanuuTe Ha HAHOCTPYKTYPUPAHU JIMIUAHUA Hocaun co u Oe3 Brpagen CE,
COOJIBETHO. JIOMOJIHUTENHO, pe3yNTaTUTe OJi KBAHTHTATHBHOTO OIPECIyBame Ha
aToCpOMpaHUTE MPOTEHHM Ha TIOBPIIMHATA HA YECTUUYKUTE HA CHCTEMHUTE MOKaXkaa JeKa
dopmynamuure co PEG Ha moBpmmHaTa Kako MOJMMEp 3a CTEpHA CTaOMIHM3aldja ce
KapaKTepu3upaaT CcO TOMaJl MPOLEHT Ha aTcopOMpaHM MPOTEHMHHM 3a pa3iiuKa Of
dopmyrnanuuTe KOM Ha cBojaTa noBpiminHa mmaar POL kako moimmmep 3a crepHa
cTabmim3aiyja.

Wmajku Tv BO MpeNBUJ] TOPEHABEICHUTE MOIATOIH, JIOTHYHO Oellle CeIeKTUpaHa
dopmymnanuja NL1 (mpercraBen kako Material 4 va Ci. 18) Ha Koja JTOMOJTHUTEIHO U
Oemie wcnuTaHa crabuiHOcTa mocine 1 u 4 Jaca mHKyOaruja BO KIETOYCH MEIUYyM 3a
hCMEC/D3 u toa Bo Mmenuym 6e3 cepym (M) u Bo MeauymM co 5% cepym (S). IIpomenure
BO rosieMuHara Ha yectuukute Ha NL1, kako ¢pyHkimja o hopMupame U €BOIyIHja Ha
NpoTEeUHCKaTa KopoHa, Oea cienaenu co AF4A-MALS/DLS ananusu (Asymmetrical Flow
Field Flow Fractionation (AF4) coupled to Multiangle light scattering detector (MALS)
and Dynamic light scattering (DLS)).



Ha Cmuka 18 ce mnpercraBeHH (pakTorpaMHUTe OJf CBEKO MOATOTBEHA
dopmynarmja NL1, kane 3enenara juHMja 1o mpercraByBa Y B-curnamor (230 nm), a
[[pBEHATa JIMHUja CHTHAJIOT 3a pacejyBame cBerimHa Ha 90 °. U nBata curHamum ce
HOPMAaJTM3UPAHU 0 HAajBUCOKUOT CUTHAI BO cekoj ona (pakrtorpammure. [Tukor Ha YB-
arcopOaHIlata Koj Moxe Ja ce 3adenexu Ha okonmy RT=20 muHyTH, HajBEepOjaTHO ce
JIOJDKU Ha nipucycTBoTO Ha PEG Ha moBpmmHara Ha YeCTUYKHTE.

Define Pealks
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Cnuka 18. Cexo noarorsena NL1 ananusupana co AF4 — VB-curnai (3enieHa JiMHKja) U CUTHAJ Ha
pacejyBame Ha cBeTyinHATa Ha 90° (LpBeHA JIMHU]j).
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Cnuka 19. ®dopmynanuja NL1 no 1 gac unkyOanuja Bo KJIETOYEH MEUYM a) 03 MeuyM U 0) MenyM co
5% cepyM; Kaje 3elieHaTa JIMHKja T'o 03Ha4YyBa Y B-CUTHAIOT, a I[pBEeHATa CUTHAJIOT O] pacejyBame Ha
CBETJIMHATA.



[ocne nnky6anuja va NL1 Bo kieroueH meauym co 5% cepym u 6e3 cepym, He

Oerie 3abeexxana MpOMEHa BO rojleMUHaTa Ha yecTuukuTe co momoir Ha MALS u flow-

DLS (Ca. 19).
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Cnuka 20. Kombunupanu ¢pakrorpamu Ha NL1 no6uenu co momont Ha flow-DLS u MALS.

JononnurentHo, Ha Cnuka 20 u 21 ce npercraBeHn KOMOMHUPAHHU (PpaKkTOrpaMu
on nakyOanuja Ha NL1 mocie 1 u 4 gaca Bo kieroueH menuym 6e3 u co 5% cepym. On
UCTUTE JaCHO MOXKE Jla C€ BOOYM JIeKa YECTUYKHUTE C€ CTAOMIHM BO HMCIUTYBAHUOT

BPEMEHCKH IEPHUOJ] BO IIPUCYCTBO HA CEPYM IIPOTEHUHH.
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Crnmka 21. ®opmymanuja NL1 ¢ppakmmonnpana co AF4, co momom Ha DLS kane ce nmpukaxanu YB-
CHTHAJIOT U Z-TIPOCEYHHOT J¥jaMeTap Ha TOJIEMHHATa Ha YeCTUYKUTE
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Cnuka 22. Enexkrpodopesa Ha NL1 o nHkyOamuja Bo kietoueH Meanym 6e3 (M) u co
5% cepywm (S).

[IporeomckoTo TpoduIMpame U MPOMEHUTE BO aTCOpPOMpPAHHUTE MPOTEHHU HA
MOBpIIMHATa Ha decTHUkuTe Ha (opmynauujara NL1 Gemie u3BpuieHo co momomn Ha
aBTOMaTH3UpaHa eJeKTpodope3a co BUCOKA PE30ITyIHja [0 N30JIalfja Ha IPOTEUHUTE O
CIIO)KEHUTE OHMOJOIIKM CHUCTEMH, HMBHA J€HaTypalija M COOJIBE€THa MOJrOTOBKa 3a
aHayM3a 1 Toa 1o 1 u 4 yaca.
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Cnuka 23. Enexrpodeporpam na NL1 o 1 u 4 yaca nakyOanuja Bo kiietoueH Mmeauym 6e3 (M-) u

co cepyMm (M+).



PesynraTure jacHO MoKakyBaar JieKa aTCOpIIMjaTa Ha MPOTEUHUTE CE CITydyBa
Beke 10 | yac mHKyOaImja Ha MPUMEPOKOT CO KIIETOYCH MEINYM KOj coapxu 5% cepyM,
MPETCTaBeHO CO CHIHA JieHTa Ha okony 60 KDa, mrTo HajBepojaTHO MOTEKHYBa O]
MIPUCYCTBOTO Ha aOYMHUH KaKo Haj3acTareH npoterH Bo cepymort (Cir. 22 u 23).

JloOGueHunTe pe3yaTaTi o/ HCIIUTYBAkETO Ha CTA0MIIHOCTA HA HAHOJIUIIO30MCKAaTa
dopmynamuja co PEG Ha moBpmmHaTa Ha yectuukute 1o 1 u 4 yaca mHKyOanmja co
KJIeToueH MeauyM 0e3 u co 5% cepyMm, Kako M pe3yinraTHTe Of eneKkTpodopesarta,
MOXKEeMe J1a 3aKiIydrMe Jeka kaj popmymnanuja NL1 He Moxke na ce 3abenexu mpoMeHa
BO TOJIEMHHATa BO MCIHUTYBAaHUTE BPEMEHCKH HHTEPBAIM M BO MPHUCYCTBO HA CEPyM
nporentu (Huty co MALS, uuty co flow-DLS), mro moTepayBa aeka mprCyCTBOTO Ha
PEG nHa noBpirHaTa Ha YeCTUYKUTE JIOBEAYBa JI0 HamMalieHa KOJIMYMHA HA aTCOPOUPaHU
NPOTEHHHU, IITO PE3YJITUPA CO CIIpeuyBame Ha (popMUpame Ha MPOTCHHCKA KOPOHA.

5.2.5. ®ypue TpanchopmHa HHPpaAIPBEHA CIIEKTPOCKOIH]a

CriekTpuTe Ha MOATOTBEHUTE (POPMYIIALMHU, KAKO U CIIEKTPUTE HA COCTABHUTE
KOMIIOHCHTH Ha (hopMyranuurte, 6ea CHUMEHU CO KOPUCTCHC HAa aTeHyHpaHa TOTaTHA
pediekcuja (ATR), caumenu Ha FT-IR criektpomertap.
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Cruxa 24. FTIR cnextpu ox NL1 i NL2 u1 HUBHUTE COCTaBHH KOMIIOHCHTH.

Kako mTo moxe na ce 3a0emnexu Ha Cruka 24, ciektpainaute komrnoneHTn Ha NL
IJIABHO TIOTEKHYBAAT 0J1 COja JIELUTUHOT (JOMUHAHTHA KOMIIOHEHTa BO (pOopMyJialijaTa),
XUJIPOTCHU3UPAHNOT (HOChHATHAMIXOIUH, XOJECTEPOJIOT W IOJUMEpPOT 3a CTepHa
crabummsanuja PEG (NL1) wiu POL (NL2). ImeHo, ieHTHTE BO perHOHOT romery 2960-
2850 cm™ mTo e KapakTepuCTHYEH 3a CUMETPHYHHU BajeHTHH BuOpauuu Ha CHa, ce
NPUCYTHHU BO CHTE KOMITOHEHTH, Kako ¥ BO criekTpute Ha moarorsenute NL. Bo pernonor
Ha 961 cm™ Moske n1a ce 3a6eneKaT CHEKTPATHUTE JEHTH KOM MOTEKHYBAaT OJ YMCTaTa
kommoHeHTa Ha PEG kane mto ce npucytan P-O-C anudarnyan BuOpanuu U MCTUTE
MO3Ke 11a ce 3abenexar u Bo Gopmynarnujata NL1 Ho co Masno nmomecTyBame (970 cm™).
Jomomuurenno, Ha 1100 cm™ kage mro e mpucytHa C-O ceKyHmapHa aaKOXONHA



Bubpanuja Moxe aa ce Buau 1 Bo NL1 co mano nomectysame (1092 cm™) u co moman
UHTEH3HUTET O]l OHOj KapaKTepHCTHYeH 3a yncrata kommnonenta (PEG), mTo BepojaTtHo
ce JOJDKM Ha BKIIydyBam€ Ha COOJBETHHOT aTOM Ha KHCJIOPOJ BO MHTEpaKIHja co
JIPYTUTE KOMIIOHEHTH ITO ja ociadyBa jaunHara Ha C-O Bpckara. Ilokpaj Toa, C=0
BuOpanuuTe Ko noreknysaar o7 PEG moxe na ce 3abenexaT v BO CIEKTPUTE T0OMEHH
on popmynanmjara NL1 Ha 1738 cm™,

[IpucycrBoto Ha POL Bo dopmynanujata NL2 Gemre moTBpaeHO 01 BUOpaiuuTe
Ha 841 cm™, mrro BeymHocT ce nomku Ha PEO cuHumpot Ha monokcamepot (Guo et al.,
1999). OBoj ciekTpasneH npo3operr Bo popmymaiyjara He € ompeyeH o1 Koja Ouio apyra
JenTa of npeoctanatute excrumnuencu (Ci. 24) (Markova et al., 2022).

FTIR criekrpure Ha NLC1 u NLC2 (Ci1. 25) mokaxyBaat MpUCyCTBO Ha OJICMHCKA
kucenuHa U QochonunoH (M JBeTe ce KapakTepusUMpaaT €O PEUYUCH HJICHTUYHU
CHEKTPATHM KapakKTepucTuku Bo permoHor ox 3000-2800 cm™). JlommuanTHaTta
amcopmija OBJe MOTEKHYBa OJf OCTpUTE JIGHTH Ha okoiy 2916 u 2850 cm™? mTo
TEHEPATHO IMOTEKHYBA O/ IIUPOKUTE aCHMETPUYHH M CUMETPUYHU BAJICHTHH BUOpAIIUU
Ha CHz. JlonmomHUTEeNHO, CHEKTPUTE HAa TOPECIIOMEHATHTE JBE KOMIIOHEHTHU Ce
pa3IMKyBaaT BO MOJI0KOATa Ha BAJICHTHUTE BUOpAIMK KO OTEKHYBaaT 0] KapOOHMITHATA
rpyna C=0 na 1727 cm™ (ectepcka rpymna) Bo pochomumonot u 1710 cm™ (xapbokcumna
rpymna) Bo ojiemHCKa kucenuHa. Cemnak, Bo cnektpure Ha ¢popmynanuute Ha NLC moxe
71a ce 3a6eJIeKH MojaBa Ha MOIIMPOKA JTIEHTa BO 0BOj perroH (mukoBu Ha 1738 cm™ u 1735
cm™ 3a NLC1 u NLC2, cooBeTHO), IIITO MOKeE Jia Ce 06jacHU cO MPEeKIONyBameTo Ha
JUCKYTHPaHUTE BaJeHTHH BHOpamuu of kapookcuiHata Bpcka (Markova et al., 2022).
[pucycrBoto Ha PEG Bo NLC1 11 POL Bo NLC2 Mo3ke 51a ce MOTBpIH cO C1a0UTe JICHTH
Ha 1115 cm™ 1 1061 cm™ Bo NLC1 u 1144 cm™ Bo NLC2 (ropnara nenra oxg C-O u
nonHaTa neHTa og C—C BaneHTHH BuOpanuun). Tpeba 1a ce crioMeHe Jieka OBHE JICHTH Ce
KapaKTepu3upaa co rmomMajl HHTCH3HUTET BO CIIope0a co CIIEKTPUTE Ha YUCTUTE TIOTUMEPH
3a CTepHa cTaduiu3aiyja, MTo UMILUIMIUPA HA MOKHUTE KOH(POPMAIIUCKU MPOMEHH Ha
NOJIMMEPHUTE KOTa Ke ce Brpaaar BO HaHO()OpMyJIallHTE.
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Cruka 25. FTIR cniektpu ox NLC1 1 NLC2 u HUBHUTE COCTaBHH KOMIIOHCHTH.



5.2.6. [ludepennujanno ckenupauka kanopumerpuja (DSC)

DSC kpusute Ha NL u NLC, kako u CE, ce npukaxanu Ha Cruka 26-30.

Omna mTo MOXe J1a ce 3a0enexu o KpUBUTE TOOMEHH MPH MPBOTO 3arpeBambe Ha
CE e neka ce mojaByBaaT KapaKTEPUCTUYHH eHAoTepMHHU TpaH3uiuu oa 110 °C mo 140
°C, KoM IIpY BTOPOTO 3arpeBarme NCUE3HYBAAaT IITO HAjBEPOjaTHO CE€ JIOJDKH Ha Ope/IeHa
TpaHchopmMalyja WM Aerpaaaiyja Ha eKCTPaKTOT MpH nosuieHa Temmneparypa (Ci. 26).
Nmeno, Bo CE nipeoBaayBa kapookcuiupana ¢popma Ha kanabuaunon (CBDA), mito Bo
MOCOYCHHOT TEMIIEPATypEeH paHT ce JeKapOOKcUIupa M MPEeMHHYBa BO KaHAOMAMOIN
(CBD). OBa ucto Taka € moTBpJCHO U O (haKTOT JieKa Macara Ha IPUMEPOKOT Bapupalie
npeja U 10 HampaBeHUTe aHaMu3u (Maupen=4,311 MQ, Mwu0)=3,416 MQ), oaHoCHO Oerie
HamasieHa 3a ~20 % mocie BTOpoTOo 3arpeBame.

KapakrepucTuynute €HIOTEPMHU MHUKOBH KOM mNoTekHyBaar oj CE He Oea
JNETCKTUPAHU TPU HCIUTYBAakbEe Ha JIMIHJIHUTE HaHocucTeMu co BrpageH CE Bo
rOpPEHaBEIEHUOT TeMIIepaTypeH MHTEPBa, IITO HajBEPOjaTHO C€ JAOJHKM Ha HEJ3HHOTO
KOMIUIETHO WHKOpHOpHpame BO ucTUTE. [loTpeOHO € na ucrakHeme JeKa, 3apaiu
JUNHUAHATA TpUpoAa Ha KoMioHeHTHTe oJ (opmynanuure, DSC kpusure 3a
dbopMyIIaluuTe U HUBHUTE COCTABHU KOMITOHEHTH CE MPUKAXKaHHU BO TEMIIEPATYPEH paHT
on -20 no 100 °C.
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Cnuxka 26. DSC xpusu Ha CE.

Opn xpuBHTe puKakanu Ha Ciuka 27 1 28 MOXKe Jja ce BUIH JieKa JTUITO30MCKHUTE
dbopMynanuy MOKaKyBaaT KapaKTePUCTUYHU €HIOTEPMHH MUKOBU BO TEMIEPATypPHUOT
uaTepBan ox 42 °C no 50 °C, mTo HajBepojaTHO ce JODKHM Ha mpucyctBoto Ha PEG
(enmorepmen nuk Ha 53,8 °C) u POL (enmorepmen nuk Ha 57,5 °C) xaj NL1 u NL2,
COOJIBETHO.
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Cnuxka 27. DSC kpuBa Ha mpassa (NL1) u moina (NL1CE) nunosomcka dopmynarija co PEG.
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Cunuxka 28. DSC xpupa Ha npasHa (NL2) u moina (NL2CE) nuno3omcka dopmynanuja co POL.
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Ciuxka 29. DSC kpusa Ha mpasau (NLC1) u monuu (NLC1CE) NLC co PEG.
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Cnuxka 30. DSC xpusa na npasau (NLC2) u mosau (NLC2CE) HaHOCTpYKTYpHpaHH JTHITHIHE HOCAYH
co POL.



Cnu4yHO Ha OBa, Kaj HAHOCTPYKTYpPHpAHUTE JUMUIHM HOCA4YHM ce 3a0ernexaHu
mUKOBH BO oricerot o1 36 °C g0 45 °C u ooy 60 °C (Ci. 29 u 30). OBaa mojaBa MOXe
MOBTOPHO JIa ja TIOBP3EME CO MPHUCYCTBOTO Ha TOPECIIOMEHATHTE CTENT MOJUMEPH
NPUCYTHU HA MOBPIIMHATA HA YECTHYKHUTE.

Pesynrature ox DSC anamm3uTe ykakyBaaT Ha MPOMEHAa BO TEPMHYKOTO
OJTHECYBamkh¢ Ha COCTAaBHHUTE MOJUMEPH BO JIMIUIHUTE HAHOCHCTEMH, BO OIHOC Ha
MOCIMHEYHHUTE CYNCTAHIMU. VICTUTE HajBepOjaTHO Ce€ JOJDKAT HA WMHTEPAKIIUUTE KOU
HacTaHyBaaT mpu (GopMmyiupame Ha cucTeMHTe. bujejku moaroTBeHuTe (GpopMynanuu
MPETCTaByBaaT CJOXKEHU TOBEKCKOMIIOHEHTHH CMECH, OYEKYBaHO € TEPMHUYKOTO
OJTHECYBaC JIa € U3MEHETO, BO HACOKA HA MIOMECTYBamkhE Ha €HIOTEPMOT KOH IMOHHCKH
TEMIIEPATyPU WA TIPOMEHHU BO HETOBHOT OOJIMK U EHTANIH]aTa, IITO Ce 3a0eIeKyBa U O
NPUKKAHUTE PE3yJITATH.

5.2.7. In vitro O6p3una Ha ocioboayBawe Ha CE ox moarorsenurte dopmynanuu u
KWHETHKA Ha 0CJI000/yBambe

Pesynrature moOuenu ox in Vitro Op3uHara Ha ocnobomyBame Ha CE
(ompenenena cropen Mmapkep-kommoneHta CBDA) ykaxaa jgexka CHTE MOArOTBEHH
dopmynanuu (NL1CE, NL2CE, NLC1CE u NLC2CE) nmokaxkyBaat MpoJ0JIKEHO BpeMe
Ha oclto0oxyBame Bo mepuo o1 24 gaca (Ci. 31).
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Cnuxka 31. Bp3una Ha ocnoboaysame Ha CE ox noarorsenute monuu popmynanuu Ha NL u NLC (n=3).

Nunnmjanaoro ocnobonyBame Ha CE of numo3oMckaTa Gopmylanyja Iro €
crepro cradbummsupana co PEG (10,89% 3a dopmynanuja NL1CE) e moromemo Bo
criopeada co popmynanujara crabunusupana co POL (5,24% 3a dpopmymnaruja NL2CE).
Hcro Taka, moOMEHHUTE PE3yNITaTH TMOKa)XyBaaT JieKa MPOIEHTOT Ha ocioboneH CE BO



nepuo o1 24 daca e moroJieM kora uctuoT ¢ nHkopriopupan Bo NLC Bo criopenda co NL
(p<0,05; ANOVA).

Ox cute MONTOTBEHH JHMNUIAHM (HOPMYJAIMK, HAJCIIOPO OCIO00IYyBame €
3abenexxaHo kaj ¢opmynamujata NL2CE, koja corimacHo mNpeTXOJHO NTPHKaKaAHWUTE
pe3yJsiTaTi BO JENIOT Ha (U3MUYKA KapaKTepH3alija Ha YECTUUKHUTE, NMAIlle ¥ HajrojieM
cpenaeH aujamerap Ha dvectuukure (~160 nNm), Bo cmopeada coO OCTaHATUTE TPH
dopmynanuu. JloOMEHUTE pE3yNITaTH C€ BO COTIIACHOCT CO JIMTEPATYPHUTE MOJATOLN KOU
yKa)KyBaar Jieka ociiobomyBameTo Ha AK ocBeH 0] rojleMHHAaTa Ha YECTHYKUTE 3aBUCH
U o] jaeOenMHaTa Ha CJIOJOT HAa MOJMMEPOT 3a CTepHA CTadwim3ainuja, MpH IITO
npucyctBoto Ha POL Ha moBpIMHAaTa Ha YECTUIKUTE MOXKE J1a JIOBE/IE 110 HaMallyBambe
Ha Op3uHara Ha ocjo0oayBame Ha AK (Shubhra et al., 2014).

Bp3 ocHoBa Ha J00MEHHWTE KOCPUIIMEHTH Ha KOpelanuja OJf WUCIHUTAHUTE
MaTeMaTHYKH MOJCIN 3a ocioboayBameTo Ha CE 01 TOAroTBEHUTE (OpMYyIIaIny,
MOJIEJIOT KOj HajaoOpo ja omuilyBa KUHETHKAaTa Ha OCIO00AYBame Of JIMIHIHUTE
HaHocuctemu e Peppas-Sahlin (R?>0,996 3a cute ueTnpu ucnuTyBaHH (HOPMyJIAIUK
NL1CE, NL2CE, NLC1CE u NLC2CE).

Jo6uenute BpemnoctH 3a Kips (9,517 u 4,080 3a NL1CE u NL2CE, cooaBetHo) ce
MIOTOJIEMH BO criopenda co BpeaHoctute noouenu 3a Kops (0,724 u 1,008 3a NL1CE u
NL2CE, cooaBeTHO), IITO yKa)XXyBa Ha TOa JieKa MEXaHH3MOT Ha OCIO00IyBame O
HAHOJIMITO30MCKHTE (popMyIaliy € HajBepojaTHo 1o mat Ha audysuja (Mircioiu et al.,
2019; Paolino et al., 2019).

On apyra cTpaHa mak, pe3yJaTaTuTe JOOUSHH O] UCITUTYBAmhETO HA KMHETUKATA
Ha oclioboayBame Ha CE 07 HAHOCTPYKTYPUPAHUTE JIUIHIHNA HOCAYU Cyrepupaar JeKa
ocnoboayBame Ha CE o1 UCTUTE MOXe J1a Ouze 1o nat Ha audy3uja, Kako | MoJIMMepHa
penakcaruja (Kips=4,919 u 3,213, kops=2,316 u 2,680 3a NLCICE u NLC2CE,
COOJIBETHO).

5.2.8. OnmpenyBame Ha aHTUOKCUJATUBHUOT MMOTCHIIMjaJI HA TMTOJATOTBEHUTE EKCTPAKTH H
dbopmynanuu

Co 11en aa ce onpenen aHTHOKCUATUBHUOT KanauTeT Ha CE U MOArOTBEeHUTE
dopmymnanuu Ha NL (popmymaiuja 6e3 noiaumep 3a ctepHa cradbuimsanuja NLO, mpasau
dopmynanmu NL1 u NL2, dopmynammu co Brpagen CE, NL1CE u NL2CE) u NLC
(bopmynaruja 6e3 moammep 3a crepra cradbwnusanja NLCO, mpasuu dopmynamnuu
NLC1 u NLC2, dpopmymnamuu co BrpageH CE, NLC1CE u NLC2CE), Gemie u3BeneH
monudummpan ORAC tect. JloOueHure pesynararu ce mpercraBeHn Ha Comka 32 u
ucture Oea MpecMeTaHW KakKo MPOIEHT O]l TodveTHaTa (IyopecleHIuja Ha CEKOj
npuMepok Bo nieprox on 120 munytu (n=4).

VIMeHO, aHTHOKCUIATUBHHUOT KalaluTeT Ha GOpMyJIaluuTe Oelle U3pa3eH Kako
IPOLEHT OJi MoueTHaTa (QuyopecueHnuja, koja mnocie 120 MHUHYTH H3HeEcCyBalle
97,78+0,65%, 99,32+1,84%, 99,28+2,85% u 99,90+1,81% 3a NL1CE, NL2CE, NLC1CE
u NLC2CE, coonsetno. Cute uyetnpu (QOpMyNaluy MOKa)kaa CTATUCTHYKH 3HA4YajHA
MorojieMa aHTHOKCHJATHBHA AaKTHBHOCT BO cropeada co YUCTHOT ekctpakt CE
(91,59+0,65) (p<0,05) (Cn. 32) miTo HajBEepOjaTHO C€ MODKHA Ha IPOIOIKEHOTO
ociobomyBame Ha enkancynupannoT CE ox nanocuctemute (Shalabalija et al., 2021).
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Crnuka 32. AHTHOKCHIATHBEH KallalluTeT Ha (POPMYIIAIUITE U3Pa3eH KaKo MPOICHT O] II0YeTHATa
¢dyopecriennuja (n=4).

JloOuenute pesynraru Oea cTaTUTUYKUA 0OpaboTeHu, kaae PLS moxenor Gere
U3rPaJICH HA JIBE TJIAaBHU KOMIIOHEHTH CO COOJIBETHH KOC(QHIIMEHTH Ha Kopenanuja u
npeasuayBame (R2Y=0,78, Q2=0,68), noneka nak ckerep miotot (Ci. 33) u VIP ckopot
(Cx. 34) ykaxaa Ha Toa Jieka THIIOT Ha (opMyJalujaTa, kKako u npucycrtBoto Ha CE, ce
JOMUHAHTHU ()aKTOPHU KOM BIIMjaaT Ha BUjaOMITHOCTA Ha Y-BPEAHOCTHUTE, 10/I€Ka BPEMETO
Ha MHKYyOaIyja HeMa CTaTUCTHUYKH 3Ha4aeH e(eKT.
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Cnuka 33. CkeTep IJIOT Ha CKOPOBHUTE O3HAYEHH M0 a) TUI Ha opMynalyja u 0) MpasHU/TIOIHH
(dbopmynanuu.

Koedpunuenture Ha KpUTHYHUTE NPOMEHJIMBU ja TOKaKyBaaT Ba)KHOCTA Ha
MOBPIIMHCKATE KapaKTePUCTUKH Ha (QOPMYyIalUUTe BO OJHOC HAa HHUBHUOT
AHTHOKCHU/IATUBEH KamauuTeT. JlonoaHuTeNnHo, 3a0enexana e jacHa pasnuka nomery NL
(co meratuBen koepurment) u NLC (co mo3uTuBeH KOEQUIMEHT), Kaae IITO
HaHOJIMIIO30MUTE MOKa)kaa MoMaja aHTHOKCHIaTUBHA aKTUBHOCT LITO HajBEPOjaTHO ce
JOJDKM Ha TIOMAJIKy WHTEPAKIMH CO TeHEpaTopoT Ha cioboiauu paaukanu (AAPH),



noTpeOHM 3a Ja ce CIOpedd OKcHuaanujata Ha dQuryopecieHTHara mpoda. Kaj
HAHOCTPYKTYPHUPAHHUTE JIMITUIHU HOCAuu 3a0esiekaH € cupoTuBeH edekT. Cenak, oBue
pa3NuKU ce HaManyBaaT OUACjKU W JBeTe GOopMYJIallii ce OOJIOKEHU CO MOJIMMEPH 3a
crepHa crabmimmzanuja (PEG wmmum POL). [omomuurensno, mpucyctBoto Ha CE BO
bopMyanuuTe IPUIOHECYBa 3a 3r0JIEMYBabe Ha aHTHOKCHIATUBHUOT TIOTCHIIH]jaJ, IIITO
€ MOTBPJICHO | MpeKy rosieMroT VIP oricer u HErOBHOT MO3UTHBEH KOC(PHUIIUEHT.
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Cnuka 34. a) VIP ckop u 6) loading score plot 3a quckpumuTiBHA aHanu3a HA GOPMYJIAIUHUTE U

npucyctBoto Ha CE Kako 1 BpeMeTo Ha HHKyOanuja.

5.3. In vitro ucnuTyBame Ha IUTOTOKCHYHOCTA M KJICTOYHATA WHTEPHAIM3alMja Ha
JUTIMTHUTE HAHOCUCTEMH Ha U30paHu KJICTOYHU KYATYpH

5.3.1. In vitro ucnuryBame Ha BujabmiHocta Ha h\CMEC/D3 kietkute 1o MHKyOaImja co
HOJTrOTBEHUTE (POPMYIIAIIH

[lupokata W KOHTHHYyHpaHa yHoOTpeOa Ha JIMOUIHUTE HAHOCHCTEMH BO
JIEKYBaETO Ha Pa3MnyHu OoJiecTH Mopa na Ouie mpuapyxkeHa co (QpyHIaMeHTaTHH
CTy/IMH BO OJJHOC Ha COTJICIyBam€ M MCIHTYBAaIe HAa MOTCHIUjaJHATA TOKCHYHOCT HA
(dbopMyIIanuuTe CO MEel Ja ce yTBpAaT 0e30eJTHOCHUTE KOHIISHTPAIIMH 32 HUBHA YIIOTpeoOa.
NmeHo, ki1eToYHaTa MHTEpHAIM3ALMja U MIPEe3eMambe 3aBUCAT O]l JIMIMHUIHUOT COCTaB M
XEMHCKaTa CTPYKTYypa Ha YeCTUIKHUTE, KAKO U 0J1 HUBHATA T'OJIEMHHA, ITO JOTIOJTHUTEITHO
IO 3roJieMyBa HHTEPECOT OKOJY Ne(HHUPAE U UCIIUTYBAkE HA HUBHATA TOKCHYHOCT HA
kierouno HuBo (Strachan et al., 2020).

Ha Cnuka 35 ce mpercraBeHu pesyartarutre nobuenu oa MTS Ttector 3a
oTIpeNieNTyBamkhe Ha MPOLEHTOT Ha BHjaOMIIHU KJIeTkH rociie 4, 24 u 48 yaca Ha MHKyOaImja
BO 3 pa3NMyYHHU KOHLEHTPALUH O]l TIOATOTBEHUTE HAHOCUCTEMH.

Kirerounata BujabmimHOCT Tmocie 48 waca BpeMe Ha WHKyOaluja Iocie
HajBUCOKaTa ucnutaHa kKoHuentpamnyja ox NL1 ¢popmynarmjara (100 pg/mL) (Cn. 358)
u3HecyBame 31,16+7,10%. Kora cramyBa 300p 3a NL2, He Oeme 3abernexaHo
HaMaJlyBame Ha BUjaOMITHOCTA Ha KJIETKUTE M BO TPUTE UCTIUTYBAHH KOHIIEHTPAIMH T10
48 vaca Bpeme Ha uHKyOanuja (>75%) (Ci. 35a, 6, B).

[Tocne TpeTupame Ha KJIeTKUTE co HajBucokaTa koHeHTapurja Ha NLC1 u NLC2
(100 pg/mL) Bo cuTe 3 BPEMEHCKH TOYKH, KJICTOYHATA BUjaOMIIHOCT Oele 3HA4ajHO
HaMaJieHa, OTHOCHO u3HecyBaie 26,05+11,11% u 25,34+1,12% no 4 yaca, 12,18+3,03%



u 10,96+1,04% mno 24 uvaca u HajmHory mo 48 waca 7,47+1,23% wu 7,83%0,49%,
COOJIBETHO.

Bp3 ocHoBa Ha pgoOWeHHWTE pe3ynTaTH, MOXE Ja Cc€ 3aKIy4Yd JeKa
HaHoctpyktypupanure gunuaad Hocadn (NLC1 u NLC2) umaar TenaeHuuja na ja
HaMaJTyBaaT KJICTOYHATA BUjaOMITHOCT BO MTOTOJIEM MTPOIIEHT BO OJAHOC HA JIMTIO30MCKHTE
Be3ukyan (NL1 u NL2).

Baksute edextn 6u Mokene aa ce AoypKar Ha mpucyctBoro Ha Tween 80 (egHa
on raBHute rpaauBHu kKomroneHTH Bo NLC1 u NLC2 dopmynanuute), Koj cropen
JUTEpAaTypHUTE IOAATOLM 3HAYAJHO JONMPHHECYBAa BO MEJIOKYITHATa TOKCUYHOCT Ha
nanouectuukute (Gaspar et al., 2016; Silva et al., 2020).
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Cnuka 35. Kierouna BujabuiiHOCT mocrie a) 4 gaca, 0) 24 gaca, B) 48 yaca Bpeme Ha HHKyOanuja co
MoAroTBeHuTe (hopmynanuu Bo 3 pasnmuunu kounenrtpammu (0,1 pg/mL, 10 pg/mL, 100 pg/mL) (n=6).

Bo oaHoc Ha pesynaratute OOOMEHM OJ HCIHUTyBamaTa Ha KIETOYHATa
BUjaOWIHOCT co momomn Ha MTS rtector, MmynTuBapujanTHaTa aHanmmu3a co PLS mokaxa
JIeKa KOHIIeHTpalijaTa Ha ¢opmylanyjaTa € AOMHUHAHTHHOT (akTop KOj BiMjae Ha
camuTe pe3yiratd on BujabwiHOocTa Ha Kierkure (Cn. 36). Hury emen on apyrure
eKCIEpUMEHTAIHU YCJIOBH, HUTY HaK BHJIOT Ha (opMmynanujara HeMaa 3HAYUTEITHO
BJIMjaHUE HA BUjaOMIITHOCTA HA KIIETKUTE.

VIF[2]

-1 T T T T T T
KoHUeHTpaumja dopmynaumia Gopmynaumja  Bpeme Ha  opmynaumja  popmynaimja
(%) 2,4409 (%) (NLC1) (%) (NI2) wHkyBaumja (%) (NI1) (x) (NLC2)
0141893 0,11572 (%) 0,0900772 0016837 0,00933635

Cruka 36. VIP m1oT o curHuGUKaHTHUTE (haKTOPH BO EKCIIEPUMEHTHUTE 32 UCIIUTYBabE Ha KIETOYHATA
BujabmiHOCT 110 nHKyGanuja Ha NCMEC/D3 co moaroTBeHuTe GOpMyIalii.
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Cnuka 37. Cketep IUIOT O/ aHAJIM3UPAaHUTE MPUMEPOLI 000CHH 10 BpeMe Ha MHKyOaIuja.

Brujanuero Ha KoOHIleHTpamujata Ha (opMyanujata Bp3 BHjaOMIHOCTA Ha
KJIETKUTE MOXKE jacHO Ja ce BuAM U of ckerep mioror (Cn. 37), kame mTO €O
3roJieMyBamk€ Ha KOHIIGHTpalyjata Ha (opmMylanyjara ce HamMalyBa CKOpPOT Ha
pe3yJTaTuTe BO HACOKA Ha MpBaTa JOMUHAHTHA KOMIIOHEHTAa Ha MOJIEIIOT.

5.3.2. In vitro wucnuryBamwe Ha 1mrorokcmyHocra Ha NhCMEC/D3 knerkure 110
WHKyOaIMja co moAroTBEHUTE (GopMyIariuu

PesynTarure on onpenenyBambeTo Ha IUTOTOKCUYHOCTA HA HAHOCHCTEMUTE (BO 3
pa3IUYHK KOHIIEHTpalKH) 1o uHKybaruja Ha ucture co NCMEC/D3 kinerounara TuHHja
BO Bpeme o1 4, 24 u 48 daca ce npukaxanu Ha Cimka 38.
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Ciuxa 38. Hurorokcuunoct Ha hCMEC/D3 knetku nocne a) 4 gaca, 0) 24 vaca, 1) 48 yaca Bpeme Ha
MHKyOaIuja co moarorseHute Gopmysanuu Bo 3 pasnuunu kouuentpanuu (0,1 pg/mL, 10 pg/mL, 100
pg/mL) (n=6).

Opn noOueHuTe pe3yiaTaTd MoXke J1a ce 3a0eIeXu JeKa JIUMUAHUTE HAHOCUCTEMH
HE TOKa)XyBaaT BHCOK IMPOLEHT Ha IIMTOTOKCHYHOCT BO CHUTE WCIHUTAHU BPEMEHCKHU
TOYKH, IITO O MOXKEJO J1a yKake Jeka npu (ys3uja Ha HAHOCUCTEMHTE CO KJIETOYHATa
MeMmOpaHa He HacTaHyBa Hej3uHO HapyiryBame (Benson et al., 2015; Chan et al., 2013).
[TotrpeOHo € a ce ucrakHe aeka co TectoBute 6a3upanu Ha M TS u anenos3us Tpu pocat



(ATP) ce Mepu HMHTEH3UTETOT HAa KICTOYHHOT MeTaboiM3aM KaKo HHIMPEKTCH
napameTap 3a KJICTOYHaTa BUja0MITHOCT, MEI'yTOa OBHE TECTOBH HE JaBaatr HH(popMaImja
JlalTd HacTaHasia KJIeTOYHa CMPT WM MHXMOMIIM]a Ha pacT Ha kietkute (Rai et al., 2018;
Smith etal., 2011). Ox apyra cTpaHa aK, MaJIdOT MPOLEHT Ha IIATOTOKCHYHOCT YKaXKyBa
Ha TOA JIeKa He HacTaHyBa HapyllyBame Ha KIETOYHATa MEeMOpaHa M COOJIBETHO HA TOA
HE HaCTaHyBa HEKpPO3a Ha KJICTKUTE.

Jlokonky pesynrtaTure MOOMEHHM 3a MaJHOT IMPOLEHT Ha IUTOTOKCUYHOCT Ce
CIIOpeIaT CO HCTOBPEMEHO HaMalyBamke Ha BUjaOMITHOCTA Ha KJIETKUTE Tocie 4, 24 u 48
yaca Tepuoj Ha uHKyOanuja co HajBucokara konmentpamnuja Ha NLC1 u NLC2, kako u
1o 48 yaca nmeproj Ha uHKyOanuja co 100 pg/mL ox dpopmymanujata NL1, Mmoxke na ce
IPETIOCTaBH JIeKa HAMATYBAmhETO Ha BUjaOMITHOCTA HA KJIIETKUTE HajBEPOjaTHO CE TOJIKU
Ha TpOIICHEC Ha KJIETOYHATa CHEpruja, a CO Toa W HamallyBamke Ha MeTaboyiHaTa
AKTUBHOCT Ha KJIETKUTE, IITO € KIY4YeH MapaMeTap MpH ONpeAeTyBameTO Ha HUBHATA
BUJaOMIIHOCT.

Bo cornacHocT co mpeTxoAHO KakaHOTO, Pe3yATaTuTe JOOMEHU OJ1 UCIIUTYBAE
Ha IIUTOTOKCUYHOCTa Ha cute yetupu Gopmynanuu (popmynamuu NL1, NL2, NLC1 u
NLC2) 0ea anamusupanu co PLS momen co nBe rmaBuu kommnoneHt. Cormacuo VIP
IUIOTOT, JOMHHAHTEH (akTop KOj BIHWjac HA IUTOTOKCHYHOCTA € BpPEMETO Ha
€KCITO3HUII1]a, HO UCTO TaKa 3HAYMTEITHO BIIMjaHWE UMa M BUAOT Ha hopmynamujara (Ci.
39).

Ox ckerep MJIOTOT MOXE Ja €€ BUAM TUCTUHKTUBHO OJIHECYBame Ha
NPUMEPOIMTE BO OJHOC Ha BPEMETO HAa MHKyOalMja Mpu IITO M JIBETE KOMIOHEHTH
€IHAKBO TMPHUJOHECYBaaT KOH oOjacHyBame Ha O0BOj edekr. Brnujanmero Ha
dopMmynanujaTa Bp3 IMUTOTOKCUYHOCTA UCTO TaKa € €BUICHTHO, PU INTO MOXE Ja ce
3a0enexu Jeka muno3oMckara popmynamnuja co PEG Ha moBpmuHaTa Kako mojmMep 3a
crepna crabmmuzainmja (NL1) ce u3nBojyBa BO moceOeH Kiactep U OCNeKH moroiemMa
UTOTOKCUYHOCT 0j octaHatute ¢opmyrnanuu (Cin. 400), MeryToa CHopeneHO co
HEeraTHBHATa KOHTPOJIA, NCcTaTa ce Ne(huHIpa KaKO HETOKCUYHA.

YIF[2]

—0.5 T T T T T T
Epeme Ha  dopmynadmia dopmynaumja  GopmynauMia fopMyIaumMa KoHUEHTRaUM)a

MHKyBaumja (%) NI (3) MI2 (%) NLC1 (%) NLC2 (x) 0,00458027
(%) 1,78282 1,37629 0,849151 0447094 0,0800493
Var 1D (Primary)

Cruxka 39. VIP ot Ha curanuKkaHTHATE (PAaKTOPH BO HUCIUTYBAKHETO HA KIETOYHATA IIUTOTOKCHIHOCT.
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Crmka 40. CkeTep IIIOT 0J] CKOPOBUTE HA aHAIM3UPAHHUTE IIPUMEPOLIN 0OOSHH TI0 a) BpeMe Ha
nHKyOanmja u 0) BUI Ha popMyIanyja.

5.3.3. In vitro ucnuTyBame Ha TPAHCIOPT U AUCTPUOYLHja HA HAHOCHCTEMHTE BO
U30paHu KJIETOYHU KYJITYpH

Kako mTo Gemie u mpeTxoaHO HaBEeIEHO, CIOCOOHOCTA HA HAHOJIHMIIO30MUTE U
HAHOCTPYKTYPUpPAaHUTE JIMIUIHK HOocayu ycremHo na ru npenecar AK muz KMb e
nokymentupana (Chenthamara et al., 2019). I'enepanHo, cocTaBOoT Ha HOCAYOT M
HEeroBuTe (PU3NIKO-XEMHUCKU KapaKTEPUCTUKH, KaKO IITO Ce: TOJIeMUHATa U OOJMKOT Ha
YECTHYKHUTE, MOBPIIMHCKAOT TOTEHIHUjaln, XuApohOoOHOCTA/XUAPOPUIHOCTA Ha
NOBpIIMHATA W (DYHKIMOHATU3AIMjaTa CO JIMTAHIM 'O KOHTPOJIHMPAAT MEXaHU3MOT H
CTETIEHOT Ha KJIETOYHO Tpe3eMambe.

[Tocne ¢a3zara Ha KIETOYHO Mpe3eMame, 01 NCKIyYUTEIHa BXKHOCT Oemre Ja ce
UCTIIUTA WHTpAIleTyJapHaTa TUCTPUOYIHja Ha HAHOCUCTEMHUTE KOjalllTO Ha HEKO] HAYHH
ja nerepMuHHMpa HUBHaTa (pUHATHA JECTHHAIMja BO KJIETOYHHTE KOMITAPTMEHTH HIIH
OpraHeJuTe, HUBHATA IUTOTOKCHYHOCT U TepaneBTCKUOT epekT (Foroozandeh and Aziz,
2018). Co nen ma ce HabJbyIyBa HHTEPHAIM3AIIMjaTa U TIOC/IEA0BATEIHATA TUCTPUOYIIH]ja
on crpaHa Ha kierkute Ha KMDb, kako W HEBpOHHTE, KETOYHOTO INpE3EMame Ha
HAHOJIUIIO30MHUTE U HAHOCTPYKTypHpanuTe munuaau Hocaun Bo \CMEC/D3 u SH-SY5Y
KJICTOYHUTE JIMHUU OelIe NCITUTAaHO cO (DIyOpecIieHTHA U KOH(OKaITHa MUKPOCKOIIH]a.
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Crnukure nodueHu co QiryopecieHTHa MUKpockonuja Ha xxuBu SH-SYSY kinerkn
noKakaa Jieka o 1 yac Bpeme Ha MHKyOalija c€ yIITe HAHOCUCTEMHUTE HE C€ KOMIUIETHO
UHTEPHAM3UPAHHU BO KJIETKHTE, MEI'yTOa jJaCHO € BUJIMBO JIeKa MPOLIECOT Ha Mpe3eMambe
€ 3aIoYHAT U UCTHUTE CE KOHIICHTPUPAHH U C€ HATPYITyBaaT OKOJIY KJIETOYHATa MeMOpaHa
(Cn. 41).

Ha Cnukurte 42-45 npukakaHa € MHKyOarujaTa Ha MOATOTBEHUTE (hOpMyJIaIiuu
BO nepuox ox 4 daca co sxuBu SH-SYSY kietku. OHa mITO MOXKE Aa ce 3a0eNexu € IeKa
CUTE YeTUPH (OpPMYJIAllMU YCIEIIHO C€ WHTepHAIU3Upale BO MEpuoa ox 4 daca BO
KJIeTKHUTE. [IOMOTHUTETHO, MOXKE J]a C€ KOHCTATUTPa U MOTBPIU KO-JIOKAJIM3alMjaTa Ha
HaHOJIMIIO30MHUTE M HAHOCTPYKTYPHUPAHUTE JTUIUIHN Hocauu Bo xuBuTe SH-SYS5Y, kane
co 1pBeHa (QIyopeclueHIMja Cc€ O3HAaueHHM HAHOYECTHYKUTE, a CO 3eJIeHa
€H/1030MH/JTH3030MH.

31 peKOHCTpYKIIHja HA CTUKUATE TOOMEHH 0J1 KOH(POKAITHATA MUKPOCKOITH]a HCTO
Taka MOTBPJMU JIeKa CTEPHO CTAOWIM3MpPAHUTE HAHOJMIIO30MU M HAHOCTPYKTYpUpPaHU
JUMIATHA HOCAYW YCIICNIHO NMEHETPHpaaT HHU3 KJIETOYHUTE MEMOpaHU CO IeJ HUBHA
unrepranu3zaimja B0 \CMEC/D3 (Cn. 46-49) u SH-SY5Y knerkure (Ci. 50-53).

Kaj nanonumnoszomute (nmpumepord NL1 u NL2) Gerre 3abenekana 3Ha4nTEIIHA
¢dpakiuja o7 BE3UKYJIUTE aKyMyJIMpaHa OKOJIy TEepUHYKIIeapHaTa 30Ha CO pPeaylupaHa
uToIIa3MaTcka nuctpudynuja. OBoj heHOMEH HajBEpOjaTHO Ce JODKH Ha MOTBpIeHATA
criocoOHoct Ha HaHomumo3zomute (Cin. 46 m 47) na ja mpemmHar KMB mnpwurtoa
M30erHyBajKH TO CHJI030MATHUOT/IM3030MATHUOT TAT M IOCIIEOBATEITHO, HAOTajKH
HAuWH Jla MHTEppearnpaar co KOMILIEKCHata meMOpana Ha jagpoto (Torchilin et al.,
2003; Wang and Wang, 2014).

Kaj manocrpykrypupanute aunugau Hocaun (mpumepor NLC1 u NLC2) (Co.
48 u 49) Oeme 3a0einekaHO HUBHO MPHCYCTBO BO IHTOIUIa3MaTa Ha KIETKHTE,
HajBEpOjaTHO KOHILEHTPHPAHH BO WHTpAIENyJapHUTE BE3UKYJIH (€HIO30MH HIIH
JM3030MH) IITO YKa)KyBa 32 HUBEH MOKEH MEXaHW3aM Ha WHTEpHAJIHM3allMja Mo maT Ha
ennouuto3a (Neves et al., 2017). Mmajku Bo mpeaBH] IeKa NPOCEYHUOT TUjaMeTap Ha
NLC 1 u NLC2 Geme oxomy 100 nm, noOueHuTe pe3yiTaTd ce€ BO COIJIACHOCT CO
JUTEPATypHUTE MOJIATOIM KOU yKa)KyBaaT Ha TOa JIeKa €HIONNUTO3aTa € MPOLEC 3aBUCECH
O]l TOJIEMUHATa Ha HAHOYECTHUYKHUTE U JIeKa HAHOCUCTEMHU CO TOJIEMHHA HA YECTHYKH O]
~100 Nnm u momaJii MOXe MHOTY JIECHO Jia OuJaT MPe3eMeHU CO SHIOIMTO3a O]l CTpaHa
na kierkute (Lombardo et al., 2020; Shang et al., 2014; Wu et al., 2019).

CornacHo nUTEepaTypHHUTE TOAATOIM, CTepHaTa cTabwiM3anvja Ha pPa3TUYHU
HAHOCHCTEMHU Pe3yJITHpPa CO yCIICITHA HHTEPHAIM3allM]ja 01 CTpaHa Ha kiietkute Ha KMB,
Kako u HeBpoHute. [Ipm crepHa crabmnmsanuja Ha HaHocuctemure co PEG ocsen
HaMaJieHaTa OIICOHM3allMja W TMPOJODKEHOTO BpEeME Ha IUpKYyJaldja, 3rojieMeHaTa
MOBPIIMHCKA HACTEKTPU3UPAHOCT HA YECTUUKHUTE BIIMjae Ha MOA00pyBame Ha HUBHATA
WHTepHAIN3allMja BO HeraTUBHO HaenekTpusupanute kietku (Li et al., 2011; Shalabalija
et al., 2021). Mcro Taka, Nie et al. (2011) Boounsie aeka HHTEpHATU3AIM]jaTa € TIOBP3aHa
CO TIOBPIIMHCKATA aKTHBAallMja HA KJIETOYHATA MeMOpaHa of cTpaHa Ha aMpupUIHHOT
POL. Hononuutenno, Shubhra et al. (2014) 3aknyunie neka POL Ha moBpiinHara Ha
YECTUYKHUTE TPU HUBHA IEHETpaIfja MOXE Ja ja MPOMEHAT MHUKPOBHCKO3HOCTA Ha
KJIeTOYHaTa MeMOpaHa, Kako M Ja ro Hamanar HuBoTo Ha ATP co mTo ce HamaiyBa u
aktuBHOCTa Ha efflux Tpancmoprepure, mTO 01 Apyra cTpaHa MOXe da pe3yaTHpa co
OJIECHET TpaHCHOpT HU3 KieTkute Ha KMb.



Jlocera He ce IpUjaBeH! CIIMYHU EKCIICPUMEHTAHU PE3yJITaTH IOBP3aHHU CO OBOJ
¢benomen. 3aToa, MOTPEOHM Ce JOTOJHUTEIHN KBAHTUTATUBHU HCTPAXKyBamba CO el 1a
ce OTKpHE MpUpojaTa Ha 0BOj (peHOMEH.

Ciuka 46. KonhokanHa MEKpOCKOMHja 01 HHTepHanu3aimja u quctpudynunja Ha NL1 Bo hCMEC/D3
KJIETOYHA JINHHU]ja, KaJIe IIMTOCKENIETOT € O3HAYCHO CO 3eNeHa 60ja, jaapoTo CO CHHA, 8 YSCTHIKUTE CO
1pBeHa 00ja, COOIBETHO.



Cnuka 47. KondokaiHa MEKpOCKONHja 011 HHTepHaIu3auja u quctpudynuja Ha NL2 Bo hCMEC/D3
KJIETOYHA JINHU]ja, KaJle IUTOCKENIETOT € O3HAYEHO CO 3eNeHa 00ja, jaIpoTo co CHHA, 8 YECTHIKHUTE CO
pBeHa 00ja, COOIBETHO.



Ciuka 48. KontokanHa MEKpOCKOMHja 01 HHTepHanu3anuja u quctpudyimja ua NLC1 so hCMEC/D3
KJIETOYHA JIMHH]a, KaJie IIUTOCKENIETOT € 03HAYEHO CO 3elieHa 00ja, jaipoTo CO CHHA, @ YECTHYKHUTE CO
pBeHa 00ja, COOIBETHO.



Cunuka 49. KondokaiHa MEKpOCKOIHja 011 HHTepHaIu3aiuja u quctpudynunja ua NLC2 Bo hCMEC/D3
KJIETOYHA JINHU]ja, KaJle IUTOCKENIETOT € O3HAYECHO CO 3eNeHa 00ja, japoTo co CHHA, 8 YECTHIKHUTE CO
pBeHa 00ja, COOIBETHO.



Cunuxka 50. Kondoxanna mukpockonuja o uHTepHanu3anuja u auctpudynuja Ha NL1 Bo SH-SY5Y
KJICTOYHA JINHK]ja, KaJIe IIATOCKENIETOT € 03HAUCHO CO 3ejieHa 00ja, jaipoTo CO CHHA, @ YSCTUUKHUTE CO
1pBeHa 00ja, COOJIBETHO.



Cnuka 51. Kondoxaiina Mukpockonuja oJf MHTepHanu3anuja u auctpudynuja Ha NL2 Bo SH-SY5Y
KJIETOYHA JIMHH]a, KaJie IIUTOCKENIETOT € 03HAYEHO CO 3elieHa 00ja, jaipoTo CO CHHA, @ YECTHYKHUTE CO
1pBeHa 00ja, COOIBETHO.



Cnuka 52. Kondoxkaina Mukpockomnuja ol uHTepHanu3anuja u auctpudyuuja na NLC1 Bo SH-SY5Y
KJIETOYHA JINHU]ja, KaJe HUTOCKEJIETOT € 03HAYEHO cO 3elieHa 00ja, jaipoTo cO CHHA, a YECTHIKUTE CO
1pBeHa 00ja, COOBETHO.



Cnuka 53. KondoxkaiHa Mukpockonuja ol mHTepHanu3amuja u auctpudyuuja na NLC2 Bo SH-SY5Y
KJIETOYHA JINHU]ja, KaJe HUTOCKEJIETOT € 03HAYEHO cO 3elieHa 00ja, jaipoTo cO CHHA, a YECTHIKUTE CO
pBeHa 00ja, COOIBETHO.



5.3.4. In vitro ucnuryBame Ha MPE3eMambETO Ha HAHOCUCTEMHUTE BO N30paHU KICTOYHH
KyJATYypH

KiterounoTo npesemame Ha HAHOJIUIIO30MHUTE U HAHOCTPYKTYPUPAHUTE JIUTTUTHH
Hocaun Oeme ucnurano Ha hCMEC/D3 u SH-SY5Y kneToyHuTe NTMHUH, KAKO €IHU OJ
HajA00pO KapaKTepU3UPAHUTE KICTOYHH KYJITYPU KOH YCIICITHO T MMUTHPAAT TJIaBHUTE
KapakTepucTuKy Ha Kietkute Ha KMb u HeBpoHckara GyHkija, cooasetHo (Markoutsa
et al., 2011; Strother et al., 2021).

Pesynrature ox crymuure Ha npesemame B0 hCMEC/D3 kierkure mokaskaa
3HAYMTEIHA Pa3jiiKa BO KOJHUYMHATA HA HHTEPHATM3UpaHU HaHoaumo3omu (>0,2 1Ug) BO
criopeada co HaHOCTpYKTypHupanu jaunuaau Hocaun (~0,17 pg) (Tabena 6). Mmeno, mpu
KBAaHTUTATUBHOTO OINpEIeNTyBamke Ha KIETOYHO INpe3eMame Ha popmynamnuja NL1 Ha 4
°C Bo hCMEC/D3 xierounara nuHHja, He Oemie 3a0eiekaHa pasjvKa BO OJHOC Ha
pOMEHa Ha KOJIMYMHATA Ha ipe3eMeHn yecTndku Ha 37 °C. 3a pasnuka ox Toa, kaj NL2
nporeHToT Ha npe3emame Ha 4 °C Bo hCMEC/D3 kierounara nunuja 6eme 71,05%
W3pa3eH KakKO pENaTHBEH NPOICHT OJ] BKYIHATA KOJIMYMHA HA WHTCPHAIM3UPAHH
gyectruku Ha 37 °C (Cn. 54). OBaa pa3nuka HajBEpOjaTHO ce€ JOJDKH Ha TMOJIMMEPOT 3a
crepHa crabwmmsanuja. Mmeno, POL kako cTenT moimuMmep TIOKakyBa IOrojemMa
TEHJICHIIH]a KOH CIIC/ICH-¢ Ha CHIOIMTHUOT MEXaHW3aM Ha MHTEPHAIM3AIlH]ja, OTKOJIKY Ha
nacuHa qudysuja (Ottenbrite and Javan, 2005).

Tabena 6. Konuuuna na unmepranuzupanu yvecmuuxu Ha 37 °C co
hCMEC/D3 u SH-SYS5Y xremounume nunuu
®opmynawnn  hCMEC/D3 (ug) £SD  SH-SY5Y (hg) £SD

NL1 0,2067+0,013 0,3851+0,068
NL2 0,2442+0,012 0,3209+0,039
NLC1 0,1769+0,009 0,3173+0,023
NLC2 0,1695+0,004 0,3112+0,012

Kora cranyBa 300p 3a HaHOCTPYKTYPUPAHUTE JIMIHUIHU HOCAYM, MOXE Jla CC
3a0enexu JeKa KOJMYMHATAa HA KIETOYHO Mpe3eMame ce HamalyBa Kako IITO M JIBETE
dopmynanuu NLC1 u NLC2 ce unkyOupanu Ha 4 °C, npumto 6ea noouenu 70,39% u
76,99% wu3pa3eHW Kako peNaTUBHM TPOIEHTH OJ BKyNHATa KOJWMYMHA Ha
UHTEepHATM3UpaHu decTHikd Ha 37 °C, cCOOJBETHO, IITO HAjBEPOjaTHO Ce€ JOJDKU Ha
(baxToT IeKa KIETOYHOTO MPe3eMarbe Kaj HAHOCTPYKTYPUPAHUTE JIMITUIHU HOCAUH CIIEIN
ATP-3aBuCeH MEXaHMW3aM Ha MHTEPHAJIM3aIlMja, IITO BCYIIHOCT MPETCTaByBa U TJIaBHA
NpUYHHA 32 Tpoewme Ha ATP u peayypame Ha eHEPreTCKUOT MeTad0oIM3aM, Kako IITO
Oemie W MPETXOJHO MOTBPJACHO BO MNpe3eHTUpaHuTe pesyiaratu ox MTS Tecror 3a
UCTINTYBamke Ha BHjaOMIIHOCTA HA KIIETKHTE.

Co men mnomobOpo ma ce pa3depe TOYHHOT MEXaHHM3aM Ha KJIETOYHA
WHTEpHATM3aIMja HAa CHCTEMHTE, CTYIUHTE Ha Mpe3eMame Oea HalpaBeHH H BO
NPUCYCTBO HA MHXUOMTOPHU 3a KIATPUH W KABEOJIMH — MOCpeAyBaHa eHpornurosa. Of
nobuenute pesynratu (Ci. 54) Moke na ce 3a0enmexu Jeka Hema 3HAYUTEITHO



HaMaJTyBamke Ha KIETOYHOTO MPE3eMarhe Kora JIUIMUIHUTE HAHOCUCTEMH C€ MHKYOUpaHH
CO XJIOPIIPOMAa3WH U WHIOMETAIMH, cO UCKITy4oK Ha NL2.

Bo Taa Hacoka, Ba)XHO € Ja HallOMEHEME JeKa KOra ce¢ aHalu3upaaT H
MHTEPIIPETHPAAT PE3yATaTUTE O] KIETOYHO MPe3eMame CO yrorpeda Ha HHXUOUTOPH 3a
SHJIOLUTO3a, Tpeba Jla ce 3eMe BO MpEABH] JieKa OJOKHMPAKETO Ha €IHA IareKa Ha
npe3eMame MOXKE Jla Pe3yJITHpa CO aKTHBALlMja Ha JIPYr €HJOUUTEH MEXaHH3aM, ILITO
HOBTOPHO JIOBEAyBa 10 Memame Ha pesyntarute (Ivanov, 2008). [TonpennsHo, BaKHO €
Jla ce CIIOMEHE JieKa HaHO-JIEKOBHTE MOXeE J1a OMJaT Mpe3eMEeHHM W WHTEPHAJIH3HPaHU
NPEeKy pa3IMyHH CHIOIUTHY NMAaTeKH (M aKTUBHO M IACUBHO) U 3aT0a UICHTU(UKAIIH]jaTa
U MCIIUTYBAamkbETO HAa TOYHHOT MEXaHH3aM 3a KJIETOYHA MHTCPHAIM3ALMja MMPETCTaByBa
BuctuHcku npeansBuk (AKinc and Battaglia, 2013).
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Crnuka 54. EexToT Ha pa3aIuyHi HHXHUOMTOPH BP3 KJIETOYHATA MHTEPHAIU3AIM]jA HA TOATOTBEHUTE
(dopmynanuu mocie 2 yaca uakybauija co NCMEC/D3 xnetkure; Ha 4 °C co 11e1 1a ce HHXUOMpaaT CuTe
CHEPTeTCKU-3aBIUCHH MEXaHU3MH; CO XJIOPIPOMAa3HH 3a J1a Ce HHXUOHpa KIaTPHH-IOCPelyBaHa
SHJIOIMTO34a; M CO MHIOMETAIIMH 3a J]a Ce MHXHOHPa KaBEOJIHH-TTOCpeNyBana eHaonurosa (N=4).
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Crmka 55. Cketep IIIOT Ha aHATM3UPAHN PE3yITATH OOOCHH 10 THUIT Ha KJIETOYHA JIMHUja.



PLS momemor on pe3ynTaTure Ha CTyIUHTE Ha KICTOYHO Ipe3eMame Ha
TUOUIHATE GOPMYJIallMy Ha JIBETE KJICTOYHU JIMHUM MOKaXKa JeKa BHIOT HAa KICTKUTE
IPeTCTaByBa 3Ha4YajHa HE3aBHCHA BapHjadiia Koja MITO UMa BJIHMjaHUE BP3 MPE3EMABETO
Ha yectrukute (Ci. 55), 3apaau mro Oere 0Ty4eHO a ce MPUMEHH AUCKPUMUHATOPEH
PLS 3a cekoja keTouHa JIMHHU]ja MOCEOHO.

WIP[3]

T T r T T T T T
NL1 (x)  NLCT(x) NLC2({x) NL2(x) 4oC(x) 37 oC(x) MHAOMETALMH XAOPNPOMaIWH
1,38953 1,39183 1.38784 1.38015 1,29889 0607836 (x) 0450031 (x) 0,118787

Cnuka 56. VIP mioT Ha curaudukanTHrTe akTOpH KOM BIIMjaaT BP3 KJIIETOUYHOTO Ipe3eMarhe Ha
Hanocuctemure o1 hCMEC/D3 kierouHara JuHUja.

Paznukara Bo mpesemamero Ha HaHocuctemure o hCMEC/D3 u SH-SY5Y
KJICTOYHUTE JIMHUHMH HajBEPOjaTHO CE IOJIKH Ha OJIPEIICHH CIIeU(UIHU KapaKTEPUCTUKU
3a JaJieHaTa KJIETOYHA JIMHHU]a, 3eMajKd ja BO MPEAMBJA pPa3IMYHATA aHATOMCKA M
¢du3nonomnka GyHKIMja Ha ABETE KJICTOUHH JIMHUY IITO IOHATAMY CEKAaKO IPUIOHECYBa
Y BJIMjac BP3 HUBHUOT MEXaHW3aM M KOJIMYKMHA Ha nHTepHanu3anuja. Mmeno, NCMEC/D3
KJICTOYHATA JIMHU]a YCICITHO Ce KOPUCTH Kako mozen 32 KMb Bo nmoBeke ucrpaxyBama,
IITO CaMO TO MOTBPYBa BUCOKHOT KBAIUTET M MOTCHIMjaJOT 33 3aMEHa Ha MMPUMapHH
KJIETKHU 3a IN Vitro ucrpaxxyBama. OBHE MO30YHU CHIOTCIHUjAIHA KJICTOYHH JHHUH TH
uMaar 3apXKaHo HajKPUTHYHUTE KapaKTEPUCTUKU Ha MPUMAPHUTE KJIETKH, KaKo IITO Ce
eKCIpecHjaTa Ha KJIETOYHUTE MapKepH, TPAHCIIOPTEPUTE U MPOTEHHCKUTE TECHU ja3iu
(Vu et al., 2009), mito cUIHO BAKMjaaT BP3 TPAHCIIOPTOT U MPE3EMAETO HA Pa3IHUYHU
BUJIOBU Ha HaHouecTHuku. O Apyra cTpaHa nak, Bo HeaudepeHupanara gopma, SH-
SY5Y xneTkuTe ce KapakTepuupaHu MOPQOJIOMIKH KaKo HEypoOJiacToMa KJICTKH, He-
NOJIApU3UPAHU  KICTOYHM Tela CO HEKOJKY TMpOIecCH BO CKpareHa (¢opma.
Hemudepenunpannte SH-SYSY kneTkn KOHTHHYHpaAHO TpoiudeprupaaT, eKCIpecupajku
HE3per HEBPOHCKM MapKepy M HEJOCTATOK Ha 3pEeNId HEBPOHCKH MapKepH W Ha TOj
HAauWH OBOj THUN Ha KJIETKM C€ CMETaaT JeKa HajMHOTY IIOTCETyBaaT Ha HE3peJH,
TIO3UTHUBHU HA TUPOK3UH XMHUPO3UIIa3a U JIOTIAMUH-f-XUPOKCHIIa3a KApaKTePUCTHUHH
katexonamunepruunu HeBponu (Kovalevich and Langford, 2013).

Amnanusara Ha nogatorure oa mojaeaot Ha h\CMEC/D3 ykaxka iexka TOMHUHAHTHO
BJIMjaHue nMa BUIOT Ha popmynanwmjara (Ci. 56). [Ipu ananuzata Ha cketep oot (Cir.
57) Mo3e 1a ce BUIM JeKa TOMHUHAHTHO BIIMjaHUE UMa BUJIOT Ha (hopMyiainujara, 1oaeKa
nospirHaTa (PEG win POL) Hema 3HAUUTETHO BiIMjaHUE BP3 KJIECTOYHOTO MPE3eMarbe.

On Cnuka 57 moxe 1a ce 3a0eJIekKu JeKa eHepreTcKaTa JIepruBalija 3HAYUTEITHO
BJIMjae Ha MPE3EMambeTo Ha CUTe (POPMYIIALNH, T0JIeKa HHXUOUTOPUTE Ha €HIOLUTO32
HEMaaT 3HAYUTEIIHO BIIMjaHUE BP3 KIIETOYHOTO IIpe3eMabe.
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Crnuka 57. CkeTep IIOT 0J1 CKOPOBUTE Ha aHanusupanute npumeporm o1 hCMEC/D3 kierounara inHuja
o6oenu 110 @) B/ Ha popMyanuja u 0) eKCIIEPUMEHTAIHU YCIIOBH.
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Cruka 58. E(exToT Ha pa3nIuyHu HHXUOUTOPH BP3 KJIETOYHATA HHTEPHAIM3AIMja Ha IOATOTBECHUTE
dbopmynanuu nocie 2 yaca unkyoauija co SH-SYS5Y knerkure; Ha 4 °C co 1171 1a ce HHXUOUpaaT CUTe
€HEPTeTCKU-3aBUCHU MEXaHU3MH; CO XJIOPIPOMAa3HH 32 Jla Ce HHXUOUpa KIATPUH-TIOCPETyBaHa
EHJIOINTO34a; ¥ CO MHIOMETAIIMH 3a Ja C& HHXHOMPa KaBeOJIHH-TTOCpeyBana enmonurosa (N=4).

Knerounara nuamja SH-SYSY mokaka 3HAUMTENHO MOBHCOKM BPEIHOCTH Ha
nepMeadMIHOCT Ha dopMynanuuTe mo uHkyOamuja Ha 37 °C, Bo cnopenda Kora UCTUTE
ce uakyoupanu co hCMEC/D3 kierounata nunuja (Tabena 6). bunejku memOpanute Ha
HEBPOHUTE COJPIKAT BUCOKO HUBO Ha xosecteposn (Harris and Milton, 2010), moBucokara
KOJIMYMHA Ha KIETOYHO TIpe3eMame 3a HaHOJIUIIO30MUTE BO cropeada co
HAHOCTPYKTYPUpPaHUTE JUIUIHA HOCAUYU C€ JODKU HajBEpPOjaTHO MOPAIH MPHCYCTBOTO
Ha XOJIECTEPOJIOT BO COCTABOT HAa HAHOJIMIIO30MCKHTE (opmyrnanuu. OBa € HCTO Taka BO
COTJIACHOCT CO pe3yJTaTute qooueHu o ctpana Ha Lee et al. (2013) kane e mokaxaHo
nexa SH-SYSY HeBpoHHTE MOKa)XyBaaT jacHa npedepeHIinja 3a JIMM030MH KOU BO CBOjOT
coctaB conpixkar xonecrepon. O Cnuka 58 Moxke ga ce 3a0enexu JeKa IpoIeHTOT Ha
KJIETOYHA MHTEpHAIHM3aIHKja Tocie 2 yaca BpeMe Ha MHKyOaluja co popMmynanuuTe Ha 4
°C 3HauuTenHo ce HamanyBa (21,45%, 16,53%, 24,09%, 23,24% 3a NL1, NL2, NLC1,



NLC2, coonBeTHO), ITO YKa)KyBa Ha TOA JieKa OBHE HAaHOCUCTeMH cienat 47 P-3aBUCEeH
MEXaHM3aM Ha KJIETOYHA MHTepHAIM3alHja.

Mogenot koj ru onumryBa ekcriepumenTute Ha SH-SYS5Y kinetkure mokaxa nexa
YCJIOBUTE Ha €KCIICPUMEHTOT MMaaT HajrojeMo BIIMjaHHE Ha KOJMYMHATA HA TPE3eMEHH
YECTUYKH, IIPU IITO EHEpreTcKarTa JAenpuBaiiija mokaxa Hajroaem VIP dakrop (Ci. 59).

-0.5 4

4 GCI(x) 37 oC (I)()XHOIJFI[JOI:JQSMH MH,quMeTaLlMH T\I.IL 1(x) NLIZ (x) NLCI1 (x) NLCIZ (%)
272786 132118 (x) 0672372  (x) 0475024 0,275978 0,237917 0,0510146 0,0129536

Var ID (Primary)

Crmka 59. VIP ot Ha curHu(UKaHTHATE (PaKTOPH KOM BIIHjaaT Bp3 KIETOYHOTO Mpe3eMame Ha
Ha"ocuctemute o SH-SYS5Y kierounara nmuamMja.

Ha ckeTep mioToT o1 MOJIETIOT MOXKE J1a C€ BHIAT TUCTUHKTUBHO OJJBOCHH TPYTIH
COTJIACHO YCJIOBUTE Ha M3BEyBamke HA EKCIICPUMEHTHTE, ITPH IITO EKCIIEPUMEHTHTE IO/
EHEepreTCcKa JISNpUBaIlja JaBaaT HajHUCKUA CKOpoBH. Moske J1a ce 3a0elieku U ePeKTOT
Ha MHXUOUTOPHUTE HA SHJIOIMTO3a, HO TO] € JaJIeKy TOMAJl.

[IIto ce omHecyBa 10 BIWjaHUETO HA BUIOT Ha (GopMylianyjata, MOXeE Ja ce
3aKIy4d Jeka ekcrnepumeHTuTe Ha SH-SYS5Y knetouHata nuHHMja TOKakaa Jeka
dopMynanujata HemMa JAWUCTHHKTHBHO pa3IMYHO OJHECYBake BO OJHOC Ha
WHTEpHaJIM3aIMjaTa, MTo Moxe aa ce Buau u of VIP mnotot u ox cketrep minotot (Ci.

60).
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Crmka 60. CkeTep TIOT 0] CKOPOBUTE Ha aHAMHM3UpaHUTe puMmeponu ox SH-SYSY knerodnaTa nuHMja
oboenu 110 @) B Ha popmynanuja u ) eKCIEPUMEHTAIHN YCIOBU.



5.4. In VivO cTyiMu Ha aHTHUKOHBYJI3MBHA aKTHBHOCT Ha MOATOTBEHUTE (HhOpMYyJIaliiu

[IpennoskenaTa aHTUKOHBYJI3MBHA aKTHBHOCT HA IMOATOTBEHUTE HAHOCHCTEMH CO
enkancyiaupan CE Oemie ncnutana Ha battery - TectoBu Ha Hamagu Kaj TIyBUHEbA CO
KOPUCTEH-E Ha EJICKTPUYECH WU XeMUcku ctumyi. MES tecror, 6-Hz Tector, SCPTZ
TecToT, Kako u IVPTZ Tector Oea CeleKTHpaHW Kako ,3JIaTHH CTaHAApIu™ O
npernopadanute Boandu ox [Iporpamara 3a pa3Boj Ha aHTHENUWICNTHYHY JiekoBr (ADD)
on crpana Ha Harmonanuuor Muctutyrt 3a 3apasje (USA) (Krall et al., 1978).

HeBpoTokcnyHOCTa Ha HAHOCUCTEMHUTE Oellle OlleHeTa MPEeKy poTa-poa TecT. Bo
npBara ¢aza oj] eBaiyalujara, ipuMeponuTe 6ea aIMUHUCTPUPAHU UHTPAIEPUTOHEATHO
B0 n03u oxa 30, 100 u 300 mg/kg, 30 munyTH npea u3BeayBame Ha MES wiu pota-pos
TECTOT, COO/IBETHO.

Pesynrature onm ¢asza | ce cymupanm Bo Tabema 7. IlpenuvunapHuTe
dbapMakoNOmWIKU pe3yiTaTd YKaKyBaaT Ha Toa JeKa CUTe dYeTupu Qopmynanuu
MOKa)XyBaaT 3allTHTA Kaj MMOJIOBMHA I MOBEKE OJ1 TeCTHUpaHUTE TiayBunma Bo MES
tectoT. lloreHTHOocTa Ha  QopmynanuuTe Oemie BO  CIEIHUOT  PEIOCIen:
NL1CE=NLC2CE=NLC1CE>NL2CE kaj MES TtectoT, Koja Oemmie cropeiuBa U CO
pedepenTHroT ek GperutonH. He Oerie nerekTrpaHa HEBPOTOKCHUYHOCT IO U3Ben0a Ha
poTa-poji TECTOT M CO HajBHcokaTta no3a on 300 mg/kg, 3a pasnuka oa (HEHUTOMHOT
KaJIeITo KOHIIeHTpaIlijaTa ¢ mumutrpana Ha 100 mg/kg (dasza ).

Tabena 1. AHmuKOHGyJZS’MGHd AKMUuBHOCM U He6pOMOKCUYHOCM HA HaAHocucmemume

dopmynanuu MES? Pora-pon®
0,5 gaca 0,5 gaca

NL1CE 30 -
NL2CE 300 -
NLC1CE 30 -
NLC2CE 30 -
¢enutoun? 30 -

nujazenam® - 30

Bo tabenara npeTcTaBeHUTE BPETHOCTH CE€ OJHECYBAaaT HA MHUHHMAITHHUTE JO3H OX
TecTUpaHuTe (opMyJalui, Kaae OWOAKTHMBHOCT HJIM HEBPOTOKCHYHOCT Oele
NOTBp/IeHa Kaj HajManky 50 % OJ TeCTUpaHWTE KUBOTHHU. (-) YKaXKyBa JICKa HE €
perucTpupaHa nojaBa Ha aKTHBHOCT WJIM HEBPOTOKCHYHOCT Kaj MPHUMEPOLUTE WIIH
pedepeHTHHTE IEKOBH Kora Oniie aIMIHUCTPHPAHN BO HajBUCOKATa KOHIIEHTpalyja
o1 300 mg/kg

aMaximal electroshock test (MES)

bPota-pon TecT

Bo cnennara kBaHTHTaTHBHA (hapMaKoJIOIIKa aHAM3a OJf CKpUHUHT-(pazaTa Oea
ompenenenn npoceunnte epextuBHU 103U (EDso) mpecmeranu mpexky MES u 6-Hz
TECTOBHTE, COOJIBETHO, CpeHaTa HeBpoToKcHuHa n03a (TDsp) mpecmereHa npeky pora-
pon TecToT, Kako W mHAekcute Ha 3amrtuta (PI) 3a cute wetmpum dopmynanuu Kou
NOKa)kaa 3a/I0BOJIMTENTHAa akTUBHOCT BO (paza I. Kako pedepenten nek 3a MES tecToT
Oeme ynotpebeH ¢penntonH. KBaHTHTaTHBHATA €Bajyalija 01 TECTUPAHUTE IPUMEPOIIH



BO ¢a3za |l mokaxka geka MOTEHTHOCTAa Ha HCIUTaHUTE (HOPMYJIAIMUA € BO CICIHHOT
penocnenq NLCI1CE>NLC2CE>NL1CE>NL2CE mo wu3BenyBame Ha MES TecToT H
NL2CE>NL1CE>NLC2CE>NLC1CE mno wu3BemyBame Ha 6-Hz tector (Tabema 8).
NLC1CE ¢dopmynanujaTa nmokaxa akTHBHOCT KOja MOXKe J1a OuJie Criope/IeHa O OHaa Ha
pedepeHTHHOT JeK — peHuTornH o u3BenyBame Ha MES tector (NLC1CE:ED50=11,85
BO criopeada co penntonn:ED50=7,15), noneka Hej3uanot Pl Oerie mOBHUCOK 3a pa3inKa
on Pl na pernronnor (NLC1CE:PI=25,31 Bo cniopenda co penuronn:P1=13,99).

Kako mro Gerie HaBeIGHO W MPETXOHO, JOCETAIIHUTE JTUTEPATYPHH MOJATOIH
yKaXyBaaT Ha Toa JeKa ToJeMMHaTa Ha YECTUYKHUTe W  IOBPIIMHCKATa
HACJICKTPU3UPAHOCT WIpaaT KIydyHa M MHOTY BaKHa YJIOra Koja CHJIHO BIIMjae Bp3
(apmMakokuHeTMKaTa ¥ OWOJOIIKAaTa JUCTPUOYyIMja Ha HaHOCHCTEMUTE N VIVO.
[Torpenn3Ho, OBHE KAPAKTEPUCTUKH BIIMjaaT BP3 BPEMETO Ha IIUPKYJIAIMja U KIUPEHCOT
Ha HaHOCHCTeMHTE IN VIVO M O Jpyra CTpaHa, MCTO Taka BJIMjaaT BP3 YCHCIIHHOT
TPAHCIOPT HU3 EHIOTEITHUTE KJICTKH Kaj creluuyHu TKuBa, kako mto ¢ KMBb. [ToBeke
UCTpaXKyBama YKa)kyBaaT Ha Toa JieKa rojeMuHa Ha yectTuuku nomery 20 u 150 nm moxe
3HATYUTEITHO J1a FO PEAYIHpa KIMPEHCOT iN VIVO, a BO KCTO BpeMe Jia o 3r0JIEMH BPEMETO
Ha OUPKYJIHpame Ha CUCTEMUTE BO KpBTa. McTo Taka, JokaxkaHo € Jeka (haromuro3ara
Ha HAHOCHCTEMHUTE € 3roJIeMEHa CO 3roJieMyBame Ha BPEIHOCTA HA MOBPIIMHCKHAOT
NOTEHIMjall, 0e3 pa3linKa Ha TOJHEXKOT, MITO JOBEAyBa 10 3a0p3aHO YHCTEHE WIN
srojeMeH KiaupeHc Ha cuctemute in vivo (Di et al., 2021). Ox oBa mpousierysa aeka,
YEeCTHYKU cOo morojieM jaujamerap (>160 Nnm) u MHOTY HEraTMBHU BPEIHOCTH 3a 3€Ta
norenimjai (> -44 mV) kako kaj NL2CE, Bo criopen6a co octanatute Tpu (GOpMyIIaliim,
ce KapaKTepUCTHKH KOW MOXKE MaplHUjalHO Ja MPHUAOHECAT 3a MOMall TEePareBTCKU
MOTEHIIMjall Ha oBaa (hopMyJiallija BO TopecroMeHaTuTe in Vivo TecToBH.

Tabena 8. Keanmumamueer ckpurune na Hanocucmemume co nomow Ha MES u 6-Hz

mecmogu Kaj 2ny8uurod

®opmynanuu Tecr TPE? EDso” 95% untepsan  Hill TDso* P1¢
(h) (mg/kg) Ha JoBepOa slope  (mg/kg)
NL1CE MES 0,5 66,90 29,20-153,3 0,18 >300 >4,48
6-Hz 0,5 43,01 1,279-1,988 0,78 >300 >6,97
NL2CE MES 0,5 96,97 36,58 - 257,1 0,66 >300 >3,09
6-Hz 0,5 33,33 1,385-1661 1,14 >300 >9,0
NLC1CE MES 0,5 11,85 7,491-18,75 1,17 >300 >25,31
6-Hz 0,5 84,19 1,743-2,107 1,24 >300 >3,56
NLC2CE MES 0,5 30,79 20,88 - 45,43 0,1 >300 >9,74
6-Hz 0,5 67,38 1,551-2,106 0,94 >300 >4,45
(heHuTONH MES 0,5 7,15 2911-1759 1,04 >100 >13,99

IIpercraBennTe pesynratu ce Bo 95 % wHTEpBANOT Ha JOBEpOa.
aTime to peak effect — TPE;

bMedian effective doses (EDso);

®Mediam minimal neurotoxic doses (TDso);

dProtective index (P1) (Rotarod TDso/EDso).
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Cnuka 61. Edextu o NL1CE, NL2CE, NLC1CE u NLC2CE u nosutusHa koutpona CBZ (30 mg/kg i.p.)
Ha TparoT 3a TpuTe a3y Ha HAaIu: MAOKIOHWYHH (A), reHepanm3nupanu KioHndHY (B) u Tornasu (C)
Hamaju npeau3sukanu co IVPTZ unjeximja (1 %) kxaj rayBuriba. SBE3IMUKUTE 03HAUYBAAT JIeKa IOCTOH
3HAYUTEIHA pa3liiKa MoMery UciuTaHuTe popmynamun u korrponute. *p<0.05; **p<0.01; ***p<0.001.



Bo crmennara  ckpuHHMHTr-paza  O0ea  HCIIUTYBaHH  MHOKIIOHHYHHTE,
TeHEepaTN3UPaHUTe KIOHWYHM W TOHMYHHTE HAmaaW MO MPHUMEHa Ha HMCIUTYBAHUTE
dbopmynaruu, kako u CE.

[Ipu unTpaBeHcka aamuuuctpanuja Ha 1% PTZ kaj rayBumma (co men ma ce
Nper3BUKa CMIJICITUYCH Halaa) CUTe YSTHPH MCIUTYBaHU (OPMYJIAllMU CO BIPajCH
CE mokakaa aKTHBHOCT BO TpuTe (a3u Ha Hamaau (MUOKIOHUYHH, F€HEPATHU3UPAHU
KJIOHWYHU ¥ TOHUYHHU HAmaau) U Toa MpHu cuTe anMuHUCcTpupanu ao3u (30, 100 u 300
mg/kg), coomsetHo. Pesynrature ox emHonacouna ANOVA ykakaa Jeka cuTte
(bopMyIaluu MOKaKyBaaT 3HAYMTEIHN €EKTH Ha MParoT 3a MojaBa Ha MUOKJIIOHHYHH,
reHepaTu3upany KJIOHUYHU M TOHWYHHM HAmajau, COOABETHO. [I0CT XOK TECTOT moKaxa
JIeKa CUTE YETHPH (POPMYJIAIIK MOKAXKYBaaT €PEKTH KOU CE€ CIIOPEIUTHBH CO €PEKTOT Ha
KapOaMa3enmHOT Kako pedepeHTeH JIeK, BO CUTE 3 UCIUTAHM J03HM U BO CHTE TpHU (pa3u
na Hanazau (p<0,01 u p<0,001) (Cn. 61a, 6, B).

On noduenute pesynraru (Ci. 62) moxke 1a ce 3a0eeku JIeKa CUTE TOATOTBEHU
(dopMyanuu ro 3rojieMyBaar BpeMeTO Ha JIaTEHIIH]ja 3a 10jaBa Ha Pa3JInYHA BUJOBU Ha
eMIWICITUYHH HATIa IH.

Kaj rnmyBumma kaj kom uMm Oea amgmuuuctpupanu dopmynanuute NLI1CE,
NLC1CE u NLC2CE, Bo mo3a ox 30 mg/kg, mokakaa 3HaYMTEIHO 3rOJEMyBambe Ha
BpPEMETO Ha JIaTCHIMja IO T0jaBa Ha MPBHUTE MHOKIOHHUYHHU HamajJud BO CIOpenda co
koHTpousiHara rpymna [Kruskal-Wallis ennonacouna anani3a Ha BapujaHcaTa co CICIHUTE
pankoBu: H=16.132, p=0,003]. IToct xok Tecrot mokaxka aeka NL1CE, NL2CE, NLC1CE
u NLC2CE 3HauuTenHo ro 3roieMyBaaT BpEMETO Ha JIATEHIIH]a 32 MUOKJIOHWYHU HAIlaIx
(p=0,0447, p=0,043, p=0,0007, p=0,0002, cooasetro) (Ci. 62a). Bpemero Ha naTeHIIHja
3a TpBUTE KIOHMYHM Hamagu Oelie HMCTO Taka 3HAYUTENTHO 3TOJIEMEHO TIO0
afMUHUCTpalnMja Ha HaHocucremure [H=12,383, p=0,015]. CauunHo kako u 3a
MHUOKJIOHUYHHUTE Halajad, BPEMETO Ha JIaTCHIMja 3a KIOHWYHUTE Hamaau Oerie
3HaynTenHo 3roneMeHo npu aamuuuctpanuja Ha NLC1CE u NLC2CE dopmynanuute
(p=0,02, p<0,001, coonsetro) (Ciu. 626). Kaj BpemeTo Ha JIaTeHIH]ja 3a TOHUYHATa (a3a,
npu agmuancTpandja Ha NLC1CE u NLC2CE ¢opmynamunre, kako u Ha CE, 1o 0,5 gaca
IENIOCHO Oea CyNnpUMHpaHH TOHWYHUTE Hamaad, OJHOCHO TIOKaXkaa U3pa3cH
AQHTUKOHBYJI3UBEH €()eKT, IITO BO HCTUOT BPEMEHCKH TEPHO] HE MOXKeE J1a ce 3a0eNexu
Kaj HaHoiuno3omckure dopmynanuu (Cin. 62B), Mako MCTUTE MOKaXXyBaaT OJApEICH
epeKxT. AHTUKOHBYJI3UBHATa aKTHBHOCT Ha CUTE (QopMmynanuu Oemie CropeyiiBa co
MO3UTHUBHATA KOHTPOJIA — KapOamMa3eruH.

3a na ce o0jacHH 0BOj (heHOMEH, KOMILIECHAaTa €THOJIOTH]ja, MaTO(QU3NOIIOTHja 1
roJeMuoT Opoj Ha MEXaHW3MH BKJIYYCHH BO Pa3BOjOT M MPOTrpPECHjaTa Ha Pa3IUIHUTE
BUJIOBU Ha HamajH, Kako U OPOJHUTE PA3IMKH BO CTPYKTypaTa U GU3NIKO-XEMUCKUTE U
OroapMaIeBTCKUTE KapaKTEPUCTHKH MOMEly JHMIIO30MHTE U HAHOCTPYKTYpPUPAHUTE
JUTIMHU HOcauu Tpeba na Oujae 3emeHa BO mpenBuia. bupejku Bo nureparypara He ce
NIPOHAjICHH CIMYHU EKCIIEPUMEHTAIHH PE3yJITaTH MOBP3aHU CO OBaa IojaBa, moTpeOHO
€ Ja ce CHpoBenaT JONOJHHUTEIHH HCTPaKyBamba, Kako IPOJOJDKYBamke Ha OBaa
CKpPHHHUHT-(a3a 0J1 eKCIIEPUMEHTHUTE.
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Ciuka 62. Edexru on NL1CE, NL2CE, NLC1CE u NLC2CE u nosutusna koutposia CBZ (30 mg/kg i.p.)

Ha BPEMETO Ha JIaTeHLMja Ha MUOKIOHWYHH (A), kionnyHH (B) 1 Tonnyuu (C) Hanaau npeau3BUKaHu CO

SCPTZ unjexmuja (85 mg/kg) kaj riyBunmba. SBE3MIKUTE 03HAYYBAAT Je€Ka MMOCTON 3HAYUTEHA Pa3jInKa
nomery ucnuranure Gopmynanun u kourpoaure. *p<0.05; **p<0.01; ***p<0.001



0. 3aKJIy4oK






Bo pamkuTe Ha OBaa JOKTOpCKa aucepranuja 6ea mMpuroTBeHu GopMyIaluu Ha
JMIAHA HAHOCUCTEMH (HAHOJMIIO30MH M HAaHOCTPYKTYPHPAHH JIMIUAIHH HOCAYH) CO
BrpazieH ekctpakt ox Cannabis sativa u Gemie HanpaBeHa 1e0CHa (PU3NYKO-XEMHUCKA U
o6rodapmalieBTCKa KapakTepu3allija, mpocieeHa co in Vitro koMnapaTHBHU CTYIHU Ha
JIBE KJICTOYHU JIMHUM H IN VIVO CTyAuuM Ha e(QHUKACHOCT Ha HAHOCHCTEMHUTE 3a
MIOTEHIIMjaJICH TPETMaH Ha CNUJIeTICHja.

Bp3 6aza Ha moOueHuTe pe3yaTatu Oea U3BEIACHH CICIHUTE 3aKITydOIH !

o Bo mpBara ¢a3a on ucrpaxxyBamara Ha oBaa JOKTOpPCKa qucepTanuja, Oca

HNOArOTBEHH 4etupu ekcrpaktu on Cannabis sativa. Hcrure Oea

KapaKTepU3UpaHU O]l ACIEKT Ha MPHCYCTBOTO Ha TJIABHUTEC KaHAOWHOWJIH.

Hajronema konnentpanuja Ha THCA Gerre onpeeneHa BO eKCTPAKTUTE JOOUCHH

oxn cyeu nseroBu (188,57 u 357,82 mg THCA/Q excrpar 3a TedeH EKCTPaKT

nobueH 0e3 mpeTxoJHa JeKkapOoKCcHiIanyja Ha BeToBuTe — FA u mrnodunmsupan

CyB eKCTpakT ona uBetroBu — FE, cooaBeTHO), Aojeka mak Hajroiema

koHuentpaija o1 CBDA (56,96 mg CBDA/g ekctpakT) Oeliie onpeieieHa Bo

eKCTpaKT oJ1 cyBH aenoBu o xepda (CE). Pesynrarute on ciposeneHrnor ORAC

TECT TOKa)kaa JIeKa CYBUTE EKCTPAKTH AOOMEHW cO JIMo(uiM3aluja Ha CyBH

useroBu (FE) um cyBu nemoBu on mena xepba (CE) wmmaar Hajromem

antuokcuaariuBeH moteHimjan (ICso = 0,052 mg/mL 3a nBara ekcTpakTH
coo/iBeTHO). HMcmuTyBamaTa Ha IIMTOTOKCHYHOCTA HA CUTE IOATOTBEHU

EKCTPAKTH MOKaXkaa Jieka HajrojeM mporeHT Ha Bujabuian hCMEC/D3 kietkn

ce nobuenu nmo uHKyOarmja co CE (>75%) BO MCMHUTAHUOT KOHIICHTPAIIUCKH

OTICeT.

O 3a TMOHATaMOIIHUTE WCTPAKyBamka KaKO AaKTUBHA KOMIIOHEHTa BO

dopMynanuuTe Ha JIMOUAHUTE HAHOCHCTEMH, O€Ile CeJIeKTHpaH CyBHOT

aroUIM3UpaH EKCTPAKT O 1eja xepoa o pactenurero Cannabis sativa (CE).

o IlogrorBenn Oea deTupu GOPMYJIAMU HAa HAHOJIUIIO30MH M YETUPU

(dopMynaliuu Ha HaHOCTPYKTypUpaHM JIMIUIHU HOCA4yM, Kou Momery cebe ce

pa3IMKyBaat Mo MOJUMEPOT 3a cTepHa cTabunu3zanyja (mpasuu popmynanuu NL1

1 NLC1 u coonserno ¢hopmynanuu co Brpagen CE, NL1CE u NLC1CE, kou Ha

cBojatra moBpmmHa coapxkat PEG; mpasuu ¢opmynamuu NL2 u NLC2 wu

cooaseTHo ¢opmynamuu co BrpageH CE, NL2CE u NLC2CE, kou Ha cBojara
noBpirHa coapkat POL kako monumep).

o Iloarorsenure popmynanuu ce KapaKTepU3npaa co Z-IMPOCEUYEH TujaMeTap O

105-160 nm, ynHumonanHa AWCTPUOYIMja HAa UYECTHYKUTE MO TOJIEMHHA U

HEeraTHBEH 3eTa noTeHuujan. He Oea 3a0enexanu mMpoMeHW BO rojieMHHATa Ha

YECTUYKHUTE Ha TOAroTBeHUTe (hopmynammu 0e3 u co BrpageH CE npu HUBHA

uHKyOammja Bo ¢ocharen mydep pH 7,4, kako 1 BO XyMaHa Iia3mMa BO TEKOT Ha

24 yaca, MTO YKa)KyBa Ha HUBHATa CTAOWJIHOCT BO HATUBHATA JUCIIEP3Uja U MPH

HUBHA aJMHHHCTpallMja, OCBEH Ka] (opMysalMUTe HAa HAHOCTPYKTYypUpPaHU

JMITATHA HOCA4YM CTepHO crabmimusupanu co POL, mTo Moxe na ce oK Ha

Jectabuin3alija Ha CUCTEMOT O] aCTeKT Ha arjioMepalija Ha YeCTUIKUTE TN

MIOBEPOjaTHO Ha TOT0JIEM MPOICHT Ha aTCOPOMPAHH MPOTEHHH MPH MPOIIECOT Ha

dopmupame Ha MPOTEHHCKATa KOPOHA.

JIOTIOJTHUTEIHO, pPE3yJITaTUTe O]l HCIUTYBAaKkETO Ha CTAa0MIIHOCTA Ha
n3bpanata popmynamuja NL1 co momom Ha AF4-MALS/DLS (npu nHKyOanuja

BO KJIETOYEH MeauyM 0e3 u co 5% cepyM) mokakaa Jieka He joara J0 mpoMeHa



BO TOJIEMUHATa Ha YECTUYKHUTE, IITO € JOMOJIHUTEIHA MOTBP/A 3a CTa0MIIHOCTA
Ha OBOj CUCTEM BO MPHCYCTBO HA CEPYM MPOTCHHH.

o Cure moarotseHu (HopMyIaluy pe3yITupaa co MPOJI0JHKEHO 0CI000IyBaAkE
Ha CE BO TEeKOT Ha 24 vaca, nako Oerie 3a0enexana pa3jinka BO OJHOC Ha BUJOT
Ha HAHOCUCTEMOT, KaKo M BO 3aBUCHOCT OJ1 IIOJIMMEPOT 3a CTEPHA CTAaOMIIM3aIIH]a.
Kako Hajcoo1BeTeH MOIET ITO ja ONUIITyBa KWHETHKATa Ha 0c10001yBamke Ha CE
Ol TOJrOTBEHUTE CHCTEeMH ¢ wMmozaenor Ha Peppas-Sahlin, npu mro
ocinoboayBameTo Ha CE 0]l HAHOJIUIIO30MHTE CE OJBUBAILE CO MEXaHW3aM Ha
npocta qudy3nja, a Kaj HAHOCTPYKTYpPUPAHUTE JTUIHIHI HOCAuu CO KOMOMHAIM]a
oJ1 mpocTa nudy3uja u moJMMepHa pelakcaliyja.

o Cure ¢popmynanuu co BrpajgeH CE mokaxaa CTaTHCTUYKH 3HAYaEH MOTOJIEM
AHTHOKCHUIATUBEH KalaluTeT BO criopenda co YucTHOT eKeTpakt CE.

o Ilpu cmpoBeaenute iN VItr0 KIECTOYHH CTYAWH, MOATOTBCHHUTE JIUIIHIHH
Hanocutemu (dpopmymammum NL1 u NL2) He mokakaa TOKCHYHOCT BO
ucnutyBaHuOT KoHIeHTpanucku orcer (0,1 pg/mL, 10 pg/mL, 100 pg/mL) ocsen
dopmynanuute NLC1 u NLC2 u Toa camo npu HajBucokaTa kKoHueHTpauuja (100
Mg/mL) 1mTo HajBepOjaTHO Ce TOJIKH Ha TPOIICHE Ha KJICTOYHATA CHEPrHja, a co
TOA U HAMAJTyBamkhe HAa METa0OTHATa aKTUBHOCT Ha KIICTKUTE.

o HaTtepHanu3zanujata Ha HAHOJIUIIO30MHUTE U HAHOCTPYKTYPUPAHUTE JIUITHTHH
Hocaun Bo hCMEC/D3 u SH-SY5Y kierounure nuHuM Oe€lie MOTBPAEHA CO
NOMOIII Ha (UIyOpecleHTHa ¥ KOH(pOKaTHa MUKPOCKOIH]ja, ITO € BO MPHUJIOT Ha
HUBHHOT MTOTEHITH]jall 32 0e30eHO HacouyBamwe U TpaHcropt npeky KMB, kako u
epukacen Tperman Ha Oonectu Ha IIHC. JlonoigHuUTENHO, pEKy CTYIHHUTE Ha
WHTEpHAM3aIMja Oele YBHICHO JieKa [0 HaBJIETyBakbe BO KIIETKaTa
HAaHOJIMIIO30MUTE  WMaaT TEHACHLHWja Ja Ce aKyMyjlIupaaT  OKOJy
nepuHyKJIeapHaTa 30Ha, 10/1eKa IaK HAHOCTPYKTYPUPAHUTE JIUITHAHA HOCAYH HU3
IIUTOCKEJIETOT.

o Ilpu KBaHTUTATUBHOTO WCIUTYBAalkEe HAa KIETOYHOTO TIpe3eMame Ha
HaHOCHCTEMUTE, 3a0enexana Oelle morojyieMa KOJHMYMHA Ha WHTECPHAIM3HPAHH
yectuuku Bo SH-SYS5Y knerounara aunamja (0,3112 - 0,3851 Q) 3a pasnuka ox
hCMEC/D3 (0,1695 — 0,2067 pg). JIOMOIHUTEIHO, PE3YJITATUTE O/ CTYyTUUTE Ha
KJIETOYHO IMPE3eMame BO MPUCYCTBO HA MHXUOWTOPH 32 KJIATPUH M KaBEOJIUH —
nocpelyBaHa EHJOIMTO3a, TOKaxaa Jeka cure (opmynanuu ciaenat ATP-
3aBHCEH MexaHu3aM Ha uHTepHanu3anuja Bo NCMEC/D3 kiietounaTa iuH#ja, co
uckayyok Ha NL1 kane uHTepHanu3anujaTa c€ OJBHMBA JOMHUHAHTHO CO
MexaHu3aM Ha nacuBHa audysuja. [Ipu makyOammja co SH-SYS5Y kierounara
JWHUja, CHepPreTcKaTa JenpuBalfja 3HAYUTEIHO BIIMjaclle Ha MPe3eMameTo Ha
CUTE HAaHOCUCTEMH.

o In Vvivo ncnutyBamara Ha aHTHKOHBYJI3MBHATA aKTHBHOCT Ha MOJTOTBEHHUTE
dopmynarun  Ha ICR riyBumma, MOKakaa 3HAYUTENICH TOTEHIHjal BO
NpeBeHIMja Ha MHUOKIOHWYHHU, KJIOHWYHHM M TOHWYHHM HAmaay, Koj oOere
CTIIOPEUTMB CO MO3UTHBHATA KOHTpOJIa (KapOaMasenuH u (PeHUTONH, COOABETHO).
3HayajHO € Ja ce ucrakHe neka (opmynanujara NL2CE, nokaxa 3HauMTeNHa
NOHMCKAa AHTUKOHBYJI3MBHA AaKTUBHOCT BO cropeada €O  OCTaHATHUTE
dopMyranuu, mMTO MOXE Ja Ce JO/DKM Ha THIIOT Ha IOJIMMEPOT 3a CTepHa
crabumuzanuja (POL), kako ¥ CTPYKTyparTa Ha CHCTEMOT U HETOBUTE €BATyUPaHH
(U3NYKO-XEMUCKHU B OHMOpapMaIleBTCKH KapaKTEPUCTHKH.



Bp3 ocHOBa Ha CHTe MOrOpe HABEACHH 3aKIydolli OJ OBaa JOKTOPCKa
JMcepTalrja, MOKe Jla ce TOTBPAM aHTUKOHBYJI3MBHATA aKTHBHOCT Ha JIMO(DUIN3UPAH
CYB GKCTpakT JOOHMEH o Iiena xepba Ha pactenuero Cannabis sativa (kage CBDA e
NPUCYTEH KAaKo JOMHHAHTCH KaHAOWHOMJ) M HEroBaTra ycIemmHa in Vitro u in vivo
HCIIOpaKa Py HErOBO €HKAICYJIUPAhe BO JUIHUAHUTE HAHOCUCTEMH (HAHOJIHMITO30MH H
HAHOCTPYKTYPUPAHHU JHIUAHU HOcauu). Bo Hacoka Ha MOHATAMOIIHH HCTPaKyBarba,
0co0eHo Ou Ouite 3HaYajHH JOMOTHUTENHH IN VIVO CTYIUH CO 11eh 10100po 1a ce pasdepe
U pa3jacHH Kako pa3auyHUTe (PU3UYKO-XCMHUCKU U OMO(papMaleBTCKH KapaKTePHUCTUKH
Ha JIMITHAHATE HAHOCHCTEMH TPHIOHECYBAAT BO MCHAMPAHETO HA PA3INYHUTE BUIOBH
Ha CMWJICTIITUYHH HAIa M.
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|. PRESENTATION

Epilepsy is a serious neurological disorder that affects around 50 million people worldwide.
Almost 30% of epileptic patients suffer from pharmaco-resistance, which is associated with
social isolation and reduced quality of life. Currently available antiepileptic drugs have a limited
efficacy, and their negative properties limit their use and cause difficulties in patient
management. Antiepileptic drugs can provide only symptomatic relief as these drugs suppress
seizures but do not have ability to cure epileptogenesis. Their long-term use is limited due to
their adverse effects, withdrawal symptoms, deleterious interactions with other drugs and
economic burden. Several in vivo and in vitro animal models have been proposed resulting in
new antiepileptic drugs being marketed recently, however without bypassing limitations, leaving
still a large number of patients pharmaco-resistant.

C. sativa has emerged as a medicinal plant with potential neuroprotective effect. As second
most abundant phytocannabinoid and due to its ability to modify several molecular targets
(including some brain receptors), cannabidiol (CBD) has gained attention due to its attractive
therapeutic potential to treat some brain degenerative diseases including epilepsy. Most
encouraging robust safety and low toxicity profiles of CBD have been reflected in the ongoing
clinical trials for rheumatoid arthritis (NCT04911127) but also for COVID-19 (NCT04686539,
NCT04467918) and post-COVID syndrome (Long-COVID, NCT04997395) (ClinicalTrials.gov ).

Interestingly, the cannabidiolic acid (CBDA), which is the natural precursor of cannabidiol
(CBD), possesses serotonin activity and up to 100 times greater affinity for the 5-HT1A receptor
compared to CBD but its utility has been compromised by poor bioavailability and low BBB
penetration. Lipid nanosystems represent unique formulations that may overcome the
pharmacodynamic- and challenges to deliver CBDA or C. sativa extracts across the BBB
enabling these active agents to modify aberrant neuronal activities linked to epilepsy.

The main aim of this research was to assess the role of the physico-chemical properties and
surface area of nanoliposomes and nanostructured lipid carriers in their suitability to deliver the
cannabinoids or cannabinoid acids (CBD/CBDA) cargo over the brain blood barrier (BBB). In
vitro comparison was established based on the heterospecific tissue interactions represented by
human cerebral microvessel endothelial cell line (hCMEC/D3) as a model for BBB and human
neuroblastoma clonal cell line (SH-SY5Y) as a proxy model to neuronal cells. The major
objective of the study was to assess the ability and efficiency of the nanoliposomes and
nanostructured lipid CBD/CBDA (extracts’) carriers in the crossing of the BBB and targeting the
CBD/CBDA delivery for the neuronal internalization. In addition to in vitro heterospecific tissue
modeling of BBB and neuronal culture, the potential therapeutic efficacy was leveraged using in
vivo IRC mouse model of epilepsy and a battery of functional seizure tests.
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The aims of this PhD thesis was structured in 4 well-thought of phases: 1) preparation,
characterization and selection of Cannabis sativa extracts, 2) Preparation and characterization
of different lipid nanosystems with no Cannabis sativa extract enacapsulated, 3) Preparation
and characterization of different lipid nanosystems loaded with Cannabis sativa extract and 4):
In vivo efficacy studies of the nanosystems loaded with Cannabis sativa extract in a mouse
model with electrically or chemically induced seizures.

These studies yielded thoroughly characterized Cannabis sativa extracts (CE) loaded NL and
NLCs. CE was previously prepared with predominant CBDA composition and insignificant
amount od CBD. All formulations achieved spherical form and smooth surface, with z-average
diameter of 105-160 nm, following unimodal particle size distribution, negative zeta potential (~-
30 mV) and high CE EE% (>87%) for the loaded samples.

Nanoparticle mean size was stable, possessed prolonged CE release, dependent on the type of
the nano-carrier system and the type of stealth polymer based on the Peppas-Sahlin model. All
formulations showed statistically significant higher antioxidant capacity compared to CE alone.
PEG and POL stealth polymers resulted in lower plasma protein adsorption and showed no
cytotoxicity apart from the highest concentration used.

Most importantly this study demonstrated successful internalization of lipid nano-systems in the
hCMEC/D3 and SH-SYS5Y cell lines supporting their BBB penetrability. More than one uptake
mechanism of the nanoparticles may be implicated and will be addressed in the future.

Also, the in vivo studies of the anticonvulsant activity in mice indicated that all nanoformulations
significantly elevated the latencies for myoclonic, clonic and tonic seizures with some inter-
formulation differences in preventing the seizures.

In conclusion, CBDA as a dominant cannabinoid incorporated into the lipid nanosystems
prepared in the lab, was delivered successfully to the brain demonstrating high potency in
slowing down the onset of seizures in IRS mouse model and a yet an unlocked potential for
expanding to antiepileptogenic effects pending further optimization.

[I.CONCLUSION AND OPINION

Based on the obtained resume of the work it is my pleasure to conclude that Ljubica Mihailova
has successfully accomplished the objectives and scientific aims of the study: "DESIGN,
FORMULATION, CHARACTERIZATION AND IN VIVO EFFICACY STUDIES OF LIPID
NANOSYSTEMS LOADED WITH CANNABIS SATIVA EXTRACT FOR POTENTIAL
TREATMENT OF EPILEPSY".
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Ljubica Mihailova published the results of the thesis topic in five publications (Jaf‘:o%ﬁ%i%??f%f"é

a first author, all original research papers) and many poster presentations on conferences and
as a part of various projects.

General impression of the doctoral dissertation

Presented work and results are innovative and give contribution in the scientific field of
nanoparticle drug delivery systems. The work is written in a formal and understandable way.
The results represent a solid basis for expanding the work in the future for unlocking the
potential of cannabinoid formulations via lipidnanosystems in neuroprotection and intersection
with some brain degenerative diseases.

Topic and formulation of the research task

The topic and formulation of the research task are clear and can be easily understood

Introduction

Literature review within introduction is written in understandable manner and gives good
overview of the research topic

Materials and methods

Materials and methods clearly explain how the research work was conducted.

Results and discussion
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Obtained results are well described and evaluated. Their scientifically importance and added
value are well discussed and explained. The evaluation is objective and reflective of gained
expertise.

Summary

The main objective and aims of the research work as well as the outcome and potential use are
clearly explained. It represents a well-designed and well controlled study

Organization and presentation
The dissertation is well organized and can be easily understood.
Opinion

Concerning all above aspects, it is my pleasure to express my enthusiasm for the proposed
doctoral dissertation of Ljubica Mihailova and recommend the presentation of her doctoral thesis
for obtaining a PhD degree.

Slavica Tudzarova, PhD

University of California Los Angeles
10833 Le Conte Avenue, CHS 33-165
90095 Los Angeles, CA, USA

+1 310 948 1903
studzarova@mednet.ucla.edu
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General impression of the candidate of the doctoral dissertation

I have known Ljubica Mihailova for the last three years in the capacity of a collaborator in the
framework of our Agreement between Skopje University, Faculty of Pharmacy and Institute of
Neurobiology, Bulgarian Academy of Sciences (# 03-138/1, 17.02.2020). As a Coordinator of this
Agreement from the site of INB, BAS, Head of the Department of Behavioral Neurobiology in the
Institute of Neurobiology | had the chance to work with her on the project related to exploring the
anticonvulsant activity of different plant extracts and some nano-carrier systems. I know Ljubica
Mihailova professional capabilities and personal traits very well, and | have had the opportunity to
follow her continuous progress as a researcher. Lastly, Ljubica Mihailova’s professional training,
desire for and interest in research work, and consistency in thoroughly finishing every scientific
issue she has taken up make me believe that she has laid the foundations of a brilliant scientific

career.

Topic and formulation of the research task
The topic is innovative and the preparation of novel, possibly more effective cannabinoid extracts
loading in lipid nanocarriers is original. The research topic is of significant clinical importance for

studying new therapeutic approaches to treat epilepsy.

Introduction
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The Introduction is of high quality, clearly written, and gives a complete overview of the most

critical issues associated with the research topic.

Materials and methods
The experimental design is straightforward. Ljubica Mihailova used appropriate protocols for the
preparation of the formulations as well as adequate in vitro and in vivo methods for their

characterization.
Results and discussion

The results and their discussion are clear and adequate. The findings of this Ph.D. thesis give a
background for future preparation, characterization, and optimization of potential anticonvulsants
and other compounds with neuroprotection and anti-inflammatory activity. My only
recommendation is for future studies in this field to include a comparative analysis of in vivo data
from compounds before and after their insertion into the lipid-nanosystem. This approach would
help to elucidate the advantage of lipid-nanosystem for the preparation of potential drugs with

anticonvulsant activity.

Conclusion
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In my opinion, Ljubica Mihailova has enough experience and motivation to “open the door” to this
new and perspective field of research, and the quality of the supervision is excellent. Therefore, |
like to give my strong support and recommendation for her doctoral thesis for obtaining a Ph.D.

degree.

Prof. Jana Tchekalarova, PhD
Institute of Neurobiology
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Bulgarian Academy of Sciences
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SUBJECT: External review of the doctoral dissertation submitted by the candidate Ljubica Mihailova
at Faculty of Pharmacy, Ss. Cyril and Methodius University, Skopje entitled: “Design, formulation,
characterization and in vivo efficacy studies of lipid nanosystems loaded with Cannabis sativa
extract for potential treatment of epilepsy”

According to the document N°:03-43/3 dated on 10" January, 2023, signed by the Dean of the Faculty
of Pharmacy, Ss.Cyril and Methodius University, Skopje, and available documentation, I am
submitting the following:

EXTERNAL REVIEW

of the doctoral dissertation submitted by the candidate
Ljubica Mihailova
(In Macedonian language: /by6uya Muxaunosa)

at Faculty of Pharmacy, Ss. Cyril and Methodius University Skopje,
entitled:

“Design, formulation, characterization and in vivo efficacy studies of lipid nanosystems loaded
with Cannabis sativa extract for potential treatment of epilepsy”

(In Macedonian language:

“n3aju, gopMyJiauuja, KapaKTepuzauuja u in vivo cTyANU HA ePUKACHOCT HA JIUITHAHH
HAHOCHCTEMH €O BrpajieH ekcTpakT on Cannabis sativa 3a noTeHNMjaJIeH TPpeTMaH Ha
enujencuaja”

I PRESENTATION

As a complex neurological disease, epilepsy is still remaining a major challenge for the
development of drugs. Namely, the fact that approximately 30% of patients that receive
anticonvulsant therapy still couldn’t control their seizures, points out that epilepsy has been a real
challenge for modern medicine. Additionally, current available antiepileptic drugs have limited
efficacy and many side effects including the behavioral comorbidities that occur in nearly half of the
patients.

Several preclinical and clinical studies have been examining the effect of Cannabis sativa
extracts as potential candidates for the treatment_of patients with drug-resistant epilepsy. Namely,
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cannabidiol (CBD) and cannabiodiolic acid (CBDA) have shown beneficial anticonvulsant effects for
clinical applications. But, as molecules with low water solubility, phytocannabinoids and their acids
have been characterized by extensive and rapid metabolism and low bioavailability, which contribute
to their reduced transport across the blood-brain barrier and correspondingly low concentration into
the brain tissue. Therefore, by incorporating Cannabis sativa extract into a lipid nano-system, it was
expected to improve the distribution and penetration of phytocannabinoids through the blood-brain
barrier, as well as enhancing their bioavailability and controlled release into the brain.

Accordingly, the aim of this research was set in direction of in vitro physico-chemical and
biopharmaceutical characterization and in vivo evaluation of nanoliposomes and nanostructured lipid
carriers loaded with Cannabis sativa extract intended for safe and efficient transport via blood-brain
barrier and treatment of epilepsy.

These nanoliposomes and nanostructured lipid formulations were characterized with z-average
diameter <200 nm, following unimodal particle size distribution, negative values for Z-potential, high
drug encapsulation efficiency and prolonged release during 24h (38.84-60.91 %) based on the Peppas-
Sahlin model.

The polymer for stealth stabilization (polyethylene glycol or poloxamer) present onto the
particles’ surface resulted in lower plasma protein adsorption compared to the formulations without
stealth polymer, which contributes to their prolonged circulation time in vivo. Prepared formulations
showed statistically significant higher antioxidant capacity compared to the extract. All formulations
did not show cytotoxicity in the tested concentrations.

Regarding the internalization studies in hCMEC/D3 and SH-SYSY cell lines, nanoliposomes
and nanostructured lipid carriers have been successfully internalized where passive diffusion as well
as endocytosis were indicated as possible uptake mechanisms. But due to the complex nature of the
nanoparticles’ cell uptake where more than one uptake mechanism may be included, additional
internalization studies will be addressed in the future.

The results from in vivo studies of the anticonvulsant activity demonstrated that all
formulations significantly elevated the latencies for myoclonic, clonic and tonic seizures and,
therefore, could be used in preventing different types of seizures. A distinction in the potential of the
nano-systems was noted, which was anticipated by the type and the characteristics of the prepared
formulations.

In conclusion, the incorporation of CBDA-rich Cannabis sativa extract into nanoliposomes
and nanostructured lipid carriers, led to an increase in the anticonvulsant activity. Moreover, the
different in vivo behaviour of the prepared lipid nanosystems was observed which shows the potential
of these systems in the treatment of different types of epileptic seizures.

II CONCLUSION AND OPINION

Based on the survey of the applied documentation it is my pleasure to conclude that Ljubica
Mihailova has successfully accomplished the goals she defined at the beginning of her research on
“Design, formulation, characterization and in vivo efficacy studies of lipid nanosystems loaded
with Cannabis sativa extract for potential treatment of epilepsy”

0 General impression of the dissertation

The work is innovative and gives contribution to the field. It is written in the formal style,
descriptions are clear. It is logic in the ideas proposed.
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O Topic and formulation of the research task

Topic and formulation of the research task are clear.

O Literature review

The introduction / literature review is clearly written.

O Materials and methods

It is explained in the Materials and Methods section how this study was conducted.

O Results and Discussion

The results of this dissertation are meaningful and thus scientifically important. The discussion is well
written.

O Summary

The answers to the questions in this dissertation are clear.

O Organisation and presentation

This is a well-organized dissertation which can be easily understood.
O Opinion

For the reasons of the above aspects, it is my pleasure to express my positive opinion about the
presented research and doctoral dissertation of Ljubica Mihailova, to recommend the presentation of

her doctoral thesis and to confirm her qualities for a PhD degree. B Y
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Oo: DapmauesTcku gakynTet
Yuueepsutet ,,Ce. Kupun u Metoam|” so Cronje

Mpegmer: Mucnerwe No AOCTABEHO aBTOPE3MME HAa AOKTOPCKA AMCEpPTaLMja Ha KaHOWAATOT M-p
Jby6uua Muxawnosa co Hacnos: “AW3AIH, POPMYNALMIA, KAPAKTEPM3ALMIA WU IN VIVO CTYOHMH
HA EQPHMKACHOCT HA NMNUAHKU HAHOCHUCTEMMW CO BrPAOEH EKCTPAKT O CANNABIS SATIVA 3A
NOTEHLUWIANEH TPETMAH HA ENMAENCHIA",

Op aBTOpesMMeTo Ha [OKTOPCKaTa JWMCEpTaudja Moe fa ce yeMaWm fAeka ce pabotu 3a
OPWIMHANHO HAay4YHO AEN0 HacOYeHO KOH MCTpamyBarba NOBP3aHM CO NMPUMEHETA Ha COBPEMEHM
NUNHOHW HAHOCKCTEMK CO Len noeduKacHa Mcnopaka Ha excTpakT og Cannabis sativa so mosokor,
HAMEHET 33 TPETMaH Ha enWNencuja.

Uenu Ha McTpamyBateTo

Lienn Ha ucTpamyeareTo NpeTcTasyBaat AusajH, dopmynaumja, KapakTepusaumja v in vivo
CTYOMKM Ha edMKACHOCT Ha AWNWOHW HAHOCWMCTEMWM CO Brpaged excTpakT of Cannabis sativa 3a
NoTEHUMjaNEH TPETMAH Ha ENUAENCM]ja.

MOWHe 0CMHUCNEHO W NOCNEA0BATENHO Ce HABEAEHM YeTUpUTE Ga3n Ha UCTPaMyBarbeTo!

1) noarotoBka, KapakTepusaumja v M3bop Ha ekcTpakT oa Cannabis sativa 3a NoAroToBKa Ha
NoBeHe EHCTPaKTH, MpW WTO €O NOMOLW Ha in witro CHPWHWHI-TECTOBM 338 UMTOTOHCMYHOCT M
BuoakTHeHoCT Ke Buae 3bpaH ONTHMaNeH EHCTPAaKT.

2) KapakTepusaumja Ha AMNUAHK HAHOCHCTEMMW NPEKY NOATOTOBKE Ha PasNMuHK GopmynaLm
HA HAHOAMNOIOMM W HAHOCTRYKTYPMPAHKW NUNWOHKW HOCAYM, NPeKy WTO CB MCNMTYBaaT HaHOCHCTEM-
NPOTEMH KOMMNNEKCUTE, HUBHATA UMTOTOKCUMHOCT, NPe3emMarbeTo U MHTEpHanuM3auujata so uabpaHu
KAETOUHMW KYNTYPH.

3) NoaroToBKa W KapakTepM3aumja Ha AUNWOHK HAHOCMCTEMM CO EHKANCYNMPaH eKCTPaKT o,
Cannabis sativa, co uen aa BuAe HanpaBeHa HUBHa KOMNNETHa PU3MYKo-XemKcka W BuodapmalesTcHa
KapakTepu3aumja. lononHWTENHO, Ke Ce CNeaHW HUBHATA CTaBMAHOCT BO PasNHYHKM MEONYMM, KAKO W
ke Guaat w3seeHM W in Witro CKPMHMHI-TECTOBKM 33 NPOUEHKA Ha BMODAKTMBHOCTa Ha NOArOTBEHMTE
hopmynaymu.

4) 3aepwHu in vivo cTyAWK Ha edUKACHOCT Ha NOATOTBEHWTE GOPMYNALMM Ha HAHOCHCTEMM CO
BrpageH excrpakt og Cannabis sativa, npexry cneferse Ha HUBHATa AHTHMKOHBYN3MBHA aKTMBHOCT Ha
MOJEN Ha rNYBYMHA.

KpaTok onKc Ha pesyaTaTHTe o MCTPaMyBarbeTo

JoKTopckaTa AucepTaudja BeAyyyBa W3paboTHa Ha AW3ajH WM KapakTepu3auuja Ha
hopmynaumMu Ha NMNMAHW HAHOCUCTEMM CO BrpafeH eKkcTpakT o Cannabis sotiva, VcTaTa, COAPKK M
KOMNapaTHBHa aHaNKW3a Ha OAHeCYBaHeTo Ha ase of GopMynauMuTe BO M3BPaHM KNETOUHKW KyNTYDH,
KaKo M eBanyaumnja Ha OMOAKTMBHOCTA Ha NOAroBeHWTE POPMYNALMWK in vitro coO onpeaenysarbe Ha
SHTHOKCHMAATHBHHOT NOTEHUMjan KW in wvo npery cnefewe Ha aHTUMKOHBYN3MBHATa aKTMBHOCT Ha
MOAEN HA FAYBYMHbAE.

DopmynaunMTe Ha NHNKMAHKM HAHOCKHCTEMKM ondiakaaT gee GopMynaUMK Ha HAHONMNOIOMM W
ABe GopMyNaLMKH Ha HAHOCTPYKTY PUPEHKH NMNKMAHK HOC3YM, KOW Ce PasfIMKYBaaT B0 O04HOC NOAWMEROT
3a ctepHa crabunusaumja (NoAMETUNEH MWKOA W nonokcamep 407). Cute GopmMynaumMu Ha AKAKMAHK
HaHOCHCTEMMW C& KapaKkTepPM3MPaaT co TECHA JMCTPUBYLMja N0 rONemMMHa HAa YECTHYKM CO MHAEKE Ha
noNMAanCNep3HoOCT noman oa 9,3 W HEraTHeHa NOBPLWWHCKE H3IBNEeKTPU3IWPaHOCT B0 oncer on
npubauxHo -24 Ao -44 mV. Cute 4eTMpu GopMynaLMK NOAFOTBEHM CO AMO(GUANM3UPEH METaHONEH CYB



eKCTPaKT o, UuseT Ha Cannabis sativa ce KapakTepusMpaaT co BUCOK NPOUEHT Ha HEroBo BrpagyBatee
(>87 %). CuTe NMNMAHM HAHOCWUCTEMM pe3yNTMpPaaT co NPOAO/MKEHO ocnoboayearbe  Ha
KaHaBWHOMNHATa KWCEAWHa BO TEKOT Ha 24 4aca, NPW WTO HAaHOAWMNO3OMCKUTE dopmynaumm
WHHLMjaNHO ce KapakTepuaupaat co nobp3o ocnoboaysarbe BO cnopeaba co HAHOCTPYKTYPUpaHUTE
AWNUAHKW HOCa4u. MaremaTMyKoTo MOJeNupare Ha ocnoboaysareTo 04 AW3ajHAPaHUTE CHCTEMMH
npeky mMogenoT Ha Peppas-3ahlin Hajoobpo ja onuwysBa KMHETHKATa Ha ocnoBogyesare Kaj cuTe
NOATOTEEHW NIMNWAHKM HAHOCWUCTEMM, 8 KAKO AOMMHAHTEH MeXaHu3am ce jaByEa npouecoT Ha
audysnja.

Peaynratute aobueHu o MCNUTYBAHETO Ha BMjaBMAHOCTA Ha KneTkuTe no 4, 24 u 48 Yaca co
TPW PasnMyHK KOHUEHTPaUMK Of, NOATOTBEHWTE AUNWAHW HAHOCHCTEMM (no TpeTmaH Ha KneTHuTE)
NoKaane Aexa Taa Cé HaManyea, a HajroNemo Hamanysarbe Ha BMjabUNHOCTa Ha KNETHUTE e yTEPAEHA
Kaj HajBMCOKaTa KOHLEHTPauMja Ha HaHONWNOIOMHTE CO NOMWETUAEH FAWKOA NO mHKyBaumja og 48
yaca (31,1617,10%).

Kaj pobueHute dopmynauMu Ha NWNHAHW HAHOCHCTEMH HajaeH €& Man NpoueHT Ha
WMTOTOKCMYHOCT WTO 3HAYM [leKa He Aoala A0 HapylyBatbe Ha KNeTo4YHaTa membBpaHa u He HacTaHyBea
HEKpO3a Ha KneTkuTe. PayopecueHTHaTa 1 KOH$OKANHATA MUKPOCKOMM|a NPW HAaNPaBeHaTa KNETouHa
MHTEpHANW3aLMja YNaTysaaT AeKa HaHONWMO3OMMTE M HAHOCTPYKTYPUPAHUTE NMNWUAHW HOCA4K ja
NOMWHYBaaT KnetodHata membpaHa. MeHeTpauljaTa Kako MW HWBHATa MHTEpPHaNW3auMja w
AMCTpuByumja BHaTpe BO KNETKUTE Ce OCTBAPYBa Ha PasNMUeH HAYMH — HAHOAUNO3OMMUTE CE
KOHUEHTPUpaaT OKoNy jagpoTo, a HaHOCTPYKTYPUPAHWUTE IMNWAHKM HOCa4YW ce aucTpubyupaat Hu3
LWTOCKENETOT HA KNETHHUTE,

Bo pgoxTopckaTa AucepTauuja, NOTEPAEHA € aHTWKOHBYN3UBHATA aKTMBHOCT Ka] mogden Ha
rMyB4dba. MOTBPAEHO € AeKa NOAroTBEHWTE HAaHOQOPMYNAUWM CO EKCTPAKT OA Cannabis sativa
3HAUMTEAHO O 3rONEMYBAaT BPEMETO Ha NATEHLIK|a 33 MWOKNOHUYHM, KNOHWYHM U TOHWYHK Hanaaw,
CO WTO € NOTBPAEHA HWBHATa NOTEHUM]aNHa NPUMEHA BO TPETMAH HA PazIuiHW BUAOBK ENUNENTHYHN
Hanagau.

OpuruHanH4 pesynTaTtv og TpYA0T

33 BWMCOKMOT KBaNWTET Ha AOKTOpCHata AucepTauuja 3bopyea W dawToT wWTo den of
peayntatute ce o6jaBeHM Kako 3 OPUrMHANHW TPyAa BO MNPECTWHHWTE cnucanuja Journal of
Pharmaceutical Sciences (IF = 3,784, 3a 2022 r.), Journal of Biomedical Materials Research Port B
Applied Biomaterials (IF = 3,405, 3a 2022 r.), Journal of Drug Delivery Science and Technology (IF =
5,062, 3a 2022 r.). Og oBaa gucepTaunja AONOAHUTENHO NPOUINETYBAAT U 5 neyaTeHH TpYOa KOW Ce
ofjasyeanu nomefy 2018 1 2022 rouHa BO mefyHapoaHUTe Ccucanmja Acta Pharmaceutica Hungarica
u Macedonian Pharmaceutical Bulletin.

3aBpPLIHO MUCAEHE KOH AWcepTalmjaTa

CornacHo UENOKYNHWOT NPUCTan, Npe3emMeHd aKTHBHOCTH, npeseHTaluMjaTa Ha fobueHuTe
pe3yATaTM M KBAaAMTETOT Ha oBjaBeHWTe TPYAOBW, MOMKaM CO 330BONCTBO A3 MCTaKHaM Oeka
AOKTOpPCKaTa Agucepraumja co Hacnoe ,,JIU3AJH, GOPMYNALWIA, KAPAKTEPM3AUMIA W IN VIVO
CTYMW HA EOWMKACHOCT HA NUNWAHK HAHOCUCTEMW CO BrPANEH EKCTPAKT Of CANNABIS
SATIVA 3A NOTEHUMJANEH TPETMAH HA ENWAENCHUIA® Ha KaHaMaaToT m-p JbyBuua Muxaunoea
LENOCHO rW UCNONHYBA NOCTABEHUTE UEW W BHECYBA 3HAYWTENEH W OPUFMHANEH HAY4eH npucTan u
npuaoHec 8o 06nacTa Ha hapmaueBTCcKaTa TexHoNOorMja.

Co nouwT,

Npod. a-p NMeTpe Makpecku, peaoseH npodecop Npu MHCTUTYT 3a xemuja, nmMa, YEIUM, Cronje
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MUCNEHE

33 QOCTaBEHOTO aBTOPE3MMe Of AOKTOpcKaTa AucepTauuja nog Hacnos: ,[u3ajH, dopmynaumja,
KapaKTepusauwja v in vivo CTyaun Ha edrKacHOCT Ha NMNWAHM HAHOCUCTEeMM CO BrpaJieH eKCTPaKT o4
Cannabis Sativa 3a noTeHuujaneH TpeTMaH Ha enunencuja” uspadoteHa o KaHAWAATKaTa Jbybuua

Mwuxannosa

/leKoBUTUTE pacTeHuja u xepdanHuTe eKCTPaKTV MMaaT CBOja UCTOPUCKa TP3ANLMOHANHA ynoTpeda Kaj
WKpPOKaTa NONynaumja, a HUBHMOT KBAnAUTET € AedUHMPaH COrnacHo objaBeHn moHorpaduu BO
dbapmakoneute. MocneaHUTe HEKOKY TOAMHM, BO CBETCKM PamKu Ce aKTyenusupa ynoTtpedaTta Ha
eKCTpakT of pactenueto Cannabis Sativa L. koe COAPXM 6pojHM KaHabUHOMAM KaKO aKTUBHM
CYNCTaHUMM KOW WM3aT HEeBPOMPOTEKTUBHO AEjCTBO NOPaau aHTMOKCMAATUBHWTE W aHTU-
uHGNamMaTOpHM CBOjCTBA. TepaneBTCKO A€jcTBO e 3adenexaHo BO Hay4yHaTa /uUTepaTypa,
NPEeaKAMHWYKATE U KNVHUYKUTE CTYAWM Kaj HEYTpanHuTe dopmu Ha kaHaduHomau (Ha np. UBA, TXL, 1
APYT) U HUBHWUTE NPEKYP30PK KUCENMHCKMTE GOpMM Ha kaHaduHouam (Ha np. UBOA, TXLIA n apyrw).
Ce npetnocrasyea Aeka LIB/IA nokaxyBa aHTUKOHBYN3MBHA aKTUBHOCT, HamanyBajku ja dpekdeHumjaTa
Ha enuAenTW4YHW Hanadu Kaj neaujaTpuckata nonynauuja BO CAyvan Kora KOHBEHUMOHaNHaTa
aHTUKOHBYN3MBHa Tepanuja He ro Jasa NoTpedHWOT TepanesTCKM OAroBop.

Mopaayu AMNOconySUAHUTE KapaKTepUCTMKKM, KaHaduHOMAWTE Ce NOANOMHW Ha bp3 metadonusam,
HICKa BMOPACTIONOKMBOCT W HaManeH TPaHCMOPT HU3 KPBHO-MO304HaTa dapuepa WTo pesyATupa co
HCKM KOHLEHTPALYWMM Ha MeCTOTO Ha AenyBarbe. OBMe HEA0CTaTOLM NOTTUKHYBAAT Pa3Boj Ha PasniHK
MpUCTany 3a epuKacHa MCNopaKa Ha /1eKoBMUTaTa CyncTaHUuja in vivo, a eAeH OA HUB Ce MMNuAHUTE
HaHOCUCTEMM KOM ce SMOKOMNATUOMAHM U CTPYKTYPHO CAMYHW CO XYMAaHWTe KNETKM, OBO3MOXYBaaT
eHKancynaumja Ha AMnodUAHK U XMAPOGUAHM MONEKYIU W Nopaau SpojHUTE  PUBUYKO-XEMMCKM
CBOjCTBa ja 3ronemyBaar HueHaTa Se3beaHocT, cTadunHocT u epmKacHOCT.

W nokpaj dpojHuTe CcTyauu 3a NMNUOHATE HaHOCUCTEMM, maTtepujanuTe 3a HUBHa Gopmynaumja og
acneKkT Ha OU3MYKO-XeMUCKM M OnopapmaleBTCKM CBOJCTBA M UHTEpaKuuWTe CO Sduonowkwure
KapaKTEepUCTVKM Ha KWUBUTE OPraHM3mMK, HUBHaTa be3benHOCT He e LLenoCcHO 3arapaHTupaxa.

Bo aucepTaumjata HanpaseH € CYWTUHCKM MPUAOHEC KOH GU3NHKO-XeMMUCKa U dnodapmauesTcka
KapakTepu3aupja Ha MNUAHATE HaHOCMCTEMM BO in Vitro ycnosu Kako u in vivo eBanyauuja Ha
HaHONMMO30MU U HaHOCTPYKTYPUPaHU MNAAHN UCCTEMM CO EHKANCYNMpaH eKCTPaKT OA Cannabis
Sativa 3a 5e3beaeH M epuKaceH TPaHCMOPT MPeKy KpBHO-MO304HaTa dapuepa W TpeTMaH Ha

enunencuja.

Bo Taa HacoKa, NpBO € HanpaseHa GUTOXeMMCKa KapaKTepusaLmja Ha eKCTpaKT fobueH co MeTaHoNHa
eKCcTpaKumja U Malepaluja Ha LBETHW BPBOBW Of, PacTEHWETO Cannabis Sativa Koe AuBO pacTe Ha



noaHebjeTo Ha Penybauka CesepHa MakeaoHwja U JOMUHAHTHO COAPXKN LLBA 1 H1CKa KOHLEHTPaLMja
Ha UBA. Bo npoaomkeHue, KaHAMAATKaTa ce OCBPHYBAa Ha NOArOTOBKAa Ha /B3 ™nNa AvnuaHu
HaHOCUCTEMM: HAHONWNO3OMW W HAHOCTPYKTYpUpaHW AUNUAHW  CUCTEMU umja nospwuHa e
MOAMdUUMPAHA CO Pa3NUIHM TUNOBM Ha XMAPOGUAHM NOIUMEDH. HanpaseHa e pu3N4KO-XEMUCKA 1
6vodapmaueBTCKa kKapaKkTepusaumja Ha HaHOCUCTEMUTE BO NOMNES Ha mop$ONOWKK U3rnea, ronemmuHa
Ha YeCTUYKM N ANCTPUbyUMja Ha YeCTUHKM NO roNeMUHa, 3eTa noteHuwjan, cTabuaHoCT BO d13noNoWKN
u 6uonowkn meanymu, OTUP aHanu3a Ha NoeanHEYHWTE KOMMOHEHTU BO dbopmynaumjata v
dOpMynaunmuTe, KBaHTUTaTWBHA KapakTepu3auuja Ha HaHOCWCTEM-MPOTEUHCKA KOMnaexkc co
Bpeadopaosa peakumja, in vitro KNETOYHO NPEXUBYBatLE W eBaslyaluja Ha TOKCMYHOCT M HEBPanHa
MHTEPHaNM3aumnja Ha XyMaHU MO304HN eHAOTENHWU KNETKM hCMEC/D3 (mogen KNeToYHu IMHUK 33
KPBHO-MO304HaTa dapvepa) 1 xymaHu HeBpodnacToma KNOHaNHN KNEeTKK SH-SY5Y (vH BUTPO Moaen 3a

HespanHa GyHKumja).

Baka $OPMYNMPaHK W KapaKTEPU3MPaHN IMNUAHM HAHOCUCTEMM CE MPUMEHETH 3a eHKancynauuja Ha
KaHabWC EeKCTPAaKT M NOTBPAEHM Ce HUBHUTE  (QU3NYKO-XEMUCKN csojctea. EBanympanu ce
S1odapMaLeBTCKIUTE KapaKTepUCTUKM Ha MOATOTBEHNUTE $bOpMynaLmMK Of acnekT Ha epuKacHoCT Ha
eHKanCynaLmja Ha aKTWBHaTa CyncTaHuuja, a CorneaaHo e 1 BAMjaHMeTo Ha CTpyKTypara Ha IMNUAHNOT
HaHOCWCTEM M TMNOT Ha XMAPOGUAEH NONMMEP BP3 KMHETUKATa M MEXAHW3MOT Ha ocnodogyBatbe Ha
aKTMBHaTa CyncTaHUuja. 3abenexaHa e CTaTUCTU4KN 3Ha4ajHa NOBNUCOKA aHTUOKCHAATNBHA aKTUBHOCT
Ha KaHabWC eKCTPaKT eHKanyaupaH BO AMNMAeH HaHocuctem. KOHEYHo, ucnuTaHa e wH BMBO
edMKacHOCTa Ha NOATOTBEHWUTE GOPMYyNALMK Ha NMNUAHWM HAHOCACTEMM CO eHKancynmpaH KaHadwuc
EKCTPAKT Kaj eKCNePUMEHTaNHM XMBOTHU CO WMHAYUMPaHW KOHBYNI3M W 3adenexaH e pasMyHUOT
NOTEHUMjaN Ha Pa3IMMHITE HAHOCMCTEMM BO NPEBEHLMja Ha EMMNIENTUHKATE HANAAW.

OBaa [OKTOPCKA AMcepTaumja npercrasysa [0OPO-CTPYKTypUpaH npucran B0 KOj CMCTEMATCKM M

TEME/IHO e COrIeAaHo BMjaHUETO W MOBP3aHOCTa Ha GaKTopuTe Ha popmynaumja, pUsn4Ko-xemuckuTe
KapaKTEPUCTVKM W OAHECYBatbeTO Ha IMMUAHUTE HAHOCACTEMN BO SuonolwKa cpeauHa. UcToto moxe
A3 ce 3adenexm Of jacHO NOCTaBeHNTe Lenw, n38opoT Ha coBpeMeHa MeToAoN0MMja 33 nssendara Ha
eKcnepumenTanHa padoTa W CTaTUCTMYKa eBanyaunja Ha [0OUeHNTE pesyNTaTh, Kako 1 KOHLM3HO
jacHO npeTcTasyBatbe Ha pesy/TaTuTe, HUBHA AVCKyCHja UM M3BEAyBakbe Ha 3aknydouute. [len oA
WUCTpaKyBauKWUTe aKTMBHOCTW Ce M3BEAEHM Kako Aen Of CeAyM npoeKkTH, a pesyntatute of
UCTpaXyBarbaTa BO PaMKM Ha 0Baa IOKTOPCKA aucepTauvja seke ce nybavKyBaHu BO AieCeT OpUrUHANHK
Hay4HM TPy4a, WTO roBOpaT 3a esanyauujara Ha Hej3auHaTa BPeAHOCT Mpef, Hay4HaTa jasHOCT. Bp3
OCHOBA Ha CWTE HaBEAEHW apryMeHTV, MW NpeTCTaBysa 0codeHa YecT W 33J0BONCTBO Aa O Aapam
CBOETO CTPyYHO MMCAEHbe 33 YCMEWHO HanpaBeHOTO WCTpaxysake Ha KaHampaTkara Jbybuua
MWxaunoBa Koe [aBa 3Ha4yaeH HaydeH, HO W MpakTU4eH NpUAOHEC BO obnacta Ha papmaLieBTCKaTa

HaHoTexHonorvja 1 drodapmauyja.

Co nouur,
— UlM
[-p XpucTuHa JIToBMH



[Tpnnor 2

Jlncta Ha objaBeHM TpyA0BM NOBP3aHM CO UCTPAXKyBarbaTa BO
[IOKTOPCKaTa AucepTaumja
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Taking into consideration the latest reported beneficial anticolvusant effects of cannabidiol (CBD) and canna-
biodiolic acid (CBDA) for clinical applications and the advantages of lipid nano-systems as carriers for tar-
geted brain delivery, the aim of this study was set in direction of in vitro physico-chemical and
biopharmaceutical characterization and in vivo evaluation of nanoliposomes and nanostructured lipid car-
riers loaded with Cannabis sativa extract intended for safe and efficient transport via blood-brain barrier and
treatment of epilepsy. These nanoliposomes and nanostructured lipid formulations were characterized with
z-average diameter <200 nm, following unimodal particle size distribution, negative values for Z-potential,
high drug encapsulation efficiency and prolonged release during 24h (38.84-60.91 %). Prepared formulations
showed statistically significant higher antioxidant capacity compared to the extract. The results from in vivo
studies of the anticonvulsant activity demonstrated that all formulations significantly elevated the latencies
for myoclonic, clonic and tonic seizures and, therefore, could be used in preventing different types of seiz-
ures. A distinction in the potential of the nano-systems was noted, which was probably anticipated by the
type and the characteristics of the prepared formulations.

© 2022 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.

Introduction

Intensive research in nanotherapeutics provides answers to a
number of questions regarding the advantages and disadvantages for
overcoming the biological barriers. In fact, the ability to design and
develop nano-systems with different properties and characteristics,
including improved bioavailability of the encapsulated drugs while
enhancing their solubility and stability, reduced toxicity, targeted
and controlled release of the drug, the possibility for fluorescent or
other types of visualization, bioimaging and etc, makes them promis-
ing candidates in diagnosis and treatment of various diseases.

Medicinal plants and various herbal extracts have been the main
source of drugs for many years, consisting of most of the monographs

* Corresponding author at: Institute of Pharmaceutical Technology, Center of Phar-
maceutical Nanotechnology, Faculty of Pharmacy, Ss. Cyril and Methodius University,
Majka Tereza 47, 1000 Skopje, North Macedonia.

E-mail address: lj.mihailova@ff.ukim.edu.mk (L. Mihailova).

https://doi.org/10.1016/j.xphs.2022.09.012

in the pharmacopeias in the past. Herbal medicine, based mainly on
the experience transmitted through generations, has been increas-
ingly receiving scientific confirmation of its effectiveness and safety.
In recent years, it has been observed that a large part of the popula-
tion is returning to traditional medicine, and the use of herbal drugs
in the treatment of numerous diseases is constantly growing. In addi-
tion, the side effects of some synthetic drugs have been the main rea-
son for inciting many researchers to focus their research on the
traditional methods of treatment.

Cannabis sativa (f. Cannabaceae), has been one of the most widely
used and controlled plants containing psychoactive substances, with
regulated use for medical and scientific purposes has been occupying
more and more territories. Several studies have been performed on
animals and humans that indicate the enormous therapeutic value of
this plant for the treatment of central nervous system (CNS) diseases.
The chemical composition of the prepared extracts from Cannabis sat-
iva is very important, as well as the ratio of the main cannabinoids,

0022-3549/© 2022 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.
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including cannabidiol (CBD), tetrahydrocannabinol (THC), cannabinol
(CBN), cannabigerol (CBG), cannabichromene (CBC), tetrahydrocan-
nabivarin (THCV) and their acid forms that have great potential in
the treatment of multiple diseases.’

The neuroprotective effect shown by this plant has been actually
due to the great antioxidant and anti-inflammatory effect of CBD.?
Regardless of the mechanism of action, literature data points out that
CBD-rich extracts could be used to treat and reduce the symptoms of
epilepsy and seizures,> # as well as other neurological disorders such
as psychosis, anxiety, multiple sclerosis etc.”~”

Scarce literature data from the last few years indicate that carbox-
ylated form - cannabidiolic acid (CBDA), which is the natural precur-
sor of CBD, posses possible serotonin activity and up to 100 times
greater affinity for the 5-HT1A receptor compared to CBD.® It has
been assumed that CBDA shows anticonvulsant activity, reducing the
frequency of seizures, especially in the treatment of epilepsy in chil-
dren where conventional therapy has not been showing positive
results.” Yet, more research is needed to confirm this statement. On
the other hand, the antimicrobial and anti-emetic effects of CBDA
have been well documented. Additionally, with dual inhibition of
cyclooxygenases through downstream regulation and enzyme inhibi-
tion, CBDA has shown its anti-inflammatory effect.'’

In the last decade, more than 30 preclinical and clinical studies
have been performed, including several randomized placebo-con-
trolled studies examining the effect of Cannabis sativa extracts as
potential candidates for the treatment of patients with drug-resistant
epilepsy. The fact that approximately 36% of patients that receive
anticonvulsant therapy have not adequately controlled their seizures
indicates that epilepsy has been a disease that attracts a lot of atten-
tion and has been a real challenge for modern medicine. In addition,
a large percentage of patients (up to 50%) also experience behavioral
comorbidities such as cognitive impairment, anxiety, and depression,
which are sometimes more significant problems than seizures
themselves.!!

The ability to cross the blood-brain barrier (BBB) has been well
known for some cannabinoids, especially THC derivatives. However,
when it comes to phytocannabinoid acids, there has been evidence
that they have been prone to poor penetration into the brain, proba-
bly due to the part of the molecule with carboxylic acid that has a
negative charge under physiological conditions, which prevents their
transport across the BBB.”

As molecules with low water solubility, phytocannabinoids and
their acids have been characterized by extensive and rapid metabo-
lism and low bioavailability, which contribute to their reduced trans-
port across the BBB and correspondingly low concentration into the
brain tissue. Additionally, CBDA undergoes rapid transformation,
especially under the influence of temperature, humidity and light,
which indicates the low level of stability of the prepared extracts and
the need for controlled storage conditions. Namely, CBDA could read-
ily be decarboxylated into CBD.'? These problems require developing
different approaches for their stability and more efficient delivery in
vivo. Among the various drug delivery carrier systems, lipid nanosys-
tems (nanoliposomes, nanostructured lipid carriers) attract the most
attention due to their biocompatibility and structural similarity to
human cells.”® ' They can encapsulate both lipophilic and hydro-
philic molecules and along with numerous physico-chemical attrib-
utes, they contribute to increasing drug molecules’ safety, stability
and efficacy.’”~'” Hence, by incorporating Cannabis sativa extract
into an appropriate lipid nano-system, it is expected to potentially
improve the stability of phytocannabinoids, their distribution and
penetration through the BBB, thus enhancing their bioavailability
and controlled release into the brain.

Although there have been numerous studies focused on the
design and development of multifunctional carriers loaded with
selected plant extracts and their potential application as effective

dosage forms in the treatment of CNS disorders, up to date when it
comes to the treatment of epilepsy, the data have been relatively lim-
ited.

Therefore, the present study aimed to in vitro physico-chemical
and biopharmaceutical characterization of nanoliposomes and nano-
structured lipid carriers intended for safe and efficient transport via
BBB treatment of epilepsy. To further evaluate their therapeutic effi-
cacy, comparative in vivo studies were performed using a battery of
seizure tests in IRC mice.

Materials and methods
Chemicals and solvents

Soybean lecithin (SL) was obtained from Vitalia, Macedonia.
LIPOID PE 18:0/18:0-PEG 2000 (PEG) was purchased from Lipoid,
Germany. Hydrogenated soy phosphatidylcholine (LC-3) was contrib-
uted by Lipoid, Germany. Phospholipone 90H (PL90H) was supplied
from Phospholipid, Germany, while Poloxamer 407 (POL) from BASF,
Germany. Cholesterol (CH) and oleic acid (OA) were obtained from
Sigma Aldrich (St. Louis, USA). Cannabidiol (CBD) CRM solution con-
centration 1 mg/mL in methanol (CAS: 13956-29-1, purity 98.66%),
cannabinol (CBN) CRM solution concentration 1Tmg/mL in methanol
(CAS: 521-35-7, purity 99.50%), (-)-A9 -tetrahydrocannabinol (A9-
THC) CRM solution concentration 1mg/mL in methanol (CAS: 1972-
08-3, purity 99.39%), A9 -tetrahydrocannabinolic acid A(A9- THCA)
CRM solution concentration 1 mg/mL in acetonitrile (CAS: 23978-85-
0, purity 96.99%) and cannabidiolic acid (CBDA) CRM solution con-
centration 1 mg/mL in acetonitrile (CAS: 1244-58-2, purity 97.88%)
were purchased from Cerilliant Corporation (USA). 85% o-phosphoric
acid and acetonitrile HPLC grade were purchased from Carlo Erba.
Cannabis sativa herb was a gift from the Institute of Pharmacognosy,
Faculty of Pharmacy, R.N. Macedonia. Human plasma was obtained
from the Institute of Neurology, Clinical Center — Mother Theresa,
Skopje, R. N. Macedonia. The protocols for the human plasma studies
were approved by the ethical committee of the Faculty of Medicine,
Ss. Cyril and Methodius University in Skopje, R. N. Macedonia
(25.05.2016, No. 03-2039/9). All the other chemicals and reagents
were of the highest purity grade commercially available and used as
received.

Preparation of Cannabis sativa extract (CE)

Crude extract of Cannabis sativa L. herb was prepared by macera-
tion. Namely, the extraction was performed with 1.5 L methanol on
50 g dried and grounded plant material of wild growing Cannabis sat-
iva from the territory of North Macedonia, for a period of 3h under
continuous magnetic stirring (60 °C, 250 rpm, Jenway, UK). After 3h,
the sample was filtered and 1 L methanol was additionally added and
the extraction was continued for another 4 h under the above men-
tioned conditions. Afterward, the maceration was carried out at room
temperature for 17 h. Subsequently, both filtrates were mixed
together and evaporated until constant weight (40 °C, 50 rpm, 50
mBar, Buchi 215, Switzerland), then left at -80 °C. After 2 h the
obtained extract was lyophilized (24 h, 0.048 mbar, -45 °C, Labconco,
USA).

Preparation of nanoliposomes (NL)

Two different formulations of NL were prepared by the modified
lipid film hydration technique.'® Briefly, SL, PC-3, CH and PEG (NL1)
and SL, PC-3, CH and POL (NL2) in mass ratio 17,3:1:1:2, were dis-
solved in a mixture of chloroform/methanol 3:2 (v/v). In this step,
200 mg of CE dry extract were added to the organic mixture as well.
Afterward, the organic solvents were vaporized (40°C, 50 rpm; Buchi
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215, Switzerland). Consequently, the liposomal dispersion was
produced by hydration (phosphate buffer pH 7.4 (Ph. Eur. 9.0)) of
the dried lipid film previously obtained in three consecutive
cycles each lasting 15 min, under two hydration steps: ultrasoni-
cation (50/60 Hz) and gentle shaking. Thus, obtained vesicles
were homogenized (24000 rpm, 3 min; Ultra-Turrax T25, Ika-
Werke, Germany) and were left in a refrigerator at 2-8°C for 24
h. After 24 h, prepared samples were homogenized again with
ultra-turrax for 3 min at 6500 rpm and stored at 2-8°C in a
refrigerator.

Preparation of nanostructured lipid carriers (NLC)

NLC formulations, which were previously developed and
completely characterized, were prepared using the solvent evapora-
tion method.'® Briefly, the oil phase was consisted of PL90H as a solid
lipid and OA as a liquid lipid in mass ratio of 1:1,15, respectively, dis-
solved in methanol to which 200 mg of CE had been previously
added, under continuous magnetic stirring (250 rpm, Jenway, UK) at
50°C. Afterward, the lipid phase was slowly added to the water phase
which was composed of 3 % Tween 80 water solution and PEG in the
first formulation (NLC1) and 3% Tween 80 water solution and POL in
the second formulation (NLC2) also heated to 50 °C, until complete
methanol evaporation. Obtained lipid emulsions were homogenized
with ultra-turrax for 5 min at 6500 rpm and were left in a refrigerator
at 2-8 °Cfor 24 h..

Phytochemical characterization of CE

The content of extracted cannabinoids was determined using Ger-
man Pharmacopoeial (DAD) method for assay of cannabis potency.
Analyzes were performed on Agilent 1200 Model HPLC equipped
with DAD G1315D, quaternary pump G1311A, column thermostat
G1316A and thermostatted autosampler G1329A Agilent Technolo-
gies, USA), using InfinityLab Poroshell 120 EC-C18 chromatographic
column (150 mm x 3 mm ID, 2.7 pum, Agilent Technologies, USA). As
mobile phase was used: A — aqueous solution of orthophosphoric
acid (8.64 g/L) and B — acetonitrile, following solvent gradient elution
of 0 — 16 minute from 36% to 18% A linear gradient, 16 — 17 minute
18% to 36% A linear gradient and from 17 to 30 minute re-equilibra-
tion of column with 0.7 mL/min flow rate. DAD measurements were
conducted at 225 nm and 306 nm wavelength for neutral and acidic
cannabinoid forms, respectively.

In vitro characterization of NL and NLC

Morphological properties of NL and NLC

Morphological characteristics of NL and NLC formulations were
evaluated using transmission emission microscopy (TEM) (JEM-1400,
Jeol, Japan) attached to a digital camera (Veleta TEM Camera, Olym-
pus, Germany) using iTem software v.5.2.

Particle size, particle size distribution and surface potential

Particle size and particle size distribution as well as surface
potential of the prepared formulations were examined using
Zetasizer (Nano-ZS, Malvern Instruments Ltd., UK). For that pur-
pose, each sample was diluted 20 times in a phosphate buffer
with low molarity (10 mM). In order to investigate the in vitro
stability of NL and NLC, 200 uL of the prepared formulations
were incubated with 800 wL physiologically relevant medium
(phosphate buffer pH 7.4) and human plasma, respectively, at 37°
C for 1, 4, 6 and 24 hours.

The measurements ware performed at 25°C, with thermostating
time of 120 s, medium viscosity 0.8894 cP, dielectric constant 78.5
and angle of 173°, in disposable transparent cuvettes, with refractive

index of 1.339 and 1.348 for NL and NLC, respectively. The obtained
results were average values of at least 3 batches each analyzed 3 times
with 12 consecutive measurements. The particle size of the prepared
NL and NLC was expressed as z-average diameter (d, nm), the parti-
cle size distribution as polydispersity index (PDI) and the surface
potential as zeta potential (mV). Taking into consideration that the
mean particle size of the samples is smaller than 0.2 wm and the
samples were measured in low dielectric constant media, electropho-
retic determinations of zeta potential was calculated according the
Hiickel approximation (Eq 2).
2¢ z f(ka)

Up = =50

37 (Eq. 1)

Encapsulation efficiency and drug loading

The loading of CE (mg) into NL and NLC was analyzed indirectly by
determining the non-encapsulated CE in the dispersions using the
previously described HPLC method. Briefly, the prepared NL and NLC
were centrifuged (4500 rpm, 25°C, 30 min, Rotofix 32 - Hettich Zen-
trifugen, Germany) in Vivaspin 20 ultrafiltration cuvettes (100 000
MW(CO units, Sartorius, Germany) followed by 2 subsequent rinses
for 15 min with phosphate buffer pH 7.4 and water for NL and NLC,
respectively. Afterward, the eluate was removed and the amount of
CE was calculated by HPLC analysis through CBD and CBDA quantifi-
cation. Formulations without CE incorporated were used as blank
samples.

In vitro release studies

The total amount of released CE from NL and NLC was deter-
mined using an in vitro membrane dialysis method (MEMBRA-
CEL® dialysis tubing, MWCO 7000 RC, Serva Feinbiochemica
GmbH, Germany) where 3 mL of the prepared formulations were
added in 30 mL of phosphate buffer pH 7.4 at 37+1°C and
200 rpm. At determined time intervals (after 1, 2, 4, 6, 8, 24
hours), 10 mL of the medium were taken and the amount of CE
released from NL and NLC formulations was detected by validated
method using spectrophotometry on 220 and 306 nm wavelength
for CBD and CBDA, respectively. The experiments were also per-
formed on blank formulations for method suitability and ensuring
that the achieved results are representative. The results obtained
for detection and quantification of the abovementioned compo-
nents using spectrophotometry were shown to be comparable
with those from the previously described HPLC method.

To investigate the kinetics of release of CE from the prepared for-
mulations, the in vitro release data were mathematically modeled
using DDSolver 1.0 (menu-driven add-in program for Microsoft
Excel) computer program.

Antioxidant capacity (ORAC assay)

Antioxidant capacity of CE, blank samples without PEG/POL
(NLO and NLCO, respectively), CE loaded samples without PEG/
POL (NLO1, NLO2, NLCO1 and NLCO2, accordingly) and prepared
nano formulations (NL1, NL2, NLC1, NLC2) was examined by con-
ducting the Oxygen Radical Antioxidant Capacity (ORAC) assay.
Namely, 25 uL of tested samples were added in 150 uL of fluo-
rescein solution (10 nM) and were incubated for 30 min at 37°C
in a dark place. Afterward, 25 ul of 2,2’-Azobis(2-amidinopro-
pane) dihydrochloride (AAPH) (100 mM) was added and the fluo-
rescence was measured at different time points (at the beginning,
after 60 and 120 min) using plate reader (492/535 nm ex/em,
VICTOR Perkin Elmer, USA). As a positive control was used a solu-
tion of fluorescein, AAPH and phosphate buffer pH 7.4, while
fluorescein and phosphate buffer pH 7.4 as a negative control. All
experiments were conducted in quadruplicates and statistical
analysis was done using ANOVA and multivariate PLS modeling.
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The antioxidant capacity of CE and prepared formulations was
calculated as % of initial fluorescence of each sample.

% of initial fluorescence

_ fluorescence of sample in given time period
" fluorescence of sample at the beginning

+100 (Eq. 2)

In vivo studies

Male ICR mice (25—-30 g), purchased from the animal facility of the
Institute of Neurobiology, Bulgarian Academy of Sciences, were used
in the present study. Upon arrival, they were adapted to the new
environment for at least a week before being used in the study. The
mice were group-housed 10-12 in standard cages and under environ-
mental conditions (temperature: 21—24°C; humidity 40—50%; at arti-
ficial 12:12 light: dark cycle with lights on at 7:00 a.m.). Water and
rodent chow were delivered at libitum. The experimental procedures
were carried out in accordance with the European Communities
Council Directive 2010/63/EU and were approved by the Bulgarian
Food Safety Agency (license no. Ne #58000183).

Drugs and dosage

Prepared formulations (NL1, NL2, NLC1, NLC2) and the referent
antiepileptic drug diazepam were dispersed in a 1% Tween 80 solu-
tion, and administered intraperitoneally (i.p.) at three different doses
(30, 100 and 300 mg/kg at a volume of 0.1 ml per 10 g of body
weight) and a time interval of 30 min before the tests. The other ref-
erent drugs, Phenytoin and carbamazepine (CBZ) were administered
at a dose of 30 and 10 mg/kg, respectively, 60 min before the seizure
stimulus. Matched controls were injected with a vehicle.

Anticonvulsant activity

Maximal electroshock seizure (MES) test. The MES was executed as
described previously.?% 2! In brief, the seizure response was induced
by stimulation with transcorneal electrodes (Constant Current Shock
Generator; 50 mA, 60 Hz delivered for 0.2 s). The prevention of tonic
seizures accompanied by the hind limb extensor component in 50 %
of mice in a group was accepted as an anticonvulsant effect.

Six hertz (6 Hz) psychomotor seizure test. Psychomotor seizures were
evaluated as described earlier.’> 2! Seizures were characterized by
responses such as Straub tail, vibrissae, eye blinking, locomotion,
head nodding, forelimb clonus, or rearing. The animal that resumed
normal position within 10 s after the stimulus was considered pro-
tected.

Subcutaneous pentylenetetrazole (scPTZ) seizure test. For the scPTZ
test, a dose of 85 mg kg—1 provoked clonic seizures in 97% (CD97) of
tested control animals.”® The tested mice were observed for a period
of 30 min. The latency for the first onset of myoclonic, clonic and
tonic seizures was detected.

Intravenous pentylenetetrazole seizure (ivPTZ) test. Solution of 1% pen-
tylenetetrazole (PTZ) was continuously infused (0.01 mL/s) into the
tail vein of the tested animal for detection of the three seizure phases
for myoclonic twitch, clonic and forelimb tonic. The seizure threshold
was calculated in mg/kg from the volume infused PTZ in mL, the
body weight, and PTZ concentration.

Rota-rod test. The motor coordination was assessed elsewhere.* 2!
The tested dose of the prepared formulations that caused a loss of
coordination of the mouse on a rotating rod (3.2 cm in diameter, at a

speed 10 rpm) for less than 1 min from three repeated sessions was
accepted as neurotoxic.

Statistical analysis

ORAC assay

A partial least square (PLS) methodology was employed to explore
the main factors governing the antioxidant capacity of the tested
samples, using validated statistical software Simca 14.1 (Sartorius
Stedim Biotech, Germany). The antioxidant capacity (expressed as %
of initial fluorescence) was selected as a quantitative dependent vari-
able (y) and the formulation type, loaded/blank, CE alone (qualitative
variables) and incubation time (quantitative variable), were used as
independent variables (x). Variable important for the projection (VIP)
and loading scores were used to point out and explain the effects of
the dominant factors which have significant contributions to the sta-
tistical model.

Animal studies

Data were presented as mean + S.E.M. The doses (in mg/kg) that
protected 50% of mice in both the MES and 6 Hz-test (ED50) and the
dose toxic in 50% of tested animals (TD50) (rota-rod test) were calcu-
lated through a log-probit method (Litchfield and Wilcoxon, 1949).
One-way analysis of variance (ANOVA) followed by Dunnett’s post
hoc test was used for the ivPTZ test. Not normally distributed data
were estimated by Kruskal-Wallis on ranks followed by the Mann-
Whitney U test. The statistical significance was accepted at P < 0.05.
The analysis was performed via Graph Pad Prizm Version 7.04 for
Windows (GraphPad Software, San Diego, CA, USA.).

Results and discussion
Physico-chemical characterization of NL and NLC

Lipid nano-systems have been one of the most promising carriers
for drug delivery and controlled release at the site of action due to
their similarity to human cells and biological membranes, among
other attributes.

The prepared formulations were characterized with spherical and
symmetric shapes (Fig. 1), z-average particle diameter <200 nm, nar-
row unimodal distribution (PDI ~ 0.2) and negative surface potential
(Table 1).

From Table 1 it could be noticed that the formulations with POL as
a polymer for steric stabilization (NL2 and NLC2) had a larger particle
size diameter compared to formulations with PEG (NL1 and NLCI,
respectively) (Fig. 2). Moreover, NL1 and NLC1 had lower ZP (-28.90
and -24.60), compared to NL2 and NLC2 (-43.80 and -31.20), accord-
ingly (Fig. 3). Regarding the EE, it could be seen that all formulations
were characterized with a high % of CE loading (>85%).

As we discussed earlier, the nano-systems’ long blood circulation
time is one of the most critical parameters to achieve their destina-
tion and show their therapeutic effect. Therefore, the in vitro stability
of freshly prepared NL and NLC was examined through determining
the z-average particle diameter (nm) at different time intervals (0, 1,
4, 6 and 24 hours) after incubation in physiologically relevant
medium (phosphate buffer pH 7.4) as well as in human plasma. From
the particle size distribution graph of the prepared NL it could be
observed that after 24 h incubation with phosphate buffer pH 7.4 and
human plasma, respectively, the z-average particle diameter for NL1
was 125.74+5.8 and 130.3+8.78 nm, for NL2 was 157.9+7.12 and
160.4+7.76 nm. The obtained results indicated on the stability of the
prepared formulations since no significant differences in the particle
sizes were obtained (Fig. 4). After incubation of NLC with the above-
mentioned media, the z-average particle diameter was slightly
increased. Namely, the average particle size was 133.4+4.67 and
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Fig. 1. TEM images of prepared formulations a) NL1; b) NL2; ¢) NLC1; d) NLC2.

147.545.8 nm for NLC1 and NLC2 after 24 h incubation with phos-
phate buffer pH 7.4, and 128+4.3 and 146.1+5.12 nm for NLC1 and
NLC2, respectively, after 24 incubation with human plasma. The
increase in particle diameter for 14.49 and 9.52% for NLC1 and NLC2
after 24 h incubation with human plasma was probably due to the
adsorption of proteins onto their surface. According to the findings
of 2> once the nano-systems released in biological fluids there is an
immediate coverage with proteins and other biomolecules that could
contribute in particle size changes.

In order to be suitable for i.v. administration and to achieve their
final destination, these carriers intended for brain delivery must
meet certain criteria, including appropriate average particle size
diameter, narrow particle size distribution and surface potential. Sev-
eral studies aimed at overcoming the BBB have suggested that the
average diameter of particles should be 50-200 nm.>* As mentioned
before, in order to increase the therapeutic effect in the CNS, the pre-
requisites of a nano formulation as a carrier for brain targeting
include high encapsulation efficiency, controlled drug release, pro-
longed in vivo circulation time, greater drug activity and reduced sys-
temic toxicity.”* Properties such as particles’ size, charge and surface
morphology have been one of the main formulation challenges in
order to design nanoparticles’ characteristics, including their blood
circulation time, biodistribution, specific tissue targeting, and cell
internalization. Since the ability of nanoparticles to accumulate at the

Table 1
Physico-chemical properties of prepared nano-systems (NL and NLC).

target site is directly linked to their circulation times, the nanopar-
ticles’ long blood circulation time is one of the most critical determi-
nants of their therapeutic potential.>®

Phytochemical characterization of CE

The phytochemical profile of lyophilized dry methanolic extract
from Cannabis sativa L. was explored using the previously described
HPLC method. The following cannabinoids have been detected and
quantified: at tg=7.095 min cannabidiol (0,524 % w/w) and cannabi-
diolic acid (5,696 % w/w) at tg= 6.017 min (Fig. 5). CBDA was selected
as a marker compound, which was further used in the examination
of the encapsulation efficiency and determination of CE release rate
from the prepared nano-systems.

In vitro drug release studies

Results from the in vitro release studies indicated that all nanofor-
mulations demonstrated prolonged release of CE over 24 h (Fig. 6).
Additionally, faster initial release after 1 h has been observed in lipo-
somal formulation NL1 (10,89%) compared to NL2 (5,42%) and nano-
structured lipid carriers (7,89% and 6,23% for NLC1 and NLC2,
accordingly, p < 0.05). On the other hand, the results presented in the

Sample d,+SD (nm) PDI ZP (mV) EE (%) DL (mg CE/100 mg lipid mass)
NL1 130.704+2.526 0.285+0.024 -28.90+3.269 99.86+1.01 65.48+0.69

NL2 159.80+3.230 0.253+0.017 -43.8+2.387 99.89+0.76 65.50+£0.52

NLC1 111.80+1.256 0.213+0.053 -24.60+0.763 98.02+0.62 105.97+0.88

NLC2 133.40+2.319 0.202+0.047 -31.20+1.117 87.19+0.42 94.26+0.61
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Fig. 2. Z-average diameter distribution plot of NL and NLC formulations.

graph indicate that there has been a higher % of CE release over 24h
in NLC compared to NL (p < 0.05).

Taking into consideration the advantages of the lipid nano sys-
tems, including the potential for controlled release of the drugs, it is
expected to achieve a relatively high local concentration at the site of
action, targeting them to a specific organ and releasing their content
in a prolonged way while reducing the systemic side effects, in order
to improve their bioavailability and effectiveness which has been
particularly important for the treatment of epilepsy.®

When it comes to the drug release rate, it is well known that it
depends on the particle size and the polymer coating thickness.
Namely, the drug dissolution rate is expected to be lower as the sur-
face amount of poloxamer increases due to an enhanced length of dif-
fusion pathways. Additionally, it could reduce the initial burst release
of the drug,?” which is in accordance with the abovementioned

results. Moreover, NL2 is a nanoformulation with the lowest % of
drug release over time. Based on the obtained correlation coefficients
from the examined mathematical models for the release of CE from
the prepared formulations, the model that best describes the release
kinetics of the lipid nanosystems is the Peppas-Sahlin model
(R*>0.996 for all four formulations). Additionally, based on the
obtained values for the kinetics of in vitro release of CE, it could be
seen that the value for Kyps (9.517 and 4.080 for NL1 and NL2, respec-
tively) has been far higher than the value for K;ps (0.724 and 1.008
for NL1 and NL2, respectively), which indicates that the release
mechanism from nanoliposomal samples is most likely by diffu-
sion,”® 2° On the other hand, the results obtained for NLC formula-
tions suggest that the release of CE could be by diffusion and polymer
relaxation (Kqps = 4919 and 3.213, Ky, = 2.316 and 2.680 for NLC1
and NLC2, respectively).

Total Counts

Zeta Potential Distribution

Apparent Zeta Potential (mV)

0 100 200

— NL1
NL2

—— NLC1

—— NLC2

Fig. 3. Zeta potential distribution plot of NL and NLC formulations.
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Fig. 4. a) Z-average diameter distribution plot of NL and NLC after 24 h incubation in a) phosphate buffer pH 7.4; b) human plasma.

Antioxidant capacity (ORAC)

To examine the antioxidant capacity of CE and prepared NL and
NLC formulations, a modified ORAC assay was performed. Obtained
results have been calculated as a percent of initial fluorescence of
each sample over a period of 120 min (n = 4).

The PLS model was built on two main components with appropri-
ate correlation and prediction coefficients (R2Y=0.78, Q2=0.68), while

the score scatter plot (Fig. 7 a and b), VIP and loading plots (Fig. 8 a
and b) reveal that the formulation type, as well as the presence of CE,
have been the dominant factors influencing the variability of the y-val-
ues, while the incubation time has no statistically significant effect.
The loading coefficients of the critical variables demonstrate the
importance of the surface characteristics of the formulations in
regards to their antioxidant capacity. Moreover, there is a clear dis-
tinction among the NL (bearing negative loading coefficient) and NLC
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Fig. 5. Representative HPLC chromatogram of Cannabis sativa extract recorded at a) 225 and b) 306 nm for CBD and CBDA, respectively. The chemical structures which have been
selected for quantitative analysis are presented in the slot; Standard mix recorded at c) 225 and d) 306 nm.

(bearing positive loading coefficient) where NL demonstrates lower
antioxidant activity probably due to fewer interactions with the ROS
generator (AAPH), needed to prevent the oxidation of the fluorescent
probe, while the NLC demonstrates the opposite effect. However,
these differences diminish as both formulations are coated with poly-
mers for steric stabilization (PEG/POL). In addition, the presence of CE
in the formulations contributes to increased antioxidative capacity,
as confirmed by the enormous VIP scope and positive loading coeffi-
cient.

Namely, It could be noticed that all 4 formulations (97.78+0.56,
99.32+1.84, 99.28+2.85 and 99.90+1.81 for NL1, NL2, NLC1 and
NLC2, respectively) have statistically significant higher antioxidant
activity compared to CE (91.59+0.65) (p < 0.05). On the other hand,
the obtained results indicated the difference between NL1, NL2,

NLC1, NLC2 and their analogues without the polymer for steric stabi-
lization. Namely, NL1, NL2, NLC1 and NLC2 formulations had shown
higher antioxidant activity over time than NLO1, NLO2, NLCO1 and
NLCO02 (93.47+2.47,95.73+1.02, 95.134+1.97 and 96.67+1.65, respec-
tively), which is probably due to the presence and the prolonged
release of the extract.°

Anticonvulsant activity

The suggested anticonvulsant activity of the prepared nano-sys-
tems loaded with CE was performed on a battery of seizure tests in
naive mice by using either an electrical or chemical stimulus. The
MES test, the 6-Hz test, the scPTZ test, as well as the iv PTZ test were
selected according to the recommended guidelines of the
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Fig. 5. Continued.

Antiepileptic Drug Development Program (ADD) of the National Insti-
tutes of Health (USA) as ‘gold standards’.®' The neurotoxicity of the
nano-systems was assessed by a rotarod test. In Phase I of evaluation,
the samples were injected i.p. at doses of 30, 100 and 300 mg.kg !,
0.5 h before MES or rotarod test, respectively. The results of Phase I
are summarized in Table 2. The preliminary pharmacological data
revealed that all four formulations showed protection in half or more
of the mice tested in the MES test. The potency was in order
NL1 = NLC2 = NLC1 > NL2 in the MES test, which was comparable to
the referent drug phenytoin. No neurotoxicity was detected in the
rotarod test at the highest dose of 300 mg/kg, while it was limited to
100 mg/kg for phenytoin (Phase I).

The next quantitative pharmacological analysis in Phase II of
screening, the median effective doses (ED50) calculated in the MES

and 6-Hz test, respectively, the median neurotoxic dose (TD50) in the
rotarod test, as well as the protective indexes (PI) were determined
for all four formulations that exhibited activity in the Phase I of
screening. The referent drug for the MES was phenytoin. The quanti-
tative evaluation of tested samples in Phase Il revealed that the
potency was in order NLC1 > NLC2 > NL1 > NL2 in the MES test and
NL2 > NL1 > NLC2 > NLC1 in the 6Hz test (Table 3). The NLC1 exhib-
ited comparable to phenytoin activity in the MES test (NLC1:
ED50 = 11.85 vs phenytoin: ED50 = 7.15) while its PI was higher than
PI of phenytoin (NLC1: PI = 25.31 vs phenytoin: PI = 13.99).

Literature data suggest that particle size and surface charge play
important roles and strongly affect the pharmacokinetics and biologi-
cal distribution of the nano-carrier systems in vivo. More precisely,
these properties influence NPs circulation time and clearance in vivo
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and on the other hand also determine the success of transport across
the endothelial cells at the specific tissues, such as BBB. Many
research studies reveal that a particle size between 20 and 150 nm
could reduce the in vivo clearance through liver and kidney while
exhibiting longer systemic circulation time. It is also well established
that the phagocytosis of the nano-carriers is greater with increasing
the values of the surface potential, regardless their charge, and hence,
leading to accelerated clearance in vivo.>? Therefore, the biggest par-
ticle size (~160 nm) and most negative value for ZP (~ -44 mV) of
NL2, compared to the other three formulations, may partially

VIP[2]

|

contribute to the weakest therapeutic potential of this nano- carrier
formulation in the aforementioned in vivo tests.

Mice administered with NL1, NLC1 and NLC2, injected at a dose of
30 mg/hg, exhibited significantly increased latencies to the first myo-
clonic seizure phase compared to vehicle-treated mice [Kruskal-
Wallis One Way Analysis of Variance on Ranks: H = 16.132,
p = 0.003]. Post hoc test showed that NL1, NL2, NLC1 and NLC2 sam-
ples significantly elevated the latency for myoclonic seizure
(p = 0.0447, p = 0.043, p = 0.0007, p = 0.0002, respectively) (Fig. 9A).
Latency to the first clonic seizure was also significantly increased by

(X)(NL)
(X)(CE)
((NLC)
(x)(NLC2) 4
(x)(NL2)
(x)(NLC1) 4
(x)(NL1) 4

loaded/empty(empty) |
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Fig. 8. a) Variable importance for projection (VIP) plot and b) loading score plot for discriminate analysis of formulations and the presence of CE as well as the incubation time.
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Table 2
Anticonvulsant activity and neurotoxicity of the tested samples (mice, i.p.).

Samples MES* Rotarod®
05h 05h

NL1 30 -

NL2 300 -

NLC1 30 -

NLC2 30 -
Phenytoin? 30 -
Diazepam® - 30

In the presented table the values demonstrate the minimum dose of the tested sam-
ples, where bioactivity or neurotoxicity was exhibited in at least 50% of treated ani-
mals. A dash indicates that there hasn’t been any activity or toxicity when the samples
or referent drugs have been administered at the highest dose of 300 mg/kg.

@ Maximal electroshock test (MES).

b Test for neurotoxicity (Rotarod).

the nano-systems [H = 12.383, p = 0.015]. Like for the myoclonic seiz-
ures, the latencies for the clonic seizures were significantly increased
by the NLC1 and NLC2 formulations (p = 0.02, p < 0.001, respectively)
(Fig. 9.B). For the latency for the onset of the tonic phase, there was
no main effect of the dose of the tested formulations. However, the
NLC1 and NLC2 exhibited no tonic-clonic seizures induced by scPTZ
(Fig. 9.C). To explain this phenomenon, the complex etiology, patho-
physiology and the huge number of mechanisms included in the
development and progression of different types of seizures, as well as
the numerous differences in the structure and the physico-chemical
and biopharmaceutical properties between liposomes and nanostruc-
tured nano-carriers should be taken into consideration. Since no sim-
ilar experimental results related to this event have been found in the
literature, further investigation studies are needed to be carried out.
The anticonvulsant activity of the formulations (mostly NLC1 and
NLC2) was comparable to the positive control CBZ.

The four formulations NL1, NL2, NLC1 and NLC2 affected the
three seizure phases, myoclonic twitch, generalized clonus and
forelimb tonus at all administered doses (30, 100 and 300 mg/
kg), respectively, of mice iv. injected with 1% PTZ. One-way
ANOVA revealed that NL1, NL2, NLC1 and NLC2 have significant
effects on the thresholds for myoclonic seizure, generalized clonic
seizure and forelimb tonus, respectively. The post hoc test showed
that NL1, NL2, NLC1 and NLC2 formulations showed comparable
to CBZ effect at the three doses used on the three seizure phases
(p < 0.01 and p < 0.001) (Fig. 10 A,B,C).

Table 3
Quantitative screening of nanocompounds by MES and 6-Hz seizure test in mice.

Sample Test TPE® EDs”  95%confidence Hill — TDso" P
(h) (mg/kg) interval slope (mg/kg)

NL1 MES 05  66.90 29.20-153.3 0.18 >300 >4.48

6-Hz 05  43.01 1.279-1.988 0.78 >300 >6.97
NL2 MES 05 96.97 36.58-257.1 0.66 >300 >3.09

6-Hz 05 3333 1.385-1.661 1.14  >300 >9.0
NLC1 MES 05 1185 7.491-18.75 1.17  >300 >2531

6-Hz 05 84.19 1.743-2.107 124 >300 >3.56
NLC2 MES 05 3079 20.88-45.43 0.1 > 300 >9.74

6-Hz 05 67.38
Phenytoin MES 0.5 7.15

1.551-2.106 094 >300 >4.45
2.911-17.59 1.04 >100 >13.99

The presented data is in the 95 % confidence interval.
Time to peak effect - TPE

median effective doses (EDsg)

median minimal neurotoxic doses (TDsg)

a
b
c
4 Protective index (PI) (rotarod TDso/EDsg).
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Fig. 9. Effects of NL1, NL2, NLC1 and NLC2 samples and the positive control CBZ
(30 mg/kg, i.p.) on the latency for onset of the myoclonic (A), clonic (B) and tonic (C)
seizures elicited by scPTZ injection (85 mg/kg) in mice. Asterisks mark significant dif-
ferences between drugs and controls. * p < 0.05; ** p < 0.01; *** p < 0.001.

Conclusion

During the first phase of this research, two different types of
four formulations of Cannabis sativa extract loaded NL and NLC
were prepared and thoroughly characterized. CE was also previ-
ously prepared and underwent phytochemical characterization
with emphasis on the main cannabinoids, where the predominant
component detected was CBDA with a small amount of CBD.
Nano formulations were characterized with z-average diameter of
111-160 nm following unimodal particle size distribution
(PDI<0,3) negative values for Z-potential and high CE EE% (>87%).
All prepared samples resulted in prolonged CE release, which was
dependent on the type of nano-carrier system and the type of
stealth polymer used. Based on the obtained correlation coeffi-
cients, the model that best described the release kinetics of the
CE was Peppas-Sahlin. Regarding the antioxidant capacity, all for-
mulations showed statistically significant higher antioxidant
capacity compared to CE. Obtained results from the in vivo stud-
ies of the anticonvulsant activity in mice indicated that all nano-
formulations significantly elevated the latencies for myoclonic,
clonic and tonic seizures. Both types of systems have shown
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Fig. 10. Effects of NL1, NL2, NLC1 and NLC2 compounds and the positive control CBZ
(30 mg/kg, i.p.) on the threshold for three seizure phases: the myoclonic twitch (A),
generalized clonic seizures (B) and forelimb tonus (C) elicited by ivPTZ injection (1 %)
in mice. Asterisks mark significant differences between drugs and controls. * p < 0.05;
**p<0.01; ***p < 0.001.

different potential in preventing seizures. The most noticeable
was the lower activity of NL2 compared to the other nanosys-
tems, which was probably affected by the type of stealth polymer,
the structure of this nano-system and its properties.

In conclusion, the anticonvulsant activity of CE, where CBDA
was present as dominant cannabinoid, and its successful in vivo
delivery to the brain when it is incorporated into lipid nanosys-
tems such as liposomes and nanostructured lipid carriers have
been confirmed. However, additional in vivo studies are needed
to understand better the influence of the nano-carrier properties
loaded with CE on the successful management of different types
of epileptic seizures.
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Blood-Brain Barrier: from physiology to disease

The blood-brain barrier (BBB) represents high
selective, semipermeable membrane which separates the
circulation from the brain, due to the presence of
endothelial cells and specialized tight junctions that
prevents the transport of 100% of large neurotherapeutics
and more than 98% of all small-molecule drugs
(Daneman and Prat, 2015). There are different specific
transporters on both sides of the BBB that are responsible
for its selective transport role as well as certain enzymes
released locally (secretory and metabolic role) (Abbott et
al., 2006). BBB carefully protects the brain from
neurotoxins and other harmful substances. Because of its
neuroprotective role, the delivery of many potentially
important agents intended for diagnostic or therapeutic
purposes has been fully blocked or at least difficult and
problematic. Moreover, many neurotherapeutics do not
reach the adequate drug concentration in brain to be
clinically effective (Sweeney et al., 2018).

There has been evidence that only several drugs such
as morphine, methadone, diazepam, etc. could cross the
BBB and express their pharmacologic effect in the brain.
On the other hand, the delivery of most antibiotics, anti-
tumor agents as well as the drugs for the treatment of
Alzheimer’s disease, Parkinson’s disease, epilepsy, etc.,
has been quite challenging and there has been an urgent
need for finding new approaches in order to enhance their
transport through the BBB more easily and selectively
(Khaledian et al., 2022). In this sense, a whole new
generation of modern drug delivery systems has been
designed and developed, where lipid based nano systems

*1j.mihailova @ff.ukim.edu.mk

have been gaining much attention due to their
biocompatibility and similarity to human cells.

Lipid nano-systems (LNS) as carriers for brain
drug delivery

The ability to simultaneously encapsulate hydrophilic
and lipophilic drugs as well as the possibility of particle
surface modification with different ligands and polymers
for stealth stabilization, make LNS one of the most used
and evaluated drug delivery systems. When it comes to
the effectively crossing the BBB and drug delivery to the
brain, among various LNS, nanostructured lipid carriers
(NLC) and liposomes stand out as the most important. In
the literature, there are numerous research studies
confirming their potential in brain drug delivery, starting
from the dual-targeting doxorubicin liposomes that could
selectively transfer the active component in brain glioma
leading to reduction in the tumor size (Gao et al., 2013).
Kong et al. (2020), evaluated the improvement of brain
targeting when using transferring-conjugated liposomes.
In another study the increased uptake of ribavirin loaded
liposomes surface functionalized with glutathione and
polyethylene glycol (GSH-PEG-liposomes) compared to
non-functionalized liposomes, was investigated in three
different cell lines (brain endothelial cells, human
umbilical vein endothelial cells and human kidney
epithelial cells), where it was revealed that the enhanced
uptake of GSH-PEG-liposomes has been determined by
endocytosis (Maussang et al., 2016). Various research
studies also revealed the potential of NLC for enhancing
the drug permeation through the BBB. For instance, the
formulation of conventionally used active compound such
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as carbamazepine in the treatment of epilepsy, when
encapsulated in NLC showed improved brain delivery and
therapeutic outcome (Khan et al., 2020).

BBB uptake and internalization pathways of LNS

Several mechanisms to cross the BBB have been
proposed that these carriers may follow, such as simple
diffusion; paracellular transport; transcytosis, carrier-
mediated transport and endocytosis, or a combination
thereof (Ahn et al., 2020). Namely, the internalization of
LNS into the cells is usually through lysosomal pathway
when the active compounds are released into the cell upon
nanoparticle degradation by the lysosomal components; or
endosomal pathway where nanoparticles travel inside the
endosomes from one side of the cell to the other without
being degraded. When it comes to the uptake of NLC,
research studies suggest that the process of endocytosis
has been the most likely mechanism for particle
internalization through the BBB. On the other hand,
liposomes as one of the most attractive vehicles could
fuse with endothelial cells and transport the active
components via endocytosis or receptor-mediated
transcytosis (Khaledian et al., 2022).

Literature data suggests that the most important
factor that could affect the uptake of LNS is the particle
size. As per the findings, the most used and effective
nanoparticle size in brain drug delivery has been around
100 nm, which was found to be also significant for
prolonged plasma circulation time. Additionally, the
shape, charge and modifications of the nanoparticle’s
surface also play an important role in determining the
amount and the rate of LNS uptake and passage through
the BBB. LNS usually have spherical shapes which
contributes for enhanced penetration through the cells.
Even though it would be more natural positively charged
particles to have higher uptake considering that the BBB
is slightly negatively charged, however, literature data
indicates that formulations with a negative zeta potential
have been also effective and high drug concentrations
cross the BBB. The possibility for particle surface
functionalization represents an enormous advantage to
design nano system with desirable properties that will be
in accordance with the characteristics and requirements
originating from the disease being treated. It has already
been established that the process of PEGylation induces
nonspecific cellular detachment resulting with prolonged
bioavailability of the drugs in the central nervous system
which is of particular benefit for targeted delivery
(Shalabalija et al., 2021).

In this sense, in the last few years our research group
is orientated towards design and development of LNS for
brain drug delivery. Namely, the in vitro internalization
efficiency of different formulations of liposomes and

NLC was confirmed on hCMEC/D3 and SH-SY5Y cell
lines as a model for BBB and neurons, respectively.
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Neurodegenerative disorders

According to reports of the Global Burden of Disease
Study (2016), the neurological disorders, among which
are the neurodegenerative diseases (ND), are the leading
cause of disability and the second leading cause of death
worldwide. ND can be defined as conditions where the
progressive neuronal loss in the central nervous system
(CNS) provokes physical disability, cognitive deficits or
both. The major basic mechanisms leading to slow
progressive and irreversible dysfunction and loss of
neurons and synapses can be result of different genetic,
environmental and endogenous factors. Common
pathological molecular mechanisms and pathways
included in the ND development and progression include:
abnormal protein dynamics, degradation, proteasomal
dysfunction and aggregation; oxidative stress and
formation of reactive oxygen species; mitochondrial
dysfunctions and DNA damage; fragmentation of
neuronal Golgi apparatus; disruption of cellular/axonal
transport; neutrophine dysfunction as well as different
neuroinflammatory and neuroimmune processes which
finally result in cell dysfunction and death (Jellinger,
2010).

Therapeutic treatments for ND

Since ND are disorders with a wide range of different
pathophysiologies and insufficient information and
understanding of the mechanisms and cascades involved,
the therapeutic options for this type of diseases is quite
limited (Duares et al., 2018). On the other hand, the
complexity of the blood-brain barrier (BBB), the main
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physiological barrier that selectively and specifically
controls the entry of endogenous and exogenous
molecules from the blood into the brain, additionally
affects the efficacy of the treatment. Some of the
therapeutic strategies currently used for AD treatment are:
protein aggregation inhibitors (iABS - Chaperon),
cholinesterase inhibitors (Donepezil and Rivastigmine),
regulation of Amyloid precursor protein by Latrepirdine,
glutamate regulators (Memantine) and amyloid directed
antibody (Aducanumab). Additionally, PD therapy is
consisted of combination of Levodopa and Carbidopa,
inducers of Hsp104 chaperones, targeting of a- synuclein
misfolding with Hsp 70, anti-inflammatory drugs against
Methyl-4-phenylpyridinium induced autophagy and
knockdown of Sirt2 by siRNA, while the options for ALS
is reducing the oxidative stress with Vitamin E and using
glutamate receptor antagonists (Riluzole). Dopamine
receptor blockers (phenothiazines), targeting of mHTT
misfolding with Hsp70, immunomodulation therapy and
Rapamycin-induced autophagy as well as RNAi-mediated
silencing of host-encoded cellular prion protein (PrPC)
are the treatment options for Huntington disease.
Medication approaches for MS treatment include
immunomodulation by beta-interferon, Ocrelizumab and
hormonal replacement therapy (Lampteu et al., 2022;
Poddar et al., 2021).

However, many of the approved drug regimens for
ND help to treat the symptoms but do not prevent or
reduce the progression of NDs.
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Herbal resources as therapeutic option for ND
treatment

In the last two decades, the use of molecules from
herbal sources is reported to complete and/or assist the
traditional pharmacological agents in the treatment of ND,
as a result of their numerous neuroprotective properties.

In the literature, there are several in vivo and in vitro
studies confirming the antioxidant and anti-inflammatory
activity of the phenolic acids (rosmarinic acid,
chlorogenic acid, galic acid), phenolic diterpenes
(carnosic acid, carnasol), pentacyclic triterpenes (ursolic,
oleanolic, butilic acid), flavonoids (derivatives of
apigenin, luteolin and epicatechin gallate) present in the
extracts of Rosmarinus officinalis, Salvia officinalis and
Green tea. Apart from their free radical scavenging and
metal chelating properties, the neuroprotective activity is
enriched with decrease of apoptotic neuronal cell death,
motor and memory impairment and protein aggregation
and deposition by the inhibitory effect on dopamine
transporters, activation of NF-«xB and ERK and p38
mitogen-activated protein kinase pathways, decrease of
COX-2 expression as well as inhibition of brain secretases
(Shalabalija et al., 2021). Among the wide range of
activities, the ginsenosides and saponins in Ginseng,
Gingko Biloba constituents and Curcumin show
inhibitory effect on the acetylcholinesterase and Caspase-
3 activation, decrease of TNF-a, IL-1B and IL-6 mRNA,
decreased gene expression and proteins involved in
metabolic pathways leading to neuronal death, as well as
increased function of mitochondrial respiratory chain,
thus resulting in prevention of the cascade reactions
included in development and progression of AD and PD
(Abdel-Salam, 2019). However, due to their low stability,
fast metabolism, trivial permeability, poor water solubility
leading to low bioavailability, their clinical use is quite
limited. Hence, developing different drug delivery
approaches would be a prospective solution to these
problems.

Lipid nano-carriers with herbal extracts

Treatment of ND with lipid nano-carriers may have
significant advantages in terms of proper biocompatibility
and biodegradability, improvement of the drug
pharmacokinetic and therapeutic efficacy, as well as
reduction of the drug adverse effects. Literature data
suggests that there have been developed many lipid-based
nano-carriers ~ with  incorporated  herbal  extract
components such as: wide range of Curcumin loaded
nanoliposomes, lipid based NPs, solid lipid NPs (SLN)
and lipid core NPs mainly intended for AD and PD
treatment. On the other hand, many studies showed that

Quercetin  loaded nano-lipid carriers, SNLs and
liposomes, as well as Resveratrol into lipidic core NPs
and nanoemulsions have improved bioavailability,
transport and efficacy to the brain (Moradi et al., 2020).

In this sense, the application of lipid nano-carriers
may significantly improve the clinical efficacy of herbal
components in neurological disorders. Therefore, the
activities of the Institute of Pharmaceutical Technology at
the Faculty of Pharmacy in Skopje, in the last few years is
oriented towards formulation, development and
characterization of lipid nano-carriers loaded with herbal
extracts intended for efficient brain delivery.
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Abstract

Considering the potential of Salvia officinalis in prevention and treatment of
Alzheimer’s disease (AD), as well as the ability of nanostructured lipid carriers (NLC)
to successfully deliver drug molecules across blood-brain barrier (BBB), the objective
of this study was design, development, optimization and characterization of freeze-
dried salvia officinalis extract (FSE) loaded NLC intended for intranasal administra-
tion. NLC were prepared by solvent evaporation method and the optimization was
carried out using central composite design (CCD) of experiments. Further, the opti-
mized formulation (NLCo) was coated either with chitosan (NLCc) or poloxamer
(NLCp). Surface characterization of the particles demonstrated a spherical shape with
smooth exterior. Particle size of optimal formulations after 0.45 um pore size filtra-
tion ranged from 127 + 0.68 nm to 140 + 0.74 nm. The zeta potential was —25.6
+0.404 mV; 22.4 + 1.106 mV and — 6.74 + 0.609 mV for NLCo, NLCc, and NLCp,
respectively. Differential scanning calorimetry (DSC) confirmed the formation of NLC
whereas Fourier-transform infrared spectroscopy confirmed the FSE encapsulation
into particles. All formulations showcased relatively high drug loading (>86.74 mcg
FSE/mg solid lipid) and were characterized by prolonged and controlled release that
followed Peppas-Sahlin in vitro release kinetic model. Protein adsorption studies rev-
ealed the lowest adsorption of the proteins onto NLCp (43.53 + 0.07%) and highest
protein adsorption onto NLCc (55.97 £ 0.75%) surface. The modified ORAC assay
demonstrated higher antioxidative activity for NLCo (95.31 + 1.86%) and NLCc
(97.76 + 4.00%) as compared to FSE (90.30 + 1.53%). Results obtained from cell cul-
tures tests pointed to the potential of prepared NLCs for FSE brain targeting and

controlled release.

KEYWORDS
Alzheimer’s disease, experimental design, in vitro characterization, nanostructured lipid
carriers, optimization, Salvia officinalis
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1 | INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease and one of
the most common causes for dementia, related with slow decrease of
all mental capacities: memory, problem solving, speaking, and other
cognitive skills that strongly affect the ability of the patient to perform
everyday activities. These changes occur due to the neurons’ damage
in the parts of the brain that are responsible for cognitive functions.
From a pathological point of view, it is commonly explained that AD is
characterized by the presence of extracellular plaques in the brain
containing aggregated beta amyloid (Ap) peptide (amyloid plaques)
and intraneuronal neurofibrillary tangled structures containing phos-
phorylated tau proteins (tau bundles). According to the so-called
“Amyloid cascade hypothesis” the accumulation of Af results in a dis-
tortion of the balance between the synthesis and clearance of Ap in
the brain.! Namely, the progressive cerebral accumulation of Ap initi-
ates a complex multicellular cascade involving microglia, astrocytosis,
neuronal dystrophy, neuronal dysfunction and loss, as well as synaptic
insufficiency resulting in changes in neurotransmission and disorders
of thought and cognitive functions.? These damage first occur in the
hippocampus, the part of the brain, which plays an essential role in
the formation of memory. Over time, large parts of the brain are char-
acterized by impaired neurons, and eventually the lesions are so
widely spread that a significant reduction in the functional brain tissue
is observed.

Oxidative stress, Ap aggregation, A production, tau aggregation,
tau hyperphosphorylation, neurotransmitter imbalance, neural death,
neuroinflammation, blocked Nrf2 pathway, abnormal cholesterol
metabolism, hormonal imbalance, metabolism problems in mitochon-
dria, abnormal kinase signaling, and activation of caspases and
impaired calcium homeostasis are the main mechanisms for appear-
ance and progression of AD, targeted by the therapeutic approaches.
Currently, there are five approved medicines for AD treatment on the
market, and all of whom belong to the group of drugs that compen-
sate for the lack of neurotransmitters, so called modulators of neuro-
transmission such as acetylcholinesterase inhibitors (AChEls) and N-
methyl-aspartate receptor antagonists (NMDA antagonists). AChEls
include tacrine, donepezil, rivastigmine and galantamine, approved for
use in 1993, 1996, 1998, and 2001, respectively, whereas the NMDA
antagonists include memantine (approved in 2003).% In 2014, the FDA
approved Namzaric, which contains memantine and donepezil.
Although AD drugs have been used for more than 25 years, there is
still insufficient evidence about their efficacy and clinical significance,4
since outcomes of the therapy are generally unsatisfactory.®

Scientific research activities proved that Salvia lavandulae folia
and Salvia officinalis have potentially important effects on the reduc-
tion of cognitive decline associated with downward regulation of the
cholinergic system, which often occurs in natural aging and dementia.
Both varieties of Salvia possess inhibitory effect on cholinesterase
enzymes. Salvia officinalis has been shown to have a CNS acetylcho-
line receptor activity, with nicotine and muscarinic binding capabili-
ties.® By using Salvia officinalis no adverse effects or symptoms of

toxicity have been demonstrated.®” On the other hand, a dose-
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dependent inhibition of lipid peroxidation was presented by ref. [8],
which implies on the antioxidant activity of the aqueous methanolic
extract of Salvia officinalis. In this sense, the components in the extract
of Salvia officinalis are considered as potential candidates in preven-
tion and treatment of diseases caused by oxidative damage, including
AD. Rosmarinic acid (RA), one of the main constituents of Salvia off-
icinalis, has been revealed to provide anti-inflammatory, antiviral,
antibacterial, antidepressant, anticancer, antimutagenic and chemore-
ceptive properties.” Additionally, its efficacy in the treatment of AD
has been confirmed in vitro in the prevention of molecular disorders
that contribute to the progression of AD such as: oligomerization and
the formation of AB plaques through differential binding for Ap1-42
oligomers, AB-oligomer induced synaptic toxicity and neurotoxicity,
oxidative destabilization caused by A fibrils (lipid peroxidation, DNA
fragmentation, caspase-3 activation) and hyperphosphorylation of tau
proteins. In studies involving experimental mice, a decrease in the sol-
uble Ap oligomers, as well as the insoluble deposit of Ap in the brain
was also observed.!° In addition, in vitro and ex vivo experiments indi-
cated that rosmarinic acid yields promising results in the inhibition of
acetylcholinesterase activity.!?

Despite the not yet clarified mechanisms leading to the onset of
the disease and the poor oral bioavailability of polyphenols'? which
are main antioxidant components in Salvia officinalis, the anatomic
characteristics of blood-brain barrier (BBB) limit the drug transport to
the brain which results with inability to achieve optimal therapeutic
concentrations of the active substances in the targeted site. Since it is
well known that the efficacy of treatment depends on providing ade-
quate concentrations of the active substance at the site of action,
combination of the current knowledge from phytotherapy and the
modern technologies from the field of pharmaceutical technology,
new effective dosage forms can be developed. Designed formulations,
based on built-in plant active substances offer multi-targeted therapy
coupled with a specific targeting of brain tissue alone.

One of the most promising strategies for delivering therapeutics
in the CNS is the intranasal pathway, which as a noninvasive tech-
nique for bypassing the BBB through olfactory and trigeminal nerve
allows direct transport of the medicinal substances in the CNS. How-
ever, respiratory mucosa, which comprises 80%-90% of nasal mucosa
is highly vascularized and could promote systemic absorption.*® So,
the design of the suitable system for CNS targeting should take into
the consideration both possibilities and hence designed system should
be characterized with appropriate physicochemical and biopharma-
ceutical properties. A system tailored for targeted brain delivery needs
to satisfy the following criteria: biocompatibility and biodegradability,
particle size up to approximately 100-700 nm for nose to brain
targeting and ~ 200 nm for systemic pathway CNS targeting, spheri-
cal form, low surface charge, steric stabilization, bio/mucoadhesivity,
high-encapsulation efficacy, controlled release rate capability, satisfac-
tory stability and bioactivity.*4~*®

Lipid nanoparticles (solid lipid nanoparticles [SLN] and nanostruc-
tured lipid carriers [NLC]) are colloidal particles composed of a bio-
compatible and biodegradable lipid matrix that is solid at room

temperature and show a particle size commonly between 100 and
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400 nm. They combine the advantages of other colloidal systems for
targeted action, such as liposomes, polymeric nanoparticles and emul-
sions, and at the same time avoid or minimize their negative proper-
ties.1?2° Compared with SLN, NLC are characterized by greater
encapsulation efficiency and loading capacity (drug loading), due to
the smaller subordination of the lipid matrix, making lipid active sub-
stances easily incorporated into the matrix. The solid matrix protects
the built-in active substances from chemical degradation and gives
the flexibility to modify the release rate of the active component.
Because of their relatively small size and biocompatibility, NLCs are
particularly suitable for the incorporation of substances that are nec-
essary to pass the BBB.?Y?? By adjusting (modifying) the physico-
chemical and biopharmaceutical properties of NLC (particle size,
surface charge, encapsulation efficiency, release rate), selective
targeting and retention of the system, as well as effective therapeutic
concentration in the brain could be obtained.

Selecting the right system for the intended purpose is not enough.
In order to achieve great results in the design of such a complicated for-
mulation, a systematic, science and risk-driven methodology to design
drug products that prospectively plans their desired quality features
should be applied. As such, the aim of this study was design, develop-
ment and physicochemical and biopharmaceutical characterization of
NLC loaded with Salvia officinalis extract with the potential for efficient
intranasal delivery and effective and safe treatment of AD, supported
on a sequential experimental strategy in order to find the optimal con-

ditions for providing a drug product with a sustained therapeutic effect.

2 | MATERIALS AND METHODS

21 | Materials

Phospholipon 90H (PL) was purchased from Phospholipid, Germany,
oleic acid (OA) from Sigma-Aldrich, Germany, Tween 80 from Merck,
Germany, Poloxamer 407 from BASF, Germany, Chitosan low-
molecular weight (Sigma-Aldrich, Germany) and Ethanol 96% from
Alkaloid, N. Macedonia. The 2,2'-Azobis(2-amidinopropane)
dihydrochloride (AAPH), Bradford Reagent (0.1-1.4 mg/ml protein),
Bovine Serum Albumin (BSA) and fluorescein sodium were purchased
from Sigma Aldrich, Germany. Methanol, chloroform, formic acid and
acetonitrile were of HPLC grade purity (Merck, Germany). Phosphate
buffer saline pH 7.4 (PBS pH 7.4) was prepared ex tempore (Ph. Eur.
9). Salvia officinalis leaves were kindly donated by Alkaloid,
N. Macedonia. All other used chemicals and reagents were of analyti-

cal purity and used without additional modifications.

2.2 | Preparation of NLC loaded with FSE

The freeze-dried Salvia officinalis extract (FSE) was obtained by extrac-
tion of 100 g of dry herbal material with 2 L of 70% (v/v) methanol
under continuous magnetic stirring (24 h, 60°C, 250 r/min, Variomag,

Multipoint HP 15, Germany). Afterwards, methanol was removed by

evaporation under reduced pressure (40°C, 50 r/min, 40 mBar,
Rotovapor R-200/205, Buchi, Switzerland). The obtained extract was
freeze-dried (24 h, 0.05 mbar, —47°C, Labconco, USA).

The NLCs loaded with FSE (NLC-FSE) were prepared using a pre-
viously described solvent evaporation method.?%24

Briefly, the oil phase (PL, OA, ethanol and FSE) and the aqueous
phase (Poloxamer 407, Tween 80 and purified water) were heated to
70°C, a temperature adequate to maintain the lipids in liquid state and
dissolve them in the organic solvent. Nanodispersion was prepared by
dropwise addition of the oil to the aqueous phase under magnetic stir-
ring (70°C, 250 r/min, Variomag, Multipoint HP 15, Germany).
Organic solvent (ethanol) was evaporated under continuous magnetic
stirring at previously mentioned conditions. Solidification of NLC was
performed by cooling the obtained hot-lipid emulsion at 25°C under
magnetic stirring at 250 r/min (Variomag, Multipoint HP 15, Germany).
The NLC dispersion was left overnight in a refrigerator at 2-8°C for
recrystallization of the lipids and formation of the final particle
structure.

2.3 | Experimental design studies and optimization
of NLC-FSE

In order to determine the boundaries of the design space, one factor
at a time (OFAT) experiments were conducted. The quantities of etha-
nol (2.5-8.6g), OA (0.0325-0.13g), PL (0.1-0.2g) and Tween
80 (0.1-0.3 g) were varied, and their influence upon particle size and
particle size distribution, the amount of encapsulated FSE and in vitro
release characteristics were observed.?> 2% Ethanol, PL, and Tween
80 were identified as significant factors (one way ANOVA, p < .05)
and their quantities were varied in the design space in order to quan-
tify their impact on the NLCs' physicochemical and biopharmaceutical
properties that is, responses of interest (particle size and particle size
distribution, zeta potential, amount of incorporated FSE and in vitro
release). The quantities for OA, FSE, Poloxamer 407 and water were
65 mg, 25 mg, 45 mg and 8.805 ml, respectively, while the amounts
of ethanol, PL and Tween 80 were varied according to the experimen-
tal design studies. An orthogonal central composite design (OCCD)
was used, (Design—Expert® V8 trial, Stat-Ease, Inc., Minneapolis, MN)
and 20 experiments were designed, with all factors (ethanol, PL and
Tween 80) varied on two levels, with one replication for each factorial
and axial point, and 6 replications of the central points. The coded and
actual values of three studied formulation variables are shown in
Table 1, while designed experiments are presented in Table 2. The

experiments were performed in random order.

2.4 | Characterization of NLC loaded with FSE

241 | Particle size

Particle size was determined by laser diffractometry using Mastersizer
2000, Malvern Instruments Ltd., UK equipped with Hydro 2000S,
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TABLE 1 Coded and actual values of Level
studied formulation variables
Low
Factor Coded values Actual values

A: Ethanol (g)
B: Tween 80 (g)
C:PL(g)

TABLE 2 Experimental design points for the studied variables in
terms of actual values

Factors

Std Run A: Ethanol (g) B: Tween 80 (g) C:PL(g)
13 1 7.50 0.22 0.05
14 2 7.50 0.22 0.35
8 3 10.00 0.30 0.30
12 4 7.50 0.34 0.20
9 5 3.69 0.22 0.20
11 6 7.50 0.11 0.20
4 7 10.00 0.30 0.10
10 8 11.31 0.22 0.20
20 9 7.50 0.22 0.20
1 10 5.00 0.15 0.10
3 11 5.00 0.30 0.10
15 12 7.50 0.22 0.20
2 13 10.00 0.15 0.10
5 14 5.00 0.15 0.30
18 15 7.50 0.22 0.20
17 16 7.50 0.22 0.20
16 17 7.50 0.22 0.20
6 18 10.00 0.15 0.30
7 19 5.00 0.30 0.30
19 20 7.50 0.22 0.20

Malvern Instruments Ltd., UK, for wet dispersions. The method was
previously developed and validated in terms of sample preparation
(NLC dispersion amount 50, 100, 200, and 300 mg), dispersion media
(distilled water and 0.9% NaCl), dispersion time (5, 10 and 15 min),
refractive index determination (Mettler Toledo RM40, Switzerland),
measurement duration (2, 7, 10 and 15 s), repeatability/sample mea-
surement stability (1, 5, 7, and 10 min), stirring rate (500, 1000,
1500, 2520 r/min), linearity/obscuration (0.2%, 0.5%, and 1%),
reproducibility and intermediate precision. Based on the obtained
results, NLC particle size was determined under the following condi-
tions: NLC-FSE dispersion (250-300 mg) was diluted in 50 ml 0.9%
NaCl and redispersed under continuous magnetic stirring (25°C,
15 min., 250 r/min, Variomag, Multipoint HP 15, Germany). An ade-
quate aliquot was transferred to the optical measurement cell con-
taining distilled water as dispersing cell medium. Measurement

duration was set to 10s, stirrer rate at 2520 r/min and sample

High

Coded values Actual values

5.00 +1 10.00
0.15 +1 0.30
0.10 +1 0.30

measurement stability at 5 min. The particle size of NLC-FSE was
expressed as Dsq (nm).

At least three samples from each batch were measured and at
least 10 measurements for each sample were recorded.

242 | Loading of FSE in the NLC
The extract loading of the NLC-FSE was determined using an indirect
method, that is, by quantification of the amount of nonencapsulated
FSE. The aqueous phase containing the nonencapsulated FSE was
carefully and quantitatively separated from the dispersion of the NLC
particles after centrifugation of the samples (30 min, 12,500 r/min,
MiniSpin Plus, Eppendorf International, Germany). The amount of
nonencapsulated FSE present in the supernatant was determined by a
previously validated HPLC method described by ref. [27]. In brief, the
analyses were conducted by means of a HPLC system (Agilent 1100
Series, DAD detector, Germany) using the Waters Spherisorb ODS-2;
150 mm x 4.6 mm; 5 pm column. The used mobile phase consisted
of: A - 1% formic acid (pH 3.0) and B - acetonitrile (90:10 v/v). The
chromatographic conditions were set according to the method
described by ref. [27] with small modifications (gradient elution O-
20 min 15% B; 20-25 min 40% B; 25-30 min 15% B and flow 1 ml/
min). Quantification was made using UV/VIS DAD at 327 nm where
rosmarinic acid as main component of FSE is detected.

The amount of encapsulated FSE was expressed as pg of encap-
sulated FSE per mg PL (ug FSE/mg PL) and was calculated using a cali-
bration curve obtained from a series of standard solutions of the

Salvia officinalis extract using the following equation (Equation 1):

DL(pgFSE/mgPL) =
(total FSE used in formulation(pg) — nonencapsulated FSE(pg))
PLin formulation(mg)

(1)

2.4.3 | Invitro release studies

In vitro release studies were performed using a membrane diffusion
method. Certain dispersion volume of NLC particles containing 4 mg
of FSE was placed in cylindrical tubes with an attached membrane on
the bottom (MEMBRA-CEL® dialysis tubing, regenerated cellulose,
MWCO 7000 RC, Serva, Germany). The dissolution tests were carried
out in 40 ml PBS pH 7.4 (Ph. Eur. 9.0) (37°C, 100 r/min), under sink
conditions and in triplicate.
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Samples for analysis were taken at appropriate time intervals (0.5,
1,1.5,2,3,4,5, 6,7,8,and 24 h) and the amount of released FSE was
determined by the aforementioned HPLC method. The amount of
released extract from NLC-FSE over time is expressed as % of the ini-
tial available amount.

The kinetic modeling of the dissolution data was performed with
the DDSolver 1.0 program (menu-driven add-in program for Microsoft
Excel).?®

2.5 | Optimization of the formulation

Based on results from experimental design studies and established
mathematical models subsequent optimization of formulation was car-
ried out in means of minimal particle size (Dsg), minimal percent of ini-
tial FSE released in the first 2 h, and maximal DL expressed as pg
FSE/mg PL.

Predicted optimal formulation of NLC-FSE (NLCo) was prepared
by previously described solvent evaporation method. Additional two
NLCo formulations were prepared by subsequent surface modifica-
tion using Chitosan low-molecular weight (Sigma-Aldrich, Germany)
(NLCc) and Poloxamer 407 (BASF, Germany) (NLCp). Briefly, a definite
volume of the prepared NLCo was mixed with a solution of the appro-
priate polymer (0.5% chitosan or 4% poloxamer 407) in ratio of 1:2 in
favor of the polymer solution. Afterwards the samples were mixed on
a magnetic stirrer (2 h, 25°C, 200 r/min). The coated NLC particles
were separated from the polymer solution by centrifugation (45 min,
12500 r/min, MiniSpin Plus, Eppendorf International) and then
redispersed in water to primary NLCo volume.

Also, analogues without FSE (blank NLCs) were prepared under
the same conditions and were used for differential scanning calorime-
try (DSC) and Fourier-transform infrared spectroscopy (FTIR) studies
(blank NLCo) and for protein adsorption FTIR studies (blank NLCo,
blank NLCc and blank NLCp).

2.6 | Characterization of the optimal formulation
NLCo, NLCc and NLCp were characterized in terms particle size and
particle size distribution, drug loading and in vitro release (during 48 h)
by above described methods. Furthermore they were subjected to
additional characterization.

2.6.1 | Morphological properties
Morphological properties were examined using field emission scan-
ning electron microscope (FESEM) without gold coating (Zeiss ULTRA
plus, Zeiss Germany). NLC dispersion was placed on metal surface and
left to air-dried at ambient temperature.

Also, NLCs were visualized by transmission emission microscopy
(TEM). The NLC prepared sample was placed slowly on the surface of
a formvar coated copper grid (100 mesh). The grid was placed on filter

paper (WhatmanTM 42, Austria) in order to absorb the excess solvent
and air-dried at ambient temperature. After drying, the sample was
loaded into TEM (JEM — 1400, Jeol, Japan) attached to a digital cam-
era (Veleta TEM Camera, Olympus, Germany) and controlled by iTem
software v.5.

2.6.2 | Zetapotential

Zeta potential (Zetasizer Nano Series, Nano-ZS, Malvern Instruments
Ltd., UK) was determined after dispersing 100 mg of the NLC-FSE sam-
ples in 10 ml of PBS pH 7.4 (Ph. Eur. 9) with low molarity (0.00118 M)
and low-ionic strength (0.001183 M) under magnetic stirring (25°C,
250 r/min, 15 min, Variomag, Multipoint HP 15, Germany).

The measurement was performed in disposable transparent
cuvettes at 25°C with thermostating time of 120 s, viscosity of the
medium 0.8894 cP, dielectric constant of water (eps) around 78.5 and
angle of 173°. At least three batches from each NLC-FSE sample and
at least 3 analyses from each batch were measured. Each analysis was

averaged from at least 12 measurements.

2.6.3 | DSC analysis

NLCo, blank NLCo (without FSE) and appropriate binary mixtures
(in ratio 1:1) and mixture of all samples' components with and without
FSE (in ratio present in the particles) as well as individual formulation
components were examined by DSC. Analyses were performed with
the thermic system Mettler Toledo DSC 1 STAR® System (Mettler
Toledo, USA). The samples (5-7 mg) were scanned in perforated alu-
minum crucible pans (40pL), under dynamic nitrogen atmosphere
(50ml/min), in the temperature region of 0-150°C using a heating
rate of 10°C/min.

2.64 | FTIR analysis

The infrared spectra were recorded by the ATR module of a Furrier
transform infrared spectrometer (Thermo Nicolet NEXUS 470 FTIR,
USA). Each spectrum was recorded in the 4000-500 cm™* range, with
a resolution of 2 cm™* and averaged from 32 scans. Prior to recording
the FTIR spectra, the samples were freeze-dried (0.05 mBar, —47°C,
24 h, Labconco, USA). FTIR spectra of the individual formulation com-
ponents as well as of the blank NLCo, NLCo, NLCc and NLCp were

also recorded.

2.6.5 | Protein adsorption studies

The protein adsorption studies were performed using previously
described methods.??3 In brief, 200 pL of the NLC samples equal to
5 mg lipid phase was incubated with 5 mg BSA in 5 ml PBS pH 7.4
(Eur. Ph. 9.0) at 37°C, 75r/min on a thermostatic water bath
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(Unitronic OR, Selecta, Spain) with horizontal mixing for 1 h. Unbound
protein was removed by centrifugation, in three separate washing
cycles with PBS (12,500 r/min, MiniSpinPlus, Eppendorf Interna-
tional). Afterwards the sample volume was corrected to the initial vol-
ume of the NLC dispersion that is, 5 ml. The amount of adsorbed BSA
was calculated indirectly, that is, by determination of the amount of
unbound protein into the supernatant by UV spectroscopy (595 nm,
Victor X4 2030 Multilabel Reader, Perkin Elmer), after a reaction with
a Bradford reagent (Sigma-Aldrich, Germany), based on the Bradford
method (microtiter plate protocol). The results were expressed as per-
centage of adsorbed BSA onto the NLC surface (Equation 2).

amount of BSA adsorbed on NLCs

% of protein adsorption = total amount of BSA

£100, (2)

ATR-FTIR spectra (using conditions reported above) of freeze dried
samples were recorded to get insight into the qualitative nature of BSA
adsorption on the NLC particles. Curve fitting of the Amide | band using
mixed Gaussian-Lorentzian function and subsequent band iteration was
performed to elucidate the secondary structure of BSA adsorbed on
the blank (nonloaded) formulations. The identified peaks were assigned

to the appropriate secondary structure as previously described.3*

2.6.6 | Determination of the antioxidative effect

A modified ORAC (oxygen radical absorbance capacity) assay test was
applied for determination of antioxidative capacity of NLCo, NLCc
and NLCp. Exact amount of NLCo, NLCc and NLCp that equals to
0.05mg FSE (~40plL) was placed in a 96 wells plate. In each
well, 150 uL of 10 nM solution of fluorescein sodium (Merck,
Germany) and 25 pL of 100 mM of 2,2'-azobis(2-amidino-propane)
dihydrochloride (AAPH, Aldrich chemistry, Germany) as an initiator for
the generation of free radicals were added. Also, samples (40 ulL) of
chitosan (0.5%) and poloxamer 407 (4%) solutions were examined.

For positive control, solution of fluorescein with AAPH was used,
while solution of fluorescein without the addition of AAPH was used
for negative control. The plate was kept in dark space at 37°C. The
fluorescence of the samples was measured in the beginning of the
experiment and afterwards in assigned time points (0.5, 1, 1.5, 2 h)
using Multilabel Reader (Perkin Elmer, USA) (excitation at 492 nm,
emission at 535 nm). The results were calculated as a percent of the
primary sample fluorescence (Equation 3).

fluorescence of sample in given time period

fluorescence of sample in O min
*100.

% of initial fluorescence =

©)

2.7 | hCMEC/D3 cell culture studies

In vitro permeability studies were performed on cell culture of human

cerebral microvascular endothelial cells (hCMEC/D3) which was

7 oo WILEY-_L27

obtained under license of CELLutions Biosystems/CedarIane®,
Canada. T-75 cell culture flasks (Greiner Bio-One GmbH, Germany)
were first coated with 0.05 mg/ml collagen type | from rat tail (Sigma
Aldrich, St. Louis, USA) in Dulbecco's Phosphate Buffered Saline
(Sigma Aldrich, St. Louis, USA) and were allowed to stand for a mini-
mum of 1h at 37°C. Cells were cultured in a cell medium
(EndGRO™-MV Complete Media Kit, Merck, Germany) at 37°C in an
atmosphere of 5% CO,. The cell medium was replaced every 2-
3 days, until the cells become confluent. Afterwards, the media was
removed and the cells were detached from the culture flask walls after
incubation (37°C for 8 min) in 0.1 mg/ml trypsin-EDTA (Gibco,
Thermo Fisher Scientific, USA) solution. The cell suspension was cen-
trifuged at 1500 r/min for 3 min and the supernatant was removed.
Subsequently, cells were suspended in 5 ml cell medium and cells
were ready for further research. hCMEC/D3 cells were cultured

according to guidelines by the manufacturer.

2.7.1 | Invitro permeability studies

For in vitro permeability experiments, hCMEC/D3 cells were cultured
on a 12 well plate transwell inserts previously coated with collagen
type | from rat tail (5*10* cells/cm?). 0.5 ml of cell media was added
into the apical compartment of the well and 1 ml into the basolateral
chamber of the well. Cells were grown to confluence for six days
(at 37°C in an atmosphere of 5% CO,) and medium was changed
every three days. Under these culture conditions, cells formed a con-
fluent monolayer. Transendothelial electrical resistance (TEER) was
measured in duplicate inserts on day three to six of culture (Millicell®
ERS-2, Epithelial Volt-Ohm Meter, Millipore, USA). After the trans-
endothelial electrical resistance (TEER) of the cell monolayer reached
value >50 Q cm?, the samples of NLCo, NLCc and NLCp particles
resuspended in 0.5 ml cell culture media were added into the upper
chamber of the wells. The plate was incubated on thermostatic water
bath with horizontal mixing (Unitronic OR, Selecta, Spain), at 37°C,
75 r/min. Insight of the transport of NLC formulations across the
membrane formed by the hCMEC/D3 cells was obtained through the
amount of released extract from the different NLC formulations in the
basolateral chamber of the well. Samples for analyses (0.5 ml) were
taken from the lower compartments of the wells at 2, 4, and 6 h after
the start of the incubation. The samples were diluted (1:4) with HPLC
mobile phase used for determination of the in vitro release of the
extract,?” filtered through 0.45pum pore size filters (Sartorius,
Germany) and analyzed using the same method. The viability of the
cells was checked every 2 h. All experiments were performed in dupli-
cate and transwell inserts without cells were included as control for

membrane interference.

3 | RESULTS AND DISCUSSION

Methanol (70% v/v) was used for extraction of Salvia officinalis leaves

as according to literature data?’ compared to other solvents (pure
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methanol, pure ethanol, acetone, water, 70% v/v ethanol and 70% v/v
acetone) methanolic extracts are characterized by a higher number of
extracted compounds regardless of extraction temperature (25°, 40°
and 60°C). Also, the 70% v/v methanol as a solvent for extraction was
chosen as the findings of ref. [32] as well as ref. [33] points out that
higher antioxidant activity (radical scavenging activity) is determined
in methanol/water extracts of Salvia officinalis compared to aqueous
and acetone extracts, respectively. The yield of the extraction was
11.25 + 0.65% (11.25 g FSE were obtained from 100 g raw material).
Design, development, and optimization of NLC formulation with
encapsulated FSE were carried out using sequential experimental
strategy. As was already mentioned, in the first phase OFAT experi-
ments were conducted to define the design space boundaries. In the
second phase experimental design studies that is, response surface
methods (RSM) were used with the rationale of finding the causality
and establishing the relationship between variables of interest (etha-
nol, tween 80 and PL as independent variables and particle size, drug
loading and initial FSE released in the first 2 h as dependent variables).
Using solvent evaporation method designed NLC formulations were
prepared and subjected to characterization according to described
methods. Mathematical models describing the relations between the
followed responses and the studied variables were established. Opti-
mization was carried out in an accurately defined design space related
to the recommended physicochemical and biopharmaceutical proper-
ties of NLC for intranasal delivery. The experimental design studies

enabled acquiring detailed knowledge and understanding of prepared

TABLE 3 Responses of the designed experiments
Factor A: Factor B:
Run (sample) Ethanol (g) Tween 80 (g) Factor C: PL (g)
1 7.50 0.22 0.05
2 7.50 0.22 0.35
3 10.00 0.30 0.30
4 7.50 0.34 0.20
5 3.69 0.22 0.20
6 7.50 0.11 0.20
7 10.00 0.30 0.10
8 11.31 0.22 0.20
9 7.50 0.22 0.20
10 5.00 0.15 0.10
11 5.00 0.30 0.10
12 7.50 0.22 0.20
13 10.00 0.15 0.10
14 5.00 0.15 0.30
15 7.50 0.22 0.20
16 7.50 0.22 0.20
17 7.50 0.22 0.20
18 10.00 0.15 0.30
19 5.00 0.30 0.30
20 7.50 0.22 0.20

formulations complexity, as well as determination of tested variables
values that would result with formulation characterized by optimal
that is, desired, expected or best therapeutic effect. Using the applied
sequential strategic approach the danger of caring out the optimiza-
tion in small lateral or design space with less importance was avoided.

3.1 | Experimental design and optimization of
formulation

The particle size (Dso (nm)), drug loading (ng FSE/mg PL) and initial
FSE released in the first 2 h (%) values of formulations generated with
Central Composite RSM DoE are presented in Table 3.

Particle size is one of the most important parameters that influ-
ence the amount of encapsulated material, targeted and controlled
release, bioavailability as well as cellular uptake, and overall in vivo
fate of the particulated carriers.>#3> Therefore, it is of utmost impor-
tance to determine the influence of the formulation factors on this
parameter. Most studies in the area of intranasal delivery indicate that
the particle size of NLCs in the range 100-700 nm presented capabil-
ity for increasing the amount of active substance that reaches the
brain compared to free substance administered intranasally.4183¢:37

The size of the prepared formulations ranged between 131.6 and
453.9 nm. In the initial modeling, Dso (nm) values for samples 1 and
2 were identified as outliers and were not taken into consideration

during the modeling. The influence of the investigated formulation

Response Y1: Response Y2: DL Response Y3: %
Dso(nm) £ SD (ng FSE/mg PL) = SD released FSE at 2 h + SD
251+ 1.64 402.87 £9.2 10.67 £ 0.5
169 + 22.66 47.19 + 1.02 15.24 £ 0.58
150.6 + 9.83 69.81+1.21 12.72 £0.35
138.9 + 2.83 44.75 £ 0.98 9.76 £ 0.51
135.2+2.70 5041 +0.9 1045+ 04
132.0 £ 4.29 65.61 £1.25 6.91£0.25
133.9 £ 2.47 112.00 + 2.2 6.62+0.3
139.6 + 1.50 61.26 +1.32 5.09 £0.15
1495+ 6.71 82.12 £1.52 7.07 £0.18
150.3 + 0.49 90.71 + 1.63 3.23+0.2
151.7 £ 1.16 92.25 +1.82 212+03
134.5 + 4.32 63.52 1.2 6.82 £0.42
146.2 + 3.49 105.60 + 1.96 529 £0.31
426.4 + 12.79 48.77 + 1.56 1280+ 0.6
137.1+£2.25 4842 + 1.53 6.34 £0.2
131.6 + 11.02 57.99 £0.74 4.29 +0.34
137.9 +5.74 53.97 £ 0.69 2.60 +0.21
453.9 + 21.69 53.25 +1.33 6.37 £0.28
147.9 £ 95.37 39.00 + 0.84 2.74 £ 0.36
157.7 + 63.90 59.90 + 1.04 2.96 +0.27
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factors on the particle size can be best described by a reduced cubic
model. Statistically significant factors identified by one-way ANOVA
were factor C, C? and the interactions BC and A?B, where A is etha-
nol, B is Tween 80 and C is PL.

The equation describing the dependence of Dsq (nm) of the stud-
ied variables (Equation 4) expressed in coded values was as follows:

Dso=139.88+1.19%A+2.25xB+74.58+C—4.80xAxB+6.53%A
xC—71.35%xBxC—1.07+xA%+81.31xC? —76.33x A% xB,

(4)

Equation 4 indicates that Dsg of NLCs would increase by increasing
the amount of PL (factors C and C?). This effect is probably associated
with the decrease of surfactant/lipid phase ratio resulting in an insuf-
ficient amount of surfactant that can effectively stabilize the emulsion
and prevent the coalescence of the oil droplets, thus enabling the for-
mation of larger particles.>® On the other hand, the negative influence
of A?B (ethanol*Tween 80) and BC (Tween 80*PL) interactions on
Dsg could be linked to the relative concentration of lipid in the oil
phase that affects its viscosity and surface tension that is, the lower
they are the easier oil droplets breaking would be, thus resulting with
smaller emulsion droplets and hence smaller NLC particles.?®

High drug loading (DL) is desirable for the NLC-FSE to be effec-
tive carriers of the particular active substance and to be able to bring
an appropriate drug amount at the site of action. In the 20 formula-
tions examined, DL ranged from 39.00 to 402.87 pg FSE /mg PL. The
DL value for sample 1 was identified as an outlier and was not taken
into consideration during modeling. The influence of the investigated
factors on DL can be described with a reduced quadratic model, and
the one-way ANOVA indicated that significant variables for this
parameter were A (ethanol), C (PL), and C? The equation that
describes the dependence of DL on the three formulation factors

(Equation 5) expressed in coded values is:

DL (ug FSE/mgPL) =59.81+6.84xA—1.35xB—25.18+C+3.9xA
x*B+14.38xC?,

(5

The positive coefficient in front of ethanol indicates that the increase
in ethanol content in the formulation increases DL, while the negative
coefficient in front of PL indicates that lower amounts of PL would
result with higher DL. A logical conjecture is that a higher amount of
ethanol would result with a longer time for its evaporation at the
NLCs' preparation conditions and hence delayed solidification of NLC,
thus providing enough time for FSE to be incorporated into their
matrix. Also, at lower amounts of PL as solid lipid (and a constant
amount of OA as a liquid lipid), more inner imperfections in the NLCs'
crystal structure (less ordered solid lipid matrix) would be present thus
enabling higher amounts of FSE to be encapsulated into the NLC.%°
The release of the active substance over time is an important
parameter because the purpose of designing nanosystems for the
delivery of active substances is to provide not only delivery to the site

of action, but also a prolonged and controlled release of the active

Tiziziir.:iri'zl_WI LEY_L®7

substance at the target site. Therefore, a slow release is desirable for
the NLC-FSE, especially in the initial hours in order not to lose a large
amount of active substance before translocation of the NLC-FSE to
the CNS in order to provide appropriate concentrations locally at the
site of action over a prolonged period of time. For RSM modeling,
data for % FSE released in t = 2 h were taken and the values obtained
ranged from 2.12 to 15.24%. After a square transformation of the
results, the influence of the investigated factors on the percentage of
released FSE over 2 h can best be described with a nonhierarchical
reduced cubic model, and the one-way ANOVA indicates that the sta-
tistically significant factors for this parameter are C and the interac-
tions AB, C? and ABC, where as it was already noted A refers to
ethanol, B to Tween 80 and C to PL. The equation that describes the
dependence of the %FSE released in the initial 2 h from the studied
formulation factors (Equation 6), expressed in the coded values, is as

follows:

(% released FSEt=2h)? = +35.193+36.961 C+37.393 % AB
+43.561xC? +31.953+ABC, (6)

The positive coefficient in front of C indicates a direct relationship
among the used amount of PL and the percent of FSE released. This is
probably due to an increase in the value of the solid/liquid lipid ratio
that affects the properties of the resulting NLC-FSE.3?*° Namely,
solid lipids are subject to recrystallization and rearrangement of mole-
cules in order to achieve a state of lower energy during storage. This
process results in the formation of a lipid matrix with a lower number
of deformities and the active substance trapped in the intermolecular
spaces can be quickly expulsed. By incorporating a suitable amount of
liquid lipid, the rapid expulsion of the active substance is prevented.

ANOVA statistical analysis of the selected models (Table S1 in
section Supporting information) for the examined responses showed
that the predicted R? (Pred-R?) and the adjusted R? (Adj-R?) in all
examined responses differ less than 0.2, which is desirable having in
mind that greater difference would indicate a problem with either the
data or the selected model. The values for adequate precision are
greater than four and indicate that the proposed models can be used
for appropriate navigation in the designed space.

The in vitro release profiles for all 20 formulations are shown in
Figure 1. All formulations showed slow release of FSE within 24 h
(within the limits of 12.45 to 32.64%). By comparing the coefficients
of correlation of different kinetic models, it was concluded that the
best representation of the formulations dissolution profiles are given
by the Peppas-Sahlin model (Equation S3 in section Supporting infor-
mation) Table 4.

The Peppas-Sahlin model combines two release mechanisms,
Fickian diffusion and case-Il transport. The values for the k; and ks,
coefficients indicate which of them is dominant that is, if ky > ky
Fickian diffusion dominates and when k, > k4 the case-Il transport is
the main mechanism that governs FSE release through the lipid matrix
of NLC-FSE.*

The optimization of NLC-FSE was carried out by means of mini-

mal particle size (Dsg), minimal percent of initial FSE released in the
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FIGURE 1 Invitro release profiles of the NLC-FSE formulations

generated by the experimental design: (A) samples 1-10 and
(B) samples 11-20. SD bar is visualized for those values that outgrow
the corresponding marker size

first 2 h, and maximal DL expressed as pg FSE/mg PL. The desired
individual responses were combined to obtain the final or total desir-
ability function. Selected optimal formulation was composed of 10.0 g
Ethanol, 0.3 g Tween 80 and 0.1 g PL, while predicted values of
responses of interest were as follows: Dsg 132.602 nm, DL
108.7309 pg FSE/mg PL and released FSE at 2 h 6.8719% with Desir-
ability function value of 0.8461.

3.2 | Characterization of optimal formulation

Predicted optimal formulation of NLC-FSE (NLCo) as it was already
mentioned was prepared by solvent evaporation method and, subse-
quently, its surface was modified either with low molecular weight
chitosan (NLCc) or poloxamer 407 (NLCp). Chitosan is biocompatible,
biodegradable polymer that is generally recognized as safe. It was
selected with a rationale of its bio/mucoadhesive properties and attri-
bution to positive surface charge that would result in prolonged resi-
dence time and reduced mucociliary clearance of NLCs from the nasal
cavity as well as its reversible opening on tight junctions to enhance
the probability for cell internalization. Poloxamer 407 was used for its
bioadhesion and improved drug penetration properties through the
mucosa layer thus facilitating NLC transport to the brain*? as well as
its “stealth” properties which would significantly decrease the

immune system detection of particles hence prolonging their

TABLE 4 Kinetic modeling of the in vitro release data related to
the NLC-FSE samples generated by the experimental design

Peppas-Sahlin model

Samples kq ko m R

1 777 -0.6 0.649 0.9989
2 11.61 —0.87 0.437 0.9972
3 10.88 -1.18 0.39 0.9969
4 5.32 1.94 0.196 0.9354
5 5.92 2.08 0.196 0.9765
6 4.23 -0.14 0.789 0.9967
7 2.05 0.07 0.569 0.9919
8 3.72 -0.17 0.736 0.9898
9 4.72 -0.2 0.76 0.9965
10 1.66 —-0.04 1.04 0.9887
11 —21.46 2248 0.117 0.9698
12 5.26 —0.45 0.545 0.9898
13 3.03 0.95 0.267 0.9961
14 9.44 -0.7 0.618 0.9979
15 5.47 -0.44 0.529 0.9955
16 2.25 —-0.07 0.965 0.9968
17 1.37 —-0.03 1.088 0.9982
18 3.51 -0.12 0.92 0.9994
19 —7.45 8.84 0.217 0.9919
20 1.77 —0.04 0.966 0.9979

circulation time and increase therapeutic efficiency.*® All three formu-
lations were subjected to further characterization.

3.21 | Morphological analysis

SEM and TEM photomicrographs confirmed the nanoparticulated
nature of prepared optimal formulation and revealed that the NLCo
were characterized with spherical form and smooth surface (Figure 2).

3.2.2 | Particle size and particle size distribution
(span value)

The particle size (Dso) of NLCo was 135 + 4.84 nm corresponding to
the predicted value of 132.602 nm (Bias% = —1.81), while particle
size distribution expressed as Span value was 1.57 + 0.73. NLCp and
NLCc were characterized with a statistically significant increase in par-
ticle size (t test, p <.05) and particle size distribution that is, 139
+0.52 nm and 153 £ 0.68 nm and Span values of 4.51 + 0.03 and
5.14 + 0.02, respectively. The increase in particle size was in favor of
the successful coating of NLCo with poloxamer 407 and chitosan.
Namely, poloxamer 407 is most likely physically adsorbed on the
NLCo surface that is, hydrophobic block (polypropylene glycol) is
adsorbed onto the lipid particle surface, whereas the two hydrophilic
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side chains (polyethylene glycol) remain free extended into the sur-
rounding thus forming a structure that resembles a brush on the parti-
cle surface.** On the other hand, chitosan presents a more complex
interaction with the lipid surfaces. According to the research carried
out by ref. [45,46] the chitosan primarily binds to the lipid surfaces by
forming electrostatic complexes between carboxylic groups of lipids
(in the particular case originating from stearic and palmitic acid from
PL) and amino groups of chitosan, however, hydrophobic interactions
and hydrogen bonding might take place.

Due to the somewhat wider particle size distribution, NLC sus-
pensions were filtered through 0.45 pm pore size filters (Sartorius,
Germany) and the particle size was reduced to 127 + 5.41 nm, 127
+ 0.68 nm and 140 + 0.74 nm, for NLCo, NLCp and NLCc, while Span
values were 1.08 + 0.14, 1.15 + 0.001 and 0.83 + 0.03, respectively.

The obtained particle size of all three formulations (NLCo, NLCp
and NLCc) was found appropriate and satisfactory for the design for

BBB targeting through intranasal administration. #1847

3.2.3 | Zeta potential and electrophoretic mobility
As it can be seen from Figure 3, the zeta potential value of NLCo was
—25.6 £ 0.404 mV, while NLCp and NLCc were characterized with
values of —6.74 + 0.609 mV and 22.4 + 1.106 mV, respectively.

The negative zeta potential of the NLCo could be explained by
the acidic nature of the lipid matrix,*® while as it was expected NLCp

FIGURE 2 Photomicrographs
of the prepared NLCo: (A) SEM
and (B) TEM
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was characterized with lower surface charge ascribed to the non-

ionic nature of poloxamer 407 and NLCc with positive values attrib-
uted to cationic nature of chitosan coating.*>>*

Zeta potential is an important parameter for in vitro stability. Usu-
ally, particles with high values for zeta potential (above +30 mV and
below —30 mV) are considered stable due to the strong repulsive
electrostatic forces that exist between them. Particles with a lower
absolute value for the zeta potential can manifest instability followed
by aggregation and sedimentation. However, this general rule does
not take into account the effect of steric stabilization that can addi-
tionally improve the stability of the nanoparticles. Namely, ref. [52]
showed that particles with low zeta potential (—7-—12 mV) were sta-
ble due to the additional steric stabilization with nonionic surfactants
that most likely provided a sufficient thickness and density of the
layer on the particles' surface and efficiently prevent their aggregation
as it is probably in the case of prepared NLC where Tween 80 and
Poloxamer 407 were used.

Also, zeta potential influences in vivo behavior of colloidal sys-
tems such as protein adsorption in biological fluids, particle transition
through biological membranes as well as cell internalization. Bearing
in mind that BBB is negatively charged, one would expect that parti-
cles with a positive zeta potential would be quickly attracted to it and
would easily cross it. However, studies have shown different correla-
tions among brain translocation efficacy and absolute values of zeta
potential of the particulated carriers. In general, after intranasal

administration, a high percent of transported particles to the brain are
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FIGURE 3 Zeta potential of the NLCo, NLCc and NLCp
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TABLE 5 Main thermal features determined by DSC in individual formulation components, binary physical mixtures, physical mixture of all
components in blank NLCo and NLCo, as well as blank NLCo and NLCo particles

Component

pL?

OA
Tween 80

P407

FSE

PL/OA

PL/P407

PL/Tween 80

PL/FSE

OA/Tween 80

OA/P407

OA/FSE

Tween 80/P407

Tween 80/FSE

P407/FSE

Physical mixture

FSE physical mixture

Blank NLCo

NLCo

Onset T (°C)
67.29
71.64

115.14

142.05

172.95
5

—620.81e-12
44.59
54.82

122.2
—45.35e-3
38.04
106.54
53.13
114.86
—80.57e-3
73.35
105.68
66.17
70.74
106.37
—86.86e-3
49.17
0.64
39.67
111.5
115.22
—54.46e-3
125.46
—68.67e-3
48.72
—54.5%e-3
120.63
53.21
130
44.56
44.90
42.6
94.3
43.3
97.34

Peak T (°C)
68.83
75.83

122.67

144.83

178.17

7.67
25
73.33
58
130.83
4.37
45.2

112.83
55.92

121.08

3.68
78.56

112.38
68.15
74.14

117

2.65
74.27
7.34
48.23
112.85
117.69
3.24
130.35
3.68
53.2
3.36

131.58
55.43

137.52
48.03
48.37
48.67

110.83
49

114.17

Endset T (°C)
70.64
80.98

128.16

148.90
13.56
13.28

7.61
97.36
60.71

141.55
17.43
49.36

121.98
60.28

124.83
16.48
81.89

119.57
69.86
79.33

122.1

9.5
78.4
12.96
52.01

114.83

121.08

7.74

141.88
13.48
57.23

9.65

148.24
60.67

143.24
52.53
52.67
53.87

121.53
53.88

125.66

AH (Jg™)
-0.12
—1.45

-79.32
—-0.45
—-7.84
-3.58
-241
-7.36

—129.94
—-4.21
-7.98
-9.16
—-2.12

—66.12

—34.99
—7.69
—-3.26
-9.62
-0.11
-0.36
—2.75
—-4.41
-5.09
—-4.9

-71.57
32.22e-3

041
-1.31
-3.39
-5.98

—70.88
-3.72

—12.54

—90.56
-0.79
—-9.45
-8.75

—11.53

—992.49
—5.45
—1512.77

2PL (Phospholypon 90H), FSE (Freeze-dried Salvia extract), OA (Oleic acid), P407 (Poloxamer 407), Physical mixture contains PL, OA, Tween 80 and P407
while FSE Physical mixture is composed of PL, OA, Tween 80, P407 and FSE.
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observed when the surface charge is in the range between —20 and

20 mV, with higher efficacy as it is closer to zero.2*

3.24 | DSC analysis

DSC analyses were performed to determine the possible interactions
between formulation components and to determine the degree of
crystallinity of the NLC lipid matrix. Table 5 condenses all important
thermal parameters for the individual components, binary physical
mixtures, physical mixture of all components of blank NLCo and NLCo
as well as of the blank NLCo and NLCo particles.

DSC curves of NLC main component, Phospholypon 90H (-
Figure S1a in section Supporting information), is characterized by sev-
eral thermal events. The first negligible endothermic peak (68.83°C) is
most likely related to the hot movement of phospholipids polar head
group,53 the second weak peak (75.83°C) is related to the phase tran-
sition of PL,>* while the major thermal event occurring at 122.67 °C is
attributed to phosphatidylcholine transition to the liquid crystalline
state due to side chain partial melting.>>>¢ Diminishing peaks at
144.83°C and 178.17°C reflect further PL phase transitions®>°® when
carbon-chain undergo other isomeric or crystal changes.>” Poloxamer
407 (Figure S1a in section Supporting information) showed one major
peak at 58°C reflecting its melting point.>®>? The broad endothermic
peak of Tween 80 at 73.33°C (Figure S1b in section Supporting infor-
mation) is probably linked to its cloud point (around 65°C) when dehy-
dration of the oxyethylene head groups of the molecule occurs.®®
DSC results for OA (Figure 4b) were consistent with literature data
which points out the melting of the solid material that begins at
4°C.%1 The FSE thermal curve (Figure S1b in section Supporting infor-
mation) exhibits broad endothermic peak at 130.83°C that is most
likely attributed to volatile compounds present in the extract.®?

Except in the case of PL/OA (Figure S2a in section Supporting
information), all other binary mixtures did not manifest significant
changes in the thermal behavior despite the subtle shifting of the
thermic events (Figure S2 in section Supporting information) as well
as tenuous change in AH (Table 5) as a result of the variations of the
concentration loadings.

The PL/OA curve reveals the absence of all peaks characteristic
for PL and evolvement of new peak at 45.2°C. These changes in the
binary mixture DSC curve compared to the corresponding curves of
the individual components (PL and OA) could be attributed to the
homogenous dispersion of OA into PL resulting from the weakening
of intermolecular forces between PL molecules,®® increasing their flu-
idity®*%> and in situ formation of partial solid-liquid lipid complex.6®

DSC curves of the both physical mixtures, with and without FSE
(Figure 4, top curves), exhibit sole peak at 48°C. The event probably
originates from the present Poloxamer 407 due to its partial solubility
in lipids, although its position is slightly shifted to lower temperature
compared to the pure compound. The similar behavior is observed in
the thermal curves of blank NLCo and NLCo indicating the partial
presence of poloxamer 407 on their surface that was further con-

firmed from their FTIR spectra (see forthcoming discussion). On the

7 oo WILEY-_L27

other hand, their DSC curves showed distinct broad endothermic
maxima at 110°C and 114° for blank NLCo and NLCo, respectively
that are not present in the individual components and physical mix-
tures. Their appearance is taken as indicator for the formation of a
new structured complex. Pronounced values of AH suggest high crys-
tallinity degree.®” The difference in the AH between the blank NLCo
and NLCo is most likely related to the influence of FSE on the lipid
matrix and the volatility of the compounds present in the extract.®?
Similar observations related to the influence of rosmarinic acid on the

formation of solid Witepsol nanoparticles were reported by ref. [68].

325 |
analysis

Fourier transform infrared spectroscopy

ATR-FTIR spectra of each freeze-dried component comprising the NLCo
formulation as well as the corresponding spectrum of the freeze-dried
NLCo sample are shown in Figure 5. The spectrum of the NLCo
undoubtedly depicts the presence of OA and PL (both manifesting
rather identical spectral feature in the 3000-2800 cm™? region) with
the dominant sharp bands at 2916 and 2850 cm~ . However, two com-
ponents' spectra discriminate in the position of the C=O carbonyl
stretching vibration at 1726 cm™?! (ester group) in PL and 1707 cm™!
(carboxyl group) in the OA. Therefore, the spectrum of the NLCo formu-
lation compromised broader band appearance in this region explained
by the overlap of the discussed carboxyl stretching bands. The presence
of the poloxamer 407 in the NLCo is deciphered by the weak band
around 1340 cm™ L. Having in mind that the positions of the very promi-
nent bands in the Tween 80 spectrum (discussed C—H and C=0
stretchings as well as the C—O stretchings at 1100 and 946 cm™~* ¢ are
majorly overlaid with the strongest bands found in the remaining com-
ponents (particularly in PL and OA), its mere spectral signature in the
NLCo spectrum is reflected from the Tween 80 medium intensity bands
at 1348 and 1296 cm™ 1. Although the IR signature of the lyophilized
salvia extract (FSE) exhibit several strong bands (completely in accor-
dance with the spectrum of the Salvia officinalis L. leaves,”® its presence
was not evidenced in the NLCo because its spectrum was in a complete
match with the spectrum of the salvia-free nanoparticles (blank NLCo) (-
Figure S2 in section Supporting information). The absence of spectral
manifestation of FSE in the formulation indicated complete incorpora-
tion of the FSE extract within the NLCo particles. However, all other
lipids (PL, OA) and aqueous (poloxamer 407, tween 80) components
from the formulation were spectrally mapped (Figure 5).

Further spectral interest was focused to investigate the NLCo for-
mulation incorporating chitosan (NLCc) and the NLCo nanoparticles
with the poloxamer 407 (NLCp). Their spectra revealed some bands
occurring from the coated chitosan and poloxamer that discriminate
from the NLC spectrum (Figure 6). The chitosan wrapping was rev-
ealed by the band at 1148 cm™1, because the strongest bands at
1057 and 1087 cm™* were overlapped with the bands from NLC com-
ponents. Likewise, three distinct bands superimposed at 1342, 1146,
and 842 cm™? occurred in the spectrum that unraveled the occur-

rence of poloxamer in the NLCp formulation (Figure 6).



MARKOVA ET AL.

1380 Y society For
20 | WILEY- T
Aexo
o FSE physical mixture - 1
R - T N Physical mixture '
\\
\\
\\ blank NLCo ,/J
100 ! ]
mwW ) /
/’J
NLCo /
T . T —r— . —
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 =c
METTLER TOLEDO STAR® SW 16.20
FIGURE 4 DSC curve of physical mixtures (with and without FSE) and of blank NLCo and NLCo
2916 FIGURE 5 IR spectra of Phospholipon
90H (PL), Oleic acid (OA), Poloxamer
2849 407 (P407), Tween 80, FSE, blank NLCo

1726

and NLCo. The characteristic bands
discussed in the text are marked

i
<
m
—
y [P407
c
©
2
8 00
Q [(e)
< Eﬂ
Tween80 TN\ -
FSE
2916
Blank NLCo
NLCo
T T T
3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
Wavenumber/cm™
3.2.6 | Protein adsorption studies

During intranasal administration, as reported above, drugs could enter
CNS either by the direct nose to brain pathway through olfactory and
trigeminal nerve transport or by systemic circulation through respira-
regardless of the delivery pathway,

tory mucosa. However,

600

biomolecules present in biological fluids (including the protein-rich
nasal mucosa and blood circulation) tend to adsorb onto nanoparticle

ery and cell internalization.

surfaces. This dynamic particle's surface-biomolecule interaction
leads to protein corona formation, which may have a significant

impact on the biological effects of the particles that is, targeted deliv-

71,72



MARKOVA ET AL

Therefore, with the aim to obtain more relevant information
about the possible NLC-protein interaction in vivo, in vitro protein
adsorption studies were performed using BSA as a model protein. The
amount of adsorbed BSA (%) onto the surface of characterized NLC
particles is shown in Figure 7.

The results presented on the graph inferred that NLCp was char-
acterized by a lower amount of BSA adsorbed onto its surface
(43.53% + 0.07%) compared to NLCo (52.02% + 0.22%). This phe-
nomenon was expected and suggests that the hydrophilic blocks of
Poloxamer 407 are capable of forming a hydrophilic barrier to protein
adsorption.”® On the other hand, particles that possess basic func-
tional groups with a positive charge are more likely to adsorb proteins
with an isoelectric point less than 5.5 (e.g., albumin).2””4 Therefore, a
higher percent of bound BSA onto the NLCc surface (55.97%
+ 0.75%) could be attributed to the cationic nature of the chitosan
coating (Figure 7).

For qualitative access into the process of adsorption of the BSA
on the particles from the different NLC formulations (NLCo, NLCc
and NLCp) and their respective blank (without FSE) counterparts
(blank NLCo, blank NLCc and blank NLCp), the ATR-FTIR spectra
were collected on all freeze-dried samples (Figure 8). Similar studies
were previously conducted to monitor the interactions of BSA and
75777 and PLGA-PEG-PLGA
addressing the BSA conformational changes that took place during

gold nanoparticles nanoparticles?’
the interlinkage.

First, the interaction of BSA was monitored with the NLC salvia-
free samples (blank NLCo, blank NLCc and blank NLCp) (Figure 8).
The amide | band primarily arising from the C=0 stretching vibration
within the amide group in the peptide chain’® is found to serve as an

indicator for the peptide backbone conformation and the hydrogen

[isn—WI LEY_| =
bonding. Therefore, its position and intensity are used to elucidate the
alteration of the protein secondary structure. The remaining amide I
(C—N stretching and N—H bending coupled out of-phase) vibrations
of adjacent peptide units and the coupling between amide Il vibra-
tions (C—N stretching and N—H bending coupled in-phase)’® of adja-
cent peptide units are very complex bands and not informative for
accessing the structural properties of peptides.”” The former bands in
the BSA spectrum were found at 1516 cm™? and the weaker amide Il
bands (not discussed) in the 1200-1350 cm™! region (Figure 8).
Therefore, to address the interactions between blank NLC and BSA
we have focused mostly on the BSA amide | band at 1645 cm™ in the
pure BSA freeze-dried specimen occurring in the BSA-adsorbed NLC
formulations (NLC-BSA) (Figure 8). The consistent ongoing trend of
stronger BSA-NLC interaction was found in all the salvia (FSE)-free
formulations. In other words, the comparison between the IR spectra
among the three pairs: blank NLCo-BSA versus NLCo-BSA, blank

60
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FIGURE 7 Amount of bound BSA on the NLCs' surface
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NLCc-BSA versus NLCc-BSA and the blank NLCp-BSA versus NLCp-
BSA indicate much stronger intensity of amide | band in the former
formulations (Figure 8). The weaker amide | band in the corresponding
salvia formulation (NLCo, NLCc, and NLCp) spectra probably infers
that, during the incubation, the salvia extract was released and to
some extent, block the binding sites of the albumin. Furthermore, the
amide | band in these spectra was blue shifted from 1645 cm™!
(in the freeze-dried BSA) to 1655 cm™! in all the formulations. The
shift implies obvious interaction of the nanoparticles with the BSA
molecules that, in turn, alters the secondary structure of the adsorbed
BSA. At the same time, the shift of the strongest band from the anti-
symmetric C—O vibration of the poloxamer from 1099 cm~? (in the
pure sample) to 1089 cm™? (in the NLC-BSA formulations) was regis-
tered. The redshift of this band might be explained by the involve-
ment of the stronger interaction, most likely via hydrogen bonding. It
is assumed that the BSA molecules unfold and expose their hydro-
philic segment towards the hydrophilic (PEO) blocks of the poloxamer
that weakens the C—O bond within the PEO moiety. This effect was
found in both NLCp and blank NLCp-BSA formulations, which means
that salvia extract does not play role in this interaction.

Considering the net positive surface charge of NLCc (due to
Chitosan NH3* groups) and the excess of COOH residues in BSA, one
could favor an electrostatic interaction among them. However, there
are not sufficient spectral indicators for such claim, mostly because
the electrostatic interactions among NH3* and COO™ are dominating
the secondary structure of the proteins (BSA) thus overlapping the

possible signal originating from the interactions among the Chitosan

NH3* and BSA COO™. On the other hand, the blueshift of the BSA
amide | and Il bands as found in NLCp formulations (1645 to
1653 cm~? for amide I, 1516 to 1561 cm™? for amide Il) indicate pos-
sible alterations in the BSA secondary structure.

The particle surface properties and its protein interaction patterns
significantly affect the secondary structure of the adsorbed pro-
teins.®% Having in mind that the particle's protein corona is the surface
layer that dominantly interacts with the biological milieu, the second-
ary structure of the adsorbed proteins will govern the surface expo-
sure of epitopes and functional groups thus affecting the interactions
with the cell surfaces and overall nanoparticle in vivo fate.®! To evalu-
ate the conversions in the secondary structure of the adsorbed BSA,
peak fitting of the Amide | band from the spectra of the blank formu-
lations + BSA was performed. The relative percentage of the area
under the peaks for each spectrum was calculated after the appropri-
ate iteration of the peaks in the proposed statistical model. The
results, along with the statistical indicators are presented in Table 6
and Figure 9. The secondary structure of the freeze-dried BSA sample
presents a significant reduction of the a-helix conformation relative to
the known data for the native BSA, due to water loss and H-bonds
redistribution that occur during the freeze-drying procedure.8? Fur-
thermore, the secondary structure of BSA adsorbed on different for-
mulations reveals a distinct pattern of interactions among surface
modified and nonmodified NLC. The BSA adsorbed on the NLCo pres-
ented a very similar structure to the freeze-dried BSA, pointing out
weak interactions that didn't induce significant conformational
changes. On the other hand, the interaction of the BSA with the
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surface modified NLCp and NLCc resulted in promotion of ordered
structure relative to the nonadsorbed freeze-dried molecule. The
increase of the portion of a-helix and B-sheets on the expense of the
random coils probably occurs due to the formation of H-bonds or
electrostatic interactions with NLCp and NLCc, respectively, and most
probably supports the maintenance of the ordered structure of native
BSA during freeze-drying of the complex. Such phenomena were
reported in the literature claiming that the hydrophilic interactions
contribute to a strong protein-surface bonding that doesn't alter the
native secondary structure of the proteins and aids in its preservation

during freeze-drying 28384

3.2.7 | FSE content determination in optimal and
surface coated NLCs formulations

The amount of incorporated FSE in the corresponding formulation is
shown in Figure 10. The amount of incorporated extract in NLCo was
106.24 pg FSE/mg PL (%Bias = 2.29 when compared to the predicted
value of 10.7309 pg FSE/mg PL). The coated formulations (NLCp and
NLCc) contained a smaller amount of FSE, which was expected, as an
additional coating step was performed in their preparation procedure (2 h
of mixing on a magnetic stirrer, at room temperature) during which a cer-
tain amount of the extract diffused out of the particles. A statistically sig-
nificant difference in the amounts of the incorporated FSE was noticed
between the NLCo and NLCp, as well as NLCp and NLCc (t test, p < .05).
The lower amount of FSE incorporated into the NLCp particles (86.74 pg
FSE/mg PL) was probably due to the solubilization of FSE by poloxamer,®
whereas in the case of NLCc most likely the dense packing of the chitosan
polymer chains onto the particles surface, hindered the diffusion of FSE.

3.2.8 | Invitro release studies
In vitro dissolution profiles of FSE from NLCo, NLCc and NLCp are
shown in Figure 11. The amount of released FSE after 2 h for NLCo

TABLE 6 Percentage of the
secondary structure elements of BSA in
freeze-dyed samples of BSA, NLCo-+BSA,
NLCp+BSA and NLCc+BSA

Sample

BSA (freeze-dried)

NLCo-+BSA

NLCp-+BSA

NLCc+BSA

w-helix

20.2%

27.9%

7 oo WILEY-_L2%

was 6.61 mg (%Bias = 3.73 when compared to the predicted value of
6.8719 mg).

The value for the f2 factor points to the similarity of the dissolu-
tion curves among the samples (NLCo vs. NLCc-51.98; NLCo
vs. NLCp-73.84 and NLCc vs. NLCp-57.43). Considering that for
48 h the amount of released FSE ranges from ~33% to ~49%, it can
be concluded that controlled and prolonged release is achieved in all
three formulations. This is in correlation with the high degree of

crystallinity of the formulations,®¢

as was determined by DSC stud-
ies. From the graph in Figure 11 a lower amount of FSE released
from the NLCc particles compared to NLCo can be noted, which
according to ref. [87] as well as ref. [88] is most likely due to the
dense packing of the chitosan polymer chains on the lipid particles
surface, which are hydrated in an aqueous media and form a sort of
diffusion barrier.

Several mathematical models examined for the release of FSE
from the particles are shown in Table 7. Thereby, based on the
obtained correlation coefficients, the Peppas-Sahlin model best
explains the release kinetics of FSE. The high values for k; indicate
that the most likely mechanism of release of FSE is diffusion, whereas
the negative values for k, indicate that the release of FSE due to the

relaxation/erosion of the polymer is insignificant.®?

3.29 | Determination of antioxidative effect

The brain of patients suffering AD presents a significant extent of oxi-
dative damage associated with the abnormal marked accumulation of
Ap and the deposition of neurofibrillary tangles. Free radicals such as
reactive oxygen species (ROS) can partake in redox reactions due to
the presence of an unpaired electron.’® Considering the fact that the
brain membrane phospholipids are composed of polyunsaturated fatty
acids, it is particularly vulnerable to free radical attacks. Also, the oxi-
dation of brain proteins can affect enzymes critical to neuron and glial
functions such as glutamine synthetase and creatine kinase, which are
markedly reduced in AD brains.”!

p-sheet p-turns Random coils Statistical indicators
35.4% 22.4% 23.2% X2 =0.039

RZ2 =091

SE = 0.034
39.6% 24.9% 15.49% X2 = 0.00049

RZ=0.98

SE = 0.003
47.4% 22.6% 6.6% X? = 6.5*107°

RZ=0.99

SE = 0.0005
43.2% 22.1% 6.6% X2 = 0.0032

RZ=0.92

SE = 0.001
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FIGURE 10 Amount (micrograms) of incorporated FSE per mg
solid lipid into the NLCo, NLCc, and NLCp formulations

Evidence from several research studies suggests that polypheno-
lic compounds amongst which rosmarinic acid and flavonoids, the
constituents of FSE, prevent memory deficits by inhibiting lipid perox-
idation and enhancing antioxidant defense systems, mostly due to

100 -
80 |
w
2
T 60 |
8 —4—NLCo
% 40 ——NLCp
R —8—NLCc
20
0 ‘
0 10 20 30 40 50
Time (h)
FIGURE 11 Invitro dissolution profile of FSE from NLCo, NLCp,

and NLCc. SD bar is visualized for those values that outgrow the
corresponding marker size

their free radical scavenging properties.”>°2 Double-blind randomized
and placebo-controlled trials have confirmed that administration of
Salvia officinalis extract in AD patients provides significantly greater

improvements in cognitive function with no differences in adverse
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:iln-\e?it Ziioluiziuiizr;? the examined Higuchi® Korsmeyer-Peppas® Peppas-Sahlin®
Sample k R? k n R? "% ka m R?
NLCo 8.669 0.7738 14726 0324 09851 14704 -1.113 045 0.9891
NLCc 5987 0.7136 10.189 0.326 0.9578 10606 —-0877 045 0.9778
NLCp 7.965 07035 12972 0344 09234 14329 -1220 045 0.9686

@Equations for examined kinetic dissolution models are given in Supporting information section
(Equation S1, S2 and S3 for Higuchi model, Korsmeyer-Peppas and Peppas-Sahlin, respectively).

FIGURE 12 Antioxidant activity of the

NLCs samples compared to FSE, chitosan (0.5%) 100
and poloxamer 407 (4%) solution
3
S 80 -
@
S
2 60 -
=
< 40
E]
= 20
0 .

effects across the active and placebo conditions. Improvements in
mood (e.g. alertness, contentedness, and calmness) and cognition
were also identified following the single administration of a Salvia off-
icinalis extract to healthy young adults, as well to healthy, older-age
adults,”* indicating that this extract could be successfully used in the
management of mild to moderate AD.?

Therefore, to determine the antioxidative effect of the NLC parti-
cles, a modified ORAC assay was performed. A graphical representa-
tion of the obtained results is shown in Figure 12. The change of
fluorescence over time is shown as a percent of the initial fluores-
cence of each sample. The NLCo (95.31 + 1.86%) and NLCc (97.76
+ 4.00%) exhibited statistically significant higher antioxidant activity
compared to NLCp (79.75 + 2.97%) and FSE (90.30 + 1.53%) after a
period of 2 h (one-way ANOVA, LSD post hoc, p < .05). This observa-
tion is most likely related to the prolonged FSE release from NLCo
and NLCc (Figure 12). Actually, when FSE is encapsulated into NLC it
is protected from the influence of surrounding degradation factors
and its bioavailability and hence antioxidant efficacy is increased. Sim-
ilar results were obtained for rosemary extract encapsulated into
nanoliposomes.”® It has been demonstrated that chitosan alone
exhibits redox-regulatory activity (Figure 12) due to inhibition of ROS
production and additionally, can stimulate the increase of the intracel-
lular antioxidant enzymes in biological systems.?® Therefore, the
highest antioxidant activity of NLCc could be a result of the synergis-
tic antioxidant effect of the FSE components and chitosan present in
this formulation. The particular mechanisms of the antioxidant effect
of chitosan are the free radical scavenging and metal ions chelation by

the donation of hydrogen or the ion pairs of electrons, thus leading to

W FSE

mNLCo

m NLCc

mNLCp

M Chitosan (0.5%)

 Poloxamer 407 (4%)
Positive control

(Fluorescein+AAPH)

Negative control
(Fluroescein)

0.5 1 15 2

Time (h)

deactivation of catalytic activity of metal ions, for example, Fe?*/Fe®*,
which are key catalysts of oxidation processes in biological systems
in vivo.”® On the other hand, the lowest antioxidant capacity of NLCp
could be attributed to the complex relationship and interactions
between the components in the formulation in particular poloxamer
407, the fluorescein and AAPH. This observation is confirmed by the
results determined for antioxidative effects where it is evident that
poloxamer 407, when compared to a positive control (Fluorescein
+AAPH) (Figure 12), quenches the fluorescence after 2 h (one-way
ANOVA, LSD post hoc, p < .05).

3.2.10 | In vitro permeability studies

According to the literature data, one of the possible mechanisms for
intranasal drug delivery is the systematic pathway, which represents
an indirect route for brain targeted delivery and involves the direct
absorption of the drug (or drug-loaded formulation) from the highly
vascular nasal respiratory epithelium and the lymphatic system, and
its subsequent transport into the systemic circulation, thus, crossing
the BBB to reach the brain parenchyma.* For this reason, it was of
great importance to perform in vitro permeability studies of the NLC
formulations across hCMEC/D3 cell monolayers, which are a highly
restrictive permeability barrier, and provide permeability coefficients
that correlate well with the in vivo permeability data for lipophilic sub-
stances.”” During the experiments, constant values for TEER were
obtained, and they varied between 30 to 50 Q cm? which points to
the fact that the hCMEC/D3 cell monolayers retained their integrity
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FIGURE 13 Permeability profile of NLCo, NLCp and NLCc. SD

bar is visualized for those values that outgrow the corresponding
marker size

during the examination. The percent of the encapsulated FSE that
was transported to the basolateral chamber of the well over the
period of 6 h are shown in Figure 13. Transport studies of non-
encapsulated FSE were not feasible, as due to lack of adequate FSE
aqueous solubility organic solvents that is, methanol/or DMSO (above
2%) should be added in the medium, rendering conditions that affect
the cell monolayer integrity by compromising the cell tight
junctions.”®

According to the presented results, the highest transported per-
cent of FSE over a period of 6 h in the basolateral chambers of the
wells was achieved by NLCo (26.07%), while lower ammounts were
transported by NLCp (21.21%) and NLCc (12.60%). The FSE A — B
transport patterns of the three formulations were very similar to those
from the above presented in vitro release studies where the % of FSE
released from NLCo, NLCp and NLCc after 6 h were 29.86%, 28.985,
and 18.04%, accordingly. Obtained results suggested that all three
NLC formulations contributed to the successful transport of FSE
across the simulated BBB. In this sense, it could be stipulated that the
formulation of the above mentioned NLCs is a promising strategy for
mediating brain delivery of FSE and consequently, a potential treat-
ment of AD. Additionally, many research studies have confirmed that
the small particle size in conjunction to the large surface area and the
lipophilic nature of NLCs tend to facilitate the contact and the drug
transport across the brain via combined mechanisms (endocytosis,
transcytosis and/or the opening of tight junctions). On the other hand,
the presence of coating in NLC formulations can contribute to the
enhanced membrane fluidity, inhibition of brain endothelial cell efflux
pumps, as well as better attachment to lipoprotein receptors that sup-
port brain delivery.”” To delineate the exact mechanism that contrib-
utes to the enhanced FSE-NLC brain uptake, pre-incubation of the
cells with specific inhibitors of endocytosis, followed by incubation

with NLCs, should be carried out in the future.

4 | CONCLUSION

During the OFAT experiments, different formulations of FSE loaded
NLCs were prepared using the solvent evaporation method. After

careful data analysis, the amounts of ethanol, phospolipon, and Tween
80 were identified as formulation factors that could significantly
affect the physicochemical and biopharmaceutical properties of NLCs.
To investigate the qualitative and quantitative impact of the main for-
mulation variables on the NLCs' particle size, drug loading and initial
FSE released in the first 2 h in vitro, OCCD was implemented. Conse-
quently, the response patterns, mathematical models and dependence
equations of the parameters of interest were determined and optimi-
zation was performed. The surface of the optimal formulation (NLCo)
was further modified with low molecular weight chitosan (NLCc) and
poloxamer 407 (NLCp). All three formulations were characterized with
smooth surface and Dsg < 160 nm. The formulation with Poloxamer
407 on its surface expressed less negative zeta potential in compari-
son to NLCo, while the zeta potential of the formulation coated with
chitosan was positive. DSC curves of NLCo showed distinct endother-
mic peak not present in the individual components and the physical
mixtures, thus indicating the formation of a new structured complex.
IR-ATR analysis revealed that the absence of spectral manifestation of
FSE in NLCo was due to the complete incorporation of the FSE
extract within the particles. Furthermore, spectra of NLCp and NLCc
revealed analytical bands occurring from the coated chitosan and pol-
oxamer, which discriminate from the NLC spectrum. As expected,
NLCp was characterized by lower amount of BSA adsorbed onto its
surface compared to NLCo, while higher percentage of bound BSA
onto NLCc surface was attributed to the electrostatic interactions
with BSA. IR spectra of NLCs-BSA complexes demonstrated a distinc-
tive interaction pattern where the hydrophilic interactions promote
stronger bonding and preservation of a more ordered BSA secondary
structure. The amount of incorporated FSE was >86.74 pug FSE/mg PL
in the following order NLCp<NLCc<NLCo. All prepared NLC samples
enabled controlled and prolonged FSE release over a period of 48 h,
where formulations coated with Poloxamer and chitosan showed
slower release in comparison to NLCo. Based on the obtained correla-
tion coefficients, the release kinetics of the active component was
best described under the Peppas-Sahlin model. Regarding the antioxi-
dant capacity, all optimal NLCs samples were relatively stable for
120 min and, moreover, NLCc and NLCo showed statistically signifi-
cant higher antioxidant capacity compared to FSE. Obtained results
from the in vitro permeability studies on hCMCEC/D3 cell monolayers
demonstrated that three modelled NLC formulations contributed to
successful transport of FSE across BBB. Additionally, the FSE release
patterns from the NLCs were congruent to those emerging from the
in vitro release studies. As a bottom line, overall results delivered from
the physicochemical and biopharmaceutical studies of the optimized
NLCs showcase potential for a successful brain delivery, and could be
considered as promising and prospective formulations for efficient

and safe AD treatment.
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ARTICLE INFO ABSTRACT

Keywords:
Alzheimer’s disease
Rosemary extract

Based on the latest scientific knowledge about the antioxidant stress being the main trigger factor for the
development of Alzheimer’s disease (AD) and the advantages of nanoliposomes (NLs) as drug carriers for tar-
geted brain delivery, the aim of this study was design, development and optimization of rosemary extract (RE)

Nan,OhI’osomes . loaded PEGylated NLs for potential AD treatment. Central composite design was applied in order to obtain the
Design of experiments . . . . : e .
Optimization optimal formulations. NLs dispersions were prepared by modified dry lipid film hydration method and were

investigated in terms of their physicochemical and biopharmaceutical properties. Optimized NLs samples were
characterized with D50 around ~120 nm with narrow unimodal distribution, negative Zeta potential (-18.50 to
-48.3 mV), followed by high drug encapsulation efficiency (~90%) and prolonged drug release during 24 h
(24.83-48.39%). All optimal NLs samples showed statistically significant higher antioxidant capacity (>94.15%)
compared to RE (90.04%). Highest amount of adsorbed plasma proteins, in plasma of healthy volunteers and AD
patients, was obtained for the formulation with no PEG on its surface, while IR-ATR spectrophotometric analysis
pointed out that the formulations with larger PEG content showed a stronger hydrogen bonding between PEG
and BSA. The protein corona formation was also confirmed with in vitro stability studies.

1. Introduction

Human brain is one of the most important and intricate organs, with
its network of billions of cells giving rise to every aspect of our shared
humanity. Living by the rules of this pattern-matching machine and with
the aging of the world population, brain-based disorders especially
neurodegenerative diseases, are becoming one of the major health
problems. Because of their still undefined and complex pathophysiology,

* Corresponding author.

neurodegenerative diseases like Alzheimer’s, are one of the global
health challenges of the century. Alzheimer’s disease (AD) as the most
prevalent of the dementias [1], is characterized by the abnormal
extracellular aggregation and deposition of amyloid-$ (Ap) in amyloid
plaques [2] and hyper phosphorylated tau protein in intracellular
neurofibrillary tangles [3]. Oxidative stress is a center of the overall
scheme as one of the major trigger factors and an important contributor
to the AD pathology. As a primary toxicological event, oxidative stress is

E-mail addresses: d.shalabalija@ff.ukim.edu.mk, d salabalija@hotmail.com (D. Shalabalija).

! first two authors contributed equally.

https://doi.org/10.1016/j.jddst.2021.102434

Received 11 August 2020; Received in revised form 6 February 2021; Accepted 14 February 2021

Available online 19 February 2021
1773-2247/© 2021 Elsevier B.V. All rights reserved.



D. Shalabadlija et al.

characterized by reactive oxygen species (ROS) which at higher con-
centrations are engendering the nucleic acid, protein and lipid oxidation
[4]. Many research studies have suggested that the basic mechanisms
which induce oxidative stress are mitochondrial dysfunction [5], metal
accumulation [6], hyperphosphorilated tau [3], Ap accumulation [2]
and inflammation [7]. As a crucial upstream factor in the pathogenesis
of the disease, oxidative stress accompanies pathological changes in AD
and therefore its products represent potential biomarkers in blood for
diagnosis. Furthermore, aldehydes and lipid hydroperoxides, as main
products of free radical damage in the brain, could be detected into the
blood even before the onset of dementia syndrome at its preclinical stage
[8]. Consequently, investigation of the oxidative stress is of particular
interest.

The therapeutic options for treatment of AD are symptomatic. Hav-
ing in mind the complexity and limitations of AD pathophysiology,
current research is focused on the prevention and deceleration of the
disease [9]. There have been long-established studies in the field of
neuroprotective drugs from natural sources promoting multi-targeted
drug therapy as a better way to achieve the desired treatment. One of
the most promising plants is Rosmarinus officinalis L. of the Lamiaceae
family. Among the wide range of exogenous antioxidants, biologically
active compounds of rosemary extract (RE), such as phenolic acids
(rosmarinic acid, chlorogenic acid), phenolic diterpenes (carnosic acid,
carnasol), pentacyclic triterpenes (ursolic, oleanolic, butilic acid), fla-
vonoids (derivatives of apigenin and luteolin) and essential oil [10], are
organic compounds well known for their free radical scavenging and
metal chelating properties. This antioxidant effect is complemented by
the activation of erythroid derived 2-related factor 2 (Nrf-2) pathways
which are involved in the antioxidant response elements- (AREs-)
mediated induction of genes for a variety of antioxidant enzymes,
including phase II detoxifying enzymes such as: oxygenase-1,
NADPH-dependent quinone oxidoreductase, and -glutamyl cysteine
ligase. Furthermore, scientific data indicate that RE components com-
plete their anti-inflammatory effect via Nrf2/HO-1 pathway activation
which results with modulation and downregulation of the inflammatory
response in AD (reduction the serum levels of pro-inflammatory cyto-
kines: TNF-, IL-6 and prostaglandin E—2) and inhibition of
cytokine-induced adhesion molecules on endothelial cells surface [11,
12]. Additionally, in vitro and in vivo studies have evinced the possible
synergic activity of RE components to inhibit the acetylcholinesterase
and butyrylcholinesterase, as well as to inhibit the deposition of cellular
oligomers of Ap42 and Ap43, and to promote the normal
non-amyloidogenic-dependent pathway of processing the amyloid pro-
cessing protein by -secretase [10,13]. In this sense, polyphenols are
considered as potential candidates in neuroprotection, prevention and
treatment of diseases caused by oxidative damage [14]. However, due to
their poor water solubility and low bioavailability, their clinical use is
quite limited [15]. Hence, developing different drug delivery ap-
proaches would be a prospective solution to these problems.

In the last two decades, research studies have clearly shown the
inherent tendency towards usage of nanotechnology in medicine [16].
Most of the active compounds cannot reach the brain because of the
presence of the blood brain barrier (BBB) which is mainly composed by
endothelial cells linked by tight junctions [17]. Therefore, a whole new
generation of multifunctional molecular platforms have been developed,
capable of transporting drug molecules through the BBB with the ability
to deliver a drug more selectively to a specific site, with high stability
and flexibility [18]. A wide range of nano-systems of various sizes,
shapes, architectures, charges and surface properties have been
designed for the effective delivery of the active compounds to the brain,
including liposomes, lipid emulsions, solid lipid nanoparticles, poly-
meric nanoparticles, carbon nanotubes, nanofibers, dendrimers, mi-
celles, inorganic nanoparticles made of iron oxide and gold
nanoparticles [19]. Liposomes have gained much attention due to their
biocompatibility and biodegradability, as well as low toxicity. Their
unique physicochemical properties allow these systems to transport and
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effectively deliver both hydrophilic and hydrophobic therapeutic agents
to the target site of action. Surface functionalization onto liposomes is
considered as one of the most promising approaches for improving the
pharmacokinetics and biodistribution of encapsulated drug substances.
Thus, the addition of polyethylene glycol (PEG) has been reported to
restrain the adsorption of the plasma proteins in the circulation onto
liposome surfaces, which is the main clearance problem in vivo [20]. The
formation of protective layer over the vesicles is preventing the binding
of plasma proteins, and consequently the process of opsonization and
retrieval of macrophages of the reticuloendothelial system (RES).
Accordingly, the latest scientific research studies indicate that PEGyla-
tion is inducting nonspecific cellular detachment resulting with pro-
longed bioavailability of the active compounds in the central nerve
system (CNS) parenchyma, which is of particular benefit for targeted
action [21]. The utilization of liposomes and PEG-based formulations for
targeted brain delivery is well-established and substantial, supported by
tremendous amount of research studies, although when it comes to
treatment of AD, the literature is quite limited [19].

Therefore, the main aim of this study was design, development,
optimization and physicochemical and biopharmaceutical character-
ization of RE loaded PEGylated nanoliposomes (NLs) with the potential
for efficient brain targeting and effective and safe treatment of AD, using
Design of Experiments as an approach for qualitative and quantitative
identification of the main formulation variables’ impact on the prepared
NLs’ properties like mean particle size (Dsg), absolute amount of
encapsulated Rosmarinic acid (RA), as well as the total amount of in vitro
released RA during the period of 24 h.

2. Materials and methods
2.1. Materials

Soybean lecithin (SL) was purchased from Vitalia, R. N. Macedonia.
LIPOID PE 18:0/18:0-PEG 2000 (PEG) was kindly donated from Lipoid,
Germany. Rosemary extract (RE) was a gift from the Institute of Phar-
macognosy, Faculty of Pharmacy, Skopje, R. N. Macedonia. Cholesterol
(CH), rosmarinic acid (RA), 2,2'-Azobis(2-amidinopropane) dihydro-
chloride (AAPH), Bradford Reagent (0.1-1.4 mg/mL protein), Bovine
Serum Albumin (BSA) and fluorescein sodium were purchased from
Sigma Aldrich (Germany). Methanol, chloroform, formic acid and
acetonitrile were of HPLC grade purity (Merck KGaA, Germany).
EndoGRO-MV Complete Culture Media Kit SCME004 (cell culture
media) was purchased from Merck, Germany. Phosphate buffer pH 7.4
(PB pH 7.4) was prepared ex tempore (Ph. Eur. 9). Human plasma from
healthy volunteers and AD patients was obtained from the Institute for
Neurology, Clinical Center - Mother Theresa, Skopje, R. N. Macedonia.
The protocols for the human plasma studies were approved by the
ethical committee of the Faculty of Medicine, Ss. Cyril and Methodius
University in Skopje, Republic of North Macedonia (25.05.2016, No. 03-
2039/9).

2.2. Preparation of the NLs

Liposome dispersions were prepared by modified lipid film hydration
technique [22]. For this purpose, required amounts of SL, CH (30 mg),
PEG and RE were dissolved in methanol:chloroform mixture 1:4 (v/v).
Afterwards, the organic solvents were removed by evaporation under
vacuum using a rotavapor (25 °C, 50 rpm, 50 mbar; Buchi 215,
Switzerland). The obtained dry thin lipid film was further hydrated with
a PB pH 7.4. The hydration was carried out in four consecutive cycles
consisting of 3 steps each lasting 5 min: ultrasonication (50/60 Hz;
ULTRASONS-H, J.P. Selecta), vortexing (Tehtnika, EV-102, Slovenia)
and manual mixing at room temperature. Obtained liposomes were
submitted to high shear homogenization (24000 rpm, 5 min;
Ultra-Turrax T25, IkaWerke, Germany) and were allowed to stand at
4-8 °C for 24 h. Finally, the liposomal dispersion was homogenized
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again at 6000 rpm, 3 min and stored at 4-8 °C.
2.3. Design of experiments

During the preliminary studies, different formulations of NLs were
prepared in order to obtain vesicles with mean size of ~200 nm, which is
known to be suitable for intravenous application achieving long plasma
circulation time thus leading to successful brain delivery [23,24]. In
these experiments, the mass ratio of SL:CH was varied in a range from
5:1 to 20:1. The results obtained from particle size analysis revealed that
the lowest D5y = 136 nm was originated from the sample with 300 mg of
SL (SL:CH = 10:1 mass ratio), which was further selected for preparation
of PEGylated liposomes, where PEG was incorporated into the lipid
phase (SL:CH:PEG = 10:1:0.5, mass ratio). In this stage of the formula-
tion development, higher RE encapsulation efficacy for 40% was ob-
tained when RE was incorporated in the NLs’ lipid phase in comparison
when it was added in the water phase during the NLs preparation.
Additionally, the incorporation of RE into the lipid film resulted with
increase in liposomes size from 129 to 136 nm [22].

In order to determine the boundaries of the design space, one factor
at a time (OFAT) experiments were performed [25]. The mass ratio of
SL:CH:PEG was varied from 7.5:1:3 to 10.25:1:0.25, accordingly, along
with the observation that the change in the amounts of SL and PEG in the
formulations, significantly affected the mean vesicle size, absolute
amount of encapsulated RA as well as the in vitro drug release charac-
teristics. With the aim to describe the influence of the formulation fac-
tors and their interactions on the investigated parameters more
precisely, central composite design - CCD (Design-Expert V8 trial com-
puter software, Stat-Ease, Inc. Minneapolis, MN) was applied. The
amounts (mg) of RE, SL and PEG (Factor A, B and C, accordingly) were
chosen as potential critical formulation parameters that affect the par-
ticle size, the absolute amount of encapsulated RA, as well as the ab-
solute amount of RA released in 1, 4, 6 and 24 h, and hence, the response
patterns and dependence equations of the parameters of interest were
established. The main idea was to obtain the optimal formulation in
terms of the overall NLs physicochemical and biopharmaceutical prop-
erties (mean particle size <200 nm, high drug encapsulation efficacy
and controlled drug release) which will achieve prolonged circulation
time, efficient BBB transport as well as therapeutic drug doses and
controlled drug release in the brain. 20 experiments were performed,
with all factors varied on 2 levels and with 6 replicates of the central
point. The coded and actual values for the levels at which the three
independent variables were varied are shown in Table 1. The experi-
ments proposed by the Design-Expert software are shown in Table 2. The
experiments were performed in random order.

2.4. Characterization of the NLs

2.4.1. Mean particle size and particle size distribution

Mean particle size (Dsg) and particle size distribution (SPAN) of the
prepared NLs were determined by laser diffractometry (Mastersizer
2000, Hydro 2000S, Malvern Instr. Ltd., UK). Certain amount of aliquot
was transferred to the optical measurement cell containing distilled
water as dispersing cell medium. Measurements were taken under the
following conditions: stirring 1750 rpm, refractive index of NLs 1.52 and
absorption index 0.001. In order to obtain statistically significant re-
sults, at least 3 batches from each sample and at least 3 analyses from

Table 1
Coded and real values of the independent experimental variables.
Factor Low limit Upper limit
Coded values Real values Coded values Real values
A RE -1 200 1 400
B SL -1 250 1 310
C PEG -1 5 1 50
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Table 2

Experiments proposed by the Design-Expert software.
Std Run A: RE (mg) B: SL (mg) C: PEG (mg)
19 1 300 280 27.5
8 2 400 310 50
20 3 300 280 27.5
14 4 300 280 50
7 5 200 310 50
2 6 400 250 5
11 7 300 250 27.5
16 8 300 280 27.5
17 9 300 280 27.5
3 10 200 310 5
9 11 200 280 27.5
5 12 200 250 50
12 13 300 310 27.5
4 14 400 310 5
18 15 300 280 27.5
15 16 300 280 27.5
6 17 400 250 50
10 18 400 280 27.5
1 19 200 250 5
13 20 300 280 5

each batch were measured. Each analysis was average value of 10
measurements.

2.4.2. Drug content

The absolute amount of encapsulated RA (mg) into NLs was calcu-
lated indirectly by determination of the non-encapsulated RA using
previously validated method described by Cambuleva et al. [22]. NLs
dispersions were centrifuged (Rotofix 32 - Hettich Zentrifugen, Ger-
many) at 4500 rpm, 25 °C, 15 min, 4 cycles in Vivaspin 20 ultrafiltration
cuvettes, 100 000 MWCO units (Sartorius, Germany). Afterwards, the
supernatant was removed and HPLC analysis was performed on a Merck
Hitachi HPLC system (Darmstadt, Germany) equipped with an Ellite
LaChrom L-2200 autosampler, L-2130 pump, L-2450 diode array de-
tector. The chromatographic conditions were set according to the
method described by Cvetkovikj et al. [26]. Namely, the Zorbax Eclipse
XDBRP C-18 (150 mm x 4.6 mm, 5 pm, Agilent, Germany) was used as a
column. Mobile phase was consisted of: A - 1% formic acid (pH 3.0) and
B - acetonitrile (90:10 v/v). Quantification of RA was performed using
UV/VIS DAD at 330 nm.

2.4.3. In vitro release studies

The total amount of in vitro released RA from NLs (3 mL liposomal
dispersion) was examined using a membrane dialysis method (MEM-
BRA-CEL dialysis tubing; Serva Feinbiochemica GmbH, Germany) in 30
mL of physiologically relevant media (PB pH 7.4) at 37 & 1 °C and 100
rpm. At predetermined time intervals (after 1, 4, 6, 24 h), 10 mL of the
medium were taken and replaced with an equal volume of thermostated
PB pH 7.4. The amount of RA released from NLs formulations was
determined using the previously mentioned HPLC method by Cvetkovikj
et al. [26].

In order to determine the kinetics of release of RA from the prepared
NLs, the in vitro release data were mathematically modeled using
DDSolver 1.0 (menu-driven add-in program for Microsoft Excel) com-
puter program.

2.5. Optimization of formulation

Based on results from the experimental design studies and the
established mathematical models, subsequent optimization of formula-
tion was carried out in means of minimal particle size (Dsp), maximal
absolute amount of encapsulated RA and different RA in vitro release
patterns.

Predicted optimal RE loaded PEGylated NLs formulations (NL1-NL5)
were prepared by previously described modified lipid film hydration
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technique. In all optimal formulations, 400 mg of RE was incorporated
into the lipid film. In order to obtain liposomal formulations suitable for
parenteral administration and brain delivery, prepared samples were
filtered through 0.22 pm pore size filters (Sartorius, Germany).

Taking into consideration that NL1, NL3 and NL5 contain 50 mg, and
NL2 and NL4 contain 5 mg PEG on their surface, for the purpose of
protein adsorption studies blank formulations of NL1 and NL2 (NLb1l
and NLb2, respectively) and non-PEGylated blank analogue of NL1
(NLbO1) were prepared by the previously described method. NLb1 and
NLb2 consisted the same amounts of all components as NL1 and NL2,
except incorporated RE. NLbO1 consisted the same amounts of all
components as NL1, but without incorporated RE and PEG on its surface.

NLb1l and NLb2 were also used for performing IR — ATR spectro-
scopic analysis.

2.6. Characterization of optimal NLs formulations

Optimal formulations (NL1-NL5) were characterized in terms of
particle size (Dsp) and particle size distribution (SPAN), drug content
and in vitro release studies by the above described methods.

The drug content into optimal NLs was expressed as Encapsulation
efficacy (EE %) and Drug loading (DL).

(total amount of RA — non — encapsulated amount of RA)*

EE % =
7 total amount of RA

100
@

EE% (Eq. (1)) describes the efficiency of the RA incorporation
method into the nano-systems, while the DL (Eq. (2)) capacity represents
the amount of RA trapped inside the carrier itself. DL was calculated in
order to determine the mg of RA incorporated in 100 mg of lipid.

__amount of RA encapsulated in NLs (mg)
N amount of lipid phase in NLs

DL 100 2)

The amount of RA released from optimal NLs formulations after 1, 2,
4,6, 8,10, 12 and 24 h was converted and expressed as % of released RE
(Eq. (3)).

(released amount of RA)
total amount of encapsulated RA

% of released RE = *100 3)
Furthermore, additional characterization of the optimal formulation
was done.

2.6.1. Zeta potential measurements

Zeta potential (ZP) was determined by Zetasizer Nano Series, Nano-
7S, Malvern Instruments Ltd., UK, after diluting optimal NLs dispersions
in 10 mM PB pH 7.4, 1:20 (v/v). The measurements were performed in
disposable transparent cuvettes at 25 °C with thermostating time of 120
s, viscosity of the medium 0.8894 cP, dielectric constant 78.5 and angle
of 173°. At least 3 batches from each sample and at least 3 analyses from
each batch were measured. Each analysis was average value of at least
12 measurements.

2.6.2. Antioxidant capacity (ORAC assay)

Antioxidant capacity of RE and optimal NLs formulations (NL1-NL5)
was determined by performance of Oxygen Radical Antioxidant Ca-
pacity (ORAC) assay based on the oxidation of a fluorescent probe by
peroxyl radicals from 2,2'-Azobis(2-amidinopropane) dihydrochloride
(AAPH). 25 pL of NLs samples were incubated with 150 pL of fluorescein
solution (10 nM) in a dark place (37 °C, 30 min). Subsequently, the
fluorescence was measured using Multilabel Reader (excitation A = 492
nm, emission A = 535 nm, VICTOR Perkin Elmer, USA) in order to
determine the background signal. Afterwards, 25 pL of AAPH (100 mM)
was added and the fluorescence was measured at the beginning of the
experiment and after 30, 60, 90 and 120 min. Fluorescein + AAPH + PB
pH 7.4 was used as a positive, and fluorescein + PB pH 7.4 as a negative
control, respectively. All experiments were conducted in triplicate and
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statistical analysis was done using ANOVA. The antioxidant capacity of
RE and NLs formulations was expressed as % of initial fluorescence of
each sample (Eq. (4)).

fluorescence of sample in given time period
fluorescence of sample in 0 min

% of initial fluorescence = 100

4

2.6.3. Protein adsorption studies (Bradford assay)

During the OFAT experiments, it was demonstrated that the increase
of PEG amount in the formulation was followed by decrease of % BSA
adsorbed on the NLs surface [25]. With the aim to investigate the effect
of PEG presence and its amount on the protein corona (PC) formation,
and hence the in vivo stability and fate of NLs, comparative protein
adsorption studies were performed to determine the amount of proteins
adsorbed on the surface of blank formulations of NL1 and NL2 (NLb1l
and NLb2) versus non-PEGylated blank analogue of NL1 (NLbO1). The
formation of the NLs-protein complex was investigated by incubating
NLs dispersions with human plasma from healthy volunteers and AD
patients. Prior to the incubation step, the plasma aliquots previously
stored at 4 °C were centrifuged for 5 min at 15 000 rpm in order to
remove the protein aggregates. NLs formulations were diluted with
distilled water to a final lipid concentration of 1 mM, and then incubated
with plasma (NLs:human plasma = 1:1 (v/v)). The incubation was per-
formed on a water bath with constant horizontal stirring (37 °C, 1 h). A
Bradford assay (microtiter plate protocol) at the obtained supernatant
after centrifugation (10 min, 12 000 rpm) was performed and the % of
unbound plasma proteins was calculated (Eq. (5)). Diluted plasma,
previously non incubated with NLs was used as a control. Samples and
controls were applied in triplicate.

amount of proteins adsorbed on NLs

% of protein adsorption = . —
o/ P total amount of proteins in plasma

(5)

2.6.4. IR — ATR spectroscopic analysis

In order to detect the possible interactions among the NLs compo-
nents in the formulations as well as to observe the NLs-protein bonds
formed upon NLs administration in vivo, IR-ATR analysis of freeze-dried
samples was performed. For that purpose, 150 pL of the prepared NLs
(NL1 and NL2) and blank NLs (NLb1 and NLb2) were incubated with 1
mg/mL solution of BSA in PB pH 7.4 for 1 h in a shaking water bath
(37 °C, 75 rpm, Haake SVB 20, JP Selecta, Spain). After adsorption, the
fraction of unbound BSA was separated by centrifugal ultrafiltration (3
cycles, 15 min, 4000 rpm, 25 °C, Rotofix 32 - Hettich Zentrifugen,
Germany). Subsequently, formed NLs-protein complexes were submit-
ted to freeze-drying (—40 °C, 0.052 mBar; FreeZone 2.5 Freeze Dry
System — LABCONCO, USA). Prior the lyophilisation, the samples were
stored at —20 °C for 24 h and at —80 °C for additional 2 h.

The IR-ATR reflectance spectra were recorded on a Perkin-Elmer
System 2000 FT-IR spectrometer, using Golden Gate (Specac) as an
ATR accessory. The accessory was equipped with diamond ATR crystal
and ZnSe lenses (which allow recording as low as 520 cm ™). The angle
of incidence was 45°. The background spectrum was recorded against
air/Nj. Nitrogen gas with 99.999% purity was used for purging pur-
poses. The number of scans (bidirectional, double-sided) was 64, both
for the background and the sample spectra.

2.6.5. Stability of NLs in physiologically relevant media, human plasma
and cell culture media

The effect of PEG on the in vitro stability of NLs and the PC complex
formation was investigated after incubation of the prepared optimal
formulations NL1-NL5 (200 pL) in 800 pL a) PB pH 7.4, simulating
physiologically relevant medium and vehicle in the formulation; b)
human plasma or c¢) EndoGRO-MV Complete Culture Media Kit
SCMEO004 (isotonic and isosmotic cell culture media for hCMEC/D3 cell
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line which simulates the human blood brain barrier) at 37 °C for 2, 6 and
24 h. The samples were analyzed in terms of zeta potential, particle size
and polydispersity index (PDI), which is a tool that describes the degree
of non-uniformity of a size distribution of particles (Zetasizer Nano-
Series, Malvern Instr. Ltd., UK). The method for particle size and PDI
determination was earlier validated and obtained results for particle size
were also shown to be comparable with those from the laser diffrac-
tometry (Mastersizer 2000, Hydro 2000S, Malvern Instr. Ltd., UK).

3. Results and discussion
3.1. Design of experiments

RE loaded PEGylated NLs with the potential for efficient and safe
treatment of AD were prepared using systematic approach during the
process of design, development and optimization. After careful exami-
nation of the historical data achieved in the previously performed OFAT
experiments, Design of Experiments i.e. central composite design (CCD)
from the response surface methods (RSM) was performed with the
rationale of qualitative and quantitative identification of the main
formulation independent variables’ impact (mg of SL, PEG and RE) on
the NLs responses of interest (particle size, absolute amount of encap-
sulated RA, total amount of RA released in 1, 4, 6 and 24 h) and
establishment of mathematical models which describe their relation.
Prepared formulations were subjected to physicochemical and bio-
pharmaceutical characterization according to described methods.

Table 3
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Subsequently, optimization of NLs formulations was performed in
accurately defined design space regarding the required physicochemical
and biopharmaceutical properties of NLs for a successful brain delivery.

Obtained results for D5y were in a range from 120 + 1.65 to 133 +
2.60 nm. The absolute amount of encapsulated RA was 7.26 =+
0.10-18.83 £ 0.06 mg, while the total amount of released RA in a period
of 24 h was 0.97 + 0.06-2.65 + 0.05 mg (Table 3). As mentioned before,
the aim of these experiments was to identify the formulation variables
(Factors A, B, C) and their possible interactions that had a statistically
significant impact on the examined responses. According to Design
Expert software, best fitted model for the D5y response was reduced
cubic. Quadratic model was proposed for the absolute amount of
encapsulated RA, while the total amount of RA released in a period of 1,
4, 6 and 24 h fitted in 2FI models. ANOVA statistical analysis for models
of the examined responses is shown in Table 4.

As it can be seen, the values for “Adj—RZ” and “Pred-R? for all
response models were in reasonable agreement, indicating that the data
were described adequately by the proposed mathematical model. Values
of “p” less than 0.05 indicated that model terms were significant. Ob-
tained “Lack of Fit F’ values showed that the Lack of Fit was not sig-
nificant relative to the pure errors. “Adequate Precision” values were
greater than 4, thus implying that all sugested models could be used to
navigate the design space.

Furthermore, mathematical correlations between the values of the
investigated variables and the observed responses were established
(Equations (6)-(11)). The negative sign in front of the factors indicated

Real values for the investigated formulation factors and obtained responses from the designed formulations.

Std Run A: B: C: Ds5o+SD Abs. amount of Total amount of Total amount of Total amount of Total amount of
RE SL PEG (nm) encapsulated RA+SD RA+£SD released in 1 RA+£SD released in 4 RA+SD released in 6 RA+£SD released in
(mg) h (mg) h (mg) h (mg) 24 h (mg)

19 1 300 280 275 124 + 13.59 + 0.07 0.43 + 0.03 1.09 + 0.05 1.99 + 0.06 2.35 £ 0.05
1.74

8 2 400 310 50 128 + 17.02 + 0.09 0.56 + 0.02 1.60 + 0.03 1.78 £ 0.05 1.97 £ 0.06
1.45

20 3 300 280 27.5 126.37 + 13.10 + 0.07 0.58 + 0.05 1.43 £ 0.04 1.62 + 0.02 1.89 + 0.09
1.56

14 4 300 280 50 125 + 13.61 + 0.08 0.28 + 0.02 0.80 + 0.02 0.94 + 0.04 1.32 £ 0.04
1.31

7 5 200 310 50 131 + 7.26 + 0.10 0.17 + 0.02 0.56 + 0.04 0.66 + 0.03 0.97 + 0.06
1.91

2 6 400 250 5 126 + 18.18 £+ 0.07 0.91 + 0.04 1.77 £ 0.02 1.96 + 0.05 2.65 =+ 0.05
1.84

11 7 300 250 275 126.85 + 13.83 £ 0.06 0.37 + 0.04 0.92 + 0.03 1.11 £ 0.03 1.34 £ 0.06
1.44

16 8 300 280 27.5 126 + 13.06 + 0.09 0.58 + 0.03 1.46 + 0.04 1.58 +£ 0.03 1.85 £ 0.07
1.87

17 9 300 280 27.5 127 + 13.06 + 0.04 0.59 + 0.03 1.52 + 0.04 1.61 + 0.03 1.90 £+ 0.05
2.36

3 10 200 310 5 129 + 8.80 + 0.08 0.39 + 0.01 1.03 £ 0.05 1.32 £ 0.06 1.45 £+ 0.04
1.85

9 11 200 280 275 133 + 8.42 £+ 0.07 0.21 +.0.03 0.89 + 0.03 0.83 £+ 0.01 1.12 £ 0.04
2.60

5 12 200 250 50 127 + 7.79 £+ 0.05 0.18 + 0.01 0.61 + 0.03 0.87 + 0.03 1.01 £+ 0.08
2.79

12 13 300 310 275 127 + 13.33 £ 0.07 0.37 + 0.02 1.05 + 0.03 1.22 + 0.05 1.46 £ 0.04
1.85

4 14 400 310 5 120 + 18.46 + 0.05 0.64 + 0.03 1.55 + 0.06 1.51 £ 0.03 2.03 £ 0.05
1.65

18 15 300 280 27.5 127 + 13.07 + 0.03 0.56 + 0.04 1.51 + 0.03 1.60 + 0.07 1.88 + 0.09
2.25

15 16 300 280 27.5 126 £ 13.05 + 0.04 0.59 + 0.02 1.49 £+ 0.06 1.63 £ 0.05 1.92 £+ 0.06
0.95

6 17 400 250 50 123 £ 18.83 + 0.06 0.45 + 0.04 1.07 £ 0.04 1.30 £ 0.05 1.51 £ 0.08
1.75

10 18 400 280 275 122 + 17.81 + 0.04 0.66 + 0.03 1.60 + 0.03 1.90 + 0.03 2.06 £ 0.03
1.37

1 19 200 250 5 127,7 £ 8.70 + 0.06 0.80 + 0.02 1.97 £ 0.06 2.11 +£0.02 2.39 £ 0.04
1.57

13 20 300 280 5 124 + 13.98 + 0.08 0.47 + 0.04 1.07 £ 0.05 1.37 £ 0.03 1.47 £ 0.02

1.91
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Table 4
ANOVA statistical analysis of the models.
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Response Dso Abs. encapsulated amount ~ Total amount of RA Total amount of RA Total amount of RA Total amount of RA
of RA (mg) released in 1 h (mg) released in 4 h (mg) released in 6 h (mg) released in 24 h (mg)

Suggested Reduced Quadratic 2FI 2F1 2FI 2F1
model Cubic

Sum of Squares 156.36 247.29 0.59 2.16 2.22 2.84
(sS)

Degrees of 11 9 6 6 6 6
freedom

Mean squares 14.21 27.48 0.098 0.36 0.37 0.47
ms)

F-value 17.13 230.06 8.75 6.23 4.67 4.90

Prob > F 0.0002 <0.0001 0.0006 0.029 0.0096 0.0079

Lack of fit F 0.14 4.30 4.15 2.81 4.73 3.75
-value

SD 0.91 0.35 0.11 0.24 0.28 0.31

Mean value 126.30 13.25 0.49 1.25 1.45 1.73

CV% 0.72 2.61 21.59 19.13 19.45 17.98

PRESS 40.60 10.23 0.32 1.27 2.06 2.31

R? 0.9593 0.9952 0.8015 0.7420 0.6833 0.6934

Adj-R? 0.9033 0.9909 0.7099 0.6230 0.5371 0.5519

Pred-R? 0.7509 0.9588 0.5645 0.5579 0.3646 0.4355

Adequate 19.342 46.886 11.781 9.028 8.084 8.637
precision

the negatively proportional relationship between the response of inter-

est and the variables studied, while the positive sign refered to a pro-

portional dependence.

Dso(nm) = +126.11 — 5.50%A + 0.44xB + 0.73%C — 0.79*A * B
+0.46%A x C + 1.71*B*C  + 1.32+A” +0.74+B> — 1.68+C>
+ 1.04%A * B % C + 3.295A x B?

(6)

Absolute amount of encapsulated RA (mg) = + 13.31 + 4.93*A — 0.25*B
—0.36*C — 0.14*A*B 4 0.21*A*C — 0.34*B*C — 0.42*A% + 0.042%B>
+0.26%C2

@
Total amount of released RA 1 h (mg) = + 0.49 + 0.15%A — 0.059+B
— 0.16+C + 0.031%A % B + 0.038%A * C + 0.098*B*C 8)
Total amount of released RA 4 h (mg) = + 1.25 + 0.25%xA — 0.055%B
—0.27+C + 0.16%A % B + 0.15%A * C + 0.20*B*C )
Total amount of released RA 6 h (mg) = + 1.45 + 0.27«A — 0.086%B
—0.27%xC + 0.13%A * B + 0.19%xA * C + 0.19%B « C (10)
Total amount of released RA 24 h (mg) = + 1.73 + 0.33%A — 0.10«B
— 0.32%C + 0.10%A * B 4+ 0.083%A * C 4 0.25%xB * C (11)

Table 5
p values of the formulation variables and their interractions for each response.

The formulation parameters and factor interactions that had signif-
icant influence on each of the responses (p <0.05) can be seen in Table 5.

As previously mentioned, the nanoparticle size influences the ther-
apeutic and diagnostic agent delivery to the brain, including vesicles’
blood circulation half-life, targeting, cellular uptake and drug release
kinetics [27,28]. PEGylated nano-liposomes smaller than 200 nm are
characterized by reduced RES clearance and a prolonged circulation
half-life which facilitates drug ability to interact with specific molecules
expressed on the luminal side of BBB endothelial cells, and consequently
to cross the BBB. Therefore, optimizing nanoparticle size and the mo-
lecular weight of the PEG coating is crucial segment in the development
of nano-brain delivery carriers [29,30]. Obtained equations and “p”
values of the formulation variables and their interactions suggested that
factors A, C and the interactions AB, BC, A2, Cz, ABC and AB? had sta-
tistically significant influence on D5 (p < 0.05). Positive sign in front of
the factor C means that there was a proportional dependence between
the PEG amount and Ds. Consequently, the interaction BC revealed that
NLs size tended to increase while increasing the PEG and SL amounts in
the formulation at the same time, which is a logical conjecture that
bigger NLs will be formed by higher concentrations of components
present in the lipid film (Eq. (6)). On the other hand, from Fig. 1a it can
be noticed that after the PEG amount in the formulation reached a
certain value, at lower amounts of SL, NLs size started to decrease
exponentially probably due to the fact that as PEG amount was
augmented, PEG strands were forced closer together on the surface of
the liposome, leading to increment of the lateral repulsive forces

Dso (nm) Abs. amount of Total amount of RA released  Total amount of RA released  Total amount of RA released  Total amount of RA released
encapsulated RA (mg) in 1 h (mg) in 4 h (mg) in 6 h (mg) in 24 h (mg)

Factor  p value Factor  p value Factor  p value Factor  p value Factor  p value Factor  p value

A-RE <0.0001 A-RE <0.0001 A-RE 0.0008 A-RE 0.0052 A-RE 0.0103 A-RE 0.0054

B-SL 0.1610 B-SL 0.0476 B-SL 0.1022 B-SL 0.4832 B-SL 0.3535 B-SL 0.3171

C-PEG 0.0350 C-PEG 0.0078 C-PEG 0.0004 C-PEG 0.0032 C-PEG 0.0094 C-PEG 0.0062

AB 0.0402 AB 0.2843 AB 0.4156 AB 0.0767 AB 0.2204 AB 0.3668

AC 0.1889 AC 0.1183 AC 0.3332 AC 0.1029 AC 0.0811 AC 0.4610

BC 0.0007 BC 0.0194 BC 0.0212 BC 0.0314 BC 0.0798 BC 0.0416

A? 0.0436 A? 0.0702

B2 0.2149 B? 0.8438

c? 0.0154 c? 0.2429

ABC 0.0122

AB? 0.0018
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Fig. 1. 3D graphic representation of the influence of a) studied variables (SL
and PEG) on Dsg, b) studied variables (RE and SL) on Ds.

between the PEG molecules. This repulsion caused greater curvature,
and therefore smaller liposomes tended to be energetically favorable at
high PEG concentrations [31]. Additionally, as it was already reported,
the presence of PEG creates a “stealth” layer around the liposomes that
can reduce the interaction between the lipids of the bilayer, hindering
the aggregation process [32].

The negative value in front of the factor A suggested that there was a
negatively proportional relationship between D5 and the RE amount in
NLs (Fig. 1b). This was contrary to the findings during the preliminary
studies, but in accordance with the results obtained by Tefas et al. [33]
suggesting that high concentrations of lypophilic molecules inserted in
the lipid bilayer (in this case RE), might replace some of the phospho-
lipid molecules in the liposomes causing a reduction in NLs size.

Taking into consideration the low water-solubility of RE compo-
nents, the loading of the RE within the core/lipid bilayer of the NLs was
another critical step in the development and optimization process. The
major challenge in formulation of poorly soluble drugs for parenteral
administration is to find an efficient preparation method resulting in a
sufficiently high dose. The encapsulation efficiency of hydrophobic
drugs could be modified by changing the type and amount of solvent
used for solubilization as well as the amount of drugs [34]. One-way
ANOVA (p<0.05) indicated that the formulation parameters A, B, C,
BC and A? had a statistically significant impact on the absolute amount
of encapsulated RA. The positive value in front of factor A, indicated
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increment of the entrapped RA amount by increasing the amount of RE
during the preparation process (Eq. (7), Fig. 2), probably as a result of
the higher amount of extract available for incorporation among the SL
phospholipids. Contrary to this, negative proportional dependence be-
tween encapsulated amount of RA and the amount of SL, the amount of
PEG and the interaction SL-PEG was observed. Literature data suggests
that hydrophobic drugs reside in the acyl hydrocarbon chain of the
liposome, and hence encapsulation is dependent on the properties of the
acyl chains of the liposome, such as length and packing density [35].
According to Kepczynski et al. [36], incorporation of CH into the lipo-
somal bilayer and thus, in our case, lowering the mass ratio between the
total lipid (composed of SL and the DSPE part of PEG) and CH results
with suppression of water penetration into the hydrocarbon lipid phase
which leads to higher hydrophobic drug entrapment in this portion of
the liposome. It is also well documented that by lowering the relative
amount of the lipid and thus, increasing the relative amount of CH in the
NLs lipid bilayer, results with reduction in the movement of fatty acids
hydrophobic tails which leads to permeability reduction and ultimately,
prevents the drug leakage from lipid bilayer [33,37]. Additionally,
higher encapsulation efficacy can be obtained due to the “pocket”
phenomenon described by Xu et al. [38], indicating that incorporation
of CH in the lipid bilayer can generate pockets in between the choles-
terol molecules which allow a favorable interaction of the lipid with the
lipophilic drug molecules.

Nano-carriers formulated to deliver drugs in a spatiotemporally
controlled manner can potentially enhance the therapeutic efficacy of
the drugs through maintenance of the drug concentration in blood or
target tissues at the efficacious level and at the same time to reduce their
systemic side effects, and improve patient’s adherence to regimen by
reducing the dose and administration frequency [39]. Data from the
statistical analysis revealed that significant factors influencing the
release properties in 1, 4, 6 and 24 h were A, C, BC (p<0.05). Total
amount of released RA in a period of 1, 4, 6 and 24 h was negatively
correlated with the increase of PEG amount in the formulation (Egs. (8)—
(11), Fig. 3). These results were in accordance with the literature data
[40] elucidating that the hydrophobic long alkyl chains of the polymer
may act as a barrier to drug diffusion and effectively decrease the extract
release from the nano-carriers. From Fig. 3 it can also be observed that
higher total amounts of RA in all examined time intervals were obtained
not only by decreasing the PEG concentration, but also by decreasing the
amount of SL which resulted with lower NLs D5 A logical explanation
to this effect could be the fact that as the particle size gets smaller, their
surface area-to-volume ratio gets larger which implies that the drug
diffusion pathway to the surface is shorter and therefore, faster drug
release is expected to happen [28].
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3.2. Optimization of formulation

Optimization of the formulations was undertaken after selecting and
analyzing the appropriate models for all examined responses. NLs
optimization process was oriented towards obtaining NLs with minimal
vesicle size, maximal amount of entrapped RA and different in vitro
release profiles (Table 6) in order to obtain stable formulations that will
achieve prolonged circulation time, efficient transport across BBB high
RE concentrations in the brain tissues, and therefore, safe and efficient
AB treatment. The predicted solutions for the optimal formulations as
well as the predicted responses and “Desirability” values are given in

Table 7.

3.3. Characterization of NLs

3.3.1. Mean particle size and particle size distribution, drug content and
zeta potential measurements

Prepared NLs samples were characterized with mean vesicle diam-
eter (Dsp) in a range from 116 + 2.25 to 122 + 4.30 nm and followed
narrow unimodal distribution (SPAN ~1) (Table 8).

From Table 8. it could be seen that formulations with 50 mg PEG
(NL1, NL3, NL5) had less negative values for the ZP (~—20 mV)

Table 6
Optimization using Design of Experiments.
RE SL PEG Dso Abs. amount of Total amount of Total amount of Total amount of Total amount of RA
(mg) (mg) (mg) (nm) encapsulated RA RA released in 1 h RA released in 4 h RA released in 6 h released in 24 h
(mg) (mg) (mg) (mg) (mg)
Lower limit 200 250 5 120 7.26 0.17 0.56 0.66 0.97
Upper limit 400 310 50 133 18.83 0.91 1.97 2.11 2.65
Importance 3 3 3 5 5 3 3 3 3
NL1 in in in min max. min. min min. max.
GOAL range range range
NL2 in in in min. max. max. max. max. max.
range range range
NL3 in in in min. max. min. min. min. min.
range range range
NL4 in in in min. max. max. min. min. max.
range range range
NL5 in in in min. max. max. min. min. min.
range range range
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Table 7
Solutions for optimization with predicted responses.
Sample RE SL PEG Size Abs. amount of Total amount of Total amount of Total amount of Total amount of Desirability
(mg) (mg) (mg) (nm) encapsulated RA released RAin1h released RAin 4 h released RAin 6 h released RA in 24
(mg) (mg) (mg) (mg) h (mg)
NL1 400 261.08 50 121.37 18.46 0.45 1.12 1.36 1.58 0.70
NL2 400 27218 5 121.26  18.32 0.76 1.59 1.71 2.23 0.84
NL3 400 250.01 50 123.37 18.73 0.42 1.00 1.28 1.50 0.72
NL4 400 30758 5 119.99  18.27 0.61 1.47 1.54 1.97 0.67
NL5 400 257.41 50 121.96 18.55 0.44 1.08 1.34 1.55 0.66
NL5 where PEG was present in greater proportion resulted in slower
T;blfe 8 hemical ies of optimized les of release of the active component (24.83 + 1.22-35.64 + 2.12% RA
Physicochemical properties of optimized samples of NLs. released over 24 h). The same dependence was observed during our
Sample  DsoESD SPAN  ZP (mV) EE (%) DL (mg RA/100 preliminary studies [25]. As mentioned in the Design of Experiments
(nm) mg lipid mass) section, it is assumed that the hydrophobic long alkyl chains of the
NL1 122+ 430 1.055  -18.50 + 85.93 + 4.10 +0.09 polymer can act as a barrier to drug diffusion and effectively trap the
1.32 1.93 extract in the polymers [40]. Taking into consideration the lipophilic
NL2 116 £225 0979 -4510+ 93.15 + 4.28 +0.11 i . .
1.52 2.43 character of the RE components, an additional possible mechanism that
NL3 120+£2.97 1.197 —21.45+ 80.94 + 4.01 +0.18 explains this difference in the RA release rate from the NLs is the rapid
1.28 3.67 hydration that occurs due to the presence of PEG on the vesicle surface
NL4 120+£3.95 0984 4830+ 85.81 + 3.53£0.10 [42]. In contrast, formulations NL2 and NL4 characterized by lower PEG
NLS 120 4245  1.000 1';;_00 N ;237 N 4144013 concentration in the formulation showed faster RA release over 24 h
1.03 254 (48.39 + 2.32 and 42.90 + 2.07%, respectively).

compared to the ZP (~—45 mV) of NL2 and NL4 (5 mg PEG). This is in
accordance with the literature data suggesting that PEG presence on the
surface of the liposomes reduces the NLs electrophoretic mobility due to
the hydrodynamic resistance given by this polymer. Additionally, by
decrease of the hydrophilic polymer concentration on the surface, the
predominant negative charge present in the structural lipids is exposed,
leading to the reduction of the NLs zeta potential [32,41].

RA EE% ranged from 80.94 + 3.67 to 93.15 + 2.43%, while DL was
in the range of 3.53 + 0.10 to 4.28 + 0.11 mg RA/100 mg lipid (Table 8).
These two parameters varied depending on the formulation variables,
such as: the ratio and the amount of lipid phase components as well as
PEG ratio, and therefore, no dependence establishment between the
amounts of the formulation components and EE% was possible, which
can be anticipated that this effect was probably related to the stability of
the vesicles as well as the complex relationship between the formulation
variables.

3.3.2. Invitro release studies

The in vitro RE release profile from the formulations (NL1-NL5) is
shown in Fig. 4. Graph results show that the prepared liposomal dis-
persions resulted in prolonged RE release (24.83 + 1.22-48.39 + 2.32%
over a 24-h period), which was proportionally dependent on the PEG
amount present onto NLs surface. Namely, formulations NL1, NL3, and
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Fig. 4. In vitro release profile of NL1-NL5 in a period of 24 h.

Several kinetic models of the RA release from the prepared formu-
lations were tested using the software DDSolver 1.0. Based on the ob-
tained correlation coefficients, the model that best described the release
kinetics of the active component was Peppas-Sahlin (Table 9). High k;
values indicated that the predominant mechanism involved in RA
release was diffusion, while the high negative k; values indicated that
RA release by polymer relaxation was insignificant [43].

3.3.3. Antioxidant capacity (ORAC assay)

Increased production of reactive oxygen species (ROS) is associated
with age- and disease-dependent loss of mitochondrial function, altered
metal homeostasis and reduced antioxidant defense. These events
directly affect the synaptic activity and neurotransmission in neurons,
and also cause damage of the cell structures leading to a deleterious
effect, cognitive dysfunction and progression of AD. Scientific data
suggests that Ap is a redox-active peptide that reduces transition metals
like Cu?* and Fe3* leading to the generation of ROS. In addition, the
oxidation and aggregation of brain proteins can affect enzymes critical
to neuron and glial functions and formation of neurofibrillary tangles,
while the oxidation of DNA can result in producing strand breaks, sister
chromatid exchange, DNA-protein crosslinking, and base modification.
Taking into consideration that the brain membrane phospholipids are
composed of polyunsaturated fatty acids, this brain is particularly
vulnerable to free radical attacks [44,45].

As described before, the RE components exhibit with multifunctional
properties including free radical scavenging, metal chelation and acti-
vation of antioxidant pathways, thus leading to induction of gene
transcription for different antioxidant enzymes and in the same time
contributing against Af polymerisation and toxicity.

Regarding the antioxidant capacity, as previously mentioned by
Mihailova et al. [46], all optimal NLs samples (NL1-NL5) were relatively
stable over a period of 120 min and showed statistically significant
higher antioxidant capacity (>94.15% of the initial fluorescence)
compared to RE (90.04 + 2.51%) (Fig. 5). Formulations with higher
amount of SL in the lipid film (NL2 and NL4), resulted with better
antioxidant capacity in a period of 120 min (96.40 + 0.73 and 96.92 +
1.54%, respectively) compared to the other three formulations
(<95.03%), which could be anticipated by the fact that NL2 and NL4
were characterized with fastest in vitro RE release during the period of 2
h (22.57 + 0.73 and 18.06 + 0.25%, accordingly). Obtained data for
antioxidant capacity could be result not only of the different prolonged
RE release properties from the liposomal formulations, but also of the
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Table 9
Results of the analyzed models of RE release kinetics from NL1-NL5.
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Sample First order Higuchi Korsmeyer-Peppas Peppas-Sahlin
k™) R? k (mg/h'’?) R k (k™) n R ki (K™) kz (K") m R
NL1 0.021 0.469 7.481 0.668 8.393 0.469 0.71 11.149 ~1.606 0.45 0.92
NL2 0.062 0.037 12.98 0.649 22.57 0.228 0.733 19.319 ~1.994 0.45 0.897
NL3 0.028 0.333 9.634 0.664 10.65 0.476 0.693 15.913 -1.623 0.45 0.898
NL4 0.054 0.131 11.63 0.656 18.9 0.243 0.677 21.649 ~2.255 0.45 0.92
NL5 0.018 0.624 6.69 0.652 11.62 0.228 0.728 12.31 ~1.254 0.45 0.901
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Fig. 5. Antioxidant capacity of RE and optimal NLs formulations (NL1-NL5).
synergistic antioxidant effect of the RE and SL components present in the
NLs formulations. Many research works have demonstrated that phos- e
phatidylcholine (PCH) and phosphatidylethanolamine (PE), the main T 35
components of SL, complete their antioxidant activity through their 'g 30
metal-chelating and scavenging properties. Additionally, these phos- 2
pholipids present a synergistic antioxidant effect with the different 525
radical scavenging molecules including the RE polyphenolic compo- g 20
nents, regenerating the oxidized molecule by donation of a hydrogen ‘é’ W Healthy
atom. It is also shown that PCH and PE concentrations are in positive % 15 -
correlation with the better antioxidants characteristics, which is in £ 10 n
. . w
accordance with our obtained results [47]. z
5
S
3.3.4. Protein adsorption studies (Bradford assay) 2 0
As previously mentioned, upon intravenous administration of NLs, 0 5 50

plasma proteins form a dynamic layer around the nano-system, also
called the protein corona (PC). This corona gives new biological identity
to nanoparticles and significantly influences their fate in vivo [48,49].
During the OFAT experiments, it was proved that the increase of PEG
amount in the formulation was followed by decrease of % BSA adsorbed
on the NLs surface [25]. In this stage of the research, it was necessary to
consider the interactions between NLs and human plasma proteins in
order to obtain more relevant information about the process of PC for-
mation in vivo. For that reason, NLb1 and NLb2, containing PEG amount
of 50 and 5 mg, respectively and formulation with no PEG in the content
(NLbO1) were prepared and were incubated for 1 h in human plasma
from healthy volunteers and AD patients. Results from the protein
adsorption studies are given in Fig. 6.

From the results presented on the graph it can be observed the in-
verse relationship between PEG amount present in the formulations and
the % of plasma proteins adsorbed onto NLs surface. As expected, the %
of plasma proteins adsorbed onto NLb1 surface (50 mg PEG) was 14.69
+ 1.11 and 9.39 £ 0.99, after 1 h incubation in human plasma from

10

PEG amount

Fig. 6. Adsorbed plasma proteins (%) onto the NLs surface as function of
PEG amount.

healthy volunteers and AD patients, accordingly. NLb2 (5 mg PEG) was
characterized by higher % of adsorbed plasma proteins onto their sur-
face in both, human plasma of healthy volunteers and AD patients
(27.80 + 1.42 and 22.02 + 1.59%, respectively). The highest amount of
adsorbed plasma proteins (32.52 + 1.54 and 28.52 + 1.86%, in plasma
of healthy volunteers and AD patients, accordingly) was obtained for the
formulation with no PEG on its surface (NLb01). These results are in
accordance with the literature data suggesting that the presence of PEG
on the surface of the liposomal carrier has been shown to prevent PC
formation through giving stealth properties of the liposomal vesicles and
therefore to reduce the mononuclear phagocyte system uptake and
extend the NLs blood-circulation time [50].
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3.3.5. IR-ATR spectrophotometric analysis

The spectra of the two blank samples after 1 h incubation with BSA
(NLb1 and NLb2), BSA alone as well as spectra for each of the compo-
nents that they consist of (SL, CH, PEG) were recorded (Fig. 7).

As it is possible to be noticed, the main contribution in the both
formulations came from SL (the predominant component concerning the
mass fraction) together with PEG and BSA, which implied to the phe-
nomenon of PC formation. The bands of CH were absent from the spectra
of NLb1 and NLb2 most likely as its concentration in the formulations
was rather low.

In order to investigate the influence of the RE incorporation on the
vesicles stability and structure, RE loaded NLs (NL1 and NL2) were also
prepared. The spectra of RE, blank and RE loaded formulations are given
in Fig. 8.

It can be observed that RE presented quite strong bands in the region
between Amide I and Amide II region i.e. 1700 — 1500 cm ™, particularly
bands at 1687 and 1602 cm 1. Also, there was a strong band at 1027
em ™!, Comparison between the spectra of the NLb1 and NLb2 and the
NL1 and NL2, correspondingly, presented in Fig. 8, showed almost the
same spectral characteristics. The reason for the non-appearance of RE
in the spectra of NL1 and NL2, although it is largest mass fraction in the
formulations, was probably due to the incorporation of RE into the
spherical particles, whose walls were thicker than the penetration depth
of the evanescent ray.

With the aim to determine the impact of PEG amount on the
hydrogen bonding between BSA and NLs, deconvolution and fitting of
the NLb1 and NLb2 spectra was done. The wave numbers of the obtained
bands, in the range of Amide I/1l region with their tentative assignments
are given in Table 10.

The frequencies of pure BSA and the one incorporated in NLb1 and
NLb2 were different (Table 10). This means that the presence of other
substances such as: CH, SL and PEG play role in the secondary structure
of the protein and the strength of the hydrogen bonds. The first of the
Amide I bands in the formulations were at lower frequency than in pure
BSA, which would suggest that the hydrogen bonding is stronger in the
NLb1 and NLb2 specimens than in the pure BSA sample, as Amide I band
originates mainly from a C—=O vibration [51]. However, the second
Amide I band assigned did not support this assumption. Nevertheless,
when turning our attention to the Amide II region, it can be verified that
all the Amide II bands of the NLb1 and NLb2 specimens were at higher
frequencies than from the pure BSA. This suggested a stronger hydrogen
bonding in the specimens, as Amide II band is a coupled C-N stretching
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Fig. 7. IR-ATR spectra of SL, CH, PEG, BSA, NLb1 and NLb2.
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Fig. 8. IR-ATR spectra of RE and samples NL1 and NL2 converted to absor-
bance and ATR corrected. The spectra of NLbl and NLb2 blank samples are
given for comparison.

Table 10
Wave numbers of the bands in the Amide I and II region for the NLb1 and NLb2
with the tentative assignments.

14(BSA)/cm’l v(NLbl)/cm’1 VNLb2)/cm ™! Tentative assignment

1686 1680 1683 Amide I
1643 1657 1653 Amide I
Amide I
1641 1628 Amide I

1582 1579 1577 COO" side group
1537 1541 1538 Amide II
1512 1515 1513 Amide 11
1495 1497 1495 Amide II
1448 1467 1466 CH bend
1453 CH bend

1401 1399 COO side group

1394 COO" side group

and in plane N-H bending vibration [51]. The stronger the hydrogen
bond of the H atom from the N-H group, the higher the frequency of the
band, as Amide II is primarily affected by the changes in the N-H
hydrogen bonding [52]. From Table 10, it can also be seen that all the
Amide II bands from NLbl were at higher frequency than the corre-
sponding ones from the NLb2 specimen, suggesting that the hydrogen
bonding in NLb1 is stronger than in NLb2. This is not unusual as it has
been shown that the content of PEG plays a role in the bond formation
with BSA [53]. In this case, the NLbl specimen shows a stronger
hydrogen bonding between PEG and BSA, due to the larger content of
PEG, and thus, larger number of ethylene glycol subunits interacting
with the H atom from the N-H group.

3.3.6. Stability of NLs in physiologically relevant media, human plasma
and cell culture media

Upon intravenous application in vivo, NLs circulate in the blood
stream until reaching the specified target of action. It is well known that
the serum components may have highly destructive influence on the
liposomal structure, causing disruption of the phospholipid bilayer and
consequently, leakage of the encapsulated components. On the other
hand, there is an evidence that the binding of plasma proteins onto NLs
surface can promote vesicle aggregation [48]. Since the PC formed at the
surface of NPs changes their surface properties, the presence of proteins
in the cellular environment may also decrease the uptake, of both the
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cationic and anionic nano-carriers [54].

Therefore, in order to obtain a prolonged drug release and an effi-
cient brain accumulation by passive targeting in vivo, it was of essential
importance to investigate the in vitro stability of NLs, not only in the
formulation (physiologically relevant medium pH 7.4), but also in the
human plasma as well as in the brain cellular environment (EndoGRO-
MV Complete Culture Media Kit SCME004 - cell culture media for
hCMEC/D3 cell line which simulates the human blood brain barrier).
Taking into consideration that zeta mean particle size and zeta potential
are effective tools for understanding the state of nanoparticle surface
and the process of agglomeration as well as for predicting the long-term
stability of the nanoformulations, Dsop (nm), PDI and ZP (mV) of the
optimal samples (NL1-NL5) were determined at the beginning of the
experiment and at different time intervals (2, 6 and 24 h) after their
incubation in the abovementioned medias.

In physiological relevant medium with pH 7.4, the diameter (Ds) of
freshly prepared NLs (NL1-NL5) was in a range from 102.9 + 2.38 to
113.7 £ 1.95 nm with a relatively narrow PDI~0.27 and ZP-average of
—18.5 + 1.32, —21.4 + 1.28 and —23.0 + 1.23 mV for NL1, NL3 and
NLS5, respectively and —45.1 + 1.52 and —48.3 + 1.17 mV for NL2 and
NL4 (Fig. 9). No significant differences in the mean vesicle size and zeta
potential were noticed during the period of 24 h incubation, implying on
the stability of the native formulations.

In human plasma, the initial D5y of NL1-5 was in a range from 111 +
1.22 to 123.6 + 2.15 nm with PDI = 0.3. The appearance of a fraction
with Dsp > 1000 nm for NL2 and NL4 after 24 h incubation (Fig. 10), was
probably a result of the aggregation promoted by the adsorbed proteins
onto NLs surface [55]. As it was already revealed in the protein
adsorption studies, NL2 and NL4 showed a tendency for binding proteins
onto their surface in higher % due to the lower amount of PEG (5 mg)
into their composition. Contrary to this, there was a reduction of the
initial ZP from —45.1 £+ 52 and —48.3 = 1.17 mV to —17.5 + 1.13 and
—17.4 £ 0.4 mV for NL2 and NL4, respectively (Fig. 11). Taking into
consideration that nanoparticles released in biological fluids are
immediately covered with biomolecules that change their size and
physicochemical properties [56], obtained data were in accordance with
the findings of Bulundell et al. [57] who demonstrated that ZP reduction
of NLs comes from the adsorbed proteins on the NLs surface. Our native
samples (NL1-NL5) were all suspended in PB pH 7.4, and therefore, the
albumin present in the human plasma was expected to occupy the
largest area of the NLs surface as the adsorption was occurring at a pH
furthest from its isoelectric point.

During the examination period of 24 h, NL2 and NL4 showed slight
reduction in the ZP during first 2 h (—16.7 + 1.05 and —8.97 + 0.73
mV). As previously described by Mihailova et al. [58], after 6 h and
gradually onto 24 h, the ZP became more negative (~—20 mV) (Fig. 11).
An explanation for this situation may be the dynamic process of PC
complex formation. In late time intervals, probably there was a
displacement of the plasma proteins present onto hard corona layer and
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Fig. 9. ZP of NL1-NL5 in PB pH 7.4 during a period of 24 h.
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formation of soft corona complex with the NLs [57]. No significant
reduction of the initial ZP was observed for NL1, NL3 and NL5, when
suspended and incubated in human plasma during a period of 24 h.

D5 of NLs during the 24 h period of incubation in cell culture media
was in a range from 109.6 + 2.53-120.5 + 2.14 nm (PDI~0.30)
(Fig. 12). When suspended in cell culture media, the average zeta values
for NL1, NL3 and NL5 were —14.8 + 1.73, —15.5 4+ 0.93 and —15.8 +
0.66 mV respectively, and —29.6 + 0.89, —29.5 + 0.55 mV for NL2 and
NL4 (Fig. 13). Reduction of the initial ZP for NL2 and NL4 was also
obtained when suspended in cell culture media (ZP = ~ —29.5 mV for
both formulations). Slight reduction was also observed for formulations
NL1, NL3 and NL5 (ZP = ~ —15 mV). Recent study conducted by Lee
et al. [59], demonstrated that the presence of serum proteins in the cell
culture media can significantly reduce the intracellular uptake of
nanoparticles. On the other hand, serum protein adsorbed on the
nanoparticles can inhibit their toxicity by shielding impurities of metal
catalyzers and suppressing the competitive adsorption of other proteins
in the medium [59]. Since the cell culture media, EndoGRO-MV Com-
plete Culture Media Kit SCMEQ04, is a 5% serum formulation, the
reduction of ZP could be explained as a possible serum protein adsorp-
tion onto NLs surface [60].

4. Conclusion

During the preliminary studies, different formulations of RE loaded
NLs were prepared using modified lipid film hydration technique, where
RE was incorporated into the lipid phase due to the higher encapsulation
efficiency. After careful data analysis, CCD was performed with the
rationale of qualitative and quantitative identification of the main
formulation independent variables’ impact on the NLs responses of in-
terest and establishment of mathematical models which describe their
relation. As potential critical formulation parameters that affect the
particle size, the absolute amount of encapsulated RA, as well as the
absolute amount of RA released in different time points, were chosen,
and hence the response patterns and dependence equations of the pa-
rameters of interest were determined. Optimized NLs samples were
characterized with D5y around 120 nm with narrow unimodal distri-
bution, followed with high RA EE% (~90%). Formulations with higher
amount of PEG had less negative values for the ZP compared to the
formulations with 5 mg of PEG. All prepared liposomal dispersions
resulted in prolonged RA release, which was proportionally dependent
on the PEG amount present onto NLs surface. Namely, formulations
where PEG was present in greater proportion resulted in slower release
of the active component. Based on the obtained correlation coefficients,
the model that best described the release kinetics of the active compo-
nent was Peppas-Sahlin. Regarding the antioxidant capacity, all optimal
NLs samples were relatively stable over a period of 120 min and showed
statistically significant higher antioxidant capacity compared to RE. As
expected, the highest amount of adsorbed plasma proteins, in plasma of
healthy volunteers and AD patients, was obtained for the formulation
with no PEG on its surface. IR-ATR spectrophotometric analysis pointed
out that the reason for non-appearance of RE in the spectra of NLs was
due to the incorporation of RE into the spherical particles. Furthermore,
the content of PEG was shown as an important factor that plays a role in
the bond formation with BSA, where the formulations with larger con-
tent of PEG showed a stronger hydrogen bonding between PEG and BSA.
Obtained results from stability studies of NLs in human plasma and cell
culture media, showed that nanoparticles released in biological fluids
are immediately covered with biomolecules that change their size and
physicochemical properties. Additionally, no significant differences in
the mean vesicle size were noticed during the period of 24 h incubation
with physiologically relevant media, implying on the stability of the
native formulations.

In conclusion, revealed data from the physicochemical and bio-
pharmaceutical studies of the optimized NLs, imply on their potential for
a successful transport across BBB and therefore, efficient and safe AD
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INTRODUCTION

Recent research studies have clearly shown the great
potential of Cannabis sativa compounds to be applied for
the treatment of many neurodegenerative diseases,
including epilepsy. Blood-brain barrier (BBB) penetration
is a major challenge in the development of drugs acting on
the central nervous system (CNS) due to the specific
anatomic and physiological features of the cerebral vascular
tissue. Molecular characteristics, which are known to
reduce the ability for partition into the BBB cells are:
significant polarity, high potential for hydrogen bond
formation, molecular weight of more than 500 kDa and
presence of rotatable bonds or highly branched molecular
structure (1). In this sense, nanostructured lipid carriers
(NLC) could be considered as a possible approach for
successful brain delivery and improved bioavailability of
many drugs, including the cannabinoids due to the
biocompatible nature of their components and the
properties such as high drug entrapment efficiencies, high
stability and well-established safety profile (2,3). Therefore,
the aim of this study was to evaluate the biocompatibility of
Cannabis sativa extract loaded NLC through determination
of the cytotoxic effect as well as their efficiency through
examination of the uptake potential on human cerebral
microvascular endothelial cell line (hCMEC/D3).

MATERIALS AND METHODS

Materials

LIPOID PE 18:0/18:0-PEG 2000 (PEG) was kindly donated
from Lipoid, Germany. Phospholipone 90H (PL90H) was
supplied from Phospholipid, Germany, Tween 80 from
Merck, Germany and Poloxamer 407 (POL) from BASF,
Germany. Oleic acid (OA), Dulbecco’s Phosphate Buffered
Saline (DPBS) and fluorescein isothiocyanate isomer |
(FITC) were obtained from Sigma Aldrich (St. Louis,
USA). Immortalized hCMEC/D3 cell line (CELLutions,
Biosistems/Cedarlane®, Canada) were maintained in
Endothelial Basal Medium-2 (EBM-2), supplemented with
Fetal Bovine Serum (FBS), chemically defined lipid
concentrate, HEPES 1M and penicillin—streptomycin (Life

Technologies), human basic Fibroblast Growth Factor
(bFGF), ascorbic acid and hydrocortisone (Sigma) and
trypsin-EDTA  (GIBCO, Thermo Fisher scientific).
CellTiter 96 AQueus Non-Radioactive Cell Proliferation
Assay (MTS) and CytoTox-ONE™ Homogeneous
Membrane Integrity Assay (CytoTox) were purchased from
Promega, USA. Cannabis sativa (CSE) dry extract was
kindly donated by the Institute of Pharmacognosy, Faculty
of Pharmacy, Skopje.

Methods

Preparation of NLC

Briefly, the oil phase (PL90H, OA, CSE and methanol) and
the aqueous phase (Tween 80 and distilled water with PEG
(NLC-1) or Tween 80 and distilled water with POL (NLC-
2)) were heated to 50 °C. O/W emulsion was prepared by
the dropwise addition of the oil to the aqueous phase under
magnetic stirring (50 °C, 250 rpm, Variomag, Multipoint
HP 15, Germany). The organic solvent (methanol) was
evaporated under the continuous magnetic stirring at the
previously mentioned conditions. Obtained NLC were
submitted to high shear homogenization (13500 rpm, 3 min;
Ultra-Turrax T25, Ika-Werke, Germany) and were allowed
to stand for 24 h at 4 °C. For the cellular uptake studies,
NLC were labeled with FITC, which was incorporated in
the organic phase.

Particle size, particle size distribution and zeta potential
Particle size (Dsp), particle size distribution (PDI) and zeta
potential (ZP) of the prepared formulations were
determined using Zetasizer Nano Series (Nano-ZS, Malvern
Instruments Ltd., UK).

Cell viability assay (MTS assay)

Cells were seeded in 96-well plate (5x10° cells) and left
overnight to settle at 37 °C in an atmosphere of 5% CO, in
EBM-2. Afterward, the cells were incubated with different
concentrations of the prepared NLC for 4 hours. The
medium of each well was separated from the cells and
stored for the cytotoxicity assay, and cells were treated with
20 puL MTS solution for 4 hours. The absorbance (490 nm)



was measured using a microplate reader. Cell viability was
expressed as a percentage compared to the cells incubated
only with EBM-2 (positive control) and triton X-100 was
used as the negative control.

Cell cytotoxicity assay (LDH assay)

The medium (25 pL) resulting from incubation of the
prepared formulations was transferred into white plates.
The release of lactate dehydrogenase (LDH) into culture
supernatants was detected by adding 25 pL CytoTox
reagent. After 20 min of incubation at 37 °C in an
atmosphere of 5% CO,, 13 uL of stop solution was added in
each well. The fluorescence was measured at 560 nm
excitation and 590 nm emission. Cytotoxicity was
expressed as a percentage compared to the maximum LDH
release in the presence of Triton X-100 (positive control).
EBM-2 was used as a negative control.

Cellular uptake studies

NLC (10 pg/ml) were incubated for 4 hours with confluent
monolayers of hCMEC/D3 (4 x 10* cells/well) in cell
culture medium at 4 °C and 37 °C. After incubation, cells
were washed out 2 times with DPBS. The cellular uptake
(%) was calculated after measuring the fluorescence of each
sample (excitation/emission of 495 nm/519 nm) by a
microplate reader. NLC incubated under the same
conditions without cells were used as control probes.

RESULTS AND DISCUSSION

The mean particle size and particle size distribution were
104.0 £ 3.2 nm (PDI = 0.191 + 0.065) and 106.7 + 2.6 nm
(PDI = 0.181 £ 0.024) for NLC-1 and NLC-2, respectively.
Zeta potential for both formulations was around -32 mV.

The obtained results from the MTS assay (Fig. 1)
demonstrated concentration-dependent reduction of cell
viability, with a significant decrease when treated with the
highest NLC concentration (100 pg/ml).

Cellviability (%)

control

NLC concentration (pug/ml)

Figure 1. Cell viability (%) after 4h incubation of n\CMEC/D3
cells with NLC (ug/ml)

On the other hand, low percent of cytotoxicity for all NLC
concentrations was observed (Fig. 2) which indicates that
the reduction of cell viability does not occur due to
Necrosis.
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Figure 2. Cell cytotoxicity (%) after 4h incubation of
hCMEC/D3 cells with NLC (ug/ml)

No significant difference in cellular uptake was noticed
after the incubation of NLC formulations at 4 °C and 37 °C
(Fig. 3), which indicates to ATP independent internalization
mechanism.

37°C ‘ 4°C 37°C 4°C
NLC-2

NLC-1

=
o

Celluptake (%)
QB N W R U N W

Figure 3. Cell uptake (%) after 4h incubation of \CMEC/D3
cells with NLC (10 pg/ml) at 37 °C and 4 °C

CONCLUSION

In this study, the prepared formulations were characterized
by dose-dependent and low cytotoxicity, as well as
successful cell internalization by ATP independent
mechanism, which is pivotal for achieving therapeutic
effects in the brain.
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INTRODUCTION

Despite the huge potential for clinical application in the recent years, many studies have confirmed
the ability of different types of nanoparticles (NPs) to accumulate in cells and induce organ-specific
toxicity which is dependent on their composition and biophysical properties. These studies,
combined with the ever-increasing human exposure, impose an urgent need for design of safe NPs
and development of strict guidelines for their toxicity testing [1].

MATERIALS AND METHODS

Two different formulations of nanoliposomes (NLs) (soybean lecithin, hydrogenated soy
phosphatidylcholine, cholesterol and LIPOID PE 18:0/18:0-PEG 2000 (NL1) or poloxamer 407 (NL2) in
mass ratio 17,3:1:1:2, accordingly) were prepared by the modified lipid film hydration technique and
analyzed in terms of particle size, particle size distribution and zeta potential (Zetasizer Nano-Series,
Malvern Instr. Ltd., UK). The biocompatibility of NLs was investigated through determination of the
cytotoxic effect on human cerebral microvascular endothelial cell line (h\CMEC/D3) (CELLutions,
Biosistems/Cedarlane®, Canada) by performance of MTS and LDH assays (Promega, USA) according
to standard protocols.

RESULTS

NLs samples had mean particle diameter (D50) ~120 nm, following narrow unimodal distribution
with negative values for zeta potential of -26.5 and -31.2 mV for NL1 and NL2, respectively. The
results from the MTS and LDH assays implied that there was no reduction of the cell viability and
showed low percent of cytotoxicity, accordingly, after 4 h incubation of the prepared samples in
three concentrations (0.1, 10 and 100 pug/ml) with hCMEC/D3 cell line.

CONCLUSION

Obtained results from the cell viability and cytotoxicity studies confirmed the biocompatibility of
NLs in the examined concentrations, which makes them suitable further to be used in the
investigations of their uptake by hCMEC/D3.
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Freeze-drying of nanostructured lipid carriers loaded with
Salvia off. extract for Alzheimer’s disease treatment
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Introduction

NLC (nanostructured lipid carriers) are matrix
type colloidal drug carries composed of a mixture of
solid (fat) and liquid (oil) phase. Compared to solid
lipid nanoparticles NLCs are characterized by higher
drug loading capacity, minimized drug expulsion
during storage and improved stability as a final
product. Commonly used methods for their
preparation are high pressure homogenization, o/w
microemulsion, solvent emulsification-evaporation
or —diffusion, water-in-oil-in-water double emulsion
(w/o/w) as well as high shear homogenization and
ultrasonication (Uner, 2006). In all cases they are
produced as water dispersion and in order to extend
their stability and prolong shelf-life the water should
be removed using some of available techniques such
as freeze-drying, spray-drying etc.

The aim of this paper was to stabilize previously
prepared NLC loaded with freeze-dried methanol
extract Salvia off. Extract (FSE) for Alzheimer’s
disease treatment (Taneska et al., 2018) by freeze-
drying. Several cryoprotectants in different
concentration were used and their influence upon
particle size and particle size distribution of prepared
NLC-FSE was evaluated.

* iskra.karakash @gmail.com; * vasileskajovana@ gmail.com

Materials and methods
Preparation

The NLC-FSEs were prepared using the solvent
evaporation method. The lipid phase was prepared as
follows: FSE (0.025 g) was dissolved in ethanol
96% (Alkaloid, Macedonia) (10 g) using ultra sonic
bath for 10 min and subsequently phospholipon 90H
(kindly donated by Phospholipid, Germany) (0.1 g)
and oleic acid (Sigma-Aldrich, Germany) (0.065 g)
were added. The aqueous phase was composed of
0.045 g poloxamer 407 (BASF, Germany), 0.3 g
tween 80 (Merck, Germany) and 8.805 g of distilled
water. Lipid phase was dropwise added to aqueous
phase under constant magnetic stirring (68 "C, 500
rpm; IKA, Germany). Emulsion was stirred for ~2h
under previous conditions until complete
evaporation of ethanol and formation of NLC
dispersion. The dispersion was cooled down to room
temperature by magnetic stirring (300 rpm, 25 ‘C;
IKA, Germany) and left over night on 2-8 'C for
recrystallization of the lipid phase.

Freeze-drying

Volume of 0.5 mL of certain cryoprotectant
solution with adequate concentration was added to
NLC-FSE formulation (2 g) and gently shaked for 1
min. 16 different samples were prepared using 4
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cryoprotecatnts (mannitol, sorbitol trehalose and
saccharose,) each in four different quantities (total
lipids (solid+liquid):cryoprotectant ratio of 1:1, 1:2,
1:4 and 1:6). Samples were frozen at -20 °C for 2 h
and then transferred at -80 "C for 22 h. Freeze drying
was conducted at -47 ‘C 0.05 mBar, for 24 h
(Labconco, USA). For comparison, NLC-FSE
without cryoprotectant was freeze-dried at the same
conditions.

Particle size and distribution determination

The freeze-dried samples (30 mg) were
reconstituted with 0.9% NaCl (50 mL) under
magnetic stirring (15 min, 25 °C, 300 rpm; IKA,
Germany). The particle size and particle size
distribution were measured by laser diffractometry
(Mastersizer 2000, Hydro 2000S, UK) using
previously validated method (Taneska et al., 2018).
Results are expressed as particle size (Dsp£SD) and
distribution (SpantSD). Ds, and Span factor of
NLC-FSE particles before freeze-drying were also
determined.

Results

Dsy and Span factor value of NLC-FSE before
freeze-drying were 149.1+7.25 nm and 2.59+1.3,
and in freeze-dried sample without cryoprotectant
they were 490.9+8.02 nm and 85.27+£7.93,
accordingly. The higher values for D50 and Span of
reconstituted freeze-dried sample could be explained
by absence of cryoprotectant thus resulting in the
formation of agglomerates, most likely due to
disruption of the phospholipid layer on the particle
surface during the freeze-drying. When sugar
alcohols were used as cryoprotectants the lowest
observed values for Dsy and Span were determined
in 1:2 ratio (338.8+4.55 nm and 5.27+0.36) for
manitol and 1:1 ratio for sorbitol (157.7£5.87 nm
and 5.77+0.78), subsequently. In the case of
trehalose and saccharose as cryoprotectants best
results were obtained for 1:2 ratio with D5y of
14194223 nm and Span of 4.14+0.07 and
155.6£1.26 nm and 4.91+0.08, accordingly.

Trehalose and sucrose in the lyophilization
process form a glass matrix that represents a
physical barrier between particles, reduces diffusion
and molecular mobility (Abdelwahed et al., 2006).
Results indicated that trehalose is more effective
cryoprotectant than saccharose most likely related to

the water molecule displacement due to the
hydrogen bonding between the phospholipid
phosphate groups and the hydroxyl groups of
trehalose thus resulting with the complexation
between trehalose and phospholipid and favoring the
stability of the lamellar structure on the particle
surface. On the other hand, sucrose does not interact
with phospholipid groups and is unable to replace
water molecules from the surface of the
nanoparticles as in trehalose. The effect of sucrose
on the surface of the nanoparticles is most likely of a
colligative nature and the extraction of water
molecules from the particle surface occurs by an
osmotic route (Crowe et al., 2007).

Conclusion

NLC-FSE were prepared and freeze-dried using
manitol, sorbitol, trehalose and saccharose as
stabilizers (cryorptotectants) in different
concentrations. NLC-FSE sample freeze-dried with
total lipids (solid+liquid): trehalose ratio of 1:2
showed best results related to D50 and Span after
reconstitution
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is acceptable by the EMA regulations, 50% of the
particles are under 100 nm size, they are around
the ideal 80 nm even before membrane filtering it.
The zeta potentials are the appropriate value, they
promise complying stability. Spectroscopic stud-
ies showed fast drug release of the formulation.
CONCLUSION: We can conclude Soluplus® is
a good excipient for the preparation of polymer
micelles. Formulating polimer micelles can im-
prove the solubility of poorly soluble agents,
which can be useful for developing “value added”
preparations.
REFERENCES:
1. Miller, T. et al. Pharmaceutical Research 30,
584595 (2013).
2. Kulthe, S.S. et al. Designed Monomers and
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INTRODUCTION: Recently, the formulation of
natural drugs such as plant extracts and essential
oils (EO) has been highly studied due to their mul-
titude bioactivities and their lot off applications
from food flavor industry to pharmaceutical and
cosmeceutical applications [1].

In aims of Design and Development of EO mi-
crocarriers, lonic Gelation (IG), highly recom-
mended for the encapsulation of hydrophobic bio-
active molecules, can be applied and optimized to
ensure high drug encapsulation yield with re-
sponse stability to facilitate its semi-industrial
scaling-up [2].

MATERIALS AND METHODS: To obtain EO
microcarriers with small particles size and high

drug loading capacity, the studied EO was micro-
encapsulated by cross-linking a biodegradable
polymer under several experimental conditions.
Process optimization was carried out using the
Response Surface Methodology to investigate
fourth experimental parameters (polymer concen-
tration, cross-linking agent concentration, mixing
time and mixing velocity) and the statistical analy-
sis was performed using one-way analysis of vari-
ance (ANOVA) and the Mean comparison of Poly-
dispersity Index (PI), volume-weighted mean par-
ticle diameter (d43) and Surface Weighted Mean
particle diameter (d32) was carried out using T-
test [3]. All analyses were repeated in triplicate.

RESULTS: Both the loading capacity and the
particles size of the obtained microcapsules
were evaluated to optimize the ionic gelation
process. Laser diffractometry (Mastersizer 2000,
Malvern Instruments Ltd) was used to assess
the physical characteristics of the developed mi-
crocarriers.

The selected optimal conditions allow obtaining
microparticles with a loading capacity of 4.95 to
15.19% with a PI range from 0.852 to 5.695, a spe-
cific surface area from 0.011 to 10.1 m2/g, a d32
range of 0.595 to 547.735 um and a d43 from 5.392
to 714.263 um. The RSM results combined with
the statistical analysis allow assessing the correla-
tion between the fourth experimental parameters
and their range on significant (P-value < 0.05) or
not significant (P-value > 0.05) effects.

CONCLUSION: Development of microcarriers
for EO encapsulation using alginate microspheres
was optimized to allow an interesting loading ca-
pacity, acceptable particles size, desired polydis-
persity and suitable volume/surface characteris-
tics. The designed microencapsulation process is
statistically validated and can be easily scaling-up
to a semi-industrial level.
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INTRODUCTION: Novel formulations based on
embedded herbal therapeutical moieties into
nanostructured lipid carriers (NLC) for nose to
brain delivery are promising candidates for multi-
target therapy of Alzheimer’s disease along with
specific and selective delivery to the brain tissue.
Given that NLC effectiveness would be deter-
mined by their physico-chemical properties, the
aim of this study was to investigate the influence
of solid/liquid lipid ratio upon them.

MATERIALS AND METHODS: NLC loaded
with dry extract of Salvia officinalis L. (SE) were
prepared by solvent evaporation method [1]. Lip-
id phase consisted of phospolipon 90H (kindly
donated by Phospholipid, Germany) and oleic
acid (Sigma-Aldrich, Germany) in ratio of 1 to
0.216 (NLCS1), 0.433 (NLCS2) and 0.866 (NLCS3).
Relative ratio of phospolipon 90H to other NLCs"
formulation variables was 1 to 28.67, 0.167, 1.67,
0.3 and 58.7 for ethanol (Alkaloid, Macedonia), SE,
tween 80 (Merck, Germany), poloxamer 407
(BASF, Germany) and water, respectively. NLCs"
morphology (Jeol-SEM T300, Japan), particle size
(PS) and size distribution (PSD) (Mastersizer 2000,
UK), zeta potential (ZP) (Nano ZS, UK) and en-
capsulation efficiency (EE%) (HPLC Agilent 1100,
Germany) were determined.

RESULTS: SEM photomicrographs pointed
that prepared NLCS were with spherical shape
and smooth surface. As they were yellow-green in
color DLS technique could not be used for PS and
PSD, so laser diffractometry was applied. By in-
creasing the amount of liquid lipid, NLCs" PS in-
creased (132+1.8, 145+0.86 and 257+6.33 nm for
NLCS1, NLCS2 and NLCS3, accordingly) most
likely related to the higher density of organic solu-
tion thus resulting with larger emulsion droplets
with lower surfactant surface coverage. Span val-
ues indicated narrow PSD for NLCS1 (1.05+0.01)
and NLCS2 (1.04+0.06), while NLCS3 PSD
(1.93+0.04) was a bit wider. Amount of liquid lipid
did not have influence on ZP (-17.3£0.41 mV), con-
trary to the EE% (NLCSI - 42.03+1.23, NLCS2 —
48.94+1.85 and NLCS3 — 95.34+2.21%) probably
due to the increase of imperfection degree in the
solid lipid crystals, thus providing more space for
SE encapsulation.

CONCLUSION: Influence of solid/liquid lipid
ratio on NLCS physico-chemical properties was

determined. Results indicated statistically signifi-
cant influence on PS and PSD, as well as EE%.
REFERENCES:
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INTRODUCTION: Vancomycin is a glycopeptide
antibiotic which is active against gram-positive or-
ganisms. It is used particularly in the treatment
and prophylaxis of staphylococcal infections espe-
cially caused by Methicillin-resistant Staphylococ-
cus aureus. To eliminate adverse effects such as
ototoxicity and nephrotoxicity of vancomycin upon
systemic administration, local administration with
various drug delivery systems such as micro-
spheres or nanoparticles can be utilized. Chitosan
is a polysaccharide produced by N-deacetylation of
chitin. Chitosan is biocompatible, biodegradable
and non-toxic material. Fucoidan is another poly-
saccharide obtained from brown seaweeds. It has
anticoagulant, antithrombotic, antivirus, antitumor
and immunomodulatory, anti-inflammatory and
antioxidant properties. Chitosan and fucoidan due
to their positive and negative charges in proper me-
dia respectively, forms a nanoparticle system in
which active pharmaceutical ingredients can be en-
capsulated. In this study, vancomycin-loaded chito-
san/fucoidan nanoparticles were fabricated and for
determination of load efficiency of vancomycin, an
easy and effective method was developed.

MATERIALS AND METHODS: Nanoparticles
were prepared using polyion complexation meth-
od. For this purpose chitosan was dissolved in 1%
(w/v) acetic acid solution while fucoidan and van-
comycin were dissolved in distilled water. Fucoid-
an solution was then dropped to chitosan solution
under magnetic stirring. Nanoparticles were
seperated by centrifugation and then freeze dried.

RESULTS: Two methods were tested, UV spec-
trophotometry where samples scanned at 280 nm
wavelength and RP-HPLC method for related
substances in European Pharmacopeia mono-
graph for vancomycin with modification.
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and permeability of the capsule wall for E vita-
mine diffusion.
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INTRODUCTION: Due to nanosizing results in
the creation of new interfaces and in a positive
Gibbs free energy change, nanoliposomal disper-
sion is a thermodynamically unstable system with
tendency of agglomeration or vesical growth.
Also, upon the addition of nanoliposomes (NLs)
to biological fluids, there is an almost immediate
fouling of their surfaces with proteins and other
cellular apparatus forming a layer known as pro-
tein corona (PC), which determines the eventual
properties of NLs [1].

MATERIALS AND METHODS: In order to in-
vestigate the effect of LIPOID PE 18:0/18:0-PEG
2000 (PEG) on the in vitro stability of NLs and PC
complex formation, two formulations (lechitin:
cholesterol:PEG = 8.7:1:1.7 and 9:1:0.17 for S1 and
S2, respectively) loaded with rosmarinic extract
were prepared by the modified lipid film hydra-
tion technique [2]. Prepared NLs (200 ul) were in-
cubated in 800 pl phosphate buffer pH 7.4 or hu-
man plasma at 37 OC for 2, 6 and 24h and ana-
lyzed in terms of particle size, particle size distri-
bution and zeta potential (Zetasizer Nano-Series,
Malvern Instr. Ltd., UK).

RESULTS: In physiological relevant medium
with pH 7.4, the diameter (D) of freshly prepared
NLs was 107.2 and 113.7 nm with a relatively nar-

row size distribution (PDI~0.27) and zeta-average
of -18.5 and -45.1 mV, for S1 and S2, respectively.
No significant differences were observed during
the examined period of 24h. Obtained results
showed that the concentration of PEG influenced
the mean size and zeta potential of NLs. In human
plasma, D of NLs was 111 and 123.6 nm with
PDI=0.3 and zeta-average of -18.5 and -17.5 mV. 51
was stable during the period of 24h. In opposite,
during the examination period of 24h, S2 showed
slight reduction in the zeta potential (- 16.7 mV
during first 2 h). After 6 h and gradually onto 24 h,
the zeta potential became more negative (-20 mV).
This could be due to PC complex formation. In
late time intervals, probably there was a displace-
ment of the plasma proteins present onto hard co-
rona layer and formation of soft corona complex
with the NLs [1].

CONCLUSION: Due to the steric stabilization,
NL formulation prepared with sufficient amount
of PEG showed satisfactory stability in relevant
mediums and potential for prolonged circulation
time, thus enabling effective drug deposition to
the target site.
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raspberry seed oil and fruit extracts — Influence
of extract type and its quality and different
polyols on EPI nanoemulsion formation and
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INTRODUCTION: Red raspberry seed oil is a
rich source of anti-inflammatory polyunsaturated
fatty acids and antioxidants while hydro-glycolic
extracts made from raspberry fruit are known for
carotenoids, vitamin C and tannins. To use their
biological potential in effective skin care products
we formulated low energy nanoemulsions (LE-
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