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baarogapuocr

JlokTopckaTta nuceprandja € m3paboreHa Bo Jaboparopumute Ha DapMareBTCKUOT
¢dakynter Bo Cxomje. [len ox ekcnepumenTtannara padora Oemre cnposeneHa Bo Onienor 3a
(dapmarieBTcka TexHoJorija U Ouodapmanrja mpu YHHUBEP3UTETOT BO ['pai, ABCcTpHja Kako
nen on CEEPUS — CEKA mpexara 3a moomnHoct (CIII-RS-1113), kako 1 Bo Joint Research
Center na EBporickara Komucuja kako zien ox nmpoekror ,,IIporeoMudko mpoduimpame Ha
MPOTEHHCKATa KOpOHa OpMHpaHa HA MOBPIIMHATA HA HAHOYECTUIKUTE 110 HUBHA MHKYyOAIHja
Bo hCMEC/D3 kierouen meauym*. MzpazyBam 0J1aromapHoOCT A0 CUTE KOM Oea BKIIYYEHU BO
opraHu3zanyjara u peaqusaiyjara Ha eKcliepuMeHTaaHaTa padboTa.

CBojaTa HajroysieMa 1 HeM3MepHa 0JaroapHOCT ja U3pa3yBaM JI0 MOjOT IIEHET MEHTOP
npod. a-p Mapwuja I'maBam J{omoB, 3a orpomMHaTa MOAJPINKA, 32 CEKOj KOPUCEH COBET, 3a
pa3dupamero, 3a TpPIEHHETO, 3a IPEHECEHOTO 3Haewme, WAeH W Hacoku. Hajuckpeno
6marogapaM 3a Bamara mosepOa ymite oa HpBHOT JeH, 3a cio0ojaTa Koja HU ja JaBaTe
KOHTHHYHMPAHO JIa CE HaJ0rpajyBamMe Ha MPpOoEeCHOHAJICH IUIaH, KAKO U 3a TIOCTOjaHUOT MOTTUK
Jla pacTeMe Tpej1 c€ Kako Jiyre, a moToa U Kako npodecuoHany. biarogapam 3a Toa mro cre
TyKa 3a Hac BO OMJI0 Koe Bpeme!

[ToceOHa M Hem3ocTaBHA OJAroJapHOCT 10 MojaTa JIpyrapka, a BOSAHO M KOJICIIKA
Jbybunia MuxauninoBa 4nj IpUIOHEC BO CEKOj ACIIEKT O] OBOj JTIOKTOPCKH TPY/I € HEMPOIICHIIUB.
Tu Garomapam 3a TBOETO TPIICHUE M UCKPEHOCT, TBOUTE HAJKOPUCHH COBETH, 32 HeceOMUHaTa
MOJIIPIIKA, 332 TOA MITO CH COPAOOTHHK KOj CEKOj OM Imocakal Jia To uMa Mmokpaj cede.

Orpomuo 6arogapam g0 mpod. ['emkoBcky, 3a HeroBaTa HeceOMYHa MOMOIIL, KOPUCHHU
COBETH, JOJTM JUCKYCHUM KakO M HOBH WJEUW M CYreCTHM NpU peain3aiyjaTa Ha OBa
UCTpaxkyBame. Bu Omaromapam 3a 1e710TO MPEHECEHO 3HaeHhe U 0e3pe3epBHATa TOJIPIIKA.

Ha mpo¢. Maja Cumonocka [lpriapeBcka ce 3abiarogapyBaM Ha IPEHECEHOTO 3HACHE,
3a MOJIPIIKATA, 33 CTPYYHUTE COBETH M HECeOMYHATa IMOMOIII BO TEKOT Ha EKCIIEpUMEHTATHATA
pabora u puHaNHATA U3PaOOTKA HA OBOj TOKTOPCKU TPYI.

lNonema Gnaromapuaoct no mpod. Ceetnana KyneBaHoBa 3a HeM3MepHaTa MOJIpIIKA
VIITE OJ BPEMETO Ha MOETO CTYIUpae, 32 cOpabOTKaTa, MPEHECEHOTO 3HACHE, KOPUCHHUTE
CyreCTHHU U pa3MHCIyBamba MpH U3padoTKaTa Ha OBaa JucepTalyja.

Ha npod. Pawuku ce 3a0marogapyBaM 3a CTPYyYHHTE COBETH M 3a HeceOMYHATa
MOJUIPIIIKA.

Ha mpod. Anmpeac Ilumep ce 3abmaromapyBam 3a OJIBOCHOTO BpEME, CTPYUHHUTE
COBETH, COpabOTKaTa U JlajiecHaTa MOXHOCT BEXKEH JIeN O] EKCIIepUMEHTaIHaTa paboTta Jia ce
3aBPIIH 110J] HETOBO MEHTOPCTRO.

brnaronapam o mpeocranarure npodecopu u KoJsieru o1 MTHCTUTYTOT 3a hapmarieBTCKa
TEXHOJIOTH]a, 32 TTOIPIIKATa, TOMOIIITA, pa30HpameTo, oBepOaTa 1 1eJTOKYITHOTO MPEHECEHO
3Haewme. MIM Omaromapam u Ha Koserute ox PapMareBTCKHOT (akyaTeT 3a JoceranrHara
copaboTka u mpujaresicTBo. [oneMa OmaromapHoCT 10 Kojerute oa WMHCTHUTYTOT 3a
(dapMakorHo3Wja M 3a HUBHATa HeceOMYHA TIOMOII M OTBOPEHOCTa 3a COpaboTKa mpHU
n3paboTKaTa Ha JIe] O] OBa HCTPAXKYBAE.

Hajronema u Hajmiaboka 0JIarogapHOCT JODKaM Ha MOUTE POJUTENH, IEIOTO MOE
CEMEejCTBO U HAjOJIMCKHU MPHjaTeNu 32 CEKOJJHEBHUOT MOTTHK, JbYOOBTA, TPIIEHUETO U CHUJIaTa
KOJalITO KOHTUHYHUPAHO MU ja JaBaaT Jla YeKopaM Harpes] KOH yIITe IorojeMu ycnecu!







W3jaByBaM jaeka AOKTOPCKUOT TPYJ € OPUTHMHAJIEH TPy IITO I'0 MMaM u3paboOTEeHO

CaMOCTOJHO.

Hymiko [lamabanuja

Mucnewara Bo MOrJjel Ha IOCTABEHUTE aBTOpe3UMea Ha JOKTOPCKUOT TPY/[I MOJ] HACIIOB
,»,Jl13ajH 1 pa3Boj Ha OnonHcnupupanu [1EI'-unrpanu HAHOTUMTIO30MH CO BTpaZieH eKCTPAKT OJ1

py3MapuH 3a TpeTMaH Ha AniixajMepoBa 6osect ““ ce qajeHu Bo mpuJor 1.
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Y4ecTBO BO IPOEKTU M OCTBAPEHHU MPECTOU/COPAOOTKH MOBP3aHU

CO JOKTOPCKATA JUcepTaIHja

1. ®opmymnanucku pa3Boj Ha OMOWHCIUPHPAHU HAHOJIUIIO30MU KaKO HOCAYM HA aKTUBHH
CYIICTAHIIMU 32 TPETMaH Ha AJIXxajMepoBa 0ojecT (HalMOHAaJIeH MPOeKT (GUHAHCHHPAH Off

Yuusepsuretort ,,CB. Kupun u Metonuj* Bo Cromje, 2017-2018 roauna).

2. In vivo cTyauu 3a ompejenyBame Ha MOTCHIMjaiHATa aKTUBHOCT HA HAHO-CUCTEMH CO
BrpajicH ekctpakT o Cannabis sativa 3a TperMaH Ha O0JIECTH Ha IICHTPATHHUOT HEPBEH CUCTEM
(copabotka momery PapmarneBrcku dakynrer, Y KUM, Ckonje u byrapckara akagemuja Ha

naykure, 2019-2020 roguna).

3. CEEPUS wpexa 3a mobminoct, CEKA PharmTech CIII-RS-1113-02-1819-Central
European Knowledghe Alliance for Teaching, Learning and Research in Pharmaceutical
Technology (mpectoj Ha YHuBep3uter Bo ['pan, ABctpuja, MHCcTHTYT 32 dapmaiieBTCKa

TexHousoruja u onodapmaruja, 2021 ronuna).

4. TIpoTeoMH4KO MPOGUINpPakEe HA MPOTEHMHCKATa KOpOHa (JOpMUpaHa Ha MOBpIIMHATA Ha
HaHOYeCTUYKHUTE Mo HMBHA uHKyOamuja Bo hCMEC/D3 kietoueH MeauyMm (MelfyHaponeH
npoekt ¢uHancupan ox Joint Research Centre na EBporckara komucuja, Research

Infrastructure Access Agreement N° 36025/9; 2020-1-RD-Nanobiotech, 2022-2023 roausa).






Aymko Cumon llanadanuja

JAU3AJH 1 PA3BOJ HA BMOUHCIIMPUPAHMU IIET'-UWJINPAHHU
HAHOJIMITIO30MHU CO BI'PAJAEH EKCTPAKT Ol PY3MAPHH 3A TPETMAH
HA AJINXAJMEPOBA BOJIECT

- PEBUME -

JlutepaTypHuTe  mONATOLM  CcyrepupaaT  JeKa IaToreHe3ara Ha  HEKOHU
HEBPOJIETCHEepaTHBHY 3a00yBama, Mery ko u Auxajmeposara 6osect (AB) e moBp3aHa co
cocrojbara Ha oOKcumaTuBeH cTpec. Ila orTyka, ynorpebara Ha AHTHOKCHIATUBHUTE H
AHTUHH(IIAMAaTOPHUTE AKTHUBHU KOMIIOHEHTH, KaKO IITO c€ MOJU(EHOIUTE MPUCYTHU BO
ekcTpakToT of py3mapu (RE) ce mpemnopadyBa Kako KOpHUCHA CTpaTerja 3a MpEeBeHIIHja Ha
pa3Bojot Ha AB. MeryToa, UMajKul TH IIPEIBH]T OTpaHUIyBamkbaTa KOW IOTEKHYBaaT o1 ciiabara
CHCTEMCKa OMOPACIIOIOKIMBOCT Ha OBHE KOMIIOHEHTH W JIOTIOJIHUTEIIHO KOMIUIEKCHOCTA Ha
KpBHO-M0304Hata Gapuepa (KMB), pa3BojoT Ha HAHONHMIIO30MU KAaKO CHUCTEMH-HOCAuud Ou
OUII0 COOJIBETHO M e(puKacHO (HOPMYITALKMCKO PElIeHre 3a TPAHCIIOPT HA EKCTPAKTOT MPEKy
KMb co MOXHOCT 3a HACOUYE€HA MCIIOPAKA HA AKTUBHUTE KOMIIOHEHTH J0 LIEJTHOTO MECTO BO
MO30KOT, a CO TOa M yCIIelleH TpeTMaH Ha Ab.

Bo oBaa Hacoka, HajpBo Oea nu3ajuupanu u popmynupanu HellEl-unupanu npazuu
HaHonumozoMcku (opmynaru (NLS), a moHATaMONTHUTE YEKOPH BIydyBaa MOATOTOBKA U
kapakTepu3aiuja Ha NLS co momumep 3a crepHa ctabunnzanuja — noiueruieH riukoi (PEG)
n ciuenctBeHo Ha Toa, IIET-mnmupanm NLS co enkancymupan RE. 3a noOuBame Ha
onTtuMaaHuTe popMynanuu Oere UMIUIEeMEHTHPaH [EHTPATHO KOMIIO3UTEH JAMU3ajH MPH IITO
Oea nu3ajHupanu U noarorsenu 20 ¢hopmynanuu co MoauduIMpaH METOJ Ha XUApUpabEe Ha
CYB JIMTTU/ICH (UM U HCTUTE Oea KapaKTepU3UPaHH O] ACTIEKT Ha HUBHUTE (U3NIKO-XEMHUCKU
u OnodapmalieBTCKH 0OCOOMHH KOU ce BO Hacoka Ha epuxaceH Tpancnopt Hu3 KMb u tpetman
Ha Ab.

OnTuMaHUTE HAHOJIUIIO30MCKHU (OpMYTAINH C€ KapaKTepU3upaa co roieMuHa OKOIY
120 nm, Tecra yaumonaanHa auctpudynuja (SPAN daxTop ~ 1) n HeratuseH 3eTa MOTEHIN]aT
(om -18,50 mo -48,3 mV). Eskancynarujara Ha po3mapuHckara kucenuHa (RA) Bo
JIMIMO30MCKHUTE Be3ukynu Oeme ~ 90%, nojaexa mak HMpOIEHTOT Ha ociobozeHa RA kako

MapKep KOMIIOHEHTa BO TeK Ha 24 yaca ce aBwxkeuie Bo omcer of 24,83 no 48,39%. OBue




pe3ynTaTi cyrepupaaT JeKa IMOATOTBEHUTE HAHO-HOCAaYM MMaaT BHUCOKa e(UKacHOCT Ha
SHKarcyJaluja u ce KapakTepu3upaar co MpoJ0JIKEHO U KOHTPOJIUPaHo ociio0oayBame Ha RA
BO TeK Ha 24 yaca.

CuTte onTUMalHU HAHOJIMIIO30MCKHM TNPUMEPOLM IOKakKaa CTAaTHCTUYKH 3HAYaeH
[OroJIeM aHTHOKCHAaTHBeH Kamauuter (> 94,15%) Bo cnopenda co uuctuotr RE (90,04%).
Hajman npoueHT Ha agcopOupanu NPOTEMHU Kaj I1a3MaTa Ha 3/ipaBu JOOPOBOJIIIH U MJIa3MaTa
on marnuentu co Ab Oeme nobuen 3a popmynanujara co HajroaemMo KonmuecTBo Ha PEG
(NLb1) na moBpmmHara Ha Be3ukynute, gojaeka mak IR-ATR crexkTpockorckara aHaIn3a Ha
HAHOJIMIIO30M-TIPOTENH KOMILJIEKCUTE IMOCOYH JieKa HcTaTta oBaa ¢popMylaluja pe3yiaTupa co
MIOCHITHO BOJIOPOAHO MOBp3yBame nomery PEG u roseackuor cepym andymun. Ha kpajoT o
oBaa (aza Oeme ncnuTana u cradmiHocta Ha onTuMaiaauTe NLS Bo ¢pu3nononiku peneBaHTHHA
MEINYMH, Kajie IITO JOOMEHHWTE pe3yJTaTH CyrepupaaT Ha (U3MYKaTa CTaOWIHOCT Ha
dbopMynanuuTe, HO ¥ Ha JUHAMHYHUOT Mpolec Ha (OopMUpPakE HA NMPOTEMHCKATa KOPOHA
OKOJTy HaHO-BE3UKYJIUTE IIPU HUBHATA MHKYOAI[Kja BO XyMaHa Ila3Ma U KJIIETOUEH MEIUYM.

Pesynrarute noduenu of in Vitro ucnuryBamara Ha BUjaOUIIHOCTA M IIUTOTOKCUYHOCTA
Bp3 kierkure Ha KMb (hCMEC/D3) u neypobiactoma kierkute (SH-SYS5Y) Bo Tek Ha 24
yaca, O HUBEH TPETMaH CO 3 pa3NU4YHU KOHIEHTPALMU O] MpPa3HH HaHOJUIIO30MCKHU
npumeporut (5, 10 u 100 pg/mL) He mokakaa 3HAYUTENIHO HaMalyBamke Ha KIETOYHATA
BHUJaOMIIHOCT, HUTY MaK HapyllyBalkbe€ Ha HHTETPUTETOT Ha KJIETOYHAaTa MeMOpaHa WITO
yKaXyBa Ha 0e30eqHOCTa Ha OBHE KOHIICHTPALMU O] MpuMeponuTe. Bo kommapaTuBHHTE
CTYIMM Ha KBAaHTHUTATUBHO KJIETOYHO Ipe3eMame Ha (UIyOpeclieHTHO MapKHpaHHUTE MpPa3HU
NLs ox cTpaHa Ha oBHe JBE KJICTOYHU JIMHUU Oelle YBUJCHO JIeKa KOHIIEHTpalijaTa Ha HaHO-
BE3UKYJIUTE U BPEMETO HAa MHKYOallMja urpaar CyIITHHCKA yJora Bp3 IPOICHTOT Ha HUBHATA
WHTEpHaIN3alrja.

JIONOTHUTENHO, CUTE UCTIUTAaHU (IIYyOPECLIEHTHO MapKUpaHU Mpa3Hu GOopMyJIallui Ha
NLs crenea eHepreTcky 3aBHCEH TPAHCIIOPT HA €HJIOMTO3a U MMacuBHA TU(Y3Hja, 10/IeKa IMaK
TpaHcnopTHuTe cTyaun Ha komOuHupaHata hCMEC/D3/SH-SYSY kmerouna nuHHMja ro
MOTBP/IMja YCIEITHUOT TPAHCIIOPT Ha HaHO-(popMynanuuTe Hu3 kietkute Ha KMb n HuBHOTO
MOCJICIOBATEITHO MPE3eMame 0] CTpaHa Ha HeBpoHUTe (Bo orcer o1 25,17 mo 27,54%).

Crnektpure on Mukpo-PamanckaTa CHeKTpocKONMja ja MOTBpPAMja YyCIIEUIHATa
WHTEepHAIM3aIja Ha HAHO-BE3UKYJINTE, & MUKpOrpad)CKUTE IPUKa3H OJ] (hIyopecieHTHATa U
KOH(OKaIHaTa MUKPOCKOIIM]ja OTKpHja ieka nHTepHanu3upanure NLS ce ko-mokanusupaaT BO

NEPUHYKIICAPHUTC KIICTOYHU PCTUOHU.




Kiuyynu 300poBH: HAHOJMIIO30MH, EKCTPAKT OJ py3MapuH, AjixajMepoBa Oo0JecT,

eKCIIepUMEHTAJICH IM3ajH, ONTUMHU3AalH]ja, KapaKTepu3aluja







Dushko Simon Shalabalija

DESIGN AND DEVELOPMENT OF BIOINSPIRED PEG-YLATED
NANOLIPOSOMES LOADED WITH ROSEMARY EXTRACT FOR TREATMENT
OF ALZHEIMER’S DISEASE

- ABSTRACT -

Literature data suggest that the pathogenesis of several neurodegenerative diseases,
including Alzheimer's disease (AD), is associated with the state of oxidative stress. Hence, the
use of antioxidant and anti-inflammatory molecules, such as polyphenols present in the
rosemary extract (RE), is recommended as a useful strategy for preventing AD progression.
Taking into consideration the limitations arising from the poor systemic bioavailability of
these compounds, and additionally, the complexity of the blood-brain barrier (BBB), the
development of nanoliposomes is considered to be suitable and effective solution for transport
of the extract across BBB, with the possibility of targeted brain delivery, and thus, successful
AD treatment.

In this direction, non-PEG-ylated empty nanoliposome formulations (NLs) were firstly
formulated, while the further steps involved preparation and characterization of NLs with a
polymer for steric stabilization (PEG) and subsequently, PEG-ylated NLs with encapsulated
RE. In order to obtain the optimal formulations, central composite design was implemented.
In this phase of the research, 20 different NLs formulations were prepared with a modified
method of dry lipid film hydration and were completely characterized in terms of physico-
chemical and biopharmaceutical properties.

The optimal nanoliposomal formulations were characterized with mean size ~ 120 nm,
narrow unimodal distribution (SPAN ~ 1) and a negative zeta potential (from -18.50 to -48.3
mV). The encapsulation of the rosmarinic acid (RA) in the liposomal vesicles was ~ 90%,
while the in vitro release within 24 hours ranged from 24.83 - 48.39%. These results indicated
that the prepared nanoliposomes have high encapsulation efficacy and the rosmarinic acid
follows prolonged and controlled release in a period of 24 hours.

All optimal nanoliposomal samples showed a statistically significant higher antioxidant
capacity (> 94.15%) compared to the extract (RE) (90.04%). The lowest percentage of
adsorbed proteins in the plasma of healthy volunteers and the plasma from patients with AD,

was obtained for the formulation with the highest amount of polyethilene glycol (PEG) on its
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surface, while IR-ATR spectroscopic analysis of the liposome-protein complex indicated that
this same formulation provided a stronger hydrogen bonding between PEG and Bovine Serum
Albumin.

The results obtained from the in vitro viability and cytotoxicity assays on BBB cells
(hCMEC/D3) and neuroblastoma cells (SH-SY5Y) in a period of 24 hours, after their
treatment with 3 different concentrations of blank nanoliposome samples (5, 10 and 100
pg/mL ) did not show a significant decrease in the cell viability, nor a violation of the integrity
of their cell membrane. In the comparative studies of quantitative cellular uptake of
fluorescently labeled blank NLs formulations by these two cell lines it was found that the
concentration of the nano-vesicles and the incubation time play an essential role on the
percentage of their internalization.

In addition, all tested fluorescently labeled blank NLs formulations followed energy-
dependent transport of endocytosis and passive diffusion, while the transport studies on the
combined hCMEC/D3/SH-SY5Y cell lines confirmed the successful transport of the
nanoformulations across the BBB cells and their subsequent uptake by neurons (ranging from
25.17 to 27.54%).

Micro-Raman spectras confirmed the successful internalization of the nano-vesicles,
while the fluorescence and confocal microscopy micrographs revealed that the internalized

nanoliposomes co-localize in the perinuclear cell regions.

Keywords: nanoliposomes, rosemary extract, Alzheimer's disease, Design of Experiments,

optimization, characterization
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1. BoBen







Bo nocnennuTe 1Be MeNEHNH, HCTPAXKYBAYKUTE TPYIH BO CBETOT CE TJIABHO HACOUCHH
KOH MMIUIEMEHTAlMja Ha HAHOTEXHOJIOTHjaTa BO MEAUIIMHATA, OJHOCHO HEj3MHA IPHMEHA BO
Harpe/eH U ehuKaceH TpeTMaH Ha pa3nuuHu 3aboiyBama (Ramos-Caber and Campos, 2013).
Kora ce roBopu 3a TepameBTCKUTE MPHCTAaNM 3a TPETMaH Ha OOJIECTH M COCTOjOM Ha
nentpairanot HepseH cucteM (LIHC), noOpo mo3nat e dakToT nexa NOBEKETO 01 AKTUBHHUTE
KOMITOHEHTH HE MO’KaT J]a CTHTHAT J0 MO30KOT IOpajay MPHCYCTBOTO HA KPBHO-MO30YHATA
Oapuepa (KMB), koja TaBHO ce COCTOHM O] €HIOTEITHH KJICTKU MOBP3aHH CO TECHU CIIOjKU
(Montesinos, 2017). Kako mocneauia Ha aHATOMCKHUTE ¥ (PU3UOJIOMIKUTE OCOOCHOCTH Ha OBaa
Oapuepa, pa3BHEHa € Iela HOBa TeHepandja Ha MYITUQYHKIHOHATHA MOJIEKYJIapHH
waTopMHu 3a TPAHCIOPT Ha MoyeKyauTe Ha jekoT Hu3 KMB, co crmocoOHoCT 3a HHMBHO
CEJIEKTUBHO M CTIeM(UIHO TOCTaBYyBambE JI0 IEIHOTO MeCTO Ha JenyBame (Adams and Schier,
2001).

Jlocera ce Au3ajHUpPAHM HIMPOK CHEKTap Ha HAHO-CUCTEMH CO pa3jIM4yHa TOJIEMHHA,
(dbopma, MOTHEk U MOBPLUIMHCKH CBOjCTBA 33 €PEKTHBHA UCIIOPAKa HA AKTUBHUTE KOMIOHCHTH
1o mo3o0koT (Simonoska-Crcarevska et al., 2016). On cute HUB, JIMIIO30MUTE MPUBJICKYBaaT
MOXeOW HajroIeMO BHMMAaHHUE TOpaad HUBHATa OMOKOMIIATHOMIIHOCT, OMOpa3rpajinBoCT,
CTPYKTYpPHa CIMYHOCT CO KJIETOYHHUTE MEMOpaHHW, pEeJaTHBHO BHCOKaTa €(UKAaCHOCT Ha
SHKaICy/lanyja Ha XUIPOPHUIHM W JUIMO(GUIHM AaKTHBHU KOMIIOHEHTH, KakO W HHUCKara
TOKCHYHOCT. VIMEHO, OBHE BE3WKYJIapHH HOCAYH IOCEAYBaaT YHHKATHH (U3UYKO-XEMHUCKHU
CBOjCTBAa IITO OBO3MOXYBaaT €(UKAaCHO TPAHCIIOPTHPAE, HACOUYyBamhe U JOCTaBYBambE Ha
pPa3IMYHUTE AKTHBHH KOMIIOHEHTH JO LEIHOTO MeCcTo Ha jenyBame. Cemak, in Vivo
OJTHECYBaH-E€TO Ha OBHE CUCTEMHU IJIABHO 3aBUCH OJf HUIBHUOT COCTAaB, KaKO U O IIOBPIIMHCKHUTE
kapakrepuctuku (Zhang et al., 2013).

Opx Tue npuuMHU, QYHKIMOHANIM3AIMjaTa Ha MOBPIIMHATA HA JIMIIO30MUTE CE€ CMETa 3a
€leH O] HajIepCleKTUBHUTE MpPUCTaNM 3a MoJ00pyBame Ha (apMakOKMHETHKaTa U
OnomucTpuOylHjaTa Ha EHKANCyJUpaHUTE aKTUBHH KOMIIOHEHTH. Taka, J0/aBameTo Ha
nonmuerwieH Taukon (PEG) ja orpaHmdyBa arcopmnimjata Ha TUla3Ma IMPOTEHHHUTE O]
[UpKYJanyjaTa Ha MOBPIIMHATA HA JIMIIO30MUTE M CIIEJACTBEHO IO HaMalyBa KIHMPEHCOT Ha
ucture in vivo (Mohamed et al., 2019). [TogeranHo, co3aBambeTO Ha HAJABOPEIICH 3l THTCH
xuapoduieH cioj o ctpaHa Ha PEG nanuuTe Ha moBpUIMHATA HA TUTIO30MCKHUTE BE3UKYIIU IO
CTpedyBa Bp3YBamkeTO HA IIa3Ma MPOTEHHHTE, a CO TOA W IMPOIECOT Ha OICOHH3AIHja U
MPENo3HaBamke OJ1 CTpaHa MakpodaruTe Ha PETHKYIOSHIOTETHHOT cHcTeM. Bo Taa Hacoka,
HAJHOBHTE HAYYHU HUCTpaKyBama MOKaxyBaaT aeka [IE[-umanmjaTa mpumoHecyBa M 3a

CIIpCUyBakbC Ha HCCHCLII/I(I)I/I‘-IHOTO KJICTOYHO Bp3yBakbCe IITO PE3YyJIITUpPA CO I'IOI[O6pCHa




OMOpacIoI0KUBOCT HA JIGKOBUTUTE CYICTAaHIMU BO MAPEHXMMOT Ha IICHTPAITHUOT HEPBEH
cucteM (ITHC), mTo € o1 ocobeHa BaXKHOCT 3a CUCTEMHUTE CO HacoueHo jaenyBame (Jenkins et
al., 2016). YnorpebaTa Ha HaHO-(HOpPMYJAIMK HA JUIIO30MHU ITO c€ PYHKINOHATIM3UPAHH CO
PEG 3a naco4eHa ucropaka BO MO30KOT € I00p0O BOCIIOCTaBEHA M MTOTBPAECHA BO OTPOMEH Opoj
Ha UCTpaXXyBauku ctyauu. Ho cemak, kora ctanyBa 300p 3a TPETMaHOT Ha AJIxajMepoBara
6onect (AB), nuteparypata e gocra orpanndena (Simonoska-Crcarevska et al., 2016).

Co crapeemeTo Ha CBETCKaTa IOMYyNaldja, HapyllyBamaTa Ha MO30KOT, OCOOEHO
HEBPOJICTCHEPATUBHUTE OOJECTH CTaHyBaaT €ICH O] TJIABHUTE 3JIPABCTBEHH MPOOJIEMH.
[Mopaqu  HuBHAaTa c¢ ymTe HeaepUHHpPaHA W CIOKEHAa  MATO(QHU3HOIIOTH]A,
HEBpOJICTCHEPATUBHUTE OoyiecTH, Kako mTo ¢ AbB, ce emHu o TiI00anHUTE 3/1pPaBCTBEHU
MPEIU3BUIN HA BEKOT.

AB, eneH oy Haj3acTaneHuTe BUIOBY Ha neMeHIja (Cauwenberghe Van et al., 2015), ce
KapakTepu3upa co ab0HOpMallHa eKcTpaleiyilapHa arperaunvja Ha amuioun-f (AP) Bo
ammnouanute miaaku (Strooper and Karaan, 2016) u tanoxxeme Ha xumep Gochopunupan tay
MPOTEHH BO HMHTpalLeNylapHuTe HeBpopuOpunapHu winonuuma (Morales et al., 2010). Oxn
Jpyra cTpaHa IaK, OKCHJIATHBHHOT CTPEC CE CMETa 3a €lIeH OJ1 TJIaBHUTE BUHOBHUIIH 32 Pa3BOj
Ha mnarodusuonomkure Hactanu Ha Ab. Kako mnpuMapeH TOKCHKOJOIIKM HAacTaH,
OKCHJATHBHUOT CTPEC CE KapaKTepU3Upa CO MPHUCYCTBO HA PEAKTHBHU KUCIOPOIHHU paJuKaIIN
IITO BO TOBHCOKM KOHIICHTPALMU TPEAM3BHKYBAaaT HH3a HApylIyBamka Ha KIETOYHHTE
CTPYKTYpH, OJHOCHO HYKJIEMHCKHUTE KUCEIUHH, TpoTenHuTe U aqunuaure (Yuri et al., 2015).
MHory HayyHM CTYAMM CyrepupaaT Jeka OCHOBHHTE MEXaHM3MHU LITO IMpeau3BHUKyBaat
OKCHJATHBEH CTpeC ce: MUTOXOHApHjanHarta nucyHkuyja (Silva et al., 2012), akymynanujara
Ha Metanu (Altamura u Muckenthaler, 2009), xunepdochopunupanure Tay HTPOTEHHHU
(Morales et al., 2010), akymynarujata Ha AP (Strooper and Karaan, 2016) u undiamaropaute
nporecu (Chen and Zhong, 2014). Kako kinyden Tpurep akrop Bo marorenesara Ha 0osecra,
OKCHJAaTMUBHUOT CTpEeC I'M MPHUAPYXKYBa MaTOJOLIKUTE NpoMeHHu Bo ADb, ma 3aTtoa HeroBure
MIPOU3BO/IM MIPETCTaBYBaaT MOTEHIIH]aJTHH OMOMapKepH BO KPBTa 3a IMjarHO3a Ha oBaa 00JIecT.
[lonatamy, anmexwauTe W JUNUAHUTE XHIPOTCPOKCHIN, KAKO TJaBHH NPOM3BOIU Ha
OLITETYBAKETO OJ1 CTPaHa Ha CJI000JHUTE PAJUKAIU BO MO30KOT, MOXKE JIa C€ I€TEKTUPaaT BO
KpBTa AypHU U Ipel I0jaByBambETO Ha MPBUTE CUMITOMH Ha JieMeHIja (Skoumalova and Hort,
2012). BakBuTe HCTpakyBama M PE3yATaTH jJaCHO YyKaXyBaaT JeKa MNpoydyBamaTa Ha
OKCHJATUBHHUOT CTPEC C€ 0] 0COOCH MHTEpEeC Kora CTaHyBa 300p 3a oBaa TeMa/001ecT.

TepaneBTckute onuuu 3a TpeT™MaH Ha Ab Bo 1eHenHo BpeMe ce cuMnToMaTcku. Mimajku

ja TpeIBUJ CI0XKEHOCTa W OrpaHWYyBamara Ha narodusuoinorujatra Ha Ab, ceramrHure




HCTpaXkyBama IIaBHO ce (DOKyCcHpaHU Ha IPEBEHITM]a 1 3a0aByBame Ha Oosecta (Waite, 2015).
Bo nocnennute roquHu, HU3 Hay4YHaTa JIMTEPATypa ce CPETHYBAAT MOAATOIH 33 OTEHIH)aloT
Ha HEBPOIIPOTEKTUBHH JICKOBH JJOOMEHH OJ1 IPUPOIAHU U3BOPHU CO AKLEHT Ha HUBHOTO MYJITH-
TapreT J€jCTBSBAb€ KAaKO CYyNEPHOPEH Ha4YMH 32 [OCTUTHYBAalkE HA IOCAKyBaHUOT
TepaneBTCKU edekt. EQHO 07 HajmepCreKTHBHUTE pacTeHHja BO OBaa rpyma ¢ Rosmarinus
officinalis L. om cemejctBoro Lamiaceae. Mefy IIMPOKHOT CIIEKTap Ha €r30reHd
AHTUOKCHUIAaHCH, OMOJIOIIKH aKTHBHUTE KOMIIOHEHTH Ha eKCTPakToT oj py3mapuH (RE), kako
mTO ce (DEeHOTHUTE KUCENUHU (PO3MAapUHCKa KHCEIHHA, XJIOPOTeHCKA KHCENINHA), (DEeHOTHUTE
IUTepIieHH (KapHO30JHA KHCENMHA, KapHO30J1), MEeHTAUKINYHUTE TPUTEpIeHU (ypCoiiHa,
oJicaHONHA, OYTWJIHA KHCENHWHA), (pIaBOHOMIUTE (IepUBaTH HA AlWICHUH U JyTEONMH) U
erepuaHoTo Macio (Ozarowski et al., 2013) ce oprancku coenuHeHHja T0OpPO MO3HATH IO
HUBHATa CIIOCOOHOCT 3a ,,YMCTeHE” Ha CIIO0OJHHUTE paJWKaiM, Kako M 3a XeIUpame Ha
Metanute. OBOj aHTHOKCHIATUBEH e€(GEeKT € HAAOIMOJHET CO AaKTHBUPAkE Ha MaTEKUTE
noBp3aHu co Nrf-2 ¢akTopoT, KoM ce BKIy4Ye€HH BO MHIYKIMja HAa TE€HU 3a DPa3IMyHU
AQHTHOKCHU/IATHBHH €H3WMHU, BKIIYUUTEITHO U €H3UMHTE 32 JIeTOKcHKanuja of ¢aza Il kako mro
ce: okcurenasa-1, NADPH-3aBucHa XHHOH OKCHJIOpEAYKTa3a U y-TIIyTaMIJI LIUCTEUH JINTra3a.
Hcro Taka, HayYHHTE MOJATOIM TIOKaXyBaaT Jdeka KommoHeHTHTe Ha RE cBoero
aHTUHH(IIaMaTOPHO JIEjCTBYBakE IO U3BPIIIyBaaT npeKy aktusupame Ha Nrf2/HO-1 natekata
LITO pe3yiaTHpa cO MOAyJalyja W HaMalyBamke Ha HH(IamMatopHUOT oaroBop kaj Ab
(HamanyBambe Ha CepyMCKUTe HHMBOa Ha mnpouHpraamaropHu uutokuHu: TNF-a, IL -6 u
npoctrariaiauH E-2) 1 uHXuOuIMja Ha HUTOKUH-MHIyLMpaHaTa aTXe3uja Ha MOJIEKYJIM Ha
noBpmiHaTa Ha eHaoTenHuTe kietku (Almela et al., 2006; Habtemariam, 2016).
JlomoHUTEIHO, MHOTY IN VItro u In VIVO CTyauu cBelovyaT M 3a MOYKHATa CHHEPTUCTHUYKA
aKTUBHOCT Ha KoMIloHeHTHTe Ha RE Bo uHXuOunujaTa Ha aneTHIXOJIIMHEcTepas3aTra u
OyTHpHIIXOJIMHECTepa3aTa, Kako U 32 HUBHATa CIIOCOOHOCT /1a TO MHXUOHMpaaT TaJI0KEHETO Ha
KJIETOYHUTE onuromepu Ha Af42 u AB43 u na ja mpoMoBHpaaT HOpMallHaTa, HEMaTOreHa
nareka 3a oO0paboTka Ha OBHME NMPOTEUHM O] CTpaHa Ha a-cekperasarta (Meng et al., 2013;
Ozarowski et al., 2013). 3aroa, monmudeHoIMTe ce cMeTaar 3a MOTCHIIMjaTHN KaHIUIaTH BO
HEBPONPOTEKIIHjaTa, MPEBEHIIMjaTa U TPETMAHOT Ha OOJIECTH MPEIN3BUKAHN O]l OKCHIATHBHA
omreryBama (Satoh, 2008). Cenak, mopaau cimabaTa pacTBOPJIMBOCT BO BOJA M HMCKATa
crcTeMcKa OMopacIoyioKUBOCT, HUBHATa KIIMHUYKA yroTpeda e gocta orpannyena (Mignet et

al., 2013). Otryka, pa3BUBaKkETO PAa3IMYHU CHCTEMHU KAaKO CHCTEMH HOCAud 3a MCIOpaka Ha




OBHE KOMIIOHEHTH OM OWJI0O TOTEHIMjaTHO ePUKACHO (POPMYINIAIMCKO PEIICHHE 3a OBHE
npo0JemMu.

Bo oBaa Hacoka, UMajku TH BO MPEABH]] OTPAHUUYBambaTa HA MOMEHTAIIHO JIOCTAITHUTE
TepaneBTCKHU oIy 3a TpetMan Ha Ab u komrekcHocta Ha KMBbB, co nunkopnopupameTo Ha
RE Bo coomBeTHM HaHO-HOcayu OM TpebOajo Ja OBO3MOXKH TOI00OpyBame Ha cirabara
PacTBOPJIMBOCT Ha MOJTU(PEHOIHUTE KOMIIOHEHTH BO BOJEHU MEIMYMH M HUBHA CTAOMIIHOCT
MPEKy MPOLECOT Ha CHKAICYJalHja Kako U MoA00pyBame Ha HUBHATa OMOPACTIOIOKIMBOCT U
TepaneBTcku OeHedur Bo Mmo3ounute TkuBa (Mignet et al., 2013).

JlomonHuTtenen mnpoOieM 3a BpeMe Ha pa3BojoT U ONTHMHU3alMjaTa Ha HAHO-
MapTUKYJIApPHUTE HOCAuU € (PAKTOT IUTO Pa3IMYHUTE MPOLECHU U (HOPMYNIALUCKH BapHjadbIu
MOJKE€ 3HAYMTEITHO J1a BJIMjaaT BP3 HUBHHUTE CBOjCTBA, a JI0/IaBAETO HA TIPUPOIAHU €KCTPAKTH
BO CHCTEMOT 3HAYHMTEIIHO ja 3rojieMyBa oBaa ciioskeHocT. [la oTTyka, nMIuIeMeHTanujaTa Ha
€KCIIEPUMEHTAIHUOT JIM3ajH MPETCTaByBa KOPUCEH CTAaTUCTHUYKHU MPHUCTAIl 3a MPOHAOIalkhe Ha
HajI00pHUTE EKCIIEPUMEHTAITHU YCIOBU MPHU Pa3BOjOT Ha eHa hopMylalija co KOPUCTEHE Ha
HajMas Opoj Ha EKCIIEPUMEHTH, CO IIeJT JIa ce I0OMe HAHO-CHCTEM CO CAKaHHU (PU3NIKO-XEMUCKU
u O6uodapmareBTcku ocoounu (ronemmaa <200 nm, BUCOK % Ha CHKAIICyJUpaHAa aKTHBHA
KOMITOHEHTa M HEj3UHO MPOJOJKEHO 0Cio00yBame) 3a epukaceH Tpancrnopt Hu3 KMb u
cekako, 6e30eneH TperMaH Ha Ab.

3aroa, IiaBHaTa 1€l Ha OBa HCTpaKyBame Oellle AM3ajH, pa3Boj, ONTUMHU3ALHMjA U
KOMIUIETHa (U3NYKO-XeMHCKa U OuodapmaneBTcka kapakrepuszanuja Ha [IEI-unupann
Ha”oiuno3oMu (NLs) co enkancynupan RE co norenumjan 3a ycnemieH tpancnopt Huz KMb
u eukaceH u 6e30eneH TpeTMaH Ha Ab, KopHucTejkH ekcriepuMEeHTalIeH U3ajH Kako MpucTar
32 KBWJIMTATHBHO W KBAaHTHUTATUBHO OIPENEIyBakbe Ha BIMjaHUETO Ha TJABHHUTE

dhopmynarucku pakTOpu Bp3 CBOjCTBATa HA MOATOTBEHUTE HAHO-CUCTEMH.




2. Ilperyen Ha JuTeparypara







2.1. IlpumeHa HAa HAHOTEXHOJOTHMja M HAHO-CHCTEMH 32 HCIOPAKA HA AKTHBHH

KOMIIOHEHTH U yclellleH TPeTMAaH Ha Pa3jiu4Hu 3a00/1yBamba Kaj JiyreTo

Bo mocnegnute aBe neKaad CBEAOIM CME Ha WHTEH3MBHHOT pa3BOj BO IOJETO HA
HAHOTEXHOJIOTHjaTa 1 IN3ajHUPAETO Ha HAHO-CHCTEMH KaKO HOCA4H 3a HCIIOpaKa Ha aKTHBHU
KOMITOHEHTH BO JIMjalrHOCTHYKM M TEPANeBTCKU IIEIH, KaKO W HUBHO JIOCTaBYBame Ha 10
OJIpEJICHU IIeJTHN MECTa Ha JielyBamkbe Ha KOHTpoJIupaH HaunH. OTTyKa, MOXKeE Ja Ce KaXKe JeKa
HAHOTEXHOJIOTHjaTa HYIW TOBEKEKPATHU MPHUIOOMBKM BO JIEKYBAaETO HAa XPOHUYHHTE
OosecTu Kaj JyreTo BO criopenda co KOHBEHIIMOHAIHUTE TEPANCBTCKU MTPUCTAIIN U TOA TIPE]
Cé Kako pe3yiaraT Ha (aKTOT INTO HCIIOpaKaTa Ha aKTUBHUTE KOMIIOHEHTH MOXE Ja ¢
cnenr(rYHa 32 MECTOTO Ha HUBHO JETyBame M HCTaTa Jia € IeJIHO OpueHTHpaHa. BakBara
ucropaka ou tpebana Ja pe3yiTupa co MorojieMa TepaneBTcKa eUKaCHOCT, HAMATyBamkbe Ha
(bpexBeHIMjaTa HA JO3UPAbE U HAMAITyBambe Ha MMOTEHIIM]aJJHUTE HECAKaHHU S(EKTH.

Jlocera, mocTojaT MHOIITBO Ha MOJATOLH IITO TO MOTBPAYBAAT IIMPOKUOT CIIEKTap Ha
MIPUMEHU U TPUJOOMBKY HA HAHO-CHCTEMHUTE KaKO HOCA4W Ha aKTHBHU KOMIIOHEHTH HAMEHETH
32 TpETHpAme pa3IMYHU MATOPHU3HOJIOMIKU COCTOjOM (IIp. XEMOTEPaneBTCKU arcHCH,
OMOJIONIKK areHcH, IMyHOTepaneBTCKu arencu utH.) (Patra et al., 2018).

Pa3BojoT Ha pa3nMYHUTE HAHO-CUCTEMH € ONIIUPHO MPOYYyBaH M MOXKE Jla ce KakKe
JIeKa WCTUOT NpETCTaByBa €/1Ha OJf HajHANpeIHUTe (apMalleBTCKH Pa3BOJHH TEXHOJIOTHU.
CornacHo HUBHHOT JM3ajH, OBHE CHCTEMH UMaaT HU3a Ha TIOTSHIIN]ATHU MTPETHOCTH, MeTy KOH
craraaT: MOXKHOCTa 3a MoOAM(UKalMja Ha PACTBOPJIMBOCTA, KPEHPAHETO Ha COOJBETEH
npodun/Op3uHa Ha ocnobodyBame, AUPY3UBHOCTA, CTAOMIHOCTA, OHOPACIIONOKHBOCTA U
UMYHOTE€HOCTa HA  BrpaJeHUTE AaKTHBHH KOMIIOHEHTH. OBHE  KapaKTEpUCTHKH,
MOCTIETIOBATETHO MOJKE Ja JIOBEAT JI0 MOA00pYyBamke U pa3Boj Ha MONPHUQATINBI HAYMHU Ha
IpUMEHa, MoMaja TOKCHUYHOCT, MOMAaJKy HECaKaHHW e(QeKTH, HaJMUHYBAaWkE Ha Pa3JINYHU
Ouosiomku Gapuepu, a co Toa M noJo0peHa 6uoaucTpudyIja U IpoI0JIKEHO OJIyBpeMe Ha
eMTMMUHAIIM]ja Ha akTuBHUTE KoMmoneHTu (Mirza and Siddiqui, 2014).

Kora cranysa 300p 3a HaHO-CHCTEMHTE, JOOPO € MO3HATO JeKa MOCTOjaT JBa HAYUHH
NPEeKy KOU MCTUTE IEJIHO TH HCIIopavyyBaaT aKTUBHUTE KOMIOHEHTH. MIMeHo, kKaj akTUBHOTO
TapreTupame, JMraHIuTe Kako IITO C€ aHTUTeJIaTa M MENTHAUTE Ce KOHjYTHpaHU 3a
MOBpIIMHATA HAa HAHO-HOCAYWTE CO IIENl J1a CE OBO3MOXXH BpP3YyBame 3a PEIENTOPHUTE
CTPYKTYpH €KCIIPECUpPaHU Ha IIETHOTO MECTO Ha JenyBame. OJ Ipyra cTpaHa, Kaj TaCHBHOTO
TapreTupame, HAHO-HOCAYUTE CO CHKAlCyJIupaHaTa akTUBHA KOMIIOHEHTa LIMPKYJIUpaaT HU3

KPBOTOKOT MU CC JIBHUKAT KOH LCIIHOTO MCCTO, 4 HUBHHUOT KOHTAKT H I/IHTepHa.HI/BaI_II/Ija BO




KJIETKUTE CE OJIBUBA MO/ BiMjaHKe Ha pH, TemmepaTypaTa, Kako U abHUHUTETOT 3a OJPEICHO
MOJIEKYJIApHO MeCTO MK Tak oOuuk. [a Taka, co e ycrneleH Au3ajH U pa3Boj Ha eJHa HaHO-
dbopmynamuja Tpeba qa ce 3eMe MPEeABH] JIeKa TIaBHU eI BO YOBEKOBOTO TEJIO HAjU4eCTO
[PETCTaByBaaT pPEIENTOPUTE, AHTHICHUTE M JIMIHIAHATE KOMIIOHCHTH Ha KICTOYHATa
MeMOpaHa WM MaK OJpEJICHH MPOTEHMHH E€KCIPECHPAaHW Ha KJICTOYHHWTE MOBPIIMHUA HAHO-
CHCTEMHUTE, HECOOBETHOTO 3HACHE 32 TOKCMYHOCTA Ha MCTHUTE MPETCTaByBa rojeMa rpuxa u
HECOMHEHO Oapa JOMOJHUTEIIHM HWCTpPaKyBama 3a Ja ce moaoOpu edukacHocTta U
JOIOJIHUTEIHO, Ja C€ OBO3MOXXM HHUBHAa 100e30eHa TIpaKkTH4YHA IpPHMEHA. 3aroa,
BHUMATEITHOTO TU3ajHUPAbE HA HAHO-CHCTEMHUTE MOXE J1a OH/ic KOPHUCHO 3a CIPaBYBambE CO
npobiieMuTe TIOBP3aHu co HUBHATa yrotpeba (Patra et al., 2018) .

Hu3 nurepatypata MoXe Ja ce CPeTHE IIMpOKa majera Ha (opMysiHpaHu HaHO-
CHCTEMH 3a TapreThpaHa ¥ KOHTPOJIMPaHa MCIOpaKa Ha aKTHBHHTE KOMIIOHEHTH, Mely KOH
crafaaT: [BPCTHTE JHIUAIHA HAHOYECTHUYKH, HAHOJIUIIO30MHUTE, TMOJMMEPHUTE MHUIICIIH,
METaJIHUTEe HAaHOYECTUYKH, HaHoeMys3uuTe U Muory apyru (Huang et al., 2017; Taboada and
Grooters, 2008; Yang et al., 2020; Zamani et al., 2018). Cenak, epukacHocTa Ha OBHE HaHO-
CTPYKTYPH Bapupa BO 3aBUCHOCT O] HUBHATA T'OJIEMHHA, OOJIMK U APYTUTE (PU3HIKO-XEMHUCKH
KapakTepucTuku. Taka Ha mpUMep, MOTUMEPHUTE HAHO-CHCTEMHU CO CpelieH aujamerap o 10
10 1000 nm, nmokaxxyBaat WACaIHH KapaKTEPUCTUKH 3a eHKacHA HUCIIOpaKa Ha aKTUTHBHHUTE
KoMIoHeHTH 10 Tymopckute TkuBa (Chirico et al., 2014), npu mrTo mopamu BUCOKaTa
OMOKOMIIaTUOMITHOCT W OWOpPa3TpajjIMBOCT JIEHEC MCTUTE IIHPOKO C€ MCTpakyBaaT M
npuMeHyBaaT (Ip.. TMOJHUBUHHI aaKOXOJ, MOiu-L-MieuHa KucenuHa, TMONMUETHICH TJIMKOI,
nosi(MIIeuHa-KO-TIIHKOJIHA KUCerHa, anruHaT u iuro3an) (Watkins et al., 2015).

Ho u mokpaj uWcTpakyBamaTa Ha OBaa Tpyla Ha HAHO-CHCTEMH, KOMITAKTHHUTE
bochOoMUIUIHN HAHO-BE3UKYIIH, KAKO IITO C€ JIMIIO30MHUTE MpPETCTaByBaaT HajIpovYyBaHaTa
KaTeropuja Ha HaHO-CUCTEMH IITO ¢ MOBEKe ce pa3BHBa M IIPUMEHYBA OJ1 CTPaHa Ha HAYYHHUTE

I'PyIH BO OBa IOJIE.

2.2. HaHoJMMO30MM - COCTAB, M0/1€J10a, KAPAKTEPUCTHKH
2.2.1. OcHosHu Gopmyrayucku Kapaxmepucmuxu, NPeOHOCMU U HeOOCmAamoyu Ha
HAHOIUNO3Z0MUME
Knuanukara ymorpeba Ha HAHOJIUIIO30MHUTE KaKO HOCA4YMd Ha aKTHBHUTE KOMIIOHEHTH

natupa ymre oa 1995 roavHu M Toa Kako MpBa reHepalja Ha HaHO-HOCauu 0Jl00peHa 3a




KIMHAYKA yrmoTpeda o cTpaHa Ha AMepHKaHCKara arcHiuja 3a xpaHa u jiekoBu (FDA)
(Ventola, 2017).

Nmajku mpenBuj 1eka TEPMUHOT JIMIIO30M € IIMPOKO AePUHHUPAH MOUM IITO ordaka
Pa3IMYHM TUIIOBH Ha BE3UKYJIH CIIOPEN CTPYKTypaTa, KaKo M BE3UKYIIU CO IPOCeyHa ToJIieMUHa
U 70 HEKOJIKY MHKPOMETPH, HAHOJMIO30MHUTE ja omdakaaT TpymaTta Ha BE3UKYJIH IITO
IpeTCTaByBaat ABOCIOjHU cheprudHu HochHOTUNUIAHN CTPYKTYPH CO HAHOMETapCKa roJIEMHHA
on 20 mo 1000 nm (Mozafari and Mortazavi, 2005; Patil and Jadhav, 2014). 3a
HAHOJIMIIO30MUTE € KApaKTEePUCTHMYHO TOA IITO MCTUTE HMAaaT IOroJieMa IMOBPIIMHA U
nornpugaTauB Mpod I Ha CTAOMITHOCT BO OTHOC Ha BE3UKYIIUTE CO MUKPOMETAPCKU TMMEH3HH.
Krnacuduuupanu ce BoO HEKOJIKY KaTerOPHH M TOA BP3 OCHOBA Ha TOJIEMHHATa U OpOjOT Ha
cioeBu: Manu yHuiamesnapau Besukynmu (SUV), romemu yHunamenapau Besukyiu (LUV),
myntwiamenapau Besukyian (MLV) u mynrusesukynapau Besukyin (MVV). OBue HaHO-
BE3UKYJH CE€ TJIABHO COCTaBEHH OJ JABOCIOjHA (ocdommnuaHa mMemOpaHa H3rpaseHa Of
IPUPOIHU MM CUHTETCKH (HOCHOTUIUAN MITO COMpKAT XUAPO(GOOHH OMalIKK HACOYEHH KOH
BHATPEIIHOCTA Ha JBOCIOjOT W XUAPO(HIHH TJIaBM HACOUEHH KOH HajBopemHocta. OBue
¢dochomunuar BO BOAEH MEAWYM CamMoacolUpaaT W CIOHTaHO (opMHUpaaT chEpuIHU
CTPYKTYpH KOH T0 3apoOyBaat BogeHHOT kommapTtMeHnT (Ci. 1). JIunuaHuoT coctaB 3HauajHO
BJIMjac Ha KapaKTEPUCTHKHUTE HAa HAHOJIUIIO30MUTE U TOA, pej c& BP3: CPEAHUOT JHjaMeTap,
puruHocTa 1 GpaynHocTa Ha GochoMUNUIHNOT ABOCIO], @ CIEACTBEHO U BP3 CTAOMITHOCTA U
eNeKTpUYHUOT moHe)k Ha Besukynutre (Calvagnoet al., 2007). Taka Ha mnpumep,
HaHOJIMIIO30MHUTE (POPMYITUPAHH OJ1 TPUPOJIEH He3acuTeH (HochaTuaANIXO0INH JOOHEH O] jajia
WIN cOja, Ce KapaKTepU3UpaaT CcO BHCOKO MPOMYCTIUBU CBOJCTBA M HHCKa CTaOWJIHOCT. 3a
pasnrKa o] HUB, HAHOJIHMITIO30MUTE KO BO JIMITUJHHOT COCTaB UMaaT 3aCUTEHU (POChOTUITHIH,
KaKO IITO € TUHAIMUTOMWIT (ochaTHIMIXOIHH, GOPMHUpAAT KPYTH M PEUHCH HETIPOITyCTINBU
JBOCJIOjHU CTpyKTypu. [loHaramy, BO cOCTaBOT Ha HEKOM O]l Jlocera (GopMyIyHpaHHUTE
HAHOJIMIIO30MH MOXKE Ja C€ CPeTHAT M JIPYTd JOMOJIHUTEITHH CYICTAaHIMH, KaKo ILITO Ce:
jarnmexuapaTH, aHTHOKCHaaHcH, mporeuHn wiam creponu (Mozafari and Khosravi-Darani,
2007).

[Mopagun HuMBHaTa amudHUIHA MPHUPOAA, HAHOIUIIO30MUTE HMMaaT IMOTEHIHMjal Ja
SHKAIICYIMpaaT LIMPOK CHEKTap Ha XUJAPOPHIHH W JUIMOPOIHU aKTUBHH CYINCTaHIIHH,
MOEANHEYHO WJIM TaK BO KoMOuWHaruja. JlOTMOTHUTENHO, BO criopenda co APYruTe HaHO-
CHCTEMH, HAHOJIUTIO30MHUTE MIMAaT MPETHOCT MOPAJIX TOA IITO CE IIPOU3BELYBAAT O IIPUPOIHU

U CBTHHU KOMIIOHCHTHU, AYpU WU BO HHAYCTPUCKHU pasMEpu CO IITO €€ OINTUMH3UPpA




WCIUIATIMBOCTA Ha (PMHATHUOT MPOU3BO/I (HA M. COja JISUTHH, YKOJIYKA O] jajiie, COHUOTIIE],
miteko) (Demirici et al., 2017).

OBue HUBHU TPEIHOCTH, 3a€THO CO OMOKOMMATHOMIHOCTA, OMOPa3TPaATUBOCTA,
MoOpQoJIoIIKaTa CIMYHOCT CO KIETKUTE M crmocoOHocTa na ce (y3upaaT co KICTOYHHTE
CTPYKTYpH TH IIpaBaT MHOTY (DacCIIMHAHTHU KaKo ,,[IAMETHH * HOCA4H 33 UCIIOpaKa Ha IIMpPOKa

maJiIeTa Ha aKTHBHHU KOMIIOHCHTH.

PEG MNEI-WINPAH JIUIIO30M
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Ca. 1. lllemamcku npukas Ha cmMpyKmypa Ha JUN030MCKU 6€3UK)IU.

Cemak, 0e3 orjen Ha TOTEHIMjAJIOT HA OBHE HAHO-CUCTEMH, HHCKaTa (U3HUYKa
CTaOMIJIHOCT, BHUCOKAaTa YyBCTBUTEIHOCT Ha TeMIIEpaTypHH BiMjaHuja u pH Bapujaumu ce
3Ha4ajHU MPEIU3BUIM IITO Tpeba Jja ce HaAMHUHAT KOT'a ce IUIaHUuPa MPOU3BOICTBO HAa (PHHAJTIECH
MEIUIMHCKU Mpou3Bo 0a3upaH Ha HaHoiuno3oMu (Milani et al., 2019). Mmajku ro npeasuy
KOMITapaTUBHUOT MpeEriie]] Ha JaJIieHUTe aTpuOyTH Ha JIMIIO30MHUTE U HAHOJIMIIO30MUTE KaKO
CUCTeMH-HOCAuu TMpe3eHTupaHu Bo Talena 1, KOHTHHYUPAHOTO HCTpPaKyBambe CO LeJ
nogoOpyBame Ha BeKke TIIO3HATUTE HHUBHU CBOJCTBA OCTaHyBa KOHCTaHTHO Mery
UCTpaXyBaukuTe Trpynu. Bo Taa Hacoka, HCTpaxkyBamaTa TIJIaBHO C€ HAaCOYEHH KOH

IIPOMOBHUPAKBE HA HOBU CTPYKTYPHM KApPAKTEPUCTUKHM HU3 MOXKHUTE METOAM 3a HHBHA




MMOATOTOBKA, KaKO ¥ Moau(HKaliija Ha HUBHATA TIOBPIIIMHA CO 11e)T MOJ00pyBamke Ha HUBHHUTE

TEpaIreBTCKU MOTEHIIM]aIi, CTaOMIHOCT M pok Ha ymotpeba (Agular-Perez et al., 2020; Jin et

al., 2018).

Tabena 1. Komnapamugen npeaned Ha npeOHOCMU U HeOOCMAmMOoyU Ha JUN030Mume u

HAaHoJunoomume

INPEAHOCTH

HEAOCTATOLU

JIMTIO30MU

e FEnkancymnanuja Ha XuAPOPHUITHN U
xuaApoQOOHH aKTUBHU KOMITOHEHTH

e  OmI0XeHO 0cI000TyBamke HA aKTHBHHUTE
KOMITOHEHTH

e [IpousBenceHU Of] IPUPOAHU CYPOBHHHU

e EnHocraBHa n3paboTKa

e MoHOCT 3a (pyHKIIMOHAJIM3AIHja Ha

HamanyBame Ha edukacHOCTa Ha
EHKaICyJalyja co 3roJieMyBambe Ha
CPEeIHUOT JHjaMeTap

®dusnuka HeCTAOMITHOCT NP YyBaAHE
bp3 xnupeHc ox Te10TO
HctexkyBame Ha eHKAIICYIHPaHUTE

AKTUBHUTC KOMIIOHCHTH

HOBpLIMHATA e [lomana GMOPACIIOIOXKINBOCT BO OJJHOC HA
e EKOHOMCKH UCIUIATIVBH HaHOJIUIIO30MUTE
HAHOJIUIIO30MU

e FEHkancynanyja Ha XuaApoOWIHU H
xuaApoPOOHH aKTUBHU KOMITOHEHTH

e HawmaneHa TOKCHYHOCT U HECaKaHH €PEeKTH

e [loronema crabunHocT

e [lorosiem MoBPIIMHCKO-BOIYMEHCKH OHOC

e [lomoOpeH TapreTuHr

o [IoHM30K KITUPEHC U COOJBETHOCT 3a

HCIIOpAaKa Ha XEMOTCPAIICBTUIIN

[Tpou3BogHHUOT Ipoliec BKIy4yBa ynoTpeda
Ha MeXaHW4YKa eHepruja (COHUKaInja,
XOMOTEHHU3aIINja, MEKPOQITyHIN3aIlja)
IITO MOXKeE J1a ja pa3pymn pocdomunumaHaTa
CTpYKTypa

Arperariyja u KoaJIeCIICHIIM]a IPH TTOCHUITHU
€JIEKTPOCTATCKN UHTEPAKIINN

[MoTpeOHM ce moBeke KIMHUYKY CTYAUHU 32
MOTBp/a Ha HUBHATA €(UKACHOCT U
6e36eqHOCT

[loman kamanmreT 3a €HKancysanyja

Bo oapenenu cirydan, moTpedHU ce
cypdakTaHTH Kako cTaOMUIN3aTOpH

In vivo cynbunara céymre He e 100po

IIpoy4eHa




[Topanu cute HaBeACHW YHHUKATHU CBOJCTBAa, OPOJHM KJIMHUYKH HCIUTYBama TO
MOTBpAyBaat (pakToT IeKa HAHOJIMITO30MHTE CE OJUIMYHH KaHIUIaTH 33 UCTIOPaKa Ha Pa3JInNIHU
AKTHBHU KOMIIOHCHTH KAaKO IIITO CC. AHTUKAHIOCPOrCHHU, aHTI/IFa6I/I‘IHI/I u aHTI/I6I/IOTCKI/I JICKOBH,
KaKo ¥ UCTIOpaKa Ha JIEKOBHU BO T€HCKaTa Teparuja, aHeCTeTULIN U aHTU-UH(IaMaTOPHH areHCH

(Allen and Cullis, 2013).

2.2.2. Daxmopu wimo eiujaam Ha mepanesmcxume nephHopManc Ha HAaHOIUNO30MUmMe

2.2.2.1.EdbukacHoct Ha eHkarncynanuja / Kananurer Ha MoJHERKLE HA HAHOJIUIO30MUTE

EdukacHocTa Ha eHKalncynanyja ¥ KamamuTeToT Ha MOJHEHE Ce CMEeTaar 3a eIHH OJ1
KIyYHHTE MapaMeTpy 3a BeTyBauKa IMPUMEHA HAa HAHOJIMIIO30MUTE M TOA IMpe] C¢ MOpaan
notpebara MCTUTE Ja ja COApKAT MoTpeOHATa 7032 HAa AKTHMBHUTE KOMIIOHCHTH CO HUBHA
muHuMaiHa 3aryba (Drummond et al., 2010). Kako mito Beke € HaBeICHO, €/IHA O] TPUIUHUTE
3a ycCHellHaTa KJIMHMYKAa NPUMEHAa HAa HAHOJIMIO30MHUTE € HHUBHATa CIIOCOOHOCT  Jia
CHKarcyaupaaT npuatiuBd KOJIMYECTBa HA AKTUBHM KOMIIOHEHTH HOTpeOHHM 3a Ja ce
MIOCTHTHE TepaneBTcka epukacHocT. Cenak, MOpa J1a ce 3eMaT IPeIBU/I HEKOJIKY (pakTOpH IITO
MOXarT Jia BIIMjaaT Ha YCIHCIIHOCTa Ha CHKaIlCyiauujara. ENeH o1 BaKHUTE CETMEHTH IITO
MOJKE JIa BIIMjae Ha KallallUTEeTOT Ha MOJHEHE € MOJAPHUOT COOAHOC OMEly XUIpO(HITHUTE
AKTUBHH KOMIIOHEHTH U (OCHONUNUANTE BO HAHOIMIIO30MCKUTE Be3UKynu. KMeHo,
MOKaXaHO € JeKa Kora OBOj COoAgHoc € moBucok ox 0,95, moara mo HamamyBame Ha
KanaluTeTOT Ha MOJHEHE MOPaJH TOA IITO BUIIOKOT HAa aKTHUBHA KOMIIOHEHTA MPEIU3BUKYBa
OlITETyBama Ha unuaHuTe MeMOpanu (Zucker et al., 2009). ITokpaj oBa, qPyry CErMEHTH IITO
MOXe€ J]a TO KOMIIPOMHUTHPAAT YCIIEIIHOTO MOJHEHE Ha HAHOJIUTIO30MUTE C€ PaCTBOPIIMBOCTA
U (U3NYKO-XEeMHUCKUTE CBOjCTBA Ha AaKTHBHUTE KoMIoHeHTH, pH Ha cpeauHaTa,
TeMIIepaTypaTta ¥ yCJIOBUTE Ha moyHewe. [1a oTTyka mpousneryBa notpedaTta o NpeTxoHO
JETaHO NPOYJYyBamke, UCIIUTYBAKE U pa3padOTKa Ha CHTe OoBHE (DAKTOPH 3a Jla Ce HallpaBH

yCHelIeH pa3Boj Ha oJipeicHa HAaHOJIUIIO30MCKa GhopMyIIalyja.

2.2.2.2.CocTaB ¥ NOBPUIMHCKA HYHKIIMOHAIN3AIIM]A HA HAHOJMUIIO30MUTE

J1o6po e 1mo3HaTo JeKa TePaneBTCKUOT MOTEHIINjall Ha aKTUBHUTE KOMIIOHEHTH 3aBUCH
OJl HUBHATa JIOCTAITHOCT Ha ILIETHOTO MECTO Ha JeNlyBamke W TOa BO MOTpedHaTa J03a U BO
ollpesieH BpeMeHCkH mnepuoi. OcCBeH Toa, 0/l CYHITMHCKO 3Hayelmhe € Jla c€ MUHUMH3Upa
M3JIOKEHOCTAa Ha AKTHBHUTE KOMIIOHEHTH BO HEIIEIHUTE TKHBAa Kako OW ce u3berHaie

MOTEHIMjaTHUTe HecakaHu edektu. bpojHu uctpakyBama MOTBpLyBaar Jeka MpUMeHaTa Ha




HaHOJIMIIO30MHUTE TIoMara BO TMojoOpyBame Ha edukKacHOocTa H  0Oe30eqHOCTa  Ha
CHKAICYJIMPAHUTE AaKTUBHU KOMIIOHEHTH W TOa MpPEeKy MOAu(HUIMpame Ha HUBHHUTE
(bapMaKOKMHETCKU CBOjCTBa (IUCTpUOYyIMja, aricopiirja U HUBHA enuMuHanuja) (Mozetic,
2019).

[la Taka, xora cranyBa 300p 3a (OPMYJIALMCKUTE ACHEKTH HAa HAHOJIMIIO30MHUTE,
KOHBEHIITMOHAIHUTE HAHO-BE3UKYyJapHU (opmynanuu 1okpaj (ocdoaunuaure, HajuecTo
COJpKAT XOJIECTEPOII KOj Ce JI0/1aBa CO e 3a J1a ce Hamaiu (IyuaHOCTa Ha JIMIIO30MCKAaTa
MeMOpaHa ¥ J]a ce€ 3r0JIEeMU PUTHAHOCTA HAa (HOCHOIUTUIAHUOT JIBOCIIOj, a CO TOA U HUBHATA
CTaOMIIHOCT TIPEKY MPEBEHIIMja HA UCTEKYBalkhe HA CHKAICYJIUPAHUTEC aKTUBHU KOMIIOHCHTH
(Jovanovi¢ et al.,, 2018; Kaddah et al., 2018; Laouini et al., 2012) Meryroa,
KOHBEHIIMOHAJTHUTE HAHOJIHUIIO30MH CE€ KapaKTePU3UpaaT Co KPaTKO BpeMe Ha UPKYJIannja BO
KpBTa IMOpaJd HUBHATA MOJUIOKHOCT Ha €IMMHUHAIMja OJl MOHOHYKJICAPHHOT (haromuTeH
CHCTEM, KaKo U Op3ara akymyJiaiyja BO IPHUOT APO0 ¥ CcIe3uHaTa, ITo (GUHAITHO pe3yaTHpa
CO TIONPEYCHA UCIIOPAaKa Ha UHKOPIIOPUPAHUTE aKTUBHH KOMIIOHEHTH JIO IIEJTHOTO MECTO Ha
JieTyBambe U MPOMEHM BO HUBHATA JTUCTPUOYIMja JO IPYruTe TKUBa Ha TeioTo (Senior and
Gregoriadis, 1982). KoHBeHIIMOHATHUTE HAHOJIMIIO30MH, UCTO TaKa CE KapaKTePU3UPaaT U o
penaTuBHO orpanudeHa in Vvitro crabumxoct (Zhang et al., 2013). Kako pe3ynrar Ha oBa, BO
MOCJICTHUTE TOJAWHU, MOJU(HKAIIM]aTa HA HAHO-BE3UKYyJIapHATA MOBPIIMHA C€ KOPUCTU KaKO
€/IeH O]l TMPHCTANNTE 3a pellaBamke Ha MpoOIeMOT co (arolUTHOTO Mpe3eMamke W HUBHOTO
OTCTpaHyBame€ OJl KPBHO-BACKYJAQPHUOT CHUCTEM [0 HHUBHOTO TPHCTUTHYBAEkHE BO
mupkynanujata (Mahapatro and Singh, 2011).

Hu3 nureparypara nocTojaT MoAaTolHu AeKa KaTjOHCKUTE HAHOJIUIIO30MH MTOKa)KyBaat
mofo0peHa in Vitro ctabuIHOCT, OM/IejKi HUBHUTE HACIEKTPU3UPAHU TIOBPIIUHH C€ 0J0MBaaT
e/IHa CO JIpyTa, a CO Toa Ce HaMallyBa M MO’KHOCTA 32 HUBHA arperaiyja. Bo oBaa Hacoka, Kako
HajuecTO KOPUCTEHU CYpOBUHHU 32 IMOATOTOBKA HA OBOj TUI HA HAHOJIMIIO30MU C€ CIOMEHYBaaT
onenHckara kucenuHa u N-[1(2,3-muoneonsnokcu) mporui]-N,N,N-TpumerniaM-MOHHYM
xsopun (DOTAP). [Iputoa, 0Boj TUII HA HAHO-CUCTEMHU CBOjaTa HajrojeMa NpUMeHa ja HaofaaT
BO TEHCKaTa Teparvja Mopaad CIOoCOOHOCTa YCIENTHO Jla TH SHKAICyJInpaaT HyKJICHHCKUTE
KHCEITMHA CO eJIEKTPOCTaTCKo npuBiekyBame (San et al., 1993). Mmeno, katjoHCKuUTe
JUIMO30MH C€ TIOTOJHM 3a WHCIOpaKka Ha pa3jIMYHU HEraTUBHO HAeNeKTPU3UPaHU
makpomosekynu kako mto ce JIHK, PHK u onuronykneorunn Ouaejku HUBHUOT HETaTUBEH
MOJIHEK W HHUBHATa TOJeMHHAa ja OrpaHMuYyBaaT NacuBHaTa Audy3uja BO KIETKHUTE, a
JIOTIOJTHUTEIHO HUCTUTE CEJEKTHUBHO TI'M TapreTupaar aHTMOT€HUTE EHJOTENHU KIETKH BO

tymopurte (Dass, 2003). Otryka, KaTjOHCKUTE HAaHOJIHUIIO30MHU CE CMETAaaT U 3a MOTEHIIH]aHH




(dbopMyIanucKy penieHyja 3a NCIopaka Ha AKTHBHATE KOMITOHEHTH JI0 MO30KOT KaKO pe3yiaTaT
Ha HUBHaTa criocoOHocT na ja npemunatr KMb mpeky penenrop-nocpenyBaHa TpaHCIIMTO3a
WM TaK ancopnTuBHa TpaHcuutosza (Hervé et al., 2008; Youn et al., 2014). Ho cenak,
MO3UTHUBHUOT IOJIHE)K HA MOBPUIMHATA HA KATjOHCKUTE HAHOJIMIIO30MH MOXeE J1a BIIMjac Ha
HUBHOTO BpeME€ Ha IMpKyJanuja BO KpPBTa IOpaadl €JIEKTPOCTATCKUTE HHTEPAKIMU CO
HETaTUBHO HAEJIEKTPU3UPAHUTE KPBHU MPOTEHHH M HCTHUTE Ja ja MPOMOBHpAaT HHUBHATA
arperanmja co mTo OM ce HaMaluja MOXKHOCTA 33 MCIIOpaKa Ha CHKAICYJIWPAHUTE aKTHBHU
KOMIIOHEHTH JI0 IIEJTHOTO MecTO Ha jaenyBame (Knudsen et al., 2015).

On gpyra cTpaHa Iak, aHjOHCKHTE HAHOJHMIIO30MH C€ KapaKTepU3UpaaT co MOHUCKA
CTa0MJIHOCT BO KPBOTOKOT BO OJHOC Ha HEYTPAJHHUTE M KAaTjOHCKUTEC HAHOJIUIO30MU M
JIOTIOJTHUTEITHO CO MOBUCOKA cTamnka Ha kiupeHc (Lee and Thompson, 2017).

Co men na ce HaAMHUHAT OBHE MPOOJIEMH M OrpaHMYYBamba, €/IeH O] MPUCTAINTE 32
nocrenupuyHa TUCTpUOyIHja Ha HAHOJIMUIIO30MHUTE M HMBHA aKyMyJlalfja BO IIEJTHUTE TKUBA
IpeTcTaByBa MOBPIIMHCKATa (YHKIMOHAIN3ANNja CO KOPUCTEHE HA CHHTETCKH ITOJIMMEPH,
TJIMKOIIPOTEUHHM, TMOJHMcaxapuau win crnenuduynn peunentopuu yuranau (Rangger et al.,
2012). Hekom o0j HajYecTO KOPUCTCHUTE MOJICKYIM 3a TIIOCTUTHYBakEe Ha CTepHA
cTabuimn3anyja W 3alliTUTa ce: XUjallypOHCKaTa KHCEIWHA, MOJUBUHII ankoxonoT (PVA),
nojuetwieH umuHOT (PEIl) w momuermnen rmukonor (ITEI/PEG). IIET-unupanute
HAHOJIMITIO30MU C€ HapekyBaaT W ,,HeBwummBu nunozomu (Paolino et al.,, 2010), mopaau
¢akror mTo XuapodmiHaTa nmospumHa Ha PEG ja cympumupa orconmusanyjata oa KpBHHUTE
NPOTEMHH, a OTTyKa C€ 3a00MKOJTyBa W HHMBHOTO MIPENO3HABamke Off CTpaHa Ha
PETUKYIOCHIOTEHUOT cucteM. OBa pe3yaTHpa co MpoI0HKEHO BpeMe Ha IUpKYJaluja, a co
TOA W TIOrOJeMa TepamneBTCKa e(QUKAaCHOCT BO cropenda €O KOHBEHIIMOHAITHUTE
Hanosmmo3oMmcku popmynanuu (Nsairat et al., 2022).

On nmpyra cTpaHa Hak, akTHBHOTO TapreTHpame Ha HAaHOJIHMIIO30MHTE ja 3rojieMyBa
CEJIEKTUBHOCTa KOH KIETOYHHTE CTPYKTYpPH M JIOTIPHHECYBa BO PEIENTOpP-IIOCpeayBaHaTa
SHIIOIMTO3a Ha HaHO-Be3WKynaTa W Hej3uHara kietouna 1en (Allen and Cullis, 2013).
CrencTBeHo, oBa pe3ysITHpa CO MOXKHOCT 32 HaMaTyBamke Ha MOTpeOHaTa 1032 Ha aKTHBHHUTE
KOMITOHEHTH, HaMaJIeHa Bapyjallyja Ha KOHLIEHTpaIijaTa Ha aKkTHBHUTE KOMIIOHEHTH BO KPBTa
¥ MUHHMaJn3upamke Ha Hecakanute eekru (Bertrand and Leroux, 2012).

Jlocera, MHOT'Y HAaHOJIMITO30MCKH ()OPMYMAIIAH 33 HCITOpaKa Ha aHTUTYMOPHU aKTHBHH
KOMITIOHEHTH c€ OJJOOPEHHU Ha I1a3apoT KOWIITO CBOETO JICjCTBYBAaHE T'O OCTBApyBaaT MPEKY
edeKToT Ha 3roJieMeHa IPOITYCIUBOCT U 3aapxkyBame (Enhanced Permeability and Retention -

EPR) na kanneporenute wierku (Gubernator, 2011). Meryroa, Oujaejku MpU MACHBHOTO




TapreTupame He MOXKE Jla Ce HampaBU pa3iiika MoMery 3a0O0JICHHTE W 3JIPaBHTE KIETKH,
pa3BUCHH CE KJIETOYHO-CIECIU(DUIHHN TapreTHPAYKH HAHOJIUIIO30MH CO IIeJ 32 JIa C€ 3TOJIeMHU
aKyMmyJangjara U JOKaJu3alujara Ha aHTU-TyMOPHUTE aKTUBHM KOMIIOHEHTH BO 3a00JICHUTE
kietku (Alshaer et al., 2015). JlornoiHUTETHO, TPAHCHIOPTOT U crieludUyHaTa aKyMyJalnja Ha
aKTUBHH KOMIIOHGHTH MOXKE Jla c€ IMOA00paT CcO WHKOpIopHpame Ha (parmMeHTH 3a
MOJIEKYJIapHO TIPENO3HaBakhEe Ha MOBPIIMHATA Ha HaHOJMITO30MuUTe. [1a Taka, BO 3aBUCHOCT 01
naTo(U3MOJIOTHjaTa MTO C€ TPETUPA U LIETHOTO MECTO Ha JIeNyBame, Jel O/l CTPATerHuTe 3a
aKTHBEH TapreTUHT Ha HAaHOJIMIIO30MUTE BKIIy4yBaar ,,JeKOpaluja‘ Ha HUBHATA MMOBPIIMHA CO
MENTUIA, TPOTEUHH (BKJIYYyBajKM aHTHUTEJNA) WM MPOTEHHCKH (parMeHTH, jarjeXuJpaTH,
HYKJICUHCKH KuceanHu win Butamutn (d’Avanzo et al., 2021; Koren et al., 2012; Paolino et
al., 2010). JluranaupameTo Ha HAHOJIUIIO30MHUTE MOXKE J[a C€ MOCTHTHE MPEKY HEKOBAJICHTHA
WIA KOBAJICHTHA KOHjyTalfja Ha TapreTUPAyKUTe JUTaHAW CO aKTHBHHUTE KOMIIOHEHTH WIIU
aK co MOBpIIMHATA Ha HaHO-Be3ukyuTe (Gupta and Gupta, 2017). Merfyroa, Tpeba 1a ce 3eme
MIPEBUI IeKa TUPEKTHATA KOHjyralija Ha aKkTHBHATa KOMIIOHEHTA CO TAPTeTUPAYKUOT JIUTaH]T
MOJKE JIa TO HApYIIU MPEMO3HABAKETO HA JMTAaHIOT O]l CTPaHa Ha PelenTopoOT, a UCTO TaKa
MOJKe JIa ce MPOMEHH U TepareBTcKaTa erkacHOCT Ha akTHBHATa kommoneHTa (Backer et al.,
2004).

[Tokpaj mpeTXOAHO CIIOMEHATUTE CTPATETHH, JIUTEPATYPHHUTE MOIATOLN CyrepupaaT u
Ha (opMylupamke Ha HAHOJNMIIO30MH IITO pearupaaT Ha cruMmyind. OBaa Kareropuja Ha
HAHOJIMIIO30MH C€ KapaKTepu3nupaar co Op30 0cinoboayBame Ha aKTHBHUTE KOMITOHEHTH TTOJT
71ejCTBO Ha (PU3NYKO-XEMHUCKUTE WIM MaK OMOXEMHCKHTE CTUMYJH, KaKo IITO Ce: CBETJIHMHA,
pH, Temneparypa, peoKkc MOTEHLIMjal, IPUCYCTBO U KOHLIEHTpAIMja Ha €H3UMH, YITPa3BYK,
SNEKTPUYHN Wi MarHeTHu mnonuma (Lee and Thopson, 2017). BooGuuaeHo, cTUMYI-
PECIIOHCHBHUTE HAHOJMUIIO30MH BO CBOjOT COCTaB COJpPKaT OJApE/IeHAa KOMITOHEHTA INTO ja
KOHTpOJIMpa CTa0MJIHOCTAa U MPOMYCTIMBOCTA HA JMIUIHMOT JBOCIO] KaKo pe3yiaTaT Ha
MPUCYTHUOT CTUMYJ (Ha mp. MoAMdUKalKja HAa aAWIHATE CUHUUPU Ha GochHOIUIUInNTE CO
(GYHKIIMOHATHY TPYNMU OCETIIMBH Ha CBETIMHA, KOPUCTEHE Ha JIUMHIM CO TeMIeparypa Ha
¢azna Tpansunuja o 40-45 °C, amuiHa HITH ecTepcka XHIPOoJIU3a O] CTpaHa Ha IPOTea3n HiTd
MaK ecTepa3y U KOPUCTEHE Ha pa3indHu PH CEeH3UTHUBHHU MOJEKYIHM KaKoO IITO Ce: OJIEMHCKA
KHCEJIMHA, JepUBAaTH HAa CYKIIMHCKA KHUCEIWHA, TOJMAKpWUIHA KHUCEIMHA, aclapTUYHA
KHCENHMHA, TIyTapHa KHcennHa, GocdoerannonamuH, pH CEH3UTHBHM TENTHAN, OPTOCCTPU
utH.) (Nsairat et al., 2022).

ITocnennara pa3BueHa reHepalyja Ha HaHO-BE3UKYIU CE JIMIIO30MUTE CO MEypuuiba

(HaHOJ'II/IHOBOMI/I CO KaIicyiu co rac) 34 KOU CC OUCKYBA [1a ' OTBOPAT XOPU3OHTUTC KOH HOBU




MPUMEHH BO HCIIOpaKaTa Ha TEHETCKH Marepujajl M APYrd akTHBHHM KommoHeHTh (Katsuji
Sakaguchi et al., 2008). OBre HaHOIHUITO30MCKH (POPMYIIAIIUHI CE€ KOPHCTAT 33 CHKAICYIUPAHE
Ha OMOAKTHBHHU TaCOBU M/HJIM KOHTPOJIHMPAHO OCI0001yBakhe Ha aKTHBHUTE KOMIIOHCHTH TT0]T
7ejcTBO Ha ynTpa3Byk (Sun, 2017). Hanomuno3zomute co meypumiba co azoTeH okcus (NO) ro
mrutat NO o1 mperno3HaBame 0] CTpaHa Ha XeMOMJIOOMHOT iN VItro, Kkako mro oOU4YHO ce
ciydyBa co cio6oaanot NO. J[OMONIHUTETHO, HAHO-BE3UKYIUTE CO MEYPUHba Ha KUCIOPO/

OBO3MOXYyBaaT BUCOKH (PUKCAIUU HA KUCIOPOAOT co BUCOK pO2 Bo 6emuTe TpoOOBH.

2.2.3. Kaunuuka ynompeba Ha HAHOIUNO30MUME

Bo mocnenHuBe ACICHUM pa3iIMYHA HAHOJIMIO30MCKU (hopmynamuu ce 0g100peHu H
CBOjaTa MPUMEHa YCIICIIHO ja HaoraaT BO KIMHUYKarta cdepa. [IpBara oqoopena [1ET -unupana
HAHOJIUITO30MCKa (OpMyMaIlija CO SHKANCYJIUpaH IOKCOPYOUIIMH HAMEHETa 3a TPETMaH Ha
Kanommesuor cuaapoM, Jlokcun®, ro OTBOpHIA Pa3BOjHHOT IMaT 3a HEKOJKY IPYrd
HAHOJIMTIO30MCKH (hOpMyJIallid BO HAcoKa Ha MOIU(HUIMpPAKE HAa HUBHHOT COCTAaB M
MOBPIIMHA CO IIe7 NOoepHKacHA HUCIOpaka Ha CICHU(PUYHUTE AKTHBHU KOMIIOHEHTH BO
tymopckute TkuBa (Lamichhane et al., 2018). ITa taka, LipoDox® e yimire exna ITEI -unupana
dbopmyanuja Ha HAHOJMIIO30MU CO EHKAICY/JIMpaH JOKCOPYOUIIMH 0100peHa oJ CTpaHa Ha
FDA, npoussezaena Bo 2012 roguna (Chou et al., 2015). 3a paznuka ox Hus, Myocet® kojiiro
conpxku He-IIEl-unupanyn HaHOIUIO30MHU MOKaXasl MOKPATOK MOJYKUBOT Ha €IMMUHALIN]a,
HO MCTHOT OWJ TIpONpaTeH cO NOMAaJKy HecakaHW cpleBH edekTd Bo cropenda co
nokcopyourmaor (Fukuda et al., 2017). JlomomHHUTEeNnHO, NAyHOPYOWIMH € BTOPHOT
AQHTPAIMKIMHCKH aHTHHEOIUIACTUYCH JICK CHKAIICYJIMPaH BO HAHOJMIIO30MHU 33 TPETMaH Ha
aKyTHa MHEJIOMJIHA JIeyKeMHuja TMoJ TeHepudkoto uMe DaunoXome® (Fassas and
Anagnostopoulos, 2005).

Jlocera ce pa3BHEHH U HEKOJIKY JeTo-(popMyIauy Ha HAHOJIMIIO30MH BO KOM criaraar
Depocyt® Bo KoM € EHKAlCyJIupaH IUTapaOuH, CO ITO € OBO3MOXKEHO HErOBO OJPIKIMBO
ocioboayBame Bo mepuon on ase Heaenu (Murry and Blaney, 2000). dopmynamujara
Mepact® e riobanHo om00peHa 3a TpeTmaH Ha octeocapkom (Meyers and Chou, 2014).
BUHKPHCTHHOT UCTO TaKa € HHKOPIIOPHPAH BO HAHO-BE3HUKYIIH KO BO CBOJOT COCTAB COJIPXKAT
c(UHTOMUEINH U XOJeCTepo, moa umero Marqibo®. MaTepecHo € Toa mTo 0BOj 0100peH
MPOM3BOJI TIOKaXKYBa MO0JIT0 BpeMe Ha IIUPKYIIalija 0e3 mpuToa Ja ce HalpaBy MOBPIIHHCKA
MoauGHKaIja Ha HAHOJIUIIO30MUTE, IITO (PUHATHO PE3YATHpPA CO IMOrojIeMa aKyMyJlaluja BO

HEJIHUTEC TKHBA W CO HNPOAOJIKCHO W KOHTPOJIMPAHO ocno60nyBaH>e Ha BUHKPUCTHHOT.




Onivyde® e ymre emno dopmynamucko pemenue Ha [IEI-unmupanu HaHOIMIO30MH CO
CHKAICYJIMPaH HPUHOTEKAH IITO MOKaKaJIa MOS(PUKACHO aHTUTYMOPHO JIEjCTBYBAHE BO OJTHOC
Ha cio0oauuoT siek (Passero et al., 2016). Hononuurenno, Vyxeos® nmo3Har u kako CPX-351,
COCTaBeH O] KOMOMHaIMja Ha LUTapabWH W JayHOPYOWIIMH, OCBEH HaMalyBambe Ha
HecakaHuTe e(DeKTH, ce KapaKTepu3upa U Co 3rojeMeHa TepaneBrcka epukacuoct (Kraus et
al.,, 2016). Cnuuno Ha oBa, LIpusu® mpercraByBa yIITE €I€H YCIEHIEH MPHCTAl 3a
(dopmyriaiirja Ha HAHOJMITIO30MH CO HHKOpIiopupan Paclitaxel, mrro oBo3moxyBa nexyBame Ha
racCTPUYHUOT KapIMHOM cO MHOry nomanky HeratuBHu edpektu (Koudelka and Turének,
2012).

OcBeH BO aHTH-KaHIIEP TeparjaTa, HAHOJIUIIO30MCKHUTE (POPMYJIAllUU CBOjaTa PUMEHA
ja Haoraat W BO TPETMAHOT Ha (pyHraaHu WHpeKuu. [[Be riaBHU 0A00pEeHN aHTH(YHTATHU
(dbopmynannu Ha HaHO-Be3UKyNu ce Ambisome® u Fungisome®. U Bo nBere ¢popmynanuu e
eHkarcyiupan Amdorepuind b 1 ucTUTE MOKakyBaaT HHU3a Ha MPEIHOCTU BO criopenda co
CII000HUOT JIEK, Mel'y KOU IMOBHCOKA OMOPACIONIOKINBOCT U TIoMajia TokcuuHocT (Azanza et
al., 2015; Rudramurthy et al., 2013). Ilonaramy, Visudyne® ¢ eIMHCTBEHHOT
HAHOJIMTIO30MCKH areHC OAO0OpeH 3a Tepandja Ha MakyJiapHa JereHepalfja MoBp3aHa co
MHXUOUIMja Ha CO3/1aBa-eTO Ha KpBHU cafoBu Bo okoto (Chang and Yeh, 2012), noneka mak
DepoDur™ u Exparel® ce meno mpemapaTé MITO Ce€ KapaKTEPU3HPaaT CO MOCTENEHO
0c1000/1yBamke U MPOJIOJIKEHO BPEME Ha OJP)KYyBamke HAa KIMHUYKUOT €PEeKT Ha MOPPUH U
OyNnuBakvH BO TPETMAHOT Ha OJICCHYBame Ha Oonkata, cooasetHo (Angst and Drover, 2006;
Zhigaltsev et al., 2010).

W mnokpaj manuor O6poj Ha OJOOPEHU HAHOJIUIO30MCKH (OpPMYJALUH 32 KIMHUYKA
ynotpe0a, COTjacHO TOCIETHUTE JUTeparypHH monaroru oa 2022 roauHa, BO CBETOT
MOMEHTAJIHO C€ perucTpupanu 511 AaxkTUBHM KIMHWYKA HCHUTYBamka Ha pa3iInyHU
¢dopmynanuu Ha HaHosiMno3oMu. Mery HuB, 121 ce Bo ¢a3za III, 236 ce Bo daza II, 120 ce Bo

daza I u 6 ce Bo pana (aza Ha kuuuuku cryaun (Nsairat et al., 2022).

2.3. HaHoauno3oMu KaKo CHCTEMH-HOCAYH HA AKTHBHU KOMIIOHEHTH 32 HacovyBamb€

BO MO30KOT

Co HanmpeaoKOT Ha HAHOTEXHOJIOTH]jaTa U BOEJHO, COTJIEyBamhETO Ha MPEAHOCTUTE Ha
HAHOJIMIIO30MHUTE KaKO CHCTEMHM-HOCAaud 3a TapreTupaHa HCIopaka M KOHTPOJIUPAHO

OCJ'IO6OIly'BaH>C Ha aKTUBHHUTC KOMIIOHCHTHU, YTBPACHO € JCKAa UCTUTC UMAAT U HOTeHLII/IjaJ'IHa




NpUMeHa BO JHMjarHOCTHKaTa W TPETMAHOT Ha HEBpOJEreHepaTUBHUTE 3a00yBama,
BKJIY4YyBajkH ja u AnxajMepoBata 6omect (AB).

Kako mro Gemie HamoMeHaTo MOrope, MHKOPIOPHPAHETO HA AKTUBHUTE KOMIIOHEHTH
BO OBOj THI Ha BE3WKYINHU ja 1MojoOpyBa HUBHAaTa OMOJIOIIKA AUCTPUOYIMja, TO HaMalyBa
PETUKYIOCHIOTEITHOTO MPe3eMare 01 CTpaHa Ha Makpoarure, a J0MOJHUTEIHO I'M HaMalyBa
U KOHIEHTpalMUTE Ha CcI0OOJHMOT JIeK, IITO MOHATaMy pe3yJITHUpa U CO HaMalyBame Ha
HUBHATa CHCTEMCKa TOKCHYHOCT. MoaudukanuuTe BO COCTaBOT M MOBpIIMHATA Ha
HAHOJIMIIO30MUTE MOXKE J1a 0BO3MOXKaT epukaceH Tpancnopt Huz KMb u na npunonecat ko
CHeU(pUYHO TapreTUpame 10 Pa3IUYHUTE MO30YHH CTPYKTypu. JlomomHutenHo,
MyITU(GYHKIIMOHATHUTE HAHOJIUIIO30MH MMaaT MOTEHIIMjall 1a TapreThpaaT MoBeke O] eAHa
MaTOJIOTH]ja Ha HEBPOJCTEHEPATUBHUTE OOJIECTH M CO TOA Jia ja 3a0aBaT HMBHATA IIPOTrpecHja
(Hernandez and Shukla, 2022).

Ho 1 nokpaj oBa, caM0 HEKOJIKY HAHOJTUIIO30MCKH ITPOU3BO/IU 32 TPETMAaH HA MO30YHU
3a00IlyBama yCIENIHO ja MMaaT MIOMUHATO KIMHUYKATa eBalyalija u UCTUTE ce JOCTAallHU Ha
nasapot (Vieira and Gamarra, 2016). OBa ¢ HajBepOojaTHO PE3yJITaT Ha HEAOCTATOKOT O]
pa3bupame Ha CYIITHHCKHTE (PaKTOPH IITO MPHUIOHECYBAaaT 3a ONTHMAaJHATa HCIIOpaKka Ha
aktuBHUTe KommoHeHTH Bo I[HC u Toa ymre Bo panute (a3u ol pa3BOJHHOT IPOIIEC.
JIOTIOJIHUTENHO, O/ CYIITHHCKO 3HAUYEHE € U JOOMBAETO Ha JeTalleH YBUJ U pa3Oupame Ha
MEXaHU3MHUTE Ha TPAHCHOPT Ha HaHosmmno3omure HU3 KMDb, kako m mocienoBaTeaHUTE
MIPOMEHH IITO HACTaHyBaaT IPY MUCTIOpaKaTa Ha aKTHBHUTE KOMITOHEHTH BO MO30KOT. BaxxHO
€ /Ja ce pa3depaT MeXaHHM3MHUTE KOU LIEJIOCHO ja OJpeyBaaT JOCTAIHOCTA Ha aKTHUBHHUTE
KOMIIOHEHTH /10 HUBHATA 1IeJl BO MO30KOT U CEKaKo, KaKo OBUE KMHETHUYKHU MPOLECH 3aBUCAT
O] CBOjCTBaTa Ha HAHOJHMIIO30MCKHTE (OpPMYyJAlMd, HO W OJ NPOMEHHTE BO
narou3noIoTujaTa/cocroj0aTa BO MCHUTYBAaHUOT OpraHu3aMm (KMBOTHO, 3/paB BOJIOHTED,

naruent) (Hernandez and Shukla, 2022).

2.3.1. KpsHno-mozouna 6apuepa (KMB)

KMB e ¢opmupana on uepeOpaiHu €HIOTETHM KISTKH M HCTaTa ja MpeTcTaByBa
OapuepaTa momery KpBTa ¥ MO30KoT. Taa urpa 3HauajHa yiora BO peryJanujaTa Ha MO30YHaTa
mukpocpenuaa (Abbott et al., 2010) u ucTOBpeMeHO IO KOHTPOJHMpA CEJICKTUBHHOT M
cnenu(pUIHNOT BJIE3, U3JIe3, KAKO U MEeTabOJIIM3MOT Ha €HIOTCHUTE U €r30T€HUTE MOJICKYIIH.
KMB mpercraByBa ¢puznuka u Gpusnosonka dapuepa koja MHOTY €(pHUKACHO U CEJIEKTUBHO T'O

(bI/IJ'ITpI/Ipa HaBJICTYBALCTO HA COC,Z[I/IHGHI/IjaTa O KpBTa BO MO30OKOT U Ha TOj Ha4YWH I'0 MITUTHU




HEPBHOTO TKHMBO OJ IITETHUTE CYIICTAHIIMH U NH)EKTUBHUTE ar€HCH MPUCYTHU BO KPBOTOKOT.
Ho on apyra ctpana nak, KMb ro cripeuyBa HaBlIeryBameTO U ja OTpaHUYyBa TUCTPUOYyIIHjaTa
Ha ckopo 98% ox MoTeHIMjaIHUTEe aKTUBHU KOMIIOHEHTH BO MO30KOT. Kako pe3ynTar Ha Toa,
BO MOMEHTOB CE€ pa3BMBAaT CTPATETMHU 3a TapreTUPame M UCIOpaKa Ha JICKOBH IITO IO
moo0pyBaaT HUBHHOT TpaHCIOPT o KpBTa Bo Mo30koT (Vlieghe and Khrestchatisky, 2013;
Wolburg et al., 2008).

Bo oBaa Hacoka, ycriemHuoT Tpancnopt Hu3 KMb urpa kiydHa ysjora BO TpETMaHOT
Ha Oonecrure Ha [[HC, kako mrto ce AmxajmepoBara Ooinect, [lapkuHcoHOBTaa Goecr,
riaomot u apyru (Murphy and Levine, 2009). ITa orTyka, MOXe Ja Ce 3aKJIydH JeKa Pa3BOjoT
Ha aJITCPHATHBHH MPHUCTAIM 3a MCIIOpaKa HA aKTUBHUTE KOMIIOHEHTH KOW T'M HaJMHHYBaaT
orpannuyyBamara Ha KMbB co menm na ce mocTWrHe TepamneBTCKa e()HKacCHOCT € MHOTY
nocakyBaH u ucrpaxysas (Ross et al., 2018).

J1oOpo e 1mo3HaTo JieKa TPAHCIIOPTOT Ha aKTUBHHUTE KOMITIOHEHTH npeky KMB, ocBen
O]l HEj3UHUTE KapaKTEPUCTHKH, BO TOJIEMa Mepa 3aBHCH U O] CBOjCTBATa HA OBUE KOMIIOHEHTH.
CsojcrBara Ha KMb ce moj Bi#janue Ha COCTaBOT BO KPBTA M KOHTAKTHHUTE MIIHA OCIIO00/ICHUTE
(bakTOpH OJ] OKOJHWUTE MO30YHHU KJIETKH (NEPUIIUTH, aCTPOLUTH, MUKPOTJIMja U HEBPOHH)
(Abbott et al., 2010; Haass and Selkoe, 2007). Ho, u mokpaj Toa IITO HAHOJUITO30MUTE UMAaT
TUMOQWIHN KapaKTePUCTUKHU, THE C€ MHOTY TOJIEMHU M HE MOKaT €THOCTaBHO Ja qudy3upaar
HU3 KJIETOYHUTEe MeMOpanu wiu nomery kierkure Ha KMB (Krstic and Knuesel, 2013). Ta
TakKa, JOCETAllIHUTE UCTPaKyBama Cyrepupaar Jeka HaHOJIUIIO30MUTE ja mpemuHyBaar KMb
MPEKY HEKOJIKY aKTUBHU TPAHCLUTO3HU TPAHCIOPTHU CUCTEMH, KaKo LITO Ce. aTCOPNTHUBHATA
tpanciuro3a (Adsorptive-Mediated Transcitosis - AMT), penenTop-nocpeayBaHara
tpanciutoza (Receptor-Mediated Trascitosis - RMT) u TpancuuTo3ara mocpeayBaHa Of
tpancnoptepu (Carrier-Mediated Transcitosis - CMT) (Patching, 2017). CorniacHo oBa, MOXe
Jla ce Kake JieKa cTpaTeruure 3a ycrneueH npeMuH Hu3 KMb 3acHOBaHM Ha HaHOJMITIO30MCKH
CHCTEMH MOXeE Jla ce Kiacu(uuupaar Kako (U3UOJIOLIKK MPHUCTaIl, BO CMHCIA Ha Toa JieKa
JUIO30MCKaTa BE3WKYJIa y4ecTBYBa BO (DM3HOJIONIKWTE WHTEPAKIMH, a OTTyKa BIMjac Ha
TUCTPUOYIHjaTa v CIEACTBEHO, HAa e(prKacCHOCTa HA AKTUBHUTE KOMIIOHEHTH.

Bo nmocnegnure Tpu JAeKagM, HAMECTO KOPUCTEHE€ Ha KOHBEHI[MOHAIHUTE
HAHOJIMIIO30MH, Pa3BUEHH CE€ HAHO-BE3UKYJIHU YHMJIITO COCTAB U MOBPILKHA c€ MOAU(PHUIIMPAHU
(Mp. KaTjOHCKH HAHOJIMIIO30MH, OJTO-IUPKYIUPAYKH HAHOJHIIO30MH U  CIEIU(PHIHO
HAacOYCHW HAHOJUIIO30MH), cO 1en edukacHo npemuHyBate Ha KMbB co emen on

ropeHaBejieHuTe TpancopTHu Mexanusmu (Ross et al., 2018).




2.3.2. Kamjoncku nanoaunozomu

Hanonmumo3zomuTe €O TMO3UTHBEH MOBPIIMHCKH IIOJHEX HMaaT CIOCOOHOCT Ja
rocpenyBaaT BO €NEKTPOCTATCKUTE MHTEPAKIMA CO HETaTMBHO HAEJICKTPU3UPAHUOT
rMKokanuke Ha mymuHanHata KMbB memOpana, co mro ce mnunupa AMT. Ilokpaj Toa,
MO3UTHBHO HaeJIeKTPU3MpaHaTa JIMIUIHA MOBPIIMHA MOXXE [1a ja OJIECHM aTCOpIIHUjaTa Ha
MOJIMaHjOHCKUTE MoJiekyiu, kako mrto ce JJHK u PHK, mrto cera e mmpoko pacmpocTpaHer
NPUCTAIl BO TPETMAHOT Ha pa3jIMYHM THIIOBH Ha KaHiepu Ha mo3zokot (Confaloni et al., 2016;
Mutlu et al., 2011). ExciepumenTannuTe cTyauu criposeaenu o Joshi et al. (2015) otkpuBaat
neka oBve (OpMyJIalMy 3HAYMTENIHO BIMjaaT Ha IN VIVO aKkymymaijata Ha aKTHBHHUTE
KOMITOHEHTH BO MO30KOT, KOjaIlTo ce 3royieMyBa o1 3 1o 15 matu Bo criopenda co aHjOHCKHUTE
Y HEyTpaAJTHUTE HAaHOJIHUIIO30MHU. Bo oHOC Ha hOpMyITaIICKUTE acTIeKTH, MOKE JIa C€ 3aKITydn
7ieKa MoJjlapHaTa (pakKiyja Ha KaTjOHCKUTE JIMIUIN U TOJIEMUHATa HAa HAHO-BE3UKYIIUTE UMaat
CYIITHHCKO 3HAa4YeE€ BO YCIEUIHOCTA Ha CHKAICy/lalujaTa ¥ MCIOpaKkaTa Ha AaKTUBHHUTE
KOMITOHEHTH JI0 MO30KOT. MeryToa, MOpa Ja ce Harjacd JeKa ONTHMajHaTa MoJapHa
¢dpaknMja Ha JIUOUIATE BO KAaTjOHCKUTE HAHOJHMIIO30MH MOXE Ja Bapupa MpU Pa3IndHA
naTo(QHU3HOJIONIKK COCTOJOM M Pa3JIMYHU CHKAICYJUpaHu aKTUBHH KommoHeHTH (Juhairiyah
and de Lange, 2021).

Jpyr cermeHT Kojmto Tpeba jga ce 3ama3u mpu (GopMyIHpameTo Ha KaTjOHCKUTE
HaHOJIMIIO30MH 3a ycnenieH TpaHcnopT Hu3 KMbB e cunara Ha arxes3uja Ha HaHO-BE3UKYyJaTa
3a KMb, kojamro Tpeba na ja HaAMHHE XHAPOJMHAMHUYKAaTa CHJIa IITO IPOU3JIETYBa Of
nepeOpanHuoT mpoTok Ha kpB (Hossain et al., 2013). MimeHo, npu nodp3 MPOTOK Ha KPB Kaje
IITO XEMOJMHAMUYKHOT CTpeC € BHMCOK, C€ NpeTHoYMTyBa IIOMaja ToJeMHMHa Ha
Ha”Hoimmo3oMmu. llpuToa, Bo mpexBun Tpeba ga ce WMa JeKa pPAa3UYHATE HAYMHUA Ha
aJIMUHUCTpaNMja/IpuMeHa U Pa3IMYHUTE MATOJIOTMH MOXKE Jla ja MpoMeHar Op3uHara Ha
IPOTOKOT Ha KpB BO MO30KOT. Ila oTTyka, mOTpeOHO € na ce HampaBM ONTHMH3ALMja Ha
roJIeMUHaTa Ha JIMIIO30MCKUTE BE3UKYJIM BO COITIACHOCT CO MOKHHOT XEMOJIMHAMHCKH CTPEC
(bakTop.

Kora cranyBa 300p 3a HAUMHOT Ha NMPHMEHA HAa HAHOJIMIIO30MHUTE, JINTEPATYPHUTE
MOJIATOLIM CyrepHrpaar Jeka HHTpaBeHCKHOT HauuH (1V) e HajuecTo KOPUCTEHUOT U MOKPaj Toa
IITO MHTpaapTepujanHara nHjeknrja (IA) Hyau nocynepuopHy MPeTHOCTH U MOKHOCTH. Taka
Ha mpumep, [A wmcmopakata TO MUHHMH3HpA Bp3YBameTO 3a IUIa3Ma MPOTCHHUTE W
HecTenn(UIHNTE HHTEPAKITNH CO IMYHHUTE KJIETKH, a OTTYKa Ce MaKCHMH3Hpa WHTEpaKIHjaTa
CO TOBpIIMHATa Ha H3JIOKEHOTO TKHUBO. J[lomomuurenHo, mpeky |A ce uszbernyBa u

HCCHCL[I/I(I)I/I‘-IHOTO HaBJICTYBAaKC HA KaTjOHCKI/ITe HaHOJIMIIO30MHU BO CJIC3UHATA U IPHUOT ,Z[p06




(Drummond et al., 2010). ITa cmeacTBeHo, CO e Jga Ce 3a00MKOJIHM HABIIETYBAmbEeTO Ha
HAHOJIMIIO30MHUTE BO OBHE TKUBA mpu |V agMuHucTpaiyja, moTpeGHO € 1a ce MpUMEHAT APYru
CTpaTeFI/II/I KaKO IITO C€. MOI[I/I(bI/IKaHI/Ija Ha Ha HHUBHATa HOBpH_II/IHa CO ITOJIUCTUIICH TJIMUKOJI

(PEG) unu npukauyBame Ha CrieIU(QUIHHI JTUTAHIH.

2.3.3. Joneo-yupkyiupauku HAHOIUNO30MU

Jlocera, MHOTY iN Vitro u in Vivo ucTpakyBarmba Ha rJI00aJHO HUBO ja KIMaaT MOTBPAECHO
TeparneBTCKaTa S(PUKACHOCT Ha JOJTO-IHUPKYIUPAYKUTE HAHOJIMUIIO30MH BO TPETMaHOT Ha
pa3NUYHM TATOJIOTMHM HAa MO30KOT. MMeHo, m00po € 1nokymeHTHpaHo jaeka 1o IV
aJIMUHUCTpAaIHja/IpuMeHa, KOHBEHIIMOHATHUTE HAHOJIUIIO30MH BO OMOJIOIIKUTE TEYHOCTH CE€
MOKPUEHH CO TIa3Ma MPOTEHHUTE (Ha puMep, GUOPHUHOTEH, UMYHOIIOOYJIMHU U MPOTECHHU
Ha KOMIUICMEHTAPHUOT CHCTEM), ITPH IITO OKOJIY HUB ce (OpMHUpA T.H. ,,IPOTEUHCKA KOPOHA™
(TIK). OBaa kopoHa o IPOMOBHPA AKTUBUPAHETO HA (DarOLIUTHUOT CUCTEM U OTCTPAHYBAETO
Ha HaHO-Be3uKynuTe oj kpBotokoT (Palchetti et al., 2016).

Ottyka, GopMynupameTo Ha T.H. ,,CTEPHO CTaOMIU3MpaHu" HaHoMUMo30MH, co PEG
WIH Jpyr TOJMMEp 3a CTEepHa cTa0win3anuja mTo O OWI MHKOPIIOPUPAH BO €IHA O]
JUIMHUTHATE KOMIIOHCHTH Ha JIMIIO30MCKaTa MeMOpaHa, MPETCTaByBa €lICH OJ KOPHCHUTE
MIPUCTAIH 32 0100pyBamke Ha (PapMaKOKHMHETCKUOT MPO(UI U MPOJOIIKYBakhE Ha BPEMETO Ha
mupkynanja. Mveno, PEG wmonekynmure ce kapakrepuszupaar cO BHCOK CTEIICH Ha
XHJpaTalyja mWTo pe3ylTupa co 3rojlieMyBambe Ha HUBHUOT XUIPOJMHAMHUYKU BOIYMEH U
OBO3MOKYBa (opMHpame Ha BOJIEH C€J10j OKoJy moiaumepoT. Cekoja CTPyKTypa, Kako BO
CITy4ajoB HAHOJIMIIO30MHUTE, KOBAJIIEHTHO moBp3aHa 3a PEG, ucro Taka, rm mokaxyBa OBHE
CBOJCTBa, CO MITO ce 00e30eayBa 3rojieMeHa pacTBOPJIIMBOCT U HaMallyBamke Ha CTEMEHOT Ha
MHTEpaKIMUTE IMOMely HaHO-HOcauuTe co Iuta3ma mnporteunure. Ilocnenosarenno, INTET-
WIMPaHUTE HAHOJIMIIO30MHU Ce MOMAJIKy CKJIOHM KOH ¢opmupame Ha [IK, mro oBo3MoxyBa
JIPAacCTHYHO 3TOJIEMYBak€ Ha BPEMETO Ha LUPKYNIAIKja, a CO TOA U 3T0JIeMyBamke Ha HUBHATA
Ila3MaTcKka KOHIEHTpaluja W BOEIHO, MoJo0peHa OuoauctpuOylrja BO MO30YHUTE
CTPYKTYpHU BO criopeada co ApyruTe TKUBA (Ha Ip., CIe3MHKa, Oenu ApoOOBU U IpH ApoO).
OcBen Toa, IIEl-mnamujata Moxe Ja ja mHOJOOpM M CHUCTEMCKara CTaOMIHOCT Ha
HAaHOJIMITIO30MUTE TIPEKy CHpedyBakeé Ha HUBHATA arperamdja W aridyTHHamHWja co
eputpormtute. Ho M mokpaj oBuwe (HOpMYNAIMCKH TPHUCTAIH, JUTEPATYPHUTE ITOJATONN
yKaKyBaaT Jieka He IMOCTOM CUTYPHOCT JIeKa OBHE CHUCTEMHM-HOCAuM Ke OHuJaT YCHElIHO

tpancnioptupanu npeky KMb (Veronese and Mero, 2008).




2.3.4. Hanonuno3omu 3a akmugeHn map2emune Ha MO30KOm

Kako mito e HaBeneHO BO MOBEKe HaBpaTH MPETXOHO, yrmoTpedaTa Ha MOBPIIMHCKO
¢byHKIMOHATM3UpaHUTE HaHOIUI030MH co PEG e efieH o/l HaUMHUTE 32 yCTelIHa UCIIOpaKa Ha
aKTUBHHUTE KOMIIOHEHTH JI0 MO30KOT. MerfyToa, Tpeba aa ce 3eMe NMpeBU/I IeKa MOBPIIMHCKO
HACJICKTPU3HPAHUTE HAHOJIMIIO30MCKM BE3UKYJIM MOXKE Jia CTamaT BO HMHTEPAKIMKA Ha
Hecren(UIHO BP3yBarhe BO IEIHUTE TKUBA M UCTUTE Jia TOJIe:KaT Ha Op3 kimpenc (Barar et
al., 2016), nmomexa mak IIEI-umamujata ro mpoOaODKyBa CamMoO IOJY)KHBOTOT Ha
HAHOJIMTIO30MHUTE KAaKO CHCTEMH-HOCAuu 0e3 MoJ00pyBamke Ha HUBHATA TEHETpaldja BO
tkuBara (Hattori, 2016). Bo oBaa Hacoka, KOHjyrHPameTO HA HAHOJIMIIO30MUTE CO APYIH
(GYHKIMOHATHY JIMTAHIU, KaKO IITO CE BEKTOPH HA IENTHIU 3a TapreTHpame U CHIOTCHU
MOJICKYJIM W aHTHTEJIa MOXE Ja ja 3rojeMH e(pHKacHOCTa Ha HMCIIOpaKkaTa Ha aKTUBHUTE
KOMIIOHEHTH BO MO30KOT. MIMEHO, TUTaHANTE TO OJIECHYBAaT CIEUU(UIHOTO MOBP3YBAKE CO
MOBPIIMHCKUTE PEIEITOPH U TocieoBaTeIHnOT Tpancnopt Hu3 KMBb. [puroa, agunuteror
Ha JIMTaHJOT € O] CYIITHHCKO 3HAaueHkhe 3a Jia ce M30erHe JIM3030MCKaTa Jerpajaandja Ha
nanonmnoszomute (Haqggani et al., 2018). [lononHUTEIHO, BAXKHO € J1a C€ Harjacu Jieka Kora
JTUraHao0T € Bo komOuHanuja co PEG, moTpebHo e 1a ce HanmpaBu ONTHMHK3AlMja Ha TYCTHHATA
Ha PEG nmanmute co menm Ja ce HampaBH paMHOTEXa IOMeEry 3allTUTHUTE, CTEPHO
crabum3upayku cBojctBa Ha PEG u GyHKIIMOHATHUTE KapaKTepuCTUKU Ha uranaot (Han et
al., 2015; Hu et al., 2019).

I'ayratuon: I'myratron (GSH) nmpercraByBa CyIITHHCKU €HIOTEH TPUIENTH KOj €
OJICOBOPEH 3a HMHTpAlle/lyJlapHaTa JNeTOKCHKaluja Ha Merabomutute. Na® 3aBucHnor GSH
TpaHCIIOPTEp KOj € MPUCYTEH Ha TyMHHAIHATA CTPaHa Ha MO30YHUTE CHOTEITHH KIIETKH MOXKE
na To onecHW TpaHcroptoT Ha GSH 10 MO30KOT TpeKy TpaHCIOPT TOCPEAyBaH Ol
tpancroptepu (Kannan et al., 2000). JluteparypHuTe mOAATOIM CyrepHpaar jaeka
JIONOJTHUTENHATa KoHjyranuja Ha GSH 3a moBpiIMHAaTa Ha HAHOJIMIIO30MHUTE ja 3Tr0JIEMYBa
JIOCTAlHOCTAa HAa aKTUBHUTE KOMIIOHEHTH 10 MO30KOT, & MEXaHU3MOT IPEKYy KOj C€ OJBUBA
TPaHCIOPTOT Ha HAHO-BE3WKYJIUTE BKIy4dyBa KIATPHUH-TIOCpeayBaHa eHzjommro3a (Maussang
et al., 2016). butHo e ;ma ce HamoOMeHe JeKa MOBpIIMHCKara KoHjyramuja co GSH He
uHTepdeprupa CO MEXaHM3MOT Ha OCJI000qyBame€ Ha AaKTUBHUTE KOMIIOHEHTH O]
nanosmno3omute (Geldenhuys et al., 2015), a npumgoOuBKHTE O OBaa cTpaTrervja Beke ce
IPUMEHYBAaT BO HEKOJIKY MOJIEIHM Ha 00JIeCTH, Kako IITO ce pakoT Ha Mo30koT (Gaillard et al.,
2014), ABb (Rotman et al., 2015) u myrumiekc ckiaeposara (Gaillard et al., 2012).

I'nyko3a: Ha ciimuen Haums kako 1 GSH u riyko3ara moJyiexku Ha OJIECHET PEeMUH

Hu3 KMB, mpeky enpomuro3a mnocpeayBaHa co TpaHcrmoprepu (GLUT). M3pasenara




TpancroptHa akTUBHOCT Ha GLUT B0 KMB, oco6eno na GLUT-1 e ganexky moBucoka BO
criopenda co IPYruTe TPAHCIOPTEPH 3a XPAaHJIMBH MaTEpUH, OUICJKU MO30KOT MMa TojieMa
nobapyBayka Ha IIyKo3a KakO OCHOBEH M3BOp Ha eHepruja. OTTyka, HHKOPIOPHPAKETO Ha
IJTyKO3a Ha MOBPLIMHATA HA HAHOJIUIIO30MUTE, 0AHOCHO Ha PEG nanmure, Moxe /1a ja mogodpu
ucropakara Ha HaHo-Be3ukynute Hu3 KMb (Patching, 2017). IlpuToa, BO cTyIuu Ha IIyBIIH,
JOK2KaHO € JIeKa HAHOJIMIIO30MHUTE Kaj KOW TiyKo3aTa € npukadeHa 3a PEG manmmre co
noMajia MoJIeKYJICKa Maca ce KapakTepu3upaar co rmociada neHeTpalmja BO MO30KOT, Ouiejku
rJyKo3aTa He MOXe e()eKTHBHO J[a CTalld BO HHTEPaKIMja CO TPAHCIIOPTEPOT EKCIPECUPaH Ha
nopimHata Ha KMB. Tla Taka, KOJKy mTO € MorojieM OpojoT Ha W3JI0KEHU OCTATOLHU O]
TJIyKO3a Ha TOBPIIMHATA HA HAHOJIMIIO30MHUTE, TOJIKY € mocuieH adpunuteror kon GLUT-1
(Qu et al., 2018). Ox apyra crpana mnak, kora PEG maHiure ce moj0iru, HCTUTE C€ MHOTY
(hJIeKCUOWITHY U Ce TPEKJIONyBaar, CO IITO MOBTOPHO CE€ KOMIIPOMHTHpPA CIIOCOOHOCTA 3a
npemuHyBame HU3 KMbB. OTTyka, MOKe J1a ce 3aKJIy4H JIeKa HAaHOJIUIIO30MCKHTE CUCTEMH KOH
BO CBOjOT coctaB coapxkaT PEG co cpeana monekyicka Maca ce BEpojaTHO Haje)eKTHBHUOT
(bopMyJIalMCKH IM3ajH 32 UCKOPUCTYBambE Ha IITyK03aTa BO I0100pyBamke Ha TPAHCIIOPTOT HU3
KMB. Jononuurenno, GLUT-1 nocpenysa u BO TpaHCIOPTOT HA JepuUBaTU Ha BUTaMHH LI,
npu mTo GopMyranyjaTa Ha HAHOJUIIO30MH CO JIUTAHIM 32 JIBOJHO TapreTUPame, OAHOCHO
TIIyKO3HIU U BUTaMuH LI, mpercTaByBa yITe e1Ha OMIMja 3a Moo0pyBamke Ha UCIIopaKaTa Ha
AKTHBHUTE KOMIIOHEHTH J10 MO30KOT. Co orJjie/] Ha Toa mTo BUTaMUHOT L e cymerpart u 3a qpyr
HOCa4 TPHUCYTeH Ha TMOBpIIMHATA HA EHJOTEJIHUTE KJIeTku Ha Mo30koT (SCVT2),
KOHjyraipjata cO HCTHOT JONOJHHUTEIHO MOXe Ja ja moxoOpu wucnopakata Hu3 KMb
KOPHCTEjKU TH OBHE JBa pa3inn4Hu Tpancnoprepu (Peng et al., 2018).

Tpancdepun: Bo nocnennure aexaau, HAHOIUIIO30MUTE HACOYEHU KOH PELIENTOPOT
3a Tpancheput (TfR) ce HajMHOTY HCTpaKyBaHM MTOPAIH H300MICTBOTO O] eKcpecupanu TR
Ha enporennute kietkd Ha KMB (Rip et al., 2014). Opaa nokanu3aiuja HajBEepOjaTHO ce
JOJDKM Ha CYIITHHCKaTa ynora Ha TpaHchepuHotT (Tf), kako TIMKOMPOTEHH KOj TO Bp3yBa
’KEJIe30TO M Ha TOj HAYMH T'O KOHTPOJHMpA HUBOTO Ha CIOOOTHO KEIe30 M IO peryiupa
OKCHJIaTHBHHUOT CTPEC BO MO3OKOT M BO Apyrute Tkua. [loctojaT Opojuu in Vitro u in vivo
CTYIUH IITO TO TOTBPAYBAaT YCIEIIHHOTO MEHETPUPake Ha HAHOJIUIIO30MUTE JINTaHAUPAHU
co Tf am3 KMBb wu oTTyka, mocienoBarenHaTa 3rojieMeHa OHOpACIIONIOKINBOCT Ha
CHKAIICYIMPAHUTE aKTUBHU KOMIIOHEHTH BO Mo3ouHHTe TkuBa. Cemak, TfR-mocpenysanara
SHJIOIUTO3a HA HAHO-BE3UKYIIUTE € OrpaHuueHa opaau eHaorennot Tf, koj ce HaTIpeBapyBa
3a Bp3yBaukute Mecta Ha TR (Chen et al., 2014). OBoj npoOiieM eryMHO MOXKeE Ja c€ pelin

CO JIuTraHaupamke CO MOJICKYJIM KOU CC Bp3yBaaT CO ITOBUCOK a(I)I/IHI/ITeT 3a TfR BO OJHOC Ha Tf,




co mTO ce u30erHyBa OBaa KOHKypeHIHja. Taka Ha mpumep, KoHjyramujata co TfR-
tapretupaukunot nentua, HAIYPRH (T7) nnu nak co anTuTeNa 3a perienTopoT Ha TpaHchepruH
(kako mTo ce OX26 m MYBE/4C1l) ce cmeraar 3a eduKacHH CTpaTerdd 3a OJIECHETa
WHTEpaKIHja noMmery HaHo-Be3ukynmute u KMb. McraTta pe3ynTupa co uctakHaTa akymyJaiuja
BO MO30YHHMTE MHUKPOCAJOBH U MOXHOCT 32 HHUBHO IIOTOJIEMO HABJIETYBam€ BO HEBPOHUTE
(Gregori et al., 2017).

Jlaktodepun: 3emajku ro mpeABUA (GaKTOT JeKa M PELENnTOpUTe Ha JakTodepuH
(LfR), ce ucTo Taka CHIIHO €KCIIpeCHpaHu Ha iyMUHaHaTa nospimurHa Ha KMB, coBpemenure
UCTpaXKyBama Cc€ Cc¢ I[IOBeKe HAcOUYEHUM KOH [M3ajHHpAke Ha HAHO-BE3UKYJIU
byukpoHanu3upanu co Lf, co 1en ma ce 3roieMu HUBHHOT TPAHCHOPT MPEKY OBOj THI Ha
perenTop-nocpeayBana enuonurosa. [lpuroa, oBue Be3UKylIapHA CHCTEMH UMAaT MOTSHIIN]a
na 6unaT 0codeHo epUKaCHH BO TApTeTUPABETO HA MO30KOT Kaj MAIIMEHTHTE KOU CTPaaaT OJl
Ab, 6unejku Bucokara exkcnpecuja Ha LfR Ha MHMKpoOcagoBUTEe M HEBPOHHTE € €IHA O]
naTo()U3HOJIONIKUTE KapakTepuCcTHKH Ha oBaa Ooject (Chen et al., 2010).

ApoE rumkonporenn: O OCTaHATUTE PEUENTOPH KOH KOM INTO C€ HACOYEHHU
HCTpaXXyBamara € U perentopot 3a ApoE TIMKONPOTEHHOT MITO € OJrOBOPEH 33 TPAHCIIOPTOT
U HCIOpaKaTa Ha XOJIECTEPOJIOT M APyruTe nunuau oja KpBHaTta miazma jno [HHC. OBoj
pEelenTop COAP>KU JOMEH 3a Bp3yBame IITO TO ojiecHYBa TpaHcnopToT Hu3 KMB, npu mro
HAHOJIMIIO30MCKHTE (OPMYIIALMK INTO KAKO JIMTAHJ ja MMaaT MENTHIHATa CEKBEHIA O]
Bp3yBaukuoT JoMeH (mApoE) ce kapakrepusupaar co ojecHeTa in Vitro meHerpaijara HU3
KMB (Re et al., 2011).

KierouHno-neHerpupauku mnentuau: YmnorpebaTa Ha KJIETOYHO-TIEHETPUPAUKUTE
nentuau (Cell-Penetrating Peptides - CPP) e ucto Taka umeHTH(UKYBaHA KaKO €IEH OJ
HAUYMHUTE 32 aKTHBHO TapreTHpame Ha MO30YHHTE TKMBA M TOA KaKO pPEe3yaTaT HAa HUBHATA
CMOCOOHOCT 3a NMPEMHUH HU3 Pa3iIMyHU OMOJIOIIKM MEeMOpaHM BO TEJNOTO, BKIYYyBajKH ja U
KMB (Lindgren et al., 2000). OBue menTuau ce Bp3yBaaT Ha HETOKCHYCH HAYMH U HE3aBHCHO
0] MEMOPAaHCKUTE PElENTOpH W €HEeprujara, co ITO C€ HaMalyBaaT OTpaHUYyBamara O]l
aCMeKT Ha 3aCUTEHOCT Ha penentopute u Tpancrnoprepute. JlejctBoro Ha CPP ce nomku Ha
MO3UTUBHO HAENEKTPU3UPAHUTE aMHUHO KHCEIMHM INTO CTallyBaaT BO MHTEpakluja co
HEraTUBHO HAENEKTPH3UPAHUTE MEMOpaHH Ha MO30KOT. Ila Taka, aprHHHHOT U BO ToMala
Mepa JU3UHOT ce 0co0eHo edukacHH, OMaejku popMUpaaT BOJIOPOAHU BPCKU CO HETaTUBHO
HaenekTpusupanute pochatu, MTO MOHATAMY PE3YNITHPA CO MoedUKacHA WHTEPHAIHM3AIIH]a.
[Ipuroa, Tpeba nma ce HamoOMeHe J€Ka HAaYMHOT Ha TPAHCIOPT U MEXaHU3MHUTE Ha

WHTEpHaIM3aiuja Bo kou nocpeaysaatr CPP (na np. Hecnieninduyna egporutosa (TAT, VTS5,




Bac7), enmonurosa (nmenerpatuH, Tpancmoptan, ARF), dopmanuja Ha mopu (pep-1, pep-7,
MPG), kaBeonuH-3aBUCHA eHpomuro3a (P28), eHeprercku-HesaBucHu mporecu (CLO5Y,
PFVYL1), mukponunonuro3a (BPrPr) u apyru)) remepaito 3aBucar oj1 CBOjcTBaTa Ha OBHE
nentuau (Ross et al., 2018).

Apyru crpareruu: [Tonatamy, RVG29 nentun0T KOHjyrHpaH cO HAHOJIUIIO30MCKaTa
MOBpPIIMHA MCTO Taka IOKaXyBa BHCOKa €(PUKACHOCT Ha MEpMEaOMIHOCT, 3rOJIEMEHO
HaBJIETYBAalb€ BO MO30KOT Ha MJIYBIM M IMOCJIEIOBATENIHO, NOe(pUKACEH TpeTMaH Ha
[TapkuHCcOHOBa OONECT KaKO pe3yiaTaT Ha 3TOJIEMEHAaTa HMHTEPaKlMja CO HUKOTHHCKHUTE
alleTUJIXOJMHCKU pelenTopu. Pe3ynraTute ykakyBaaT JeKa Ha OBOj HAYMH € OJIECHET
MPOIIECOT Ha MHTEpHAIM3alMjaTa npeky Tpanciurosa (Qu et al., 2018).

CnuveH mpucTan 3a aKTHBHO TapreTHpPamke Ha MO30KOT € W TOBPIIMHCKAaTa
dynkronanuzanujara co nenrtuaor D8 (Guan et al., 2019), noxeka nak exHa oJ] MOHOBHUTE
cTpateruu € W (EHOMEHOT HapeyeH ,, [pojaHcku Kom‘. MIMEHO, MMYHOLIMTHUTE, OCOOEHO
MOHOLIUTUTE, MOXKAT J1a CIYXaT KaKo HOCAuu 3a €HKAINCyJIUPaHU aKTUBHU KOMIIOHEHTHU MpU
HUBHUOT npemuH HU3 KMb. Ila Taka, co oryen Ha Toa IITO HEraTUBHO HAEIETPU3UPAHUTE
HAHOJIMIIO30MH MOKA)KyBaaT CUJICH a()MHUTET 3a BP3yBambe CO MOHOIIUTUTE, OBOj IIPUCTAIl Ce
MOKaKaJl Kako erKacHa aJTepHATHBA 3a UCIIOpaKa Ha aKTUBHU KOMITOHEHTH BO MO30KOT (QIin

etal., 2014).

2.4. Anuxajmepona 00J1eCT — OCHOBHHM NAaTO(GH3HOJOIIKHA KAPAKTEPUCTHKH

Bo mHajHOBHTE wu3BemTam W3MaNeHH On cTpaHa Ha (CBeTckaTta 3IpaBCTBEHA
opranuzaiuja (C30), HaBeaeHo e aeka Bo 2019 ronuna okony 50 MUIMOHHU Jyfe HIMPyM
CBETOT CTpajaaT o[ AeMeHIHja, npH mTo 10 MUIMOHM HOBM Cilydau ce€ I0jaByBaaT CEKoja
roguna. Ilputoa, 60-70% on oBme ciywyanm mpumaraat Ha ADB, kako HajpacmpocTpaHeraTa
¢opma Ha nemennuja. Co orjen Ha Toa LITO JOCETa HE MOCTOjaT €PUKACHU TPETMaHH 3a
UCTaTa, MHOTY € BEPOjaTHO JIeKa BO UTHHHA OBHE OPOJKH Ke ce 3rojieMaT Ha MHOTY KpUTUYHU
HUBOA MOPAJIH MPOI0JKYBAKETO HA )KUBOTHUOT BEK Ha momyianujara. [1a Taka, ce mporeHnyBa
neka no 2050 roxuHa, Opojkara Ha marueHTH 3aboneHu ox Ab ke m3HecyBa 115 mMunmmonu
(WHO, 2019). HcroBpeMmeHO, HajrojieMa CTamka Ha pacT € 3a0eiekaHa Kaj rmocrapara
nonynanuja (Hag 65 roaunn), noaeka nak aemorpadcku, Ab e Haj3acranena Bo Kuna, Mnanja

u JyxHa Azuja (Www..alz.co.uk).




Ab e egHO 0l HajueCTHTE HEBPOJICTEHEPATHBHU 3a00TyBamka KOE IITO JOBEIyBa IO
MEHTaJICH, OMXeBUOpaJieH ¥ (PYHKIIMOHAJICH /I, KaKO ¥ JI0 HaMaJIeHa CIIOCOOHOCT 3a y4CHe.
W nokpaj Toa mro gocera Hema MH(OpMAIUK 32 TOYHHOT MEXaHW3aM Ha HACTaHyBambE U Pa3Boj
Ha Oonecra, mojaBata Ha ADB ce moBp3yBa co HaMalyBameTO Ha MO30YHATa Maca U CO
JIOKaJIM3upaHa 3ary0a Ha HEBPOHUTE, KOja IJIaBHO CE OJIBMBA BO XHIIOKAMITYCOT U 0a3aJIHUOT
JIel Ha MPETHUOT MO30K. JIOTIOJTHUTETHO, BO OBaa HACOKa, TIOKAXKAHO € JIeKa OIITETYyBamETO
Ha KpaTKOTpajHaTa MEMOpHja U KOTHUTHBHATa MOK kaj Ab e TecHO moBp3aHa co rydeme Ha
XOJMHEPTUYHUTE HEBPOHH BO KOpPTEKCOT. ['yOemeTo Ha OBHE HEBPOHU peE3yATHpa CO
HaMajieHu HuBoa Ha aneTmixoyivuH (ACh), Hamaniena ryctuna Ha perentopoT Ha ACh (AChR)
Y CEBKYITHO HAMaJyBambe Ha XOJIMHEPrHYHATa HEBPOTPaHCMHUCH]ja. MeryToa, ocTojaT MHOTY
OTpaHUYyBamkba M HECaKaHW €(PEeKTH IMOBP3aHH CO TOCTOCYKHTE HHXHUOWTOPH Ha aleTHII
xomHectepasute (AChEl), kako mTo ce manara ctaOWIIHOCT BO HUpKyIalMjata U ciadara
cniocoOHOCT 3a npemuH npeky KMBbB, kako um Hecneun(puUYHUTE HHTEPAKIUKW W HUCKATa
OMOpacIoI0KHUBOCT, IITO MaK ja KOMIIPOMHUTHpaaT HUBHATa yrmorpeba (Tenovuo, 2005).

JIBe MHUKPOCKOIICKH IIPOMEHH C€ KapaKTEPUCTUYHHU 32 0Baa 00JIECT, OAHOCHO I10jaBa Ha
eKCTpalenyJapHi aMAJIOUIHHU TUIAKK COCTaBEHH 0] aMOp(HU €KCTpaleTyIapHH JeTIO3UTH Ha
B amumouaeH mpoTeuH (MO3HAT M Kako AP mpoTenH) U (GOpMUpae HA HHTPAHEBPOHCKH
HeBpoHUOpHIapHH KIIOMYKIbA HITO C€ COCTOjaT of (uiaMeHTUuTe Ha (HOCPOPHIU3UPAHUTE
dbopMH Ha IPOTEHH MOBpP3aH cO MUKpOTyOysuTe — tau (Serrano-Pozzo et al., 2011). 1 aBara
BUJIa HA JIETIO3UTH MPETCTaByBaaT MPOTEHMHCKH arperaTd W ce pe3ysTaT Ha HEMPaBHIHOTO
CBp3yBame Ha 4yuCTUTE NpoTenHU. OBHE MPOMEHU MOXKE Ja ce 3abenexaT U Kaj MO30K CO
cocemMa HopMaJiHa (PYHKIMja, HO BO 3HAUUTEIHO [TOMaJa Mepa.

PanoTo mojaByBame Ha aMIJIOMTHUTE JICTIO3UTH MPETCTAaByBa MPEA3HAK 32 Pa3BOjOT Ha
ADB, nako CUMIITOMHTE MOKE Jla C€ T0jaBaT MHOTY TOAMHHU nojonHa. Cemnak, IeHeC ce cMeTa
JieKa KJIlydeH MOMEHT BO mnaroreHe3ata Ha Ab e u3meHerata oOpaOoTka Ha aMMIIOUIHHOT
NPOTEHH OJ HErOBHOT aMiouzeH mpekyp3oper mporerH (APP) (Rang and Dale, 2007).
AMWIIOUHUTE JEMO3UTH Ce€ cocTojar oja arperatd Ha AP u coapkar 40 wim 42
AMHHOKHMCEIIMHCKH OCTaTonH. J[BaTta mpoTenH! (opMHUpaaT aMUIIOUIHH TUTakH, co mTo AB42
ce OJUTMKYBa CO IoroJjieMa TeH/IEHIMja KOH arperupame Bo ciopenda co AB40. OBue nentuau
CIOHTAHO arperupaar BO PacTBOPJIMBH OJIMTOMEpH, 3a IOJAOIHA Ja KoacolupaaT MU Ja
dhopmupaar HepacTBopauBH GUOpHIHM co O6eTa KoHpOopMalyja, OJHOCHO T.H. CEHUJIHU TUIAKH
(Kumar et al., 2015). Tue HacTaHyBaat co MPOTEOJUTHYKA Pa3rpaada Ha TPAHCMEMOPAHCKHOT
npotenH APP, K0j BO HOpMaJIHM yCJIOBH € 3aCTaleH BO Pa3IMYHM BHJIOBH Ha KJIETKH, I1a TaKa

u Bo kierkute Ha IIHC. Ilpoteasure kom ro pasrpamgyBaar APP ce mosnatu mox umero




cekpera3u. Bo HOpmanHu yclioBH, 0 ceKpeTa3aTa J€jCTByBa Ha 0ClI000AyBame Ha TOJIEMUOT
eKcTpanenyjapeH oMeH BO Buja Ha conyouneH APP, nomeka mak ¢opmupamero Ha AP
BKJTy4yBa pa3rpaznda co MpOoTEOJUTHYKO JICJCTBYBAE Ha 3 M Y CEKPETa3UTe BO JBE Pa3IMYHH
Mecta Ha MoJiekysiaata Ha APP (Rang and Dale, 2007).

HeusBecen e TOUHHMOT MeXaHU3aM CO KO] aKyMyJlHpameTo Ha A mpeau3BHKyBa
HEBpOJETeHepaldja, HO BO HAJHOBHUTE CTYyIUH € JOKaXaHo Jeka AP42 omuromepute
WHIY[IMpaaT OKCUAATHBHO OIITETYBamE U MpoMoBUpaar tau ¢pocdopumanuja, mro pe3yiarupa
CO TOKCHYHOCT BO cuHaricute u mutoxonapuute (Maina et al., 2018). On apyra crpana mnak,
AP42 ceHUTHUTE MIIAKH, HITO CE TI0jaByBaaT BO JIOIIHUOT CTaAuyM of OoyiecTa ' aKTUBHpPAaT
MUKPOTJIHjaIHUTE KIETKA CO INTO C€ HUHAYIUpa MPOU3BOACTBO Ha MNPOHH(IAMATOPHU
uTokuHU Kako mto ce IL-1b, TNF-a u IFN-g, mTo ja npuaBmkyBaar Kackamata 3a
MOHAaTaMOINIHA POAYKIHja Ha AP 42.

Hpyr Baxen Ouoxemucku ¢dakrop e mporeuHor tau. Toj ru coumHyBa
HeBpouOpmIapHUTEe KIOMYuka. Bo HOpMalHM YCIOBHM, UCTHOT Haofa BO COCTaB Ha
MHTpALEyJapHUTE MUKPOTYOYIIH.

Kaj AB, oBoj mporenH abHOpMaHO ce (ochoprinrpa U ce TATOXKH UHTPAIETYIapHO
BO OOJIMK HA MapHU XEJIUKOUIHH CIIMPAIIK CO LITO jJoara 0 HapyIlyBame Ha MUKPOTYOyIuTe,
a co TOa U JI0 HapyIlyBamke Ha OP3UOT aKCOHCKH TpaHcopT. [locTojar nokas3u aeka MyTalunuTe
Ha APP reHor (FeHOT 3a TPOTEHMHOT NPECCHWIMH) KOj ydYecTByBa BO rpajabara Ha Y
CEKpeTa3HUOT KOMIUIEKC, KaKO W Ha TE€HOT 3a NMPOTEHHOT KOj y4YECTBYBa BO JIMITHIHHOT
tparcnopt (amonporenH E4 (ApoE4)), ro 3a0p3yBaar mpolecoT Ha arperainuja Ha Af
nporeunute (Perl 2010; Rang and Dale, 2007) .

Pazoupamero Ha marodusuonorujata Ha Ab moctojaHo ce meHyBa. Ha mpumep,
aKymyJamujata M npoaykuujata Ha A 1uiakuTe u HeBpouOpuiapHuTe tau Kiomuuma e
no3Har natodusnonomku 6ener Ha Ab. Mctute ro pedraektupaar 10aropodHOTO OLITETYBAKbE
Ha HeBpOHMUTE. AP} MPOTEHMHOT U PochopmiIMpaHnoT tau IPOTEUH ce MOJIEKYIH KOU CIOpO ce
MEHYBaaT M C€ MPETIIOCTaByBa JieKa NpPETCTaByBaaT KJIETOYHA aJalTUBHA CTpaTervja 3a
CTIpaByBambe CO OKCHIATHBHHUOT CTPEC.

Jlen o ucTpakyBamaTa BO OBa MOJIE C€ BO HACOKa Ha MOJ00pYyBambe Ha IENIOKYITHOTO
NpEeXUBYBal€ Ha HEBPOHHUTE Kaj MauueHTuTte co ADb TiaBHO mnpeky HMHXHOUpame Ha
dhochopmranmjata Ha p38 u c-Jun N-tepmunannara kuHaza (JNK). Hcrtute, ce aBa kirydHu
YJICHa O] CEMEjCTBOTO Ha MUTOTEH akThBHpaHu nporerH kuHasu (MAPK) mmto ce mpucytHu
Ka] HEBPOHHUTE OIITETEHU O] akymyiaruja Ha AP. OBaa KMHa3Ha KackaJa € OJ CYIITHHCKO

3HaYewe 3a pazbupame Ha nporpecujara Ha Ab, Ouzejku Gocdopunanujara KaTaau3upaHa oj




MAPK BO MO30KOT urpa BakHa yJiora BO MpPOILIECUTE HA amonTo3a M IEJIOKYITHOTO
npexuByBame Ha HeBporute (Kuo et al., 2017).

OcBen rOpecliOMEHATUTEe MNPUYMHUTENN, XPOHUYHUOT OKCHJIATHBEH CTpEC,
MUTOXOHJpPHjAIHATA W  MHUTOTHYHATa JAWC]YHKIMja, XOPMOHCKATa HEPaMHOTEXa,
nH(pIamanujaTa, HAPYIICHUOT METa00IMU3aM Ha KaJIIIUYM, KaKo U OPOJHUTE TeHEeTCKH (DaKTOpH,
MCTO TaKa MMaaT KJIydHa yJIora BO IPOIIECOT Ha HaCTaHyBame U Iporpecupame Ha Ab (Kumar
etal., 2015).

Bo rpymara Ha JE€KOBM IITO MOMEHTAHO Ce€ KopucTar 3a TpeTMaH Ha Ab ce
WHXUOWTOPUTE HA aleTWIXOJIMHECTepa3a — JIOHENE3W], PUBACTUTMUH, TaJaHTAMHUH H
antaronucture Ha NMDA — MeMaHTHH, IPY [ITO UCTUTE HE CE HACOUYCHU KOH HUTY €/ICH O]l
ropecrioMeHaTuTe MexaHu3Mmu. Hamecrto Toa, THEe 00e30emyBaar caMO NPHUBPEMEH
CHMITaATOMaTCKH TPETMaH IMpeKy OajaHcupame Ha HapylleHaTa HEBPOTPAHCMUCHja U UCTHTE
Ce TPOMpPATeHH CO MHOTY OrpaHHuYyBamka M HecakaHu e(dekTu. 3a jKajl, KIMHUYKHTE
UCIHUTYBamka Ha moBeke o1 200 JIEKOBH CO pa3IMYHH MOJICKYJIAPHH €M U MEXaHU3MHU Ha
JIejCTBYBame, O JICH JCHEC HeMaaT MOHYJASHO TEPareBTCKH MPHUCTAIN KOj IEJIOCHO Ke To
CYNpUMHpa WK MaK Ke ro Hamajdu KOTHUTHBHHUOT maj kaj manueHtute co Ab (Poudel and

Park, 2022).

2.5. TloBp3anoct nomery Ab U OKCHAATHBHUOT CTpec

[TaTorenesara Ha HEKOJIKY HEBPOJIET€HEPATUBHU 3a00TyBama, BKIyuyBajku ja U Ab e
MOBp3aHa CO COCTOj0aTa Ha OKCHJIATHBEH M HUTPO3UBEH CTpeC, IUTO MOTEKHYBa O]
aKymyJjaiujaTa Ha peakTUBHHUTE BU10BU Ha kuciiopoa (ROS) n mpon3BoaCTBOTO HA PEaKTUBHU
a3oTHH BUI0BU (RNS).

OKCUIaTUBHHOT CTpeCc NPETCTaByBa pEIOKC COCTOj0a Koja MpOou3JeryBa ol
HepaMHOTeXa IoMery Mpou3BoACTBOTO U AeTokcukaiuja Ha ROS (Polidori et al., 2007). ROS
ce Hen30exHHU (PU3UOJIOIIKH HYCITPOU3BOIM KOM BO OMOJIOMIKHOT CUCTEM JeNyBaaT Kako ,,Me4
co nBe octpui™. Tue, BO (U3HOJOMIKK KOHIIEHTPAIMU MOXaT Ja OWUJaT BKIYYEHU KaKO
CUTHAJIHU MOJIEKYJIM BO MHOTY OMOXEMHCKH TpOIIECH, a Kora HCTUTE Ce€ NPUCYTHH BO
NPEKYMEpHO KOJMYECTBO MOXaT Ja TpeAu3BUKAaaT MHOTYOpPOJHM OINTeTyBama Ha
OMOJIOMKUOT cucteM. VMeHo, MCTHTE ce CIIOCOOHM 3a OKCUJalMja Ha CHUTE MOrojeMHU
O6uomMosiekynu, BKkiIy4dyBajku v HykieuHckute kucenunu ([AHK, PHK), mporeunure wu

JIUTINIUTC.




MO30KOT € BHCOKO YYBCTBUTEJCH Ha OKCUAATUBHHOT IUCOANTaHC MOpagu HeromaTa
rojreMa noOapyBauka 3a €Hepruja, BHCOKaTa MOTPOLIyBauka Ha KHCIOpOJ, OOraroTo
M300MJICTBO CO JIECHO MEPOKCUANPAYKHU TTOJIUHE3ACUTEHN MACHH KUCEITMHH, BHCOKOTO HUBO Ha
&Kejle30 To € BUCOKO moreHTeH ROS kaTtanmsarop, Kako M peaaTMBHO HUCKOTO HUBO Ha
aHTUOKCUJIaHCH U cpoaHu eH3umu (Wang et al., 2014).

On npyra cTpaHa, OKCHJaTUBHaTa MOAM(UKaIMja Ha IPOTEMHUTE YECTO C€ CIIOMEHYBaA
KaKo MoTeHIujaseH (akrop Bo mporpecujara Ha Ab, 6e3 pa3nuka Jany ucraTa € pe3yirar Ha
nupekTeH Hamaag Ha ROS Bp3 NpoTeMHUTE WM MMaK peaklud Ha TIMKO3HWIAIM]a,
IJIMKOKCHUIalija WIK Bp3yBamke Ha MPOU3BOJ O]l JUMMIHATA NTepokcuaanuja. Bo Taa Hacoka,
3a0eNie)KaHo € 3HAYUTENTHO 3rojieMyBamke Ha HMBOATa Ha KapOOHMJIM Ha CHELU(pUYHUTE
MPOTEMHN KaKO MITO Ce: KpeaTWH KWHa3a, TIyTaMHH CHHTa3a M yYBUKBHUTUHUH KapOOKCH-
TepMUHAIHA Xujposaza 1-1, a ucto Taka u Ha 3-HUTPOTUPO3UH (YIITE €eH IPOU3BOJ Ha
OKCHJATHBHAa MOAM(DUKaIMja) IUTO CE JETEKTHUPAHH BO PA3IMYHU PETMOHU Ha MO30KOT Kaj
narueHTu co Ab.

CornacHo TpPETXOAHO CIIOMEHATO, IJIaBeH Oejer Ha mnaronorujata Ha Ab e
aKyMmylnamnujara Ha arperatid Ha AP (pan mapkep Ha AB) n Ha HEBpopHOpHIapHU KIIOMYHHA,
COYMHETH 0]l XuneppochopuIupaHuOT MHUKpPOTYOyi-acouupaH mpoTewH tau. Kommiekcor
[IpoTeasoM e rnaBeH peryiaarop Ha MHTpalelyjJapHaTa KOHTpOJa Ha KBaIUTETOT Ha
MPOTEMHUTE U ECEHIMjaJieH MPOTEOJIMTUYKM €H3UM 3a oOpabotka Ha AP wu Tau.
HeongamuemnuTe cTyiun ykakyBaat Jeka rpu coctojoa Ha Ab, mpoTenHCcKaTa okcuaamnuja u
npekymepHata (ocdopuiaimja Moxxe Ja ja OorpaHuyar nmpoTeasoManHaTa oopadorka Ha AP u
Tau u crencTBeHo, 1a JOBEAAT 10 TaloXemwe Ha oBue nmpoTennu (Bonet-Costa et al., 2016).

Bbpojuu crynuu mokaxane M MOKayeHW HHMBOA Ha okcugatuBHo omteTeHa JIHK Bo
pa3HM perudM OJT MO30KOT Kaj Junara kow ctpamaar on Ab. MMeHo, okcumaaTuBHOTO
OLITETYBaWkE MOXE Ja Mpean3BHKa KUHeme Ha JBojHaTta Bepura Ha JIHK, THK/IHK umu
JIHK/mpotenH BKpCTeHOTO MOBp3yBamwe, Kako 1 Moaudukanuja Ha 6azute Ha JJHK Bepurata
(Good et al., 1996).

Huza na nwurepaTypHu mnojgaTolM YKaxKyBaaT Ha (aKTOT JeKa JUIuIHATa
NEepoKCHUaIja € UCTO Taka MpoMOBHpaHa Kaj juuata co Ab. Jlunuanara nepokcuaanyja ce
oJHecyBa Ha mpoliecoT Bo koj ROS ru Hamaraar nunuanTe mTO BIEryBaaT BO COCTaBOT Ha
KJIETOYHUTE MeMOpaHH Ha KJIETKUTE, PHU IITO OJ1 HUB ,,KpajaaT™ eleH enekTpoH. Taka, mpeky
MeXaHHM3aM Ha Bepr KHa peakiifja MOCTOjaHO Ce FeHepupaat JUMUIAHU PEaKTUBHHU pajuKaly,
Ipolec ITO PEe3yJNTHUpa CO TEPMHUHAIHO OLITETYyBame Ha Kierkara. Jlocera, HajoOeMHHTE

MPOU3BO/IM 3a NEpOKCHJAIMjaTa Ha JIMIOMAUTE IITO C€ M3ydyBaHM Kaj jumara co Ab ce




PEaKTHUBHUTE AJJICXUIH, BKIYyUyBajKU TH 4-XUIPOKCHHOHAICH, MaToHAnaaexua (MDA) u 2-
MpoIeHaNeH (aKpOJIeHH), KAKO U XeMHCKU U METaOOIUTUYKU cTabuiIHU n3onpocraHouu (F2-
uzonpocronu u F4-uesponpocronn) (Lowell et al., 1995).

MHUTOXOHIPUHTE CE TIIABHUOT M3BOP Ha OKCHJIATHBEH CTPEC BO YOBEKOBOTO TEJIO,
Ouzejku 3a BpeMe Ha HEMPEeueHUOT MPOIEC Ha MPEHOC Ha €NEKTPOHH Joafa 0 MOCTOjaHO
MPOM3BOJICTBO Ha CYNEPOKCHJIEH aHjOH KOj M I[IOKpaj MPUCYCTBOTO Ha eduKaceH
MUTOXOH/IpH]jaJieH/KIeTOUYeH aHTUOKCHATUBEH CHCTEM € OJrOBOPEH 3a MPOM3BOACTBOTO Ha
90% on ennorenutre ROS. Ce mpernocraByBa eka TUCPYHKIIMOHATHUTE MUTOXOHJIPHU CE
nomMaiky epuxkacHu npomsBogutenu Ha ATII, Ho ce moedukacHu npousBogutTenu Ha ROS,
mTO OM MOXKEIo Jja MPEeTCTaByBa INIaBeH U3BOP Ha OKCUAATHBHA HEpaMHOTEXa 3a0erexana Kaj
naruenTute co Ab (Wang et al., 2014). BeymHoCcT, MUTOXOHApUjaTHaTa TUCHYHKIHjA €
WCTaKHAaTa M Kako paHa Kapakrepuctuka Ha AbB, mpu mTo pedncu cuTe acmekTd Ha
MHUTOXOH/IpHjainHata GyHKIHja ce HapyieHu Kaj oue naruentu (Wang et al., 2009).

MuUTOXOHIpUHTE CE OpraHelr KOW MOAJEeKAaT HAa KOHTHMHYUpPaH mpolec Ha dysuja,
perynupana of crpana Ha nporenHure Mfnl, Mfn2 u OPAl u ¢ucuja, koja mro mak e
penynupana ox crpana Ha DLP1, Mff u Fisl. OBue aBa mpomecu Bimjaatr Bp3 OpojoT,
Mopconorujata u auctpubynujata Ha oBue opraHend. Dys3wjata u ¢ucujata Ha
MUTOXOHJIPUUTE CE MCTO Taka YyBCTBUTEIHHM Ha OKCHUIaTHBHaTa HepamHoTexka. Kaj Ab ce
3a0ene)xaHu CHTHU()UKAHTHH PAa3JIMKU BO EKCIIPecHjaTa Ha CKOPO CUTE IMPETXOIHO CIIOMEHATH
npoTtenHu. HajHOBHTE HCTpakyBarma MMOKaKyBaar Jieka MPUCYCTBOTO HA €HIOTCHU U €r30TeHU
ROS Moxe TupekTHO Ja ro HapymaT MUTOXOHAPHUJAITHUOT (UCHOHO-(PY3UCKH OanaHc, aa
NpEeJU3BUKAaaT MUTOXOHJApHjaJiHA (parMeHTanuja M TOHAaTaMy Ja IpeIu3BHKaaT
MOCJIeIOBATETHU MUTOXOHJpHjaTHa TUC(YHKIMja, BKIY4yBajKu Xunepnpoaykiuja Ha ROS.
Ha oBoj HaunH ce gopmupa eneH T.H. ,,Marencad MUKIyC KOj IO 3aCHIyBa OKCHJIATUBHUOT
crpec (Ci. 2). len ox anTepanuure Kou ' 3adakaaT OBUE OpraHelu ce peAylupaH eHepreTCKu
MeTaboM3aM, HaMaleHa HeBpallHa eKCIpecHja Ha HYKJI€apHUTE MeHM KOU Ce BKIyYEHH BO
KOJMpame Ha CyOeMMHUIINTE Ha MUTOXOHIIPHjaTHUTE €H3MMH IITO yYeCTBYBAaaT BO JIAHEIOT
Ha EJEeKTPOHCKM TpaHCIOpPT M HHBHA HaMajeHa (QyHKIMja, aKTHBalMja Ha KacmasuTe,
MOKaueHH HUBOA Ha CIIOPaJIMYHM MyTaluu Bo MutoxoHapujainnara JIHK, kako u HapymryBame
Ha XOMeocTa3aTa Ha KaJlllMyMOT, MOBp3aHa cO AUC(HYHKIMja U MOP(OJOUIKA MPOMEHU Ha

MUTOXOHJIPHjATHUOT €HI0TUIa3MaTcku petukynym (Wang et al., 2014).
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Cn. 2. Okcuoamueen cmpec KaKko npuduHa 3a HACMAaHy8are U pa3eoj Ha NAMoDUIUOTOUKUME

nacmanu xaj Ab.

Bp3 ocHOBa Ha MPETXOAHO HABEICHOTO MOXE Jia C€ 3aKIy4H JIeKa OKCHIATHBHHUOT
CTpec y4ecTByBa BO pa3BojoT Ha AB mpeky mpomolirja Ha TalIoKemhe Ha AP MPOTEHHOT, tau
xunepdochopriagmja u mocieI0BaTesHO I'yOemhe Ha CHHANcuTe U HeBporuTe. OTHOCOT Mery
OKCHJIATHBHUOT cTpec u ADB cyrepupa jaeka OKCHIATHBHHOT CTPEC € CYIITHHCKH JEN O]
MATOJIOMIKKOT MPOIIEC, Ma CICICTBEHO Ha TOAa aHTHOKCHIAHCUTE MOXKE Jia OUJaT KOPUCHU 3a

TpeTrMaHoT co Ab.

2.6. HaHoammo3oMu HAMEHETH 32 TPETMaH Ha AJII[XajMepoBa foJiecT

WNako Hu3 nuTeparypaTa ce CpeTHyBaaT rojieM Opoj Ha HCTpaxyBama 3a
MOTEHIIMjaJTHATa MPUMeHa Ha HaHoymmno3omute U [IET -wmpanute Gopmyrnamnuu 3a HACOYCHO
JIeTyBamke BO MO30KOT, KOTa cTaHyBa 300p 3a TpermMaHOT Ha Ab, momaronuTe ce peraTuBHO
orpanuuenn (Simonoska-Crcarevska et al.,, 2016). Muory ox QopMmyrnanuckuTe u
MOBPIIMHCKUTE MOIU(UKAIIMH HA HAHOJIUIIO30MUTE KOU Oea TMCKYTUPAHU ITOrope, BEpOjaTHO
Oou Ouye moeduKacHU Kako Je O]l €IeH MYITH(PYHKITMOHAICH JTUTI030MCKH cucteM. OBa Ou
BKJTy4yBaJIO KOHjyTall¥ja Ha e{Ha WX IIOBEKEe MOJIEKYJTH Ha TOBPIIMHATA HA HAHO-BE3UKYJIUTE
co 1en noxoOpyBame Ha HUBHUOT TpaHcnopT Hu3 KMB, a nononHuTenHo u 3a crienupuyeH
TapreTUHT KOH HEeKOja 01 NaTo(U3MOJIOIKUTE CTPYKTYpHU/TIporiec uzpasenu npu Ab kako Ha

p. TapreTupame Ha AP, tau mpoTenHoT, aneTuixoarnHecTepasute utH. (Ross et al., 2018).




2.6.1. Hanonunoszomcku ¢hopmynayuu 3a mapeemuparee Ha cmpykmypume Ha Ap

Kako mTo 6eme HaBeZIeHO NMPETXOHO, MPOLIECUTE Ha aKyMyJallMja U arperanuja Ha
AP BO MO30KOT WMrpaaT BaKHa YJIOTa M TOa JTUPEKTHO WM MHIUPEKTHO BO MHIYKIHMjaTa Ha
CHHANTUYKOTO OLITETYBame U nepuuutoT Ha MeMmopujara npu Ab (Hardy and Selkoe, 2002).
EdexTuBHUTE TepameBTCKM MOJEKYJIM MOXKaT Ja HMMaaT BIMjaHHE Bp3 CIpeuyBame Ha
XUIIEPNPOIYKIMjaTa WIK MaK Bp3 Hee(PUKACHUOT KJIMPEHC HAa OBUE aMWJIOMJHU IUIAKH, HO
UCTUTE, caMHu 1o cebe, WMaaT orpanmueH Tpancrnopt Hu3 KMB. 3aroa, HUBHOTO
MHKOPIOPHPAhe BO HAHO-BE3UKYJIAPHU CHUCTEMHU OJl THUIOT HAa HAHOJIHUIIO30MH MOXE Ja
IIOMOTHE Ja C€ HaJMHHE OBOj Ipo0JieM, HCTOBPEMEHO OBO3MOXYBajkM M e(UKaCHO
TapreTupame Ha Af.

Hanonuno3zomu pyHkuuoHaau3upanu co mApoE u ¢pocharuana kucenuna: Enen
OJl TOTCHUHUjAIHUTEe (OPMYITANMCKUA TIPUCTANM IPETCTaBYBaaT MYJITH(PYHKINOHATHUTE
HAHOJIMIIO30MU COCTaBEHM 01 COUHTOMMENIHH (CPUHTOIUIN IPUCYTEH BO HAJTOJIEM Y/ET BO
HA/IBOPELIHUTE JIeJIOBU OJ KJIETOYHUTE MeMOpaHu) U Xxojecrepos. OBue Hocauu
JOTIOTHUTETHO Onie ou-pyHkunoHanmmsupanu co mApoE (50-60% ox moBpimHaTa) co el 1a
ce monoOpu WHTEpakuujaTa co JyMUHamHUTE CTpykTypun Ha KMB, u co ¢ocdarunnara
kucenuna (PA), mro npercraByBa juranj co Bucok apunuret 3a AP (Balducci et al., 2014).
Pesynrature oa oBHE CTyIUM yKa)kajle Ha MOTEHIMjadHa e(pUKACHOCT Ha OBUE CUCTEMHU IpHU
nearperandjata Ha AP Iin Vvitro u in Vivo u cieactBeHo, 3a0aByBame Ha IMPOIECOT Ha
HEBpPOJIETeHEpaIlrja, CIOPEIEHO CO HAHOJIMITO30MCKH BE3UKYJIIH MITO c€ (PyHKIIMOHAIN3UPAHU
camo co mApoE mnu camo co PA. OBoj cuHeprucTuiku epeKkT HajBepojaTHO ce JOJDKU Ha
HCTOBpEMEHATa MHTEpaKIMja Ha HEraTHBHO HaeleKTpusupaHata QocdarHa rpyna co
MO3UTHBHO HAENIEKTPU3HPAHUTE aMHUHO KHCEIWHCKH OCTaTolM Ha AP W Ha TO3UTHUBHO
HaeJIeKTPU3UPAHUTE AMUHO KHCeNMHN Ha MAPOE co HeraTuBHO HaeNEKTPU3UPAHUTE PETUOHU
Ha AP (Bana et al., 2014). I mokpaj Toa MITO OBHE HAHO-BE3UKYJH CE KapaKTepH3UpaaT co
cpezeH aujamerap oj1 okoiy 120 nm, ucture pe3yaTupaie co HU30K MPOLIEHT Ha HaBJIETyBambe
BO MO30KOT IIITO HajBEPOjaTHO Ce JIOJDKA HAa HUBHUOT HEraTUBeH 3era nmoteHiujan (-15 mV).
Hwmeno, oTKpreHo € Aeka AP oJMMroMepuTe ce TPaHCHOPTHpAaT HAJABOP OJ MO3OKOT, TPEKY
KMB. Ila Taka, o1 cTpaHa Ha ucTpaxyBaukaTa rpyna Ha Mancini et al. (2016) npemioxena e
CTpaTervja INTO pEe3yJITHpaja CO TapreTupame Ha LUPKYIMPAuKHMOT AP M TEeTKpaTHO
3rojieMyBam€ Ha HETOBHOT OJJIUMB BO NepudepHaTta nupkynanuja oa crpaHa Ha mApoE-PA
HAHOJIMIIO30MHUTE, Oe3 UCTUTE Jia HaBje3aT Bo Mo3ouHuTe TkuBa (Mancini et al., 2016).

Hanonumno3zomu co enkancyaupan PApPoE2: JlureparypHuTte moaaTouu nokKaxyBaaT

HajaCHI/I CKCIICPUMCHTAJIHU JOKA3!U 3a yJioraTa Ha allOJIMTIONIPOTCUHOT E (ApOE), KaKO KJIY4YCH




dakTop MOBp3aH O HUBOTO HA AP} U HeroBara akymysanuja npu nporpecujata Ha Ab (Liu et
al., 2013). Ha npumep, Au3ajHEpaHy CE€ HAHOJIUIIO30MH CO €HKAIICY/IMpaH MmasmMug Ha APOE2
(PAPOE2), npu 1o npen eHKancysayjata Bo hopMmysianyjaTa Ouil J01a/ieH [UTO3aH CO eI
na ce onecHu konaen3anujara Ha JIHK u ma ce cripeun enonn3zo3omantiara aerpaaaiuja (Dos
Santos Rodrigues et al., 2020). IloBpmimHata Ha OBHE HAHO-BE3MKYIH OHIIA
(hyHKIIMOHATM3UpaHa cO MaHo3a, kako 0u ce Tapretupan GLUTL tpancnioprepor Ha KMb, a
nono0pa meHerpanuja OWiia MOCTUTHATA CO JOMOJIHUTENHO JIMTaHIUPAme CO MEHETPaTHH.
OcBen moepukacen Tpancmopr Ha ApPOE2 mnasmumor wu3z KMbB, oBue aBojHO
(GYHKIIMOHATM3UPAHU HAHOJIMTIO30MCKH CHCTEMH OBO3MOXKHJIC U MHXUOWIIM]ja HA TUTECTHjaTa
o]l cTpaHa Ha eHjonykieasure (Arora et al., 2021).

Hanonuno3omMu (pyHKUMOHAJIM3MPAHHU €O KapauoJunuH wim co PA: Ciuuno Ha
MOTOPHHUOT TPHUCTAIl, HEKOJKY MCTPAXKYBAaUKH T'PYIH TOKaXKaje JieKa HAaHOJIHMIIO30MHUTE BO
YHJIITO JIMITUAJICH IBOCIIO] BJIETYBa COUHTOMHUEITMHOT M XOJIECTEPOJIOT U IITO CE IOTIOJIHUTEITHO
murangupanu co PA wumu co kapamonmunud (CL), ru HamamyBaaT HuBoaTa Ha A Kaj
Tpancrenckn — riyBom  APP/PS1.  Pesynrature — ykakane  Ha  (aktoTr  Oeka
dbyaKmonanu3upannte Besukynu co PA u CL céymre ja oapxkyBaar crmocoOHOCTa 1a ja
npemunyBaat KMB, 6narogepenne Ha HuBHaTa roeMuHa o 100 nm, a ox apyra ctpaHa u Ja
ce Bp3aT 3a AP42 (Balducci et al., 2014). JlomonHuTenHo, OMI UCIUTYBaH M €(DEKTOT MPHU
WHTpAlepUTOHEAHa aJMMHHCTpalija Ha OBHE ¢opMylanuu Kaje Owio 3abenexaHo
HaMalTyBamke Ha KOJHMYECTBOTO HAa AP BO IMja3mara, cO UCTOBPEMEH OIaradyku TPEHJ W Ha
HUBOTO Ha A} BO M030KOT. OBOj IaT Ha IpUMeHa JTOIOIHUTEIHO TH MOYJINPAl aKTUBHOCTHUTE
Ha tau ¢ochopunanujaTa ¥ Ha MNIMKOTE€H CHHTa3a KWHa3a 3 BO MO30KOT, IITO Cyrepupa JeKa
TapreTHPameTo Ha IHUPKYIUPAYKHOT AP MOXe Ja NpeTcTaByBa TEPANEBTCKU PEICBAHTHO
pemenue (Ordéfiez-Gutiérrez et al., 2015).

Hanosmmnozomn  (yHKOMOHAJM3MPAHHM €O NeNTHAHM HHXUOMTOpHM: Bo
JUTepaTypaTa ce CpeTHyBaaT IMMOJATOLM JieKa MajuTe MeNnTuau, UMeHyBaHu kako RI-OR2-
TAT, ce cnoco6Hu Aa ja mHXHOWpaaT arperamujata Ha A} Bo oauromepu U GUOPHIM U HA TO]
HAYWH TU OJIOKMpaaT TOKCHYHHUTE ePeKTH Ha AP Bp3 KyITHBHpaHuTe KieTkd. Ho cemak, oBue
MENTUAM C€ YYBCTBUTEIIHUA HA IPOTEONN3a U HE MOXe Ja ja npemuHat KMB.

On osue npuunnu, RI-OR2-TAT 6un koHjyriupaH Ha HOBPIIMHATA HA HAHOJIUIIO30MH
(cocraBeHu CHUHTOMHETMH M XOJIECTEPOJI) IPEKY HETOBO KOBAJCHTHO MoBp3yBame co ITEI -
WIMPAHHUOT JIMITK IITO BJIETyBa BO cocTaBOT Ha Besukymute (Gregori et al., 2017). Osaa
¢dopmynanyja pe3ynTHpanta co CTaTUCTUYKU 3HauajHa MHXMOUIMja Ha AP arperanujata 3a

oxony 50%, mTo HajBEpPOjaTHO Ce JOJHKH Ha (PAKTOT JIeka Ha HAaHOJMIIO30MCKaTa MOBPIINHA




MOXe na ce mnpukadar moBeke kormuu Ha RI-OR2-TAT menTuaoT M Ha TOj HAYWH Ce
OBO3MOXKYBa HCTOBPEMEHA MHTEPAKIIHja Ha OroJIeM Opoj Ha MHXUOUTOPHHU MENTHIN CO OUII0
Koja cTpykrypa Ha AP. Ilokpaj Toa mto TAT ¢parmenTor ja momgoOpyBa rneHeTpanyjara Hu3
KMBb kaj riyBIy, OBUE HAHO-BE3UKYIIM C€ KapakTepusupaie co aujamerap ox 130-140 nm,
IITO € ONTHMajHa TOJIEMMHA 32 HUBHO €(UKAaCHO TPAaHCHOPTHpPAmEe HU3 MO30YHHOT
eKcTpanenyaaper npoctop. Kako mro e HaBeAeHO BO HCTPaKyBambeTO, HEJOCTATOK € IITO
MOTOJIEMHOT JIE]T O] alIMIMpaHara 103a Ouiia akyMyJIupaHa Bo nepuepHUTE TKUBA, KAKO IITO
ce Oenmute OpoOOBH, HPHUOT Ipo0 M ClIE3MHATA, HAjBEPOjaTHO IMOPAaX KIUPEHCOT Ha
HaAHOJIMIIO30MHUTE MPEKY peTukynoenaorenuunot cucreM (Eisenberg and Jucker, 2012).

Pesynrarure ox ucnuTyBamaTa Ha HAHOJUIIO30MHU KOHjyrupanu co nentuaor H102
yKaxkalie Ha MOoJ00pyBamke Ha MEMOpHjaTa W YYCHETO Kaj MOJEIH Ha TIyBYHEA 110
MHTpaHa3aJIHA aIMUHICTPALIKja, P IITO TOPECIIOMEHATHOT TENTHI UMa JBOjHA (DYHKIH]a,
0JHOCHO, TapreTupamke Ha KMB u nomnonnutenHo, tapretupame Ha APB42 (Davtyan et al.,
2014; Zheng et al., 2015).

Hanonunozomu ¢GyHKUHOHAJIM3HPAHM CO AHTH-A MOHOKJIOHAJIHM aHTHUTeJA:
[Tomery MMPOKHOT CIIEKTap HA CTPATETUH 3a TPETMaH M NMpeBeHnrja Ha Ab BO MOMEHTOB, ce
UCIIMTYBA U MOKHOCTA OJI MAaCMBHA UMYHH3allMja CO KOPUCTEHE Ha aHTH-Afl MOHOKJIOHATHU
antutena (MA) (Panzaetal., 2019). Meryroa, eHO 0OJ1 IJIaBHHUTE Ipalliaiba Kora CTaHyBa 300p
3a ynotpedbara Ha MA € pajiv Mo HUBHOTO KOHJyTrUpamke CO HAHOJIMIIO30MHUTE OU Ce 3a/ipKal
HUBHHOT BHCOK a(UHUTET KOH aHTHUTEHHTE W HCTHUTE OW TPETCTaByBaJle ONTHMAaTHA
tepaneBrcka crpateruja (Ordofiez-Gutiérrez and Wandosell, 2020). Bo HampaBenata
KOMIapaTHBHa aHamu3a o crpaHa Ha Ordofiez-Gutiérrez u Wandossel (2020) e motepaeHo
JieKa HAHOJIMIO30MUTEe co ronemuHa o 70 nm  (mumanmurtown ¢dochaTuauaxonun /
xonectepos / MPEG2000-DSPE / MPB-PEG2000-DSPE =70/ 25/ 4/ 1, m/m) nuranaupanu
co aHtu-Af MA co eduxacHoct Ha koHjyranuja on 50 antu-Af MA/HanonumosoM
MOKa)XyBaaT 3aJ0BOJIMTENTHO BUCOK aUHUTET KOH A} MOHOMEpUTE U KOH (PUOpHUIHTE BO
3aBHCHOCT O]l BO3pacTa Ha TPETUPAHWUTE TIYBIU. JlOTONHWTEIHATA TTOBPIIMHCKA
MomuduKkanja Ha oBaa Qopmynamuja co PEG He mokaxkana 3Ha4ajHO HaMalyBambe Ha
HErOBHOT a(uHUTET KOH AP MOHOMepHTe, MOTBPAYBajKkM IO TMOTEHLMjATOT Ha OBHE
HAHOCHCTEMH BO JWjarHocTuka u tepanuja Ha Ab (Markoutsa et al., 2012).

Hanonunozomu (pyHknuoHaausupanu co kypkymuH: Co oryex Ha Toa IITO HH3
JTUTEeparypaTa ce CpeTHyBa (aKkTOT JIeKa OKCHIATHBHOTO OIITETYBAKE CE jaByBa MHOTY PaHO
BO pa3BojoT Ha Ab, ymorpebaTa Ha aHTUOKCHJAHCUTE MOXeE Jla TU 3alUTHTH HEBPOHHUTE O]

TOKCHUYHOCTAa Ha AB Bo oBaa HaCoKa, CIIPOBCACHU CC 6pOjHI/I KIIMHUYKH CTyJIUU KOU
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BKJIydyBaaT aHTHOKCHIAHCHM 3a TpetMaH Ha Ab. HMako Hajromemuwor Opoj oI OBHE
EKCIIEPUMEHTH Ce€ TMOKa)kajie KaKo HEYCIICIIHHU, YIoTpebara Ha KypKyMHH TOKa)xall OJIpe/icH
MOTEHIH]jaJl opaIu Heropute aHTH-amutonHu edextu (Lim etal., 2001). imeno, pe3yraTute
O]l ICTPaXKyBambaTa yKaXKyBaaT JeKa 0BOj eHoJIeH (PUTOXEMUCKH aHTUOKCUAAHC TH TapreTupa
u ce Bp3yBa 3a AB42 maakuTe in Vitro u in Vivo, ja cripedyBa HUBHATA IMOJIMMEPU3AIIHja, KAKO
1 HEBHOTO (opmupamse Ha aupekTen HauuH (Kim et al., 2001; Yang et al., 2005), noaeka mak
MHJIMPEKTHO ro nogo0pysa knupercot Ha AP (Begum et al., 2008; Zhang et al., 2006). Ocsen
TOA, TO] YYECTBYBaA BO jearperaiyja Ha nperxoano Gopmupanute iaku (Yanagisawa et al.,
2011). Meryroa, KypKyMHHOT HWMa peJaTHBHO cjaba CHCTEMCKa OHOPACIIOIOKHBOCT, I1a
ortyka, [IEl-uiaupaHuTe HAHOJMIO30MCKM HOCAud CO KOHJYTMpPaH KYpKyYMHH Ou Owiie
OJUTMYHY KaHIUJATH 32 UCTIOPaKa Ha UCTHOT BO MO30YHHUTE TKUBA. Bo Tek Ha mpeTMMUHApHUTE
cryauu crnposeneHu oa Mourtas et al. (2014), 6wio mokakaHo JeKa CO 3rojJeMyBambe Ha
MOJIAQPHUOT TPOLEHT Ha KypkyMHuH (Bo omcer ox 1 mo 10%), Bp3aH 3a moBpiIMHaTa Ha
BE3UKYJIUTE  BO  YHJIITO  COCTaB  BJETyBaaT  JAUNAIMUTOUIPOCHATHINIXOIMH,
munanmutoripocharuamarannepont, xonecrepon u IIEI-unupan munua, noara 1o mopact Ha
HuBHaTa rosiemuHa o 135 na 207,2 nm mto O MpeTcTaByBajgo OrpaHUYyBadkd (pakTop 3a
npeMuHOT Ha oBue Hocaun Hu3 KMB. Ila oTTyka, pa3Bojor Ha opmMyranujara ce 0JBHBaI BO
HACOKa Ha HUBHO JONOJHHUTEIHO (YHKIMOHAIM3UpPamke cO aHTU-TpaHchepuHcku MA 3a
nocpeayBamwe Ha TpaHcnopToT npeky KMb, npu mTo uctrure nokaxane UCKIYYUTEITHO BUCOK
aUHUTET KOH aMWIOWJIHUTE IUIAKHM U TPHUJIOHENE 3a TMPEBEHIUja OJ HUBHO (OpMUpaAHE

(Mourtas et al., 2014).

2.6.2. Hanonunosomcku gpopmynrayuu 3a mapeemuparee Ha tau npomeurnom
Hanonuno3zomu GpyHKIMOHAJIH3UPAHU CO AaHTHTEJA KOH tau mporenHot: Mmajku
npeaBua  Jeka tau  HeBpoGUOpWIApHHUTE KIOMYWME-Aa C€ €IHM OJ JBaTa TJIaBHU
naTou3noonky Oese3n Ha AB, 01 UCKITyYnTeIIHA BAKHOCT € Pa3BUBAKETO HA CHICIIM(DUIHH
TepanmMyd HAcCOYeHW KOH tau mporemHOT. M mokpaj Toa mTo marodu3monorujata Ha
HEBpOJCTEHEpaIMjata IOCpeayBaHa oOJf OBOj TPOTEMH HE € IIEJOCHO jacHa, tau
xurnepdochopuiianyjara, oJMroMepusanrjata U MOJUMEpH3aIMjaTa ce MPEIOKEHH KaKo
€JIHU OJ1 KAPaKTEPUCTHYHHUTE MATOJIOUIKH TPOIIECH KO TPEAN3BUKYBaaT HEBPOICTeHEpallnja
(Yoshiyama et al., 2013). ITa oTTyka, ce HaMeTHyBa U motTpedara 3a GopMyIaUCKU CTPATETHH
KoM OM JieiTyBajie Ha OBHE TPOIIECH M TOa TJIaBHO BO HacoKka Ha HuBHA npeBeHimja (Novak et
al., 2018a). Hekou o1 oYeTHUTE MOTCHIIM]jAIHU TEPATICBTCKH MPUCTAIU BKIy4YyBaaT yrnorpeba

Ha aHTUTCJIa KOHU IO 6HOKI/IpaaT pa3B0j0T U MHUPCHETO HaA tau l'IaTOJ'IOFI/IjaTa 1110(9) 9%




MUKpOIMjaiHa (paronuro3a Ha KOMIUIEKCOT aHTUTENO0-tau MpOTenH, Kako U 3rojeMyBambe Ha
KJIMPEHCOT Ha tau NPOTEMHOT BO HEBPOHHUTE II0 HErOBO €HJ030MAJHOTO HAaBJIETYBaHe
(Sigurdsson, 2018, 2016).

Bo u3MmmHaTHTE TOOUHM CTpaTerujara 0azupaHa Ha tau mMyHOTepamuja ce Haora BO
¢aza Il on KIMHMYKHTE UCIUTYBamWa, NPU IITO oBaa tal menTHAHA BaKIMHA IOKa)Kaja
3HAYUTEIHO HaMmallyBalke€ Ha HHMBoara Ha xunep-¢ochopuinvpanu tau NpPoTEMHU WU
HeBpoduOpun 3a ooy 95% (Kontsekova et al., 2014). [Tonatamy, Ouna dpopmynupaHa u
IpujarojieHa  HAHOJMIIO30MCKa  (opMynamuja  Ha  BakIMHA  COCTaBEHA O]
IUMUPUCTOMI(HOCHATUANIXOIUH,  TUMUPUCTOMI(OCHATUAMITIULEPOT, XOJEeCTeposl U
MoHOGochOopUIT IUIUA A, KOPUCTEJKU CHHTETCKH TeTpanaIMUTOUI (hochoenTu 1 Kako JIUraHa
mrTo ro uMutupa hochopuroT-enuron Ha tau mporenHot. opMynrpaHaTa HAHOIUIIO30MCKA
BakIuHa Ou Tpebano aa ru momodpysa cumnromure Ha Ab n MmomenTanHo e Bo @a3za 1 ox

KJIMHUYKKATE ucnutyBama (Theunis et al., 2013).

2.6.3. Hanonunoszomcku gpopmyrayuu 3a uHXubuyuja Ha ayemuixoiunecmepasu
Hanonumo3oMHu €0 eHKancyJMpaH PHUBACTUIMHMH: 3€MajKu TH TpPEIBUI BeEKe
JTUCKYTUpPAaHUTE OrpaHWYyBamka U MPOOJEeMH Ha [OCTAllHUTE Tepaluyd KOW BKIydyBaaT
yrnorpeba Ha MOCTOCUKUTE HHXHOUTOPHU Ha areTuin xonuHectepasure (AChEl) kako exeH on
MEXaHU3MHUTE 3a CIpaByBame co Ab, HaydyHHWTE CTyqUHM Ce HACOUYEHH KOH IOTEHIHjasTHa
ynotpeba Ha MyATH(YHKIIMOHAIM3UPAHU HAHOJIUIO30MU co eHkarcynupanun AchEl 3a
MOCTUTHYBaWkE Ha ycrenieH TpetMaH Ha Ab. [locera HanpaBeHu ce Hamopu 3a GopMynHrpame
Ha [IEl-unupanu HaHOTUIIO30MHU CO €HKAICyTUPaH PUBACTUTMUH 32 MHTPaHA3aJIHA TPUMEHA,
KOH Ce MoKakalie epMKacHHU BO 3r0JIEMYBamkhEeTO Ha KOHIICHTpAIlMjaTa Ha OBOj JIEK BO IJia3mMaTa
1 MO30KOT BO criopeiba co camuoT puBacturmut (Kong et al., 2020). Hcro taka, moTBpaeHO
€ JIeKa Kora pUBaCTUTMUHOT € €HKAICYJIHpaH BO HAHO-BE3UKYJIH BO YHJIITO COCTaB BeryBaaT
¢dochartuannxonun ox jajua, xonecreposn 1 DSPE-PEG2000 ¢pynkumnonanusupanu co ITET-
WIMpPaH JIepUBaT Ha MOJHMAPTUHKH, HETOBHOT IN VItro TepaneBTCKU eeKT ¢ moao0peH Kako
pe3yiTaT Ha MHTEH3UBUpamkE Ha MporiecuTe Ha TpaHciuTo3a Hu3 KMBb Bo criopenba co ucrarta
dbopMmynaryja, Ho 0e3 monuapruHuH. IMeHo, pe3ynTaTuTe 01 OBUE HCTPAXKYBamka MOKaXKyBaat
7eka U aBere (opMyJalMM ce KapaKTepu3upaar co CpefHa rojeMuHa oj okoxry 170 nm,
e(hUKaCHOCT Ha CHKAIICyJanuja Ha puBaCTUTMUHOT 011 30% U MPOIOIKEHO 0CII000/TyBamkhe Ha
HUCTHOT BO TEKOT HAa BPEMETO INTO OJM BO TPWIOT HAa TOCTHUTHYBAaWkE HA TPOJOJIKEH
dapmakosomku edekT in vivo. Cenak, MoauduKalujaTa Ha TOBPIIMHATA HA BE3UKYJIUTE CO

KJIICTOYHUOT-IICHCTPUPAYKHU ITPOTCHUH HEC ITOKaKajia 3Ha‘{ajHI/I IIpOMCHH BO 3era HOTCHI_[I/IjaJ'IOT




(~-10 mV), Ho BO IN VIVO CTyIMUTE CIIPOBEICHH HA IITyBUMEba OMIIO JEMOHCTPUPAHO JICKa T10
UHTpaHa3aJlHa [PHMEHA, KOHIIGHTpalMjaTa Ha  pPUBACTHIMUHOT  OCJIOOOICH  OJ
(YHKIMOHATM3UPAHUTE HAHOJIMIIO30MU BO XHUIIOKAMITYCOT M KOPTEKCOT OMiia IOBHCOKa
OTKOJIKY OHaa Ha (opMynanujaTa 06e3 JIMrani, ITo JOMOIHATEIHO ja MOTBPAYBA yjorara Ha
KJICTOYHO-TIEHETPUPAYKHUOT MENTH BO IPOMOBHPAK-E Ha allCOPIILUjaTa Ha OBUE HAHO-HOCAYH

BO MO30YHUTEC TKHUBA.

2.6.4. Hanonunosomcku gpopmyrayuu co nogexe mepaneemcKku mapeemu

Hanonumno3oMu (pyHKUMOHAJIM3UPAHH €O ATJYTHHMH O] MYEHHUYHH HUKYJIIM:
Nmajku ro npeasua daxror aeka pochopunanujata katanuzupana on MAPK kunasure Bo
MO30KOT UTpa CYIITHHCKA yJIOTa BO MPOIECUTE Ha allONTO3a U LIETOKYITHOTO MPEKUBYBAkhE Ha
HEBPOHHTE, JIOCEra Ce JAM3ajHUPAHU /1B THUIIA Ha MYJITH(QYHKIMOHATHN HAHOJIUIIO30MH, TIPH
IITO BO €JJHATa OJl HUB € EHKAICYJIUPaH KYpKyMHUH, I0/IeKa MaK BO Apyrara € HHKOPIOPUPaH
¢dakrtop Ha pact Ha HepBuTe (NGF). [Ipurtoa, u nete hopmynanuu ce KapakTepu3npaaT co UCT
(dbocdonunuaeH cocTas Koj BKIIydyBa coja hochaTuanaxonut, 1,2-1umnanMuTona-SN-riniepo-
3-bocharoxomuu, xomnecrepon u  DSPE-PEG2000 w wctute ce TOBPIIMHCKA Ou-
(GYHKIMOHATM3UPAHU CO aridyTHHHUH Of MueHnYHN HUKyIu (WGA) u KapaHOAUIIUH CO el
na ce monodpu HuBHaTa ucropaka Hu3 KMb. Kako mito 6eiie u mpeTxoaHo JUCKYTHPAHO 32
KYpPKYMHHOT, MTOKpaj Toa IITO TOj AedyBa Kako MHXUOUTOp Ha Af arperaiujaTta, BO OBHE
CTyauu OWJIO TIOKa)KaHO JIeKa KOTa TOj € CHKAIlCyJHpaH BO OBHE CHENU(PUYHH HOCAYH,
eduKacHoO ja MeHyBa exciipecujata Ha hochopunupannoT p38 (p-p38) u pochopunupanara c-
Jun N-tepmunannara kuHaza (p-JNK), momeka mak NGF ja mpomoBupa akTHBHOCTa Ha
peuenTopoT Ha TUpo3uH kuHa3a TiI 1 (TrkA), koj e BKiIydeH Bo 3a0aByBambe Ha HEBPOHCKATa
amonrto3a (Kuo and Tsao, 2017). Kora cranyBa 300p 3a CBOjCTBaTa Ha HAaHOJUIIO30MHTE,
pesynatatute ox iN VItro ucnuTyBamaTta IMOKaXyBaaT Jeka M JBeTe (opmymamuu ce
KapakTepu3upaart co ronemusa oa 130-145 nm u npoomkeHo ocao00/1yBamke Ha COO/IBETHATA
SHKaICyJIMpaHa akTUBHA KOMIIOHEHTa BO TeK Ha 24 yaca. McTo Taka, HalpaBeHUTe CTYJUH Ha
knerouHa nuHuja Ha KMb cyrepupaar neka konjyranujara co WGA pesyntupa co nogodpeHa
nepMeadja u Ha JBere Ou-QyHKIHMOHATU3UpaHU (HOPMYJAllMd BO OJHOC HAa COOJBETHHTE
dbopmynanuu O0e3 JUTaHII, CTaBajKW aKIIEHT W Ha MPOTEKTUBHOTO nejctBo Ha WGA Bp3
uHTerpuTeToT Ha KieTkure Ha KMBb. [la oTTyka, MoXxe 1a ce 3aKkiy4yH JieKa IpeIoKEeHUTE
HOcayu OM MOXKeJe Ja MpeTcTaByaaT COOJBETHH (HOPMYJAlMCKU pelIeHHja 3a epHuKacHa
MCIIOpaKa Ha CIIOMEHATUTE aKTUBHU KOMITIOHEHTH BO MO30KOT.

2.6.5. Hanonunozomcku gopmynayuu co Opyeu Mexanuzmu Ha 0enysarbe




Huz nuteparypata ce cpeTHyBaaT W JIpyrH (OPMYIALMCKH pelIeHWja Ha
HAHOJIMITIO30MHU 32 HACOYYBamke€ BO MO30KOT. Ha mpumep, pa3BUCHH Ce HAHOJIMIIO30MHU CO
KBEpIETHH, KOj ja HamaldyBa JereHepanyjara Ha XOJHMHEPTUYHHUTE HEBPOHH TIPEKY
3rojieMyBamb€ Ha AaKTHMBHOCTa Ha CYNEPOKCHJI JUCMyTa3aTa, €H3MM BKIYYEH BO
aHTHOKCHIaTHBHHTE Kierounu mexanu3mu (Phachonpai et al., 2010).

Pesynrature on romem Opoj MCTpakyBama IOKa)XyBaaT JIeKa JIMTAHIUPAKETO Ha
HAHOJIMIIO30MCKAaTa MOBPILIKHA CO TIYTaTHOH € UCTO TaKa MOTOJHO 3a crenru(uyHa ucropaka
Ha aHTHTEIA U APYTU poTerHu HacodeHu koH AP (Henriques and Castanho, 2008).

HcTo Taka, HAaHOJIUITO30MCKH (POPMYJIAIIUH CO SHKATICYTMPAHH KYMapHUHCKH JICPUBATH
kou Oune nomomHutenHo ¢yHkuuoHupanu co CXC xemoxuucku peuentop 4 (CXCR4),
JIEMOHCTPHpAJIC YCIEIIHO HAaBIETyBambe W HEBponpoTeKTuBeH edekr kaj APP-SH-SYS5Y
KJIIETOYHATa JIMHHMja, 4 OCBEH Toa Owia 3a0eliexaHa W IOTOJIeMa JUCTPHOyIHMja Ha
KYMapuHCKHOT aHaJIOT BO MO30KOT 3a€JIHO CO YOJIaXKyBame Ha MaTOJIOTUUTE MOBp3aHu co Ab

(Nietal., 2021).

2.7.  Rosmarinus officinalis L. (Lamiaceae)

PactenujaTa oTcekoram Ouie €JHM OJ HAjIeCHO JOCTAllHUTE M HajUCKOPUCTEHUTE
pecypceu 3a JeKyBame Ha Oonectu on crpaHa Ha jyreto. CormacHo C30, ckopo 80% on
rmo0anHaTa TomyJanyja ce TOTHUpa Ha TPAAWIMOHAJIHATA MEIWIMHA 32 TOTpeOuTE Ha
IpUMapHaTa 3/paBCTBEHA 3aIlITUTa, HO CENaK MOTEHIMjaJoT Ha pacTeHHjaTa Kako M3BOp Ha
HOBH JIEKOBUTH COEIMHEHH]a OCTaHyBa IJIaBHO HEUCTPAXKEH U IMOKPaj MHOTYTE HayYHH CTYAUU
u nokaszu (Morteza-Semnani et al., 2016; Refaat et al., 2013).

NHuTepecoT 3a xepOalHUTE JIEKOBU KAaKO MOJ00pYBayu HA KOTHUTUBHUTE CIIOCOOHOCTH
KOHTMHYHMPAHO C€ 3roJieMyBa M TOa KaKO pe3yJiTaT Ha JOKAKaHUTE CBOJCTBA HAa HEKOJKY
BETYBAaYKHU COEIMHEHHM]a ILITO BIErYBaaT BO COCTABOT Ha PaCTEHMjaTa Kako MTO ce: KypKyMaTa,
Ginkgo biloba, Bacopa monnieri, Hupericum perforatum, Salvia officinalis, Lycopodium
serratum u Ginseng (Heo et al., 2008; Mazza et al., 2006). OBue pacTeHWja U HHBHHUTE
XxepOasIHu IpepabOTKU ce BETYBAUKH KaHIMIaTH KaKO aKTHBHU KOMIIOHEHTH BO IIOJJ00pyBambe
Ha MeMmopujaTa, OcoOeHO BO TpeTMaHoT Ha Ab, m Toa He camo mopaau HUBHaTa
HEBPOIIPOTEKTUBHA MOK, TYKY U MIOpaiu OpOJHUTE TOKaKaHU MEXaHU3MH Ha JI]CTBYBaHE IITO
ce oJIHECyBaaT Ha OCHOBHaTa marodusnosoruja Ha 6osecra (Hussain et al., 2022).

Kako mrTo Oerre HaBeIeHO ¥ IPETXOHO, BO MTOCTIEIHUTE JBE ACLIEHUN OKCUIaTUBHHOT

CTPEC U BOCHAJICHUCTO CC MOCOUCHHU KaKO BOACUKHU ITPUYIHNHU 34 CTAPECHC HA MO30KOT. IIa Taka,




ynoTtpebaTa Ha AaHTHOKCHUIATHBHUTE W aHTHUH(IAMATOPHUTE COEAMHEHH]a, KaKo IITO Ce
MOJMU(EHONINTE, CE TPENopavyyBaaT Kako KOPHCHA CTpaTerdja 3a MPEBEHIIMja Ha CTapeeHhe Ha
MO30KOT U I0jaBa Ha HEKOJKY HEBpOJETeHepaTuBHU Oojectu, Mery kom u Ab. Bo mHory
CTYIUU € TIOKaXaHO JieKa OeHe(UTOT Off HEBPOMPOTEKTUBHATA MOK O]l OBHE COCAMHEHH]a,
OCBEH IPEKy HHMBHATa aHTHOKCUJIATUBHA W aHTHHMH(IaMaTOPHA aKTHBHOCT CE JIOJDKM U Ha
HUBHATA yJOra BO MOJyJalldja Ha MPOILECUTE KaKO MITO Ce. CIMHUICHETCKUTE (HaKTopH,
aMHJIOWHATa JETIO3UINja, XOJIMHECTepa3HaTa WHXUOHIHM]ja, aBTO(arujata, HEBPOTPOITHUTE
dakxropu u mHory npyru (Annunziata et al., 2021).

Pysmapunor - Rosmarinus officinalis L. (Lamiaceae), mpercraByBa apOMaTHYHO
pacTeHue ITo BOOOWYACHO CE CPETHYBA BO MEJUTEPAHCKHUOT peruoH. Toa € HajKyITHBUpaHaTa
KyJuHapcka Omika Bo ceerot (Hussain et al., 2022).

HeroBuoT 6orat XeMHCKH COCTaB KOj BKJIydyBa: ()€HOJHU KHCEIHHH (pO3MapHHCKA
KHCEJIMHA, XJOPOTCHCKa KHCEeNWHA), (EeHOMHM nuTeprieHH (KapHOCOJIHA KHUCEIHHA W
KapHOCOJI), TEHTAIMKIUYHUA TPHUTEPIeHNU (YpPCOJHA KHCEIMHA, OJICAHOJIHA KHUCEIUHA,
OCTyJIMHCKA KUCENHWHA), (JIaBOHOWIM (IEpUBATH HA allMTCHUH W HA JyTCOJIMH) U €TEPHYHU
Maciia, IpUIOHECYBa 3a HErOBUTE OpPOjJHM JI€jCTBA MOTBPAECHU BO MHOTY IN VItro u in Vivo
CTyIMH OJ KOW HAjU3pa3eHH C€ aHTHOKCUIATUBHUTE, AaHTUUH(IAMATOPHHUTE,
AHTUMHUKPOOHUTE U UMyHOMOIytaTopauTe epextu (Dabaghzadeh et al., 2022; Nematolahi et
al., 2018; Perry et al., 2018).

KopucHute epexT o1 ceK0jIHEBHOTO KOHCYMHUPAE Ha MMPOU3BOAH U TIPEPaOdOTKHU O]
py3mapuH Bo nmo3a ox 100 mg/kg co men momoOpyBame Ha KpaTKOTpajHaTa MeMOpHja,
KOH(y3HjaTa, MPoOJIEMH CO Pa3MUCIYBakhETO U PACylyBambeTO ce€ MOTBPJAEHU O] CTpaHa Ha
MHOTY KJIMHUYKH WCTIHTYBamka KOW BKIy4yBaaT 3/IpaBH BOJOHTEpU W mamueHTH co Ab Ha
pasnmuunu Bospactu (Hanson, 2016; Hussain et al., 2022). Ho u mokpaj ce€, TIJIaBHHOT
crienn(UYeH MeXaHu3aM MPeKy KOj py3MapruHOT I'M OCTBapyBa OBHUE J1€jCTBA OCTaHYBAa HEJaceH,
MaKo ce CMeTa JieKa HajBepOjaTHO Ce I0JKM HAa CHHEPTUCTUYKHOT e(peKT Ha IIMpoKaTta najaera
Ha KOMITOHEHTH IIITO BJeryBaat Bo HeroBuoT coctaB (Dabaghzadeh et al., 2022).

Mery wuzonupanute (GEHOTHH COCIMHEHHja BO eKcTpaktoT on py3mapuH (RE),
YTBPJICHO € JeKa KapHO30JHaTa W po3MapuHcKaTa kucennHa (RA) ce kapakrepusupaaT co
HAjIIMPOK CIIEKTap Ha (papMaKoJIOMKH e(EeKTH U Toa KaKo pe3yaTaT Ha HUBHATa CIOCOOHOCT
Ja IejCTBYBaaT Ha moBeke mosekynapau nenu (Alagawany et al., 2017; Borras-Linares et al.,
2014). MmeHo, moOKpaj aHTHOKCUAATHBHUTE, RA TOKakyBa YIITE HEKOJKY OPYTH BaKHU
OMONOMIKM  KapakTepUCTUKW,  BKIY4YyBajKM  aHTHHH(IAMATOPHH,  aHTHBHPYCHH,

aHTI/I6aKTepI/ICKI/I, AHTUACTIPCCUBHU, AHTUKAHUOCPOICHU, AHTUMYTAr€HU N XEMOPCUHCHITUBHU




cBojctBa (Nunes et al., 2017). Hejsunara edukacHocT Bo TpetMaHoT Ha AB ¢ BO Hacoka Ha
CTpevyBame Ha MOJICKYJIAPHUTE TIOPEMETYBamba KO MPUIOHECYBaaT BO mporpecujara Ha Ab
KaKo IIITO CE: OJIUroMepu3airja u popMupame Ha A miaku npexy audepeHiiyjarHo Bp3yBambe
3a AB1-42 onuromepure, AP-omuromep UWHAyLHMpPaHAa CHHANTHYKAa TOKCUYHOCT U
HEBPOTOKCHYHOCT, OKCHIATHBHA JecTaOuiau3andja mnpeausBukaHa on AP  dubpunmre
(nepokcumanuja Ha nunuad, (parmenranuja Ha JIHK, akrtuBamumja Ha kacmaza-3) wu
xunepochopunanyja Ha tau nporennu (Mirza and Zahid, 2022).

Bo MOMEHTOB, TpeIOKEHHOT MEXaHHW3aM 3a MHXHOWIMja Ha AP arperamujata of
cTtpana Ha RA ce 10/mKM Ha O-XMHOHCKAaTa CTPYKTypa Koja creruduyHo ce Bp3yBa 3a Ap,
CIpeuyBajKu r0 MOHATAMOIIIHOTO Bp3yBame Ha AP co onuromepot (Ono et al., 2004). NmeHo,
MOK&XaHO € JIeKa O-XMHOHOT KOBAJCHTHO CE€ BP3yBa 3a OCTATOLUTE O] HYKJICOPHITHUTE
aMHHOKMCEeNMHN Win mnak ¢opmupaar ludoBu 06a3m m Ha TOj HAUMH ja WHXUOHMpaar
excrensujara Ha AP ¢pubpunute (Satoh et al., 2013). Mcro Taka, yTBpCHO € JeKa peakiifjara
Ha U3/I0JDKYBamke Ha (UOPWIIMTE € TIOTUCHATA MIPEKY JecTaduiu3aiuja Ha AP TepMUHATHHOT
JIeTT IPUIITO HACTaHyBa M HETOBa 3a0p3aHa JernonuMepu3anyja. JJonoIHUTEHO, BO HEKOJIKY
eKCIIEpUMEHTAIHN CTYIUH € IMOKAKHO 3rojieMyBambe Ha HUBOATAa Ha JIONIAMHUH MPH yrmoTpeda
Ha RA U OTTyka MHIMpEKTHO moaoOpyBame Ha cumnromure Ha Ab. OBa HajBepojaTHO ce
JOJDKM Ha TOa WITO OKCHAAllMjaTa Ha KaTexXoJHaTa Tpyla Ha JOMAMHHOT pEe3yiaTHpa CO
noOuBamke Ha 0-XMHOH, KO TIOHaTaMy ce Bp3yBa 3a A} MOHOMEPOT 1 CO TOa C€ OHEBO3MOXKYBa
HeroBa nosmmepu3sanyja (Hase et al., 2019).

MHory IuTepaTypHH HOJATOLM CBEAOYAT 3a MOBpP3aHOCTa MoMery (hOpMUPABETO Ha
AP makuTe ¥ HUBHATa MHTEpaKIMja coO METaJHU JOHM, CO OrJied Ha Toa mrTo AP e perokc-
aKTHBEH MENTH]] KOj 'O HaMaTyBa HUBOTO Ha IpeoxHuTe Metamu kako Cu?* u Fe®" u nosenysa
no reHepupame Ha ROS. [lonatamy, nmommmepusamnujata U TOKCUYHOcTa Ha AP ce TecHO
noBp3aHu co MetanHuTe joHu U ROS. JlokyMeHTHpaHO € /ieka O6iarojapeHue Ha HEj3UHHUTE
XenaTopcKu CBOjcTBa, RA e epukacHa MPOTUB HEBPOTOKCHYHOCTA MHAyLmpaHa on Cu?*,
nHTepdepupajku Ha WHTepakimjaTa omery AP u Cu?* mpexy dopmupame Ha OpHTHHAICH
Tpoen xommiekc omery RA, AR u Cu?* (Kola et al., 2020). Ocsen Toa, RA 10 crpedysa u
CO3/IaBab-ETO Ha JIMMUAHUTE XUAPOIIEPOKCUIN Npean3BuKkanu o1 AP. lononHurento, 6pojHu
in Vitro u in VIiVO cTymuu cBefoyaT 3a aHTHATIONTOTHYKHOT €()eKT Ha OBa COCIUHEHHUE IITO
(¢buHaMHO pe3ynTupa co yOaakyBame Ha BOCHAJICHUETO U HEBpOJETreHepalyjara moBp3aHa co
okcuaaruBauot crpec (Lv et al., 2020).

In Vivo ncTpaxyBamara CripoBe/ICHH Ha TITyBIIM, YKa)KyBaar Jieka ocBeH RA, ucto taka

" ypCOJIHATa KUCCIIMHA YYCCTBYBa BO CIICHYBAKC HaA (I)OC(i)OpI/IJIaI_II/IjaTa n IoCJICaA0BaTCIHaTa




¢ubpunmmzanuja u Qopmanujara Ha [ MIaHapHaTa CTPYKTypa BO tau MPOTEHWHOT, IITO
JIOTIOTHUTETHO UMILTUIMPA Ha MOKHOCTA O/ HUIBHOTO CHHEPTUCTHYKO JI€jCTBYBAbE U 3HAUYACH
TepaneBTcku noreHiujan npotus Ab (Cornejo et al., 2017).

Kora cranysa 300p 3a OBHE /1B€ COCIMHEHHU]a, UICTUTE 3HAYUTEIHO TW MOJ00pyBaar
KOTHUTUBHUTE JeQUIMTH, KaKO U CHHAlTUHYKaTa JUCperyjiaiuja [oBp3aHaTa co
HeBpojerenepanuja Bo Muory in silico mogenu na Ab (Mirza et al., 2021). JlonoiaauTENHO,
pe3yATaTUTE OJ1 HEKOJIKY CIPOBEICHH IN VIVO CTYIUH CyreprupaaTr ¥ Ha HUBHUOT HEBPOTPOIICH
eeKT Bp3 OOHOBYBAaKETO Ha MEMOpHjaTa MOBp3aHa CO MPOCTOPOT M IMPENO3HABAKHETO Ha
npeameru (Tang et al., 2017), kako 1 Ha HUBHUTE aHKCHOJUTHYKU U aHTHICIPECUBHH CPEKTH.
Cure oBue epeKTH MO3UTHUBHO BIIM]jaJIENIe BP3 COLUJATHUTE HHTEPAKIIMH U OJHECYBAHETO HA
tperupanute riryBuniba (Colla et al., 2015; Lataliza et al., 2021; Ramos-Hryb et al., 2019).

Wmajku v mpenBuja OBUE pe3yJITaTH, NOMOJHHUTETHO Owmia HampaBeHa u In Silico
aHaJlM3a co IIeJI J]a ce YTBpJAAT BP3yBauKUTEe UHTEPAKIIMU Ha OBHE KOMIIOHEHTH CO MapKepuTe
3a HeBporeHes3a, Ki-67 u DCX, Bo cnopenba co nonemnesmi. Pesynratute mokaxane aeKa u
ypconHarta kKucenmHa 1 RA ydecTByBaaT BO HOpMallM3Mpame Ha HUBOATA Ha EKCIIpecHja Ha
mRNA na Ki-67, DCX u NeuN, co Toa mITO ypcoiHaTa KHCEIWHA MOKaKala 3HAYUTEITHO
MoroyieMo OOHOBYBam-€ Ha HHMBOATa Ha EKCIpecHja Ha OBHE Mapkepu Bo crmopenda co
nonerneswt (Mirza et al., 2021), mTo ykaxyBa Ha HEj3HHUOT TEPANICBTCKU MMOTEHI[Mjal IPOTUB
HEBpoJereHepaijara nmospszana co Ab.

[Tokpaj 6pojuuTe nejcTBa Ha RA U ypcoiHaTa KHCEJIMHA, PETUCTPUPAHH c€ U OpOjHU
MO3UTHBHU eeKTH KOU TIOTEKHYBAaT Off rpynaTa Ha quteprenu npucytau Bo RE (Farr et al.,
2016). MmeHO, CIMYHO KaKO M TMPETXOJHO CIIOMEHATHUTE, W OBHE COCAMHEHHja CBOWTE
AHTHOKCHJIATUBHH CBOjCTBAa TM OCTBapyBaaTr MpeKy ,uucreme’ Ha ROS Onaromapenue Ha
3arybaTa Ha €JIeH BOJOPOJICH aTOM O] HUBHUTE ()EHOJIHU XUJIPOKCWIHU TPYIH IITO BOJIHU IO
dbopMupame Ha XUHOHCKHU JepuBaTH. J[OMOTHUTENHO, CBOJOT HEBPOMPOTEKTUBEH €(EKT ro
OCTBapyBaar M CO peryiaiyja Ha TPAHCKPHUIIIIMCKUTE MATHIITa MOBP3aHU CO eKCIpecHjaTa Ha
AHTHOKCHJIATUBHUTE M aHTUMH(IaMaTOPHUTE €H3UMH Npeky akTtubauuja Ha Keapl/Nrf2
natekara. Taka Ha mpuUMep, TEMOHCTPUPAHO € JeKa KapHO30JIOT M KapHO30JIHATA KHCEITHHA
MocelyBaaT BUCOKa eNeKTpo(uIIHAa aKTUBHOCT MU IITO ce Bp3yBaar 3a Keapl mpoTenHoT 1
y4ecTByBaaT BO IOCIeJoBaTenHaTa akTuBanuja Ha Nrf2 QakTopor, mTO € OArOBOpEH 3a
WHJIYKIIM]ja Ha €H3UMUTE 3a JAeTOKcHKamuja oa ¢asza Il Ha KIETOYHHMOT PEJOKC CHUCTEM
(rmytatnoH  S-TpaHcdepasa, TIYTAMHJIIMCTEHH CHHTETa3a, THOPEIOKCHH pPeIyKTasa,
xemokcurenasa-1, NADPH-3aBucHa XMHOH OKCHJIOpelyKTa3a, U Y-TJIyTaMUJI IIUCTEUH JIUra3a)

(Martin et al., 2004; Satoh et al., 2013, 2006). /IomoJHUTETHO, UCTUTE UTPAAT KIIyYHA yJIora




BO MHXHMOUIIMjaTa Ha alleTUIXOJMHECTEPA3UTEe U CHHTEe3aTa Ha aretu xonuHot (Ozarowski et
al., 2013), kako ¥ BO MeTajHaTa Xejaldja Ha MPCOJHWTE METAIM INTO y4ECTBYBaaT BO
HeBpoTokcuyHUTE nporiecu kaj Ab (Habtemariam et al., 2016).

Hcto Taka, mokaxkaHo € JeKa auTepreHuTe npucyTHu Bo RE tm mHXUOHMpaar
CUTHAJIHMTE MaTHuITa npeau3pukanu oj TNF-o npeky perynanuja Ha ekcrpecujara Ha HO-1
1 Nrf2 mto mocie0BaTeIHO I0BEIYBa JI0 HAJI0JIHA PEryJannja Ha WHPIaMaTOPHUOT OJIrOBOp,
a BOETHO BIMjaaT M Ha excnpecujara Ha MRNA Ha o-cekperas3ara, cO IITO CE€ MPOMOBHpA
,,HOPMAJTHHOT" TaT Ha 00paboTKa Ha aMUJIOUIHUOT TpeKyp3opeH npoteut (Meng etal., 2013).

Ho u mokpaj OpojHuTE MO3UTUBHU €(DeKTH Ha KOMITOHEHTUTE BO PY3MapUHOT KOH OJIaT
BO IPWIOT Ha YCIICUIHO ClipaByBame co AbB, cemak ucTute ce KapakTepu3upaaTr co HHCKa
cucTeMcKa oropacrnonoxiuBocT (<1%) kako u co HU30K cTerneH Ha npemuH HU3 KBM (Hase
et al., 2019). Ila orTyka, CO HUBHOTO MHKOPIOPHUPAKE BO HAHOJIMIIO30MCKH BE3UKYIH CE
OueKyBa IMOJO0OpYBamkE Ha PACTBOPJIMBOCTA M HBHATa CTaOWIHOCT, epukKaceH u Oe30eneH
npemuH npeky KMbB u mnocnenoBarenno momoOpeHa akymyliaiidja BO MO30YHHTE TKHBAa U

coo/IBeTHA TepaneBTcka edukacHoct (Mignet et al., 2013).




3. Ilesm Ha HCTPaKyBamk€TO







3eMajKu TH MpeABUJ CUTE MPETXOAHO CIIOMEHATH aCHEeKTH BO OJHOC HA IMOCTOCYKUTE
npo0yieMy, OrpaHuyuyBamba M MPEIU3BULIM 32 epUKaceH TpeTMaH Ha HEBPOJETeHEPATUBHUTE
OoJiecTH, MPEIMETOT HAa OBA UCTPaXKyBame OcCIlie I13ajH, pa3Boj, ONTUMHU3AIMja U IIeJI0CHa IN
Vitro  ¢usuuko-xemucka U OuodapmaieBTcka KapakTepusanuja Ha [IET-wmupanu
HAHOJIMIIO30MU CO BIpajieH eKcTpakT ox py3mapuH (RE) 3a moTeHimjanieH u epuxaceH
TpeTMaH Ha AJxajMepoBara 0oJecT.

Co 1en yCreurHo U paroHaTHO OCTBapyBame Ha MPEIBUICHHUTE LIENH, TIOCTaBEeH! Oea
COOJIBETHH PaOOTHU aKTHBHOCTH, KOM 0Oea MOACNICH! BO HEKOJIKY HCTPAKyBadKH (a3u:
®DA3A 1: Pa3Boj, noaroroska u kapakrepusanuja Ha [1EI -unupann Hanoaumno3omu co RE.

o Pa3Boj um moaroroBka Ha Tpa3HH HaHO-BE3UKYNIHW Oe€3 MONMMep 3a CTepHa
cTabunmn3aiyja 1 HUBHA KapaKTepU3allnja O] aCTIIeKT Ha FOJIEMUHA U JUCTPUOYITHja
CTIOpe]] TOJIEMHHA.

o Pa3Boj u moaroroBka Ha npazHu HaHo-Be3uKynu co [1EI" kako monumep 3a crepHa
cTabuin3aiyja 1 HUBHA KapaKTepu3allkja o] aCleKT Ha FoJIeMUHA U JUCTPUOYIHja
CTIOpe]] TOJIEMHHA.

o Pa3Boj u moaroroska Ha [1EI-mimpann HaHO-Be3UKYIH co eHkarcynupan RE u
HUBHA Kaparepu3alyja O] acleKT Ha ToJeMHHa, AUCTPUOyIHja MO TroJeMHUHa,
edukacHOCT Ha eHKarcysandja Ha RE, mpeky po3mapunckata kucenuna (RA) kako
MapKep KOMITOHEHTA.

®A3A 2: ExciepuMeHTaJIeH 1M3ajH U ONTUMU3aIHja Ha u30panu Gopmynanuun Ha [1EI -

WiIMpaHu HaHoJumo3omu co RE.

o [TonrotoBka W KapakTepusanuja Ha QopMyJalid Ha HAHOJIUIIO30MH CO
eHkarcynmupan RE co pasnuueH coOJHOC Ha COCTaBHHTE KOMIIOHEHTH M HUBHA
KapakTepusaiuja (rojgeMuHa, JIACTPUOYIMja 1O TOJeMuHa, Mopdooryja,
eMKaCHOCT Ha SHKaIICyaIyja, in Vitro 6p3uHa Ha 0cI0001yBamke Ha EKCTPAKTOT
cieneHo mpeky RA Bo Tek Ha 48 daca M CTyAMM Ha aTCOPMIIMja HAa TOBEICKU
cepymcku andoymuH (BSA) nHa mnoBpmmHara Ha HaHo-Besukymute (OFAT
CKCIIEPUMEHTH)).

o NmmnemenTanyja Ha IEHTPAIHO KOMIIO3UTEH JM3ajH KaKO CTAaTHCTUYKA alaTka 3a
ONTUMHU3AIM]ja Ha (POPMYITAIMUTE HA HAHOJIUIIO30MH 32 HacoueHa ucropaka Ha RE
BO MO30KOT.

o [lonroroBka u KapakTepuzanuja Ha pas3nuuHd npeioxkenu [IET-unupanu

(bOpMy.TIaI_II/II/I Ha HAHOJIMIIO30MHU CO CHKAIICYJIMPpAaH RE u HuBHA KapaKTepH3aqua




(romemuna, quCTpHOYIIHja MO rojeMuHa, eUKACHOCT Ha eHKaIICyIanuja u in vitro
ocioboaysame Ha RE Bo Tek Ha 24 gaca).

BocnocraByBame ¥ aHanM3a Ha MaTEMAaTHYKHTE MOJCIH KOM KBAJIUTATUBHO M
KBaHTUTATHBHO T'O OIUIIYBAaaT BIUjaHHETO HA (POPMYJIAIIMCKUTE BapHjaldiIu Bp3
OCOOMHHUTE OJ1 HHTEPEC HAa HAHO-BE3UKYITUTE.

Onrumusaidja Ha GopMyJIallMyi Ha HAHOJHMIIO30MH 3a Haco4yeHa ucropaka Ha RE

BO MO30OKOT.

®A3A 3: [loaroroBka M kapakTepusanyja Ha ontuMannu Gopmynanuu Ha [IEI-unupann

HaHOJIMIIO30MH CO CHKAIICYJIUPaH RE.

@)

[ToaroroBka Ha ontumanHu Gopmynanuu Ha [IE[-unmpanu HaHOTUMO30MHU CO
BrpazeH RE cormacHo cTynuuTe Ha eKCIIEpUMEHTANICH IU3ajH.

OU3NUKO-XEMHCKAa KapakTepu3alja Ha TOATOTBEHUTE HAHO-BE3WKYIH CO
enkarncynupan RE (ronemuna u auctpudyiyja crope roleMiuHa, OnpeeTyBambe
Ha TIOBPIIMHCKA HACTIEKTPU3UPAHOCT U e(pUKACHOCT Ha eHKarcynupame Ha RE).
OmnpenenyBame Ha IN VItro Op3uHaTa 1 MEXaHU3MOT Ha 0CJI000/1yBamke Ha MapKep
KomroHeHTara RA ox nu3ajHHpaHuTE HAHO-CUCTEMHU.

In vitro ompenenyBame Ha aHTHOKCHIATHBHHOT moTeHiMjan Ha RE u Toa, Kako
YHICT eKCTPAKT U Ha HAHOJIUIIO30MHTE cO BrpajaeH RE.

KBanuratnBHa W KBaHTHTAaTHBHA KapaKTepH3aldja Ha HAHOCUCTEM - MPOTEHH
KOMIUIEKCUTE CO METOIM Ha TIPOTEOMHKA.

HcnutyBame Ha cTaOUITHOCTA HA HAHO-CUCTEMHTE BO (DU3HOJIOIIKY PETICBAHTEH U

OHOJIOIIKU MCEINYMHU.

®DA3A 4: In vitro ctyauu 3a UCIIUTYBalke Ha TOKCUYHOCT U €PUKACHOCT Ha Mpe3eMarbe Ha

MMPpasHUTEC HAHO-CUCTEMHU OJ1 CTPpaHa Ha 1/136paH1/1 JABEC KJICTOYHH JIMHHH.

@)

HcnuryBame Ha IIUTOTOKIIMYHOCT Ha HAaHO-cucTeMuTe Oe3 nHKopriopupan RE Bp3
YOBEUKHM IepeOpalHi MHUKPOBACKYJIAPHU CHJIOTEIIHU KICTKH W YOBEYKH
HeypoOIacToMa KJIETKH.

OntuMu3aiidja Ha MPOIECOT HAa MapKHpame Ha MPa3sHUTE HAHO-CHCTEMH CO
bayopecueHTHa 00ja

KBaHTUTATHBHO OMpE/ICyBalkh¢ U UCTIUTYBAkHE Ha MEXaHU3MOT Ha Mpe3eMame Ha
(GIIyOpeCIIeHTHUTE HAHOJIUIIO30MU OJl CTpaHa Ha YOBEYKHTE IepeOpaHu

MHKPOBACKYJIapHU CHAOTCIIHU KIICTKU U YOBCUKUTE Heyp06naCT0Ma KIICTKH.




Crynuu Ha KJIeTOYHa WHTEpHalM3alija Ha HAHO-BE3UKYJIHTE BO YOBEUYKHU
uepeOpalHi MUKpPOBACKyJapHU €HJIOTENTHU KIJIETKM W YOBEUKH HeypoOiiacToma

KIICTKH.







4. ExcriepuMeHTAaJIeH el







4.1. Marepujanu

Co 1en u3paboTka M COOABETHA KapaKTepusalja Ha Gopmyaanuute 0ea ynmorpeOeHu

CIIETHUTE MaTepH]jallu:

O

O

©)

Coja nenutus (SL) (Buranuja, C. Makenonuja)

LIPOID PE 18:0/18:0-PEG 2000 (PEG) (Lipoid, Gemany)

Xonecrepon (CH) (Sigma Aldrich, USA)

Exctpakt on pysmapun (RE), Uucturyr 3a dapmakornosuja, dapMareBTCKH
¢dakynrer — YKUM, Ckomje, C. Makenonuja

Po3mapuncka kucenuna (RA), crangapa (Sigma Aldrich, USA)

Xnopodopm co HPLC uncrora (Merck, Germany)

Meranon co HPLC uucrora (Merck, Germany)

Mpasja kucenuna co HPLC uucrora (Merck, Germany)

Aueronutpui co HPLC uncrora (Merck, Germany)

Xymana ma3ma (Muctutyt 3a HeBposoruja, Knuanuku nentap — Majka Tepesa,
Ckomje, C. Makenonuja) — IIpoTokonute 3a xymaHa miaa3Ma 0ea ogoOpeHH O]l
eTnuka komucuja npu Menunuacku ¢akynrer — YKHUM, Crkomje, C. Makenonuja
(25.05.2016, No. 03-2039/9)

I'oencku cepymcku andoymun (BSA) (Sigma Aldrich, USA)

Bradford pearenc (Sigma Aldrich, USA)

Yoseuku nepedpaini MUKpoBackynapHu enpotenujaiau kietku (hCMEC/D3)
(CELLutions, Biosistems/Cedarlane, Kanana)

Dulbecco’s pocharen mydep (DPBS) (Sigma Aldrich, USA)

Komnaren tum | (rat tail) (Sigma Aldrich, USA)

Ennorenujanen 6asanen meauym — 2 (EBM-2) (Life Technologies)
EndoGRO-MV SCMEQ04 xomruteten MeauyM 3a kierouHu kynrypu (Merck,
Germany)

®eranen rosencku cepym (FBS) (Life Technologies)

Xemucku nedunupan aunuaeH kormentpat (Life Technologies)

HEPES 1M (Life Technologies)

[ennnmmun — crpentomurua (Life Technologies)

dakTtop Ha pactemwe yoBeuku pudpoodnact (bFGF) (Sigma Aldrich, USA)
Ackop6Ouncka kucenuna (Sigma Aldrich, USA)



o XwuapokoptuszoH (Sigma Aldrich, USA)

o Tpumcun — EJITA (GIBCO, Thermo Fisher Scientific)

o Kuerouyna nunuja ox yoBeuku HeBpooOiactom (LCG Standards, Wesel, Germany)

o Heecennujanuu amuno kucenuau (NEAA) (Sigma Aldrich, USA)

o CellTiter 96 Aqueous Non-Radioactive Celll Proliferation Assay (MTS) (Promega,
USA)

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

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

o Hoechst Fluorescent stain (Thermo Fisher Scientific, USA)

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

o Nile Red (Sigma Aldrich, USA)

o Oil red O (Sigma-Aldrich, USA)

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

o CellLightTM ER-GFP (Invitrogen, Thermo Fisher Scientific, USA)

o @nyopecueunn ucoruonujanar uzomep | (FITC) (Sigma Aldrich, USA)

o Xmoprnpomasus (Sigma Aldrich, USA)

o Hunmomeranun (Sigma Aldrich, USA)

o 2,2’-a3o00uc(2-aamuaunonponan) auxuapoxiopun (AAPH) (Merck, Germany)

o ®nyopecuenn Hatpuym (Sigma Aldrich, Germany)

o ®ocdaren nydep pH 7,4, moaroreen ex tempore (Ph. Eur. 9)

Cure KOpUCTEHH XEMHUKAJIUK U peareHcu 0ea co (hapmalieBTCKa/aHaIUTUYKA YUCTOTa

u 6ea ynotpeOeHu 6e3 TOMOTHUTETHN MOIU(UKALINH.



42. Omnpema

3a IMOAr0OTOBKA U UCIIUTYBALC HA (I)OpMy.]'IaI_II/II/ITC Oerre KOpHUCTCHA CJI€AHaBa oIpemMa:

©)

(@]

o

Porasamop (Buchi 215, Switzerland)

VYirpaconnuHa 6ama (Ultrawave Limited, Cardif, UK)

Xomorennzarop UltraTurax T25 Basic (IKA — Werke GmbH & Co. KG,
Germany)

MarserHa MelanKa (Jenway, UK)

Agilent 1200 Model HPLC (Agilent Technologies, USA)

JInopumszarop (Labconco, USA)

Bogena 6ama co xopu3oHTanHo Memame U Tepmoctar (Unitronic OR, Selecta,
Barcelona, Spain)

Tpancmucrnona enekTpoHcka mukpockornuja TEM (JEM-1400, Jeol, Japan)
npuKIydeH Ha qurutainna kamepa (Veleta TEM Camera, Olympus, Germany)
Zetasizer Nano Series (Nano-ZS, Malvern Instruments Ltd., UK)

Mastersizer 2000, Hydro 2000S (Malvern Instr. Ltd., UK)

Kusetn 3a ynrpanenrpudyrupame - 100 000 MWCO (Vivaspin 20, Sartorius,
Germany)

Lentpudyra (Rotofix 32 — Hettich Zentrifugen, Germany)

[MonynnponyctauBa memopana (MEMBRA-CEL dialysis tubing; MWCO 7000
RC, Serva Feinbiochemica GmbH, Germany)

Yurau na mukporutoud (VICTOR Perkin Elmer, USA)

T-75 mmmumata 3a kietounu Kyarypu (Greiner Bio-One GmbH, Germany)
[Tmoun co 96 Oynapuuma (Cellstar® 96 well Cell Culture Microplate, Greiner
Bio-One GmbH, Germany)

Yurau Ha mukporoun (FLUOstar, BMG LabTechnologies, Germany)

benu utoun co 96 6ynapunma (Corning® 96 Well Solid Polystyrene Microplate)
Zeiss Axio Observer Z1 unBepten mukpockort (Zeiss, Jena, Germany), onpemex
co enuQIIyOpeCIIEHTeH HIIYMHHATOP U KOMOpa 3a 3arpeBarbe Ha IJI0YN
35-mMunumMerapcku crakieHd cagoBu (p-Dish 35 mm, Polymer coverslip
uncoated)

Kondoxanen mukpockorn (Carl Zeiss, Axiovert 200M Inverted Microscope)

dypue tpanchopmua urdpanpsena crnekrpockonuja (Perkin-Elmer, USA)



Luna fluorescence cell counter (Logos Biosystems, Republic of Korea)

LabRam 300 spectrometer (Horiba Jobin Yvon, USA)

LaserCheck TM Handheld Power Meter (Coherent Scientific, Australia)
Asymmetrical Flow Field Flow Fractionation (AF4) noep3an co Multiangle light
scattering detector (MALS) u Dynamic light scattering (DLS) (Wyatt Technology
Europe GmbH, Dernbach, Germany; Agilent Technologies, Santa Clara, USA)
2100 buoananuzarop 3a aBTOMaTU3MpaHa eneKkTpodopesa co BUCOKA Pe30ITyIHja

(Agilent Technologies, Santa Clara, USA)



4.3. Metoau

4.3.1. Ilpenumunapnu cmyouu u OFAT excnepumenmu npu paseoj na gpopmynayuja na
NLs

Bo mpenuMuHapHWTEe HCTpakyBama 3a pa3Boj Ha ¢opmyrnanuja Ha NLS Oea
MOATOTBEHH PA3IMYHU MPUMEPOITH CO e aa ce qobujart npasuu [IEI-wmmpanu Be3uKynu co
cpenHa roiemMuHa nomana oz 200 nm u mpoJoiKeHO BpeMe Ha IIUpPKYyJalyja, ITo IpeTcTaByBa
OCHOBEH IPEAYCJIOB 3a yCIIEIIHA UCIIOpaKa Ha aKTUBHUTE KOMIIOHEHTH BO MO30KOT. Mcture
0ea TOJArOTBEHU CO MPUMEHA HA MOAM(UIMpPaHA TEXHUKA HA XUJIPHUPAHE HA CYB JIMITHJICH
¢umm (Cit. 3) (Cambuleva et al., 2016).

Bo Texot Ha oBHe ucTpaxkyBama Oemie Bapupan ogHocot Ha SL u CH, kako riaBHH
COCTaBHU KOMIIOHEHTHU Ha (PochHOMUMUIHNOT JBOCIIO].

Bp3 ocHoBa Ha pe3ynratuTe 100MEHU Ol TOJIEMHUHATA U TUCTpUOyIIHjaTa o ToJeMHHA
Ha BE3WKYJUTETE BO CIICTHUOT uYekop Oemie m3bpana Qopmyrnamuja BO Koja ImITO Oerie
nakopnopupad PEG, a nononaurtenno Oemre enkancynupan u RE u Toa, Bo Bogenata uimu Bo
nunuaHara dasa.

[Tonaramy, co 1en Ja ce mocTaBaT rpaHULIUTE Ha AU3ajH IPOCTOPOT, Oellie MPoa0KEHO
CO EKCIIEPUMEHTH BO KOH Oeliie Bapupat ejieH hakrop Bo aaaeHo Bpeme (OFAT ekcepumeHTn),

OJTHOCHO Oellle BapupaH OJHOCOT Ha KOMIIOHEHTHTE BO (popmymanujara (SL, CH u PEG).

4.3.2. Iloocomoska na nanoarunozomckume oucnepsuu (NLS)

ITpu moaroroBkara, notpedbuute konmuyectsa Ha SL, CH (30 mg) u RE 6ea pactBopenn
BO cMeca 0J1 MeTaHoI U xJopodopm Bo oxHoc 1:4 (V/V). [ToToa, opranckute pacTBopyBauu Oea
OTCTPaHETH CO MOMOIII Ha eBaropalyja 1moj BaKyyM KOPUCTEJKH POTOBAIOp Ha TeMIIeparypa
on 25 °C, 50 rpm/ mun. u nputrcok ox 50 mbar (Buchi 215, Switzerland). ®opmupanuor
TEHOK JunuaeH ¢uaMm Oemre XuapupaH co BojaeHara ¢asa, onHocHo co 10 mL PB pH 7.4.
XunpupameTo Oerie H3BPIICHO BO YeTUPH MOCIEA0BATEHH IUKIYCH BO TeK Ha 15 MUH. KoH
ce cocTojar oJ1 Mo 3 YeKOopu KOM Tpaar Mo 5 MUHYTHU U TOA: MEIIamke CO MOMOII Ha yATPa3BYK
(ynrpaconukanuja) (50/60 Hz, ULTRASONS-H, J.P. Selecta), Boprekcupame (Tehtnika, EV-
102, Slovenia) u pauyHo MelIame Ha COOHA TeMIepaTypa.

Baka noOuenara numo3oMmMcka Jucrep3dja Oelle MOJUIOKEHAa Ha TMpoLec Ha
xomoreHm3zanuja (24000 rpm, 5 mun.; Ultra-Turrax T25, lkaWerke, Germany) u Oerie

ocraBeHa 24 vaca Ha temneparypa oxn 2-8 °C. Iloroa, numo3omMckara aucrep3nja TOBTOPHO




Oemre XOMOTeHH3MpaHa BO BpeMeTpacwme on 3 muH. Ha 6000 rpm um Oemie 4yyBaHa Ha
Temmneparypa of 2-8 °C.

[ToBpimmHCcKO MoaupuIpanuTe GopMyanuu 0ea MOArOTBEHH Ha UCT HAUYMH CO TOA
mTO BO JunuaHarta (asza 6ea monaaeHu paznuyHu konumdectsa Ha PEG. [lonmomnurenno, 6ea

MMOATOTBEHHU W Tpa3HU (opMyJaluu Kaje IITO BO opraHckara (aza He Oeme momamen RE

(Tabena 3 u 4).

fMeyumur (SL)
Xonecmepon (CH)
nonuemuner 2nuxon (PEG) pocamer nypep
Excmpakm 00 posmapuH (RE) pH 7,4

25¢°C \ i é4000r m | uyBake Ha
=Y \ |:l; Il =

| 50 rpm 6 500 rom 4°C
OpraHcka /éBanopau,Mja Xuapaumja -
baza noga Bakyym

Cn. 3. Lllemamcku npukas Ha noocomoska Ha NLS.

4.3.3. Cmyouu Ha ekcnepumenmaneH Ousaju

Co nen nmoseTanHo Aa ce YBUAM BIMjaHUETO Ha POpMyJIallUCKUTe (PaKTOpU U HUBHUTE
WHTEPAKIMK Bp3 HCIUTYBAaHUTE TMapameTpH, Oelle MPUMEHET IEHTPATHO KOMIO3HTHHUOT
mu3aja - CCD (kommjyrecku mporpam Design-Expert V8, Stat-Ease, Inc. Mineapolis, MN).
Bp3 ocHoBa Ha pesynrarute goouenu ox OFAT ekcriepumenTute, konmmunanTe (mg) Ha RE,
SL u PEG (®akrop A, B u C, coonserHo) 6ea m30paHu Kako MOTEHIMjaTHH KPUTHYHHU
(dbopMyIalMCKU MapaMeTpH IITO BIMjaaT HA CpelHATa TOJIEMUHA Ha YECTHUKHUTE, allICOTYTHOTO
KOJIMYECTBO Ha eHKarcyinupaHa RA, kako U BKyMHOTO KoindecTBo Ha RA ocnoboaena o 1,
4, 6 1 24 4. llenTa Germie 1a ce BOCIIOCTABAT MOJCIIUTE HA OATOBOPH Y MATEMAaTHUYKUTE PABEHKHU
Ha 3aBHCHOCT Ha MapaMeTpUTe OJl MHTEpec, a OTTyKa Ja Ce HalpaBU ONTHMM3allMja Ha
¢dopmynanyjaTa o acleKkT Ha 3Ha4yajH (PU3NIKO-XEMHUCKU M OMo(dapMaleBTCKU OCOOMHM Ha
NLs.

bea nanpaBenu 20 ekciepuMeHTH, IpU TO cuTe pakTopu Oea BapupaHU Ha 2 HUBOA
co 6 perMKaTH Ha IeHTpajgHaTa Touka. KoaupaHure U BUCTUHCKUTE BPEAHOCTH 3a HUBOATA
Ha KoM Oelie U3BPIISHO BapUpambeTo Ha TPUTE HE3aBUCHU Bapujadiiu ce mpukaxaHu Bo Tabena

2. EkcniepumenTuTe Oca n3BeaeHH 1o cirydaeH peaocnen (Tabema 3).




Tabena 2. Kooupanu u peannu 8peOHOCMU HA HE3A8UCHUME eKCHePUMEeHMATHU 8apujabiu

Hucko HuBO Bucoko HuBO
dakTop Kooupanu Peannu Kooupanu Peannu
8peoHocmu epeonocmu epeoHocmu 8pednocmu
A RE -1 200 1 400
B SL -1 250 1 310
C PEG -1 5 1 50

Tabena 3. Excnepumenmu npeonoscenu 00 Design-Expert cogpmeepom

A: RE B:SL C:PEG

S RN gy (mg)  (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

Bp3 ocHoBa Ha pe3ynratuTe OJf CTYIUMUTE 3a EKCIHEPUMEHTAJeH JAW3ajH WU
BOCIIOCTABEHUTE MaTEMaTUYKH MOJIETH, ONITUMHU3alIMjaTa Ha popMyraijaTta Oeile HampaBeHa
BO Hacoka Ha MOOWBaWme HA JTUMO30MCKH BE3UKYJIM CO MUHHUMATHA TOJIEMUHA, MAKCUMAITHO

ariCOJIyTHO KOJIMYECTBO Ha EHKarcyaupana RA 1 Hej3uHO mpoJoinkeHo ociioboayBame Ha RA.

4.3.4. Onpeoenysare na conemunama u oucmpudyyujama no coremuna Ha NLs
Cpennarta ronemuna Ha Besukynute (Dso) u muctpuOyimjata Ha BE3UKYIHUTE IO
rosiemrHa (SPAN ¢akrop) Ha moarorenute NLS Oea omnpesieneHu co MOMOII Ha Jjacepcka

mudpakromerpuja (Mastersizer 2000, Hydro 2000S, Malvern Instr. Ltd., Great Britain).



Onckyparijata Ha IPUMEPOKOT BO ONTUYKATA Kennja 3a Mepeme oere 0,2-2%. Mepemwara 6ea
HaIpaBEHH IOJI CJICIHUBE YCIIOBU: IUCIIEP3aHT — BOJA; Melame Ha 1750 BpTe)KU BO MUHYTA;
unaekc Ha pedpaknuja Ha NLS - 1,52; unnekc na ancoprmmja - 0,001 u ,,ommr Moaen Ha
npecMeTKa.

On cekoja dhopmynanyja 6ea 3eMEHH HajMajKy Mo 3 MPUMEPOIIH, a CEKOj MPUMEPOK

oemre n3mMepeH HajManky 10 maTu.

4.3.5. Onpeoenysare na ancorymno koauvecmso nHa enkancyauparna RA éo NLS

ATICOTYTHOTO KOJIM4ecTBO Ha eHkamncynmupana RA (mg) Bo NLs Geme mpecmerano
WHAMPEKTHO TIPEKy OJIpellyBambe€ Ha HEEHKancyiupaHata ¢paknuja Ha RA kopucrejku
PETXOAHO Bamuaupan merox onuiman ox Cambuleva et al. (2016).

3a Taa uen, nucrnep3uute Ha NLS 6ea uentpudyrupanu nHa 4500 rpm, 15 mun., 4
UKJTYCH BO KuBeTH 3a ynrpadunrpaiuja (Vivaspin 20, 1000 KDa, Sartorius-Stedim Biotech,
France), mo mrro cyneprarantot Oerre orcrpanetr. HPLC ananusure 6ea HanpaBenu Ha Merck
Hitachi HPLC cucrem (Darmstadt, Germany), ompemen co Ellite LaChrom L-2200
autosampler, L-2130 pump, L-2450 diode array detector u xononaZorbax Eclipse XDB RP C-
18 column (150 mm x 4.6 mm, 5 pum, Agilent, Germany). Kako mo0Ounna ¢a3za Oere
kopucteHa: A - 1% mpasja kucenuna (pH 3,0) u B — aneronurpun (90:10 v/v) (Cvetkovikj et
al., 2013). Kpantudukamujara va RA Oemre u3Bpiena co nomom Ha UV/VIS DAD netexkrop
Ha 330 nm. Of cexoja popmynaryja 6ea 3eMEH! HajMaJIKy 10 3 IPUMEPOILIH, a CEKOj IPUMEPOK

Oellle UCIIUTAH 3 MATH.

4.3.6. InVitro nocmanka 3a onpedenysare na opzunama na ocro6ooysarwe Ha RA 00 NLs
In vitro mocrankara 3a onpeaenyBame Ha Op3uHaTa Ha ocioboayBame Ha RA ox NLs
(3 ML HaTtuBHa MHMITO30MCKa JUCIIEP3Uja KaKo MPUMEPOK) Oellre HampaBeHa co KOPUCTEHE Ha
JMjau3eH MeTon co monynponyctiuBa MmemOpana (MEMBRA-CEL dialysis tubing; Serva
Feinbiochemica GmbH, Germany) Bo 30 mL PB pH 7,4 na Temneparypa ox 37+1 °C u 100
rpm. Bo nperxoaHo neduHMpaHnu BpeMEHCKH HHTepBai (1o u3MuHaTH 1, 4, 6 u 24 yaca), 6ea
3emenu 1o 10 mL ox MenuyMoT U uctute 6€a 3aMEHETH CO €THAKOB BOJYMEH Ha MPETXOTHO
TepMmocTaTupas PB.
KomnmuaectBoTo Ha ocnoboneHa RA o1 cexoj mpuMepok Oeliie orpeieeH co MPETXO0IHO
HasezeHnotr HPLC metoz. Op cexoja hopmynanuja 6ea 3eMeHH HajMaJIKy 110 3 IpUMEepoLH, a

CEKOj MPUMEPOK Oelle aHaTu3upaH 3 maTH.



4.3.7. Mopgonowxa uzeneo na NLS
[ToBpmmHckara wmopdosoruja Ha mnpumepornure Ha NLS moarorseHm Bo
npeaMMHUHapHaTa (aza oJf UCTpakyBamara Oelle KapaKTepu3MpaHa CcO KOPHCTEHE Ha
TpaHCMHCHOHA ejekTpoHcka Mukpockonuja (TEM, JEM-1400, Jeol, Japan), ompemena co
murutanHa kamepa (Veleta TEM Camera, Olympus, Germany) u iTem codteep V.5.2.
CHumameTo Oele HalpaBeHO 10 HAHECYBAbE HAa CEKO]j O] IPUMEPOIMTE HA CUTO OOJI0KEHO

co 6akap (100 mesh) u jarneponen ¢uam.

IMoaroroBka Ha onTuMaJHu popmyaanuu Ha NLs

Bp3 ocHoBa Ha pe3ynTaTHTE OJ CTYAMHTE HA EKCIEPUMEHTATHHOT [U3ajH |
BOCIIOCTaBEHUTE MaTEMaTUYKH MOJICIIH, TIOCTIEIOBATEIHATA ONITUMU3AIM]ja Ha hopMyialjaTa
Oelie crpoBeneHa cO 1€l Ha J0OMBamke HAHO-BE3UKYIM KOM KE C€ KapaKTepu3upaaT co
MUHUMaJHAa TrojieMuHa Ha uecTHuku (Dsp), MakcumanHa amncoidyTHa KOJMYMHA Ha
eHKarcynupana RA u pasnuuau npoduiy Ha in Vitro ociioboaysame Ha RA.

Oue ¢opmynannu va IIEI-nmmpanu NLS co makopnopupan RE (mpumeporm NL1-
NLS5) Gea moaroTBeHu o MPETXOJHO OMHINaHATa MOAU(DUILIMpaHa MTOCTAKa HA XHUJIpaluja Ha
cyBuoT gunuzieH ¢punm (Tabena 4). Kaj cure ontuManau GpopMyaannu, Oeiie HHKOPIOpUpaH
400 mg RE Bo opranckara ¢aza. Co men nma ce mobujar (opmynanuu COOJBETHH 3a
napeHTepaliHa aJMHHHUCTPAlldja W HCIIOpaka BO MO30KOT, MOJATOTBEHHUTE MPHUMEPOIH Oea
¢bunrpupanu npeky Guitpu co ronemuna Ha nmopu o 0,22 pum (Sartorius, Germany).

Bo Hacoka Ha UCIUTYBaWm€ Ha BIMjaHUETO Ha (PU3MYKO-XEMHMCKHUTE U MOBPIIMHCKUTE
CBOJCTBa Ha HAHOJMIIO30MUTE KaKO CHUCTEMH-HOCAYu Bp3 HUBHHUTE mepdopmaHcH, Oea
MOJIrOTBEHHM JIBE Mpa3Hu Gopmymaru kou coapxar 50 u 5 mg na PEG (mpumepor NLb1 u
NLb2, coonserHo), kako u mpasHa HelIEI -unupana popmysamuja (mpumepok NLbO) (Tabena
4), npuImTO UCTUTE Oea UCKOPUCTEHU 3a CTYJMHTE HA: KBAHTUTATHBHO OIpEIeIyBame Ha
atcopbupanu mnporennn (bpandopa amanmza), KBaaUTaTUBHA aHAJM3a HA HAHOJIUIIO30M-
npotenH koMiiekcute (IR-ATR ciekTpockorcka ananusa), CTaOUITHOCT BO KJIIETOYCH MEUYM
(AF4 ananm3a), Kako W Ha KIETOYHU KYITypH (CTyIUM Ha KIETOYHA BHjaOMIHOCT |
IIUTOTOKCUYHOCT, €KCIIEPUMEHTH Ha KBAHTUTATUBHO IpE3eMame M CTYAMHM Ha KJIIETOYHA

WHTEpHAIN3aIIN]a).




Tabena 4. Cocmas na onmumannume gpopmynayuu na NLS u Husnume ananozu kopucmenu
80 MEKOM HA UCMPAICY8ARAMA

®opv. RE  SL PEG CH
6p. (mg) (mg) (mg) (mg)
NL1 400 261,08 50 30
NL2 400 27218 5 30
NL3 400 250,01 50 30
NL4 400 30758 5 30
NL5 400 25741 50 30
NLbl / 26108 50 30
NLb2 / 27218 5 30
NLbO / 26108 / 30

Kapakrepuszaumja Ha ontumaanute ¢popmyaanuu Ha NLS

OnTtumanuute Qpopmynanuu Ha gunozomure (mpumeporr NL1-NL5) ©Oea
KapakTepu3upaHu Bo ogHoc Ha ronemuHara (Dso) u guctpubynujata mo ronemuna (SPAN
dakTop), edhukacHOCTA Ha CHKAICYJalKja Ha €KCTPAKTOT U IN VItro Op3uHaTa Ha HETOBOTO
ocno0oTyBame.

ConprxruHaTa Ha €KCTPAKTOT BO onThManHuTe NLs Oelie u3paseHa npeKy napaMmeTpure:
Edukacnoct Ha enkancynanuja (EE %) u uHkopnopauuja Ha exctpakror (MJI) cnopen

paBEHKUTE:

BKynHa Maca Ha RA Bo NLs —HeeHKarcysimpaHa Maca Ha RA
EE% = &Y yap ) %100 (Pas. 1)

BKyIHa Maca Ha RA

Maca Ha RA enkancysinpana Bo NLs

Wil =

* 100 (Pag. 2)

Maca Ha sunuziHa ¢asa Bo NLs

EE% ja onumryBa eukacHOCTa Ha HHKOpHopHpame Ha RA Bo HaHO-cucTemuTe, 101eKa
nak karmauurerot Ha MJI ja npercraByBa konnunHata Ha RA BrpazeHa Bo caMHOT HOcad.

WJI Gerre mpecMeTaH Co 1eJ J1a Ce ONPEIeNA KOJIMUecTBOTO Ha RA (MQ) nHKOpriopupaHa
Bo 100 mg nunu.

KonnuectBoTO Ha RA 0Ccrno6oaeHa o1 oNnTHMaTHUTE HAHOJIMITO30MCKH (hOPMYJIAIiH 110
1,2,4,6, 8,10, 12 u 24 yaca 6eme u3pazeHo kako % Ha ocinoboneH RE (Pas. 3), uzpazen

MpeKy Mapkep koMmrnoHeHTara RA.

(maca Ha ocyo6oseHa RA)

% Ha ocso6o/ieHa RA = * 100 (Pas. 3)

BKyIIHa Maca Ha eHKancysaupaHa RA Bo NLs



4.3.8. Onpeoenysare na 3ema nomenyujan na NLS
3era notenuujanot (ZP) Geme onpexaenen co momoir Ha Zetasizer Nano Series, Nano-
ZS, Malvern Instruments Ltd., Benuka bpurtanmja, mo paspeayBame Ha ONTHMATHHUTE
mucnep3un Ha NLS Bo 10 mM PB pH 7,4, 1:20 (v/v). Mepemara Oea HarpaBeHH BO
TpaHCHApEHTHU KUBETH MOJ cieAHuBe ycioBu: 25 °C, BpeMe Ha TepMocTatupame o 120
CEKYHJIM, BUCKO3UTET HAa MeaAnymoT 0,8894 cP, nuenexktpuyuna koHncranTa 78,5 u aros oxa 173°.
Mepemara Oea HanpaBeH! Ha 3 TPUMEPOIIH O] CeKoja (hopMyIialinja, a 3a CEKOj MPUMEPOK Oea

HampaBeHH M0 HajMAIKY 12 Mepema.

4.3.9. Onpeoenysarwe na anmuoxcuoamusern kanayumem (ORAC ananusza) na NLS u RE
AHTHOKCHIaTUBHUOT KananuTteT Ha RE u Ha ontumannuTe npumeponn Ha NLS Gemre
OIIpEJIeJIeH CO TIOMOII Ha TECTOT 3a KalalUTeT Ha alCopIiiMja Ha KUCIOPOIHH PaIvuKaIN
(ORAC), 3acHoBaH Ha OKcHalKja Ha GIYOPECIIEHHOT OJ] CTpaHa Ha MEPOKCUIHUTE PATHKAIIH
on 2,2'-a300uc (2-amuauHomnponan) auxuapoxaopus (AAPH).
3a Taa men, 25 pL ox HaHOIMIIO30MCKHTE MpuMepoun Oea mHKyOupanu co 150 pL
pactBop Ha ¢uryopecuent (10 nM) Ha TemHo mecto (37 °C, 30 MuH), 1o mTo Oerie u3MepeHa
bayopecueniyjata co ynorpeda Ha cnekTpodoromeTap (A Ha excuurtanuja = 492 nm, A Ha
emucuja = 535 nm, VICTOR, Perkin Elmer, USA). IToroa, 6ea noganenu 25 uL. AAPH (100
mM) u Gerre u3mepeHa ¢ayopecueHIjaTa Ha MOYETOKOT Ha ekcrepuMeHToT U 1o 30, 60, 90
u 120 mun. Cure ekcriepuMeHTH Oea CIpOBEIACHH BO TPHUILIMKAT U JOMOJHUTENHO, Oere
HampaBeHa cTaTucTUYKa aHanuza co nmomomr Ha ANOVA. AHTHOKCHIATUBHUOT KamaluTeT Ha
RE u nHa HaHonumozomckuTe (opMynanuu Oelle MpecMeTaH Kako % O]l MHUIMjalHaTa

(dbayopecrieHija Ha cekoj npumMepok (Pas. 4).

bayopecueHIMja Ha IPUMEPOKOT BO Ja/leHO BpeMe

% oj MHULIMjasiHa puiyopeclieHIja = * 100

dJyopecleHIMja Ha IPUMEPOKOT BO 0 MUH

(Pas. 4)

4.3.10. Cmyouu 3a onpedenysarwe na amcopnyuja Ha npomeunu Ha npasznu NLS
(bpaoghopo ananusza)

Co nen ja ce yrBpAM BiHMjaHHeTO Ha koiuuecTBoTo Ha PEG Bp3 ¢dopmupamero Ha

KOMILIEKCUTE TOMET'y JIMITO30MCKHUTE BE3UKYJIN U MPOTENHUTE, Oellle HalpaBeHo HHKYOUpame

Ha Tpa3HuoT npumMepok 6e3 PEG kako u orne mro coapxart 50 u 5 mg va PEG (mpumepornn



NLbO, NLb1 u NLb2, cooaBerro) co xymana rmia3ma ox 3apaBu JOOPOBOIK U TUIa3Ma O
nanuedTu co Ab.

3a Taa uen, ¢popmynanuute Ha NLs Oea paspeneHu co AecTuimpaHa Boja 10 KpajHa
KOHIIEHTpanyja Ha Jmmuaa on | mM, a moroa Oea WHKyOMpaHU CO XyMaHa IUIa3Mma
(NLs:xymana mmasma = 1:1 (v/V)). MHkybOanujata ce wW3BeayBallle Ha BOjEHA Oama CO
ocTojano Xxopu3oHTanHo Mername (37 °C, 1 ugac, Haake SVB 20, JP Selecta, Spain) u
nocJe0BaTeNHo, npumepormre Oea nenrpudyrupanu (10 mun, 12000 rpm, MiniSpin Plus,
Eppendorf International, Germany). IIpomeHToT Ha aTcopOMpaHu MPOTEUHU OCIiIe OMpe/Ie/iCH
WHUPEKTHO, TI0 u3BeaeHara bpandopa ananusa Ha cynepHarantot (Pag. 5). Kako koHTpona
Ce KOpHCTEIle paspeleHa IUIa3Ma, IPETXOJHO HWHKyOupaHa Oe3 HaHOJIHMIIO30MCKU

dbopmynanuu. Cekoj mpuMepok Oerie aHaTH3uPaH BO TPUTLIHKAT.

KOJIM4eCTBO Ha NPOTEeUHH aTcopbupaHu Ha NLs +100

% aTcopbUpaHy NIPOTEUHU = (PaB. 5)

BKYIIHO KOJIMYE€CTBO HA MPOTEHWHHU BO IlJla3Ma

4.3.11. IR — ATR cnexmpocxoncku ananusu na NLS

Co men 1a ce OTKpUjaT MOXKHUTE UHTEPAKIH IOMeT'y KOMIIOHEHTUTE KOH BJIETYBaaT BO
coctaB Ha NLS u mononHuTENHO, 1a ce 100MjaT MOJETATHU CO3HAHHW]a 3a JIMIIO30M-TIPOTEHH
BpcKUTE OpMUpaHu Tpu anmuHKCcTpanrja Ha NLS in vivo, Oemre HanpaBena IR-ATR ananu3a.

3a taa uen, 150 pL ox popmynamuure co 50 u 5 mg na PEG co unkopnopupan RE
(mpumepoun NL1 u NL2) u HuBHute npasuu ananosu (mpumepoun NLb1 u NLD2) 6Gea
nHKyOupanu co 1 mg/mL pactBop Ha BSA Bo PB pH 7,4 Ha BoxeHa Gama coO XOPU30HTAITHO
memame (37 °C, 75 rpm, Haake SVB 20, JP Selecta, Spain). [Tocne aTtcopmiujata, HeBp3aHaTa
¢pakumja Ha BSA Oeme onnenena co neHtpudyranna ynrpapunrpanuja (3 mukimycu, 15
munytH, 4000 rpm, 25 °C, Rotofix 32 - Hettich Zentrifugen, Germany). ITocrnenoBarento,
dopmupanutre NL-nporenHckn komruiekcn Oea smodwmmmsupann (-40 °C, 0,052 mBar;
FreeZone 2.5 Freeze Dry System - LABCONCO, USA). 3a cropenba, 6ea CHUMEHH W
cnekrpute Ha SL, CH, PEG, RE u BSA. IR-ATR cnekrpure 6ea CHUMEHH CO IMOMOII Ha
Perkin-Elmer System 2000 FT-IR cnekrpomerap, kopucrejku Golden Gate (Specac) kako
ATR noparok ompemen co nujamantcku ATR kpucran u ZnSe neku. AronoT Ha MHIUACHIIA
Oeme 45°. bea HanmpaBeHH 64 CKEHOBHU 3a MO3aJWHATa U 3a CIEKTPUTE HA MPHUMEPOIIUTE

(A1BOHACOYHH, IBOCTPAHU).



4.3.12. In vitro ecmyouu na cmaburnocm na NLS 60 ¢usuonowku penresanmen meouym,
yogeuKa nuazma u Meouym 3a KiemoyHu Kyaimypu

Bnujanuero na PEG Bp3 in vitro crabminocra Ha NLS u hopMupameTo Ha MpoTeHHCKaTa
kopoHa (ITK) Oemie vcruTaHoO MO MHKYOAllMja HAa MOATOTBCHHUTE ONTHUMATHH (HOpMYJIaluu
NL1-NL5 (200 uL) Bo 800 puL ma: a) docharen pH 7.4, cumynupajku (HU3HOIOMIKA
peneBaHTeH MeauyM (BOEIHO MPETCTAaByBa M BEXHMKYJyM Ha HaTUBHHUTE (popmyianuu); 0)
yoBeuka Iuiazma u B) komiuiereH ENdOGRO-MV kiterouen mennym SCMEQ04 (n30TOHHYCH
u n3ocmorudeH meanym 3a hCMEC/D3 kierouna TMHHja KOja ja CUMYJHpa YOBEYKaTa KpBHO-
Mo304Ha 6apuepa) Ha 37 °C Bo Tek Ha 2, 6 u 24 Jaca.

[Ipumeponure Oea aHanmu3upaHu ol acnekT Ha ZP, rojeMuHara Ha YEeCTUYKUTE U
unnekcot Ha nomuaucnepcuoct (PDI) (Zetasizer Nano-Series, Malvern Instr. Ltd., UK ).
JlobuenuTe pe3ynraTH 3a rojeMUHaTa Ha BE3UKYJIUTE UCTO TaKa Ce IMOKa)kaa KaKo CIWYHH H
CHOpEeIJIUBU CO OHME O JacepckaTta audpakromerpuja (Mastersizer 2000, Hydro 2000S,

Malvern Instr. Ltd., UK).

4.3.13. Onpeoenysarve na npomenu 6o zonemunama na NLS xaxo ¢ynxkyuja 00
egonyyujama Ha npomeurckama kopoua co nomows ha AF4-MALS/DLS ananusza
Co nen na ce ucnuta ofHecyBameTo u nepdopmancute Ha NLS kako cucremu HOcaun
BO 3aBHCHOCT 01 KoimuecTBoTo Ha PEG Ha HHMBHAaTa MOBpIIMHA BO CHUTE MOHATAMOIIHU
UCIIUTYBamkba O0ea KOPUCTEHU MPUMEPOIH Ha Mpa3Hu HaHomumno3oMcku (opmynanuu (NLbO,
NLb1 u NLb2), omxocuo nHellEl-unupana hopmynaipja u popmynauu mro coapxar 50 u
5 mg PEG, cooxaBeTtHO.
3a morpeOute Ha oOBaa CTyAWja HAa CTAOWJIHOCT, JUIIO30MCKHUTE IUCIIEP3UU CO
KoHIeHTpauyja ox 30 mg/mL HajnpBo Oea paspeaeHu 1o (uHAIHA KOHLEHTpauuja of 1
mg/mL (BkymeH BoaymeH on 2 mL) Bo meauymor 3a kinerounu kyatypu (Endo-GRO-MV, Cat
SCMEO004, Sigma Aldrich), a motoa 0ea nakyOupanu Ha 37 °C Bo Texk Ha |1 u 4 4yaca BO
Eppendorf Tepmomukcep non koncranTHo Memame (300 Bprexku Bo MunyTa). MHKyOarujata
ce OJIBUBAIIEe BO KJETOYEH MeauyM Oe3 Win cymieMeHTHpaH co 5% cepyMm (HOATOTBEH
COTJIACHO yMaTcTBaTa Ha mpou3BoauTenor). Ha kpajoT Ha mepuoioT Ha HHKyOaiuja,
npuMeponure 6ea BopTekcupanu (5 ceKyHIu) U BoiayMeH o 1 mL Gerre mpeHeceH Bo Bujajia
3a aHanu3a Ha acumerpuuna flow-field-flow ¢pakironusanuja (AF4 ananusa).
ExcnepumentuTe Gea CHpoBeleHH CO BHATpEIIHO crojyBame Ha AF4 cuctemMoT co

nerektopu 3a UV/VIS, MALS u DLS.



Kopucrennor AF4 cucrem Oemie cocraBeH on ypend 3a cemapamnuja Eclipse Dualtec
(Wyatt Technology Europe GmbH, Dernbach, Germany) u teuen xpomarorpad co BHCOKH
neppopmancu (Agilent 1260 Infinity; Agilent Technologies, Santa Clara, USA) onpemen co
neracep (G1322A), uzokparcka nymmna (G1310B), aBrocemmuiep (G1329B) u gerexrop
(G1365C) mocraBen Ha 230 nm. Mcrmor Oemie CIOEH CO IOBEKearojeH JAETEKTOp 3a
pacejyBame Ha cBeTiimHata DAWN 8+ HELEOS II (MALS) xoj pabotu co macep ox 658 nm
(Wyatt Technology Europe). Bo kananor 3a cemapamnuja Ha Eclipse SC, 6ea xopucreHu
perenepupanu nenyno3an memopanu (10 kDa) co Bucuncko pacrojanue on 350 pm. Kako
enyeHT ce kopuctenie ¢ocharer mydep (PBS). [IpoTokot Ha neTekTopoT Oere mocTaBeH Ha
0,5 mL/min, a BoxyMeHOT Ha uHjekTupame oeme 50 pL. Bo oBaa cryauja Geire KOpUCTeH U
DLS (Malvern Zetasizer Nano-S, UK) co nncTamupana KkBapiiHa kenuja 3a npotok (ZEN0023).
Bpennoctute 3a pedpakTHBeH MHAEKC M amncoprnuuja mMaa Bpeanoctu on 1,38 m 0,010
coonBeTHOo. Kako mucnepsanT Oemie u30paHa JeCTHIIMpaHa BOja, TeMIiiepaTypara Oere
nocraBeHa Ha 25 °C, a atenyanujata Ha 11. Kako Monen 3a ananuza Gemre uzbpan ‘General

purpose (normal distribution)’.

4.3.14. [Ipomeomcko npogunupare Ha amcopoupanu npomeuHu Ha NOBPUWUHAMA HA
npasnu NLS co nomow ma aemomamusupana enexmpoghopesa co 6ucoka
pesoayyuja

Co men jga ce mpoueHH NpoPHUIOT Ha aTcOpOMpaHHM NPOTEHHHU IO MHKyOaluja Ha
npasuute Hanonumozomcku mpumepor (NLbO, NLb1l u NLb2) Bo kierouen memuym 3a
XyMaHU IiepeOpasiHu MuKpoBackymapuu engorenujanau  kinetku (hCMEC/D3), OGerre
M3BeJICHa MpoTeruHCKaTa ejaekTpodopesa co 2100 Bioanalyzer xopucrejku High Sensitivity
Protein 250 kit assays. ITo ¢a3ute Ha MOArOTOBKA U MHKYOaIMja KoM Oea HACHTHYIHU KaKo U
3a ctyauute Ha AF4 aHanmu3aTa, Ha ceKoj of IpUMepoITe Oellle JoJa/leH CTaHAapAeH mydep
3a o3HauyBame. [lomatamy, mpumeporute Oea pasperaeHu 200 matu Bo milliQ-Bona u
neHarypupanu Ha 95 °C Bo Tek Ha 5 MuH. PenykinujaTta 6eiie HanpaBeHa co JojaBame 3,5%
(VW) 1 M pactBop Ha autuorpenton (DTT) Bo mydepor Ha mpumepokor. [lo naneme,
npuMeponuTe 6ea NOCTaBeHW Ha MUKPO(DIYUIHUOT YHII 32 eNleKTpodopesa, BO COTTACHOCT CO

ynaTcTBaTa Ha npou3BoauTenor. CuTe peareHcr U MHCTpyMeHTH Oea o1 Agilent Technology,

California, USA.



4.3.15. hCMEC/D3 knemouna nunuja

3a morpebute Ha i VItro ctyauuTe 3a onpeenyBame Ha KBAHTUTATUBHOTO KJICTOYHO
npe3eMame U MHTepHAIM3alijaTa Ha HAaHO-BE3UKYJIUTE Oellle KOpUCTeHa KIeTOYHaTa JIMHUja
Ha YOBEYKH LiepeOpaiHu MUKpoBackylnapHu ennotennu kietku - hCMEC/D3 (CELLutions
Biosystems/Cedarlane®, Canada), koja e DokaaHO 1eKa I'M CHMYIHpa MOP(OJIOMKATE H
(dhyHKIIMOHATHUTE 0cOOEeHOCTH Ha YoBeukata KMB.

3a oBaa 1en, HajupBO HA T-75 mummmaTa 3a kierounu Kyntypu (Greiner Bio-One
GmbH, Germany) 6eme nanecern 0,05 mg/mL xomaren tun I Bo DPBS (1 wac, 37 °C.)
KyntuBupamero Ha kieTkute Oemre n3BeaeHo Bo EBM-2 knetouen menuym Bo yciioBu Ha 37
°C 1 5% COo, k0j Oelire MeHYBaH Ha cekou 2-3 JieHa 10 HOoCTUTrHyBame Ha 80% KOH(IyeHTHOCT
Ha kjetkute. [loroa, KIETOYHHOT MeTuyM Oelie OTCTPAHET, @ MOHOCIIOJOT O] aIXepUPAHUTE
KJIETKH Ha JHOTO o]l mmmmmata Oemre nmpomuen co DPBS. Kiietkure Gea mocienoBaTenHo
onBoeHu o uHKyoarja co 0,1 mg/mL Trypsin-EDTA pacteop (37 °C Bo BpemeTpacwe o1 8
MuHYTH). JloOueHara cycriensuja o kietku Oermie neHtpudyrupana (1500 rpm, 3 MuHyTH;
Hettich, Rotofix 32, Germany), mo mro ciexyBaiie OTCTpaHYBambe¢ Ha CYIEPHATAHTOT.
Hcranoxenara ¢pakurja Ha KIETKH Oele cycrieHaupana Bo 5 mL oJ KII€TOYHHOT MEIUYM U
noroa oOerie onpeesieH HUBHUOT Opoj. Ha 0Boj HauMH KieTkuTe Oea moHaramy IMoJAroTBEHH 3a
CIIEJIHO TIpecajyBamke W/WIM 3a TOHATAMOINHU cTynuu. CUTe YCIIOBH Ha 3acajayBame U
kyntuBupame Ha NCMEC/D3 knerouHara JIMHHja, KaKO U CYIIEMEHTAIMjaTa Ha KICTOYHUOT

MCIUYM Oea HaIpaBC€HU BO COTJIIACHOCT CO BOAUYUTE OO ITPOU3BOAUTEIIOT.

4.3.16. SH-SY5Y knemouna nunuja

Ocen Ha hCMEC/D3, in Vitro KBaHTUTATUBHU ¥ KBAJTUTATUBHH KJICTOUYHHU CTYIUHU Oca
HampaBeHH U HA YOBEUKH HeypobsiacToma kieTkd - SH-SYSY, enna oa HajuecTo KopucTeHUTE
KJICTOYHU JIMHUK 3a IN VItr0 mpoydyBamke M CHMYIHpame Ha KapaKTePUCTHKUTE Ha
HEBpOJIereHepaTUBHUTE 3a00JlyBama, kako mTo ce [lapkuHcoHOBa u AmnixajMepoBa 0oJecT.
[To 3acanyBameTo, KIeTKUTE Oea MHKYOUMpaHH BO [-75 IIMIIMB-AaTa 3a KIETOYHU KYIATYpHU
(Greiner Bio-One GmbH, Germany) Bo DMEM (37 °C u 5% CO2), npu mITO KJIETOYHUOT
MeanyM Oellle MeHyBaH Ha CeKou 2-3 JieHa JJOJeKa KJIETKUTE HE MOCTUTHAT KOH(IYEeHTHOCT
on okony 80%. Bo ¢azara Ha mpecagyBame, MEIUYMOT O€IIe OTCTPAHET, a MOHOCJIO]JOT Off
KJIETKH Ha JHOTO Ha MMINNaTa Oeme npomueH co DPBS. OnBojyBameTo Ha KIIeTKUTE Oeme
HarpaseHo 1o nHKyoOanuja (3 munytu Ha 37 °C) Bo 0,1 mg/mL pactBop Ha Trypsin-EDTA, o

mro jgoOueHara cycneHsuja of kietku Oemre neHtpudyrupana (800 rpm, 5 munytn). Ilo




OTCTpaHyBambe Ha CYMEPHATAHTOT, KIETKUTE Oea pecycnieHaupanu Bo S mL DMEM u Gemie
n30pojaH OpOjOT Ha JKUBM KJIETKH CO INTO HCTUTE Oca TMOJATOTBEHH 3a ITOHATAMOIIHO
npecaayBambe W/uiaM ekcriepuMeHTH. CHUTE YCIIOBM Ha 3acajyBambe W KYJITHBUpPAmE Ha
hCMEC/D3 knerounara JuHH]ja, KAKO U CYIUICMEHTAllMjaTa Ha KJICTOYHUOT MeIuyM Oea BO

COTJIaCHOCT CO BOAUYUTE OO ITPOU3BOAUTEIIOT.

4.3.17. Ucnumysarve na eujaburnocm na hCMEC/D3 u SH-SYSY knemku

In vitro cryauute 3a onpenenyBame Ha BHjaOMIHOCTA Ha KJIETKUTE [0 HUBEH TPETMaH
co npasuute NLS popmynarmu (mpumeporin NLbO, NLb1 u NLb2) 6ea nanpaBenu u Ha aBete
IPETXOHO CIIOMEHATH KJIeTouHH nuHun. Kinetkure co ryctuna o 1x10* knetkn/Gynapue 6ea
3acaJieHu BO 1104H co 96 6yHnapuuma (Cellstar® 96 well Cell Culture Microplate, Greiner Bio-
One GmbH, Germany) u qucrnieprupanu Bo coojBeTeH kinetodeH meauym (200 uL) (EBM-2 u
DMEM, 3a hCMEC/D3 u SH-SY5Y, cooxserno). Ilpen 3acamyBameTo, IUIOYHTE 3a
hCMEC/D3 xierouynara inHHja Oea MHKYOMpaHU co kojareH tum 1 Bo Tek Ha 1 gac. [lo
uHKyOarjara Ha KieTkuTe (24 dvaca, MOCTUTHYBame Ha KOH(IYEHTHOCT o1 okoiy 80%),
cliefiellie OTCTPaHyBamkbe HAa MEIUYMOT W TIOCJICAOBATEIIHO TPETHPAE HA KICTKHTE CO
paznuunute ¢opmynauuu Ha NLS mperxomno paspenenun Bo DPBS u nomomnutenso,
JMCTIEPTUPAHU BO COOABETHUOT KJIETOYCH MEIMYM BO (PMHAIHHU KOHIIEHTpAIMH o1 5 pg/mL,
10 pg/mL u 100 pg/mL. ITo 24 yacoBHa MHKyOalMja Ha HAHOJIUIIO30MCKUTE MPUMEPOLH CO
KJIETKHUTE, 071 OyHapuumwaTa Oerle OTCTpaHeT MEIUYMOT M UCTHOT Oellie CO0/IBETHO 00paboTeH
3a TECTOT 3a OlpelelyBamkbe Ha IHUTOTOKCMYHOCTA BpP3 KIETKUTE MPEeKy MPOIEHTOT Ha
ocinobonena jakrat auxuaporenasa (LDH). [Tonaramy, Ki1eTKuTe BO ceKoe 0J] OyHapuhmaTa
Oea maKyoupanu co MTS pactBop (20 uL, 4 gaca, 37 °C u 5% COz). Co oBoOj MeTOx,
BHja0MITHOCTAa Ha KIETKUTE C€ ONpelenyBa HWHAMPEKTHO, MPEKy KOIUYECTBOTO Ha
(dbopMupaHuTe pacTBOpIUBU (HOpMa3aHCKU KPUCTAIU N00ueHu o peaykuujata Ha MTS mox
nejcrBo Ha mutoxoHapujanaute NAD(P)H-3aBucHH OKCHIOpPEIyKTa3H, KOW C€ BOEIHO
MOKa3are 3a )KUBU U METa0O0JINYKY aKTUBHH KJIETKU. AnicopOaHIijaTa Ha JOOMEHHOT pacTBOp
ol (opmazaHCKu Kpuctanu Oeiie u3MepeHa Ha OpaHoBa AomkuHa of 490 Nm Ha uyuTay 3a
mukporutoun (FLUOstar, BMG LabTechnologies, Germany). Knetounara BujabuiHocT Oerire
npecMeTaHa kako % oj1 aricopOaHIijaTa Ha MO3UTHBHATA KOHTPOJIA, OJTHOCHO KJIETKA KOU HE
Oea TpeTUpaHU CO HAHOJHMIIO30MCKH MPHUMEPOIM (CaMo BO KJIETOYEH MEIUYyM), J0jeKa MaK

Kako HeraTMBHa KOHTpousa Oerre uckopucten Triton X-100. 3a morpebure Ha CTyauuTe Ha




KJICTOYHO TIPE3eMame BO MPUCYCTBO Ha MHXUOUTOPH, Oellle onpeseneHa U BHjaOMIIHOCTa Ha

KJICTKHUTE 110 HUBCH TPETMaH co xyiopipomasut (15 uM) u uagomeranus (25 uM).

4.3.18. Ucnumysarwe na yumomokcuurnocm na npasuu NLS ep3 kniemku o0 hCMEC/D3 u
SH-SY5Y xnemouna nunuja
Mo 24 yacoBHaTa MHKYyOaIMja Ha TIpa3HUTe HaHO-Be3uKynu (mpumepor NLbO, NLb1
u NLb2) co cooaBerHaTa KJIETOYHA JHMHHja BO TPETXOAHO CIOMEHATHOT paHr Ha
KOHIICHTPALIUH, IIATOTOKCUYHOCTA BP3 KIIETKUTE Oerie onpeseneHa co momonr Ha LDH TectoT.
25 puL ox MeuyMOT Mmocie HHKyOanujara Oelle aruiupad Bo 0enu 1oy co 96 OyHapunmba
(Corning® 96 Well Solid Polystyrene Microplate). ITonatamy, Ha cymnepHaTaHToT Oea
nonaaenu 25 pL cymerpat (CytoTox-ONETM) 10 MITO ciiesierie nakyoanuja ox 20 murytu (37
°C u 5% CO3). Ha kpajor, Bo cexoe o OyHapunmara 6ea gomaiaenu mo 13 pl ox pactBopor
3a cTonupame Ha peaknujara. Ocio00AEHOTO KOJIMYECTBO Ha JIAKTaT JEXUAPOreHa3aTra BO
CYIIEPHATAHTOT KaKO PE3yJITAT Ha OMITETYBAKETO HA MHTETPUTETOT HA KJIETOYHATAa MeMOpaHa
Oelle TeTEKTUPAHO CO MEPEHE Ha UIyOpecIeHITjaTa CO MOMOII Ha YUTa4 Ha MHUKPOIUIOYH Ha
560 nm ekcuuTanuja u 590 nm emucuja (FLUOstar, BMG LabTechnologies, Germany).
[{uToTOKCHYHOCTA Oellie MpecMeTaHa Kako MPOIICHT O] KOJIMYECTBOTO Ha 0CJI000/1eHa
JaKTaT JeXUAporeHasa oj KieTkure Bo mpucyctBo Ha Triton X-100 (mo3uTrBHA KOHTPOIIA).
Kako HeratmBHa KOHTpoOia O0ea MCKOPUCTCHH OyHap4YWmaTa CO KJIETKH TPETUPAHH CaMO CO
kiaerouen meauym (EBM-2 u DMEM, 3a hCMEC/D3 u SH-SY5Y, coonBeTHO).
[{uToTOKCHYHOCTA BP3 KIETKUTE UCTO Taka Oelle MCIHUTaHa W MO TPETMaH Ha COOJIBETHUTE

KJICTOYHHM JIMHUHK €O XjiopnpomasuH (15 uM) u uagomeranut (25 uM).

4.3.19. Ksanmumamuenu cmyouu Ha Kiemouno npezemaroe Ha npasuu NLS 00 cmpana na
hCMEC/D3 u SH-SY5Y xkremounume nunuu na 37 °C

Co nen na ce onpenu Biujanueto Ha PEG kako u BIMjaHHeTO HA eKCTIEPUMEHTATHUTE
yciIoBH (BpeMe Ha MHKyOanuja u KoHieHTpamnrja Ha NLS) Bp3 KBAHTUTaTHBHOTO MPE3eMambe
Ha HaHO-Be3ukyaute ox crpaHa Ha hCMEC/D3 u SH-SY5Y, coonBeTHara kieToyHa JIMHH]ja
ferme 3acajeHa BO IIOUH co 96 GyHapumma Bo TyctnHa on 10* knmetku mpo GyHapue n Gea
nHKyOupanu Bo nepuoi oxa 48 uwaca co 200 plL knerouen menuym (EBM-2 u DMEM, 3a
hCMEC/D3 u SH-SY5Y, coonBetHo) Ha Temneparypa ox 37 °C u Bo npucyctBo Ha 5% COa.
bynapunmata 3a hCMEC/D3 knero4naTa niHMja 6ea MPeTXOAHO 00JIIOKEHU CO KOJIareH THIT

1 Bo Tek Ha 1 yac. [lo mocTurnyBame Ha KOHQIIYEHTHOCTA, KJIETOYHHOT MeTUyM Oelle 3aMeHeT




Y MOHOCJIOCBHTE Ha KJIETKH Oea TPEeTHUpaHH CO Pa3jIMYHU KOHIICHTPAIMH Ha (DIyOpECIIeHTHO
Mapkupanute, npasau Gopmynanuu (mpumeporn NLbO, NLb1l u NLb2) co Nile Red (Sigma
Aldrich, USA) (mperxoaHo paspeaenu co PBS u mucneprupanu BO COOJBETCH KIIETOYCH
MeauyM Bo ¢uHamHU KoHIeHTpauu ox 5, 10 u 100 pg/mL). Mukybanujata Oeiie u3BeacHa
BO Tek Ha 1, 2 u 4 yaca (37 °C, 5% CO3), co mocieoBaTeIHO JBOKPAaTHO IpoMuBame co PBS
u nm3a co 2% Triton X-100 (2 gaca, 37 °C, 5% COy).

JloGuenara ¢uryopectennuja oemie n3MepeHa Ha YUTad 3a IJI0YU TP SKCIIUTAIN]ja OJ1
535 nm u emucuja ox 635 nm (BMG Labtech, Ortenberg, Germany). Kako ciemna npo6a 6ea
MCKOPUCTECHU OyHApUYHMIbaTa CO COOJABETHUTE KIETKH HHKYOMPAHHU BO COOJABETHUOT KIICTOYCH
MeIuyM (HETPETUPaHU CO HAaHOJIUIO30MH). KBaHTUTATUBHOTO KOJMYECTBO HA MPE3EMECHU
HAHOJIMITO30MU O€IIe MPECMETAaHO COIJIACHO MPETXOAHO TOOMCHHM paBEHKH Ha IpaBH,
KOHCTpYHpaHu oJl ¢uryopecieHIjaTa qo0ueHa Ha PaHr OJ] KOHIICHTpAIMH 3a CeKoja O]

dbopMynanuuTe (HEMHKYOHPaHU CO KIIETKH).

4.3.20. Keanmumamueru cmyouu Ha Kiemouro npesemaroe Ha npaszuu NLS 00 cmpana na
hCMEC/D3 u SH-SY5Y xnemounume aunuu 60 npucycmeo na uHXubumopu Ha

K1emoyeH mpancnopm
Co menm nma ce oapend TOYHHMOT MEXaHM3aM Ha KIETOYHA WHTEpPHAIM3AIM]ja,
eKCTIEpUMEHTHUTE 3a KJIETOUHO IIpe3eMare Oea CIIpoBeIeH! U BO IPUCYCBO Ha HHXHOUTOPH Ha
cneun(UYHM MaTeKu Ha TpaHcnopT. MiMeHo, 3acaayBameTo U KYJITUBUPAKETO HA KIETKUTE
Oelle HampaBEHO Ha MCT HAuMH Kako M 3a ekcrnepuMmeHtuTe Ha 37 °C. KBaHTMTAaTUBHOTO
KOJIMYECTBO Ha Tpe3eMeHH (IIyOPECHEHTHO MAapKHpaHW TpPa3Hd HAHOJIMUIIO30MCKU
dopmymnanuu (mpumeporn NLbO, NLb1 u NLb2, Bo ¢hunanuu xonuentparwu ox 5, 10 u 100
pg/mL) Gemre ucnUTaHO M Ha JBeTe KJIeTOYHM JauHMU. [lpuToa, HajmpBo, eaHa rpyna Geme
Tpetupana co 15 uM xjoprnpomasuH Kako (UMHATIHA KOHLEHTpAIMja BO COOJBETEH KJIETOUYECH
MeIuyM, JO0JeKa MaK Japyra rpyna KIeTKu Oeimie TpetupaHa co 25 pM uHmomeranuH (BO
nepuoa oa 40 MHUH), TIO IITO CIIEIIe HHKYOaIHja co cnoMeHaTuTe KoHIeHTparuu Ha NLS Bo
tek ox 2 waca (37 °C, 5% CO.). Tperara rpyna kierku Oeme nperperupana Ha 4 °C Bo
BpeMeTpame o1 40 MUH, KaKko ¥ 32 BpeMe Ha MHKyOalujata co MpuMepoIUTe BO TeK Ha 2 yaca.
Jlobuenara ¢uryopectieHnuja Oerre u3MmepeHa o1 UICTUTE YCIOBH KaKO U 3a €KCIIEPUMEHTHTE
Ha 37 °C, a KBaHTUTAaTUBHOTO KOJMYECTBO Ha MHTepHanu3upanu NLS Oemre mpecmerano u
M3pa3eHo Kako % O] Mpe3eMameTo Ha COO/IBETHUTE KOHIIEHTPALMM HA HAHO-BE3UKYJIUTE HA

37 °C (3emeno kako 100%).




4.3.21. Keanmumamueru cmyouu Ha kiemouro npesemaroe Ha npaziu NLS 00 cmpana na
komounupana hCMEC/D3 | SH-SY5Y kremouna aunuja
3a morpebuTe Ha ompejelyBamke Ha KIETOYHOTO mpesemame Ha NLS ox crpana Ha
HeBpoHuTe, o HuBeH npemun HU3 KMB, hCMEC/D3 kietkute Oca 3acagenu na Transwell
nHceptn (5x10% KieTkn/mHCEpT), MpETX0aHO 06IOXKeHH co 0,05 mg/mL komaren Tum I Bo
DPBS (1 gac, 37 °C) u uakyoupanu co EBM-2 (0.5 mL kieroueH Meanym BO allOKaTHHOT A€
Ha wHCepTOoT M 1 ML 6a3amHuoT nen on OyHapueTo) BO TeK Ha 5-6 gena. MemumymotT Oere
MEHYBaH Ha CEKOM 2-3 JieHa JI0 MOCTUTHYBAamE HA BPEIHOCT 38 TPAHCEHAOTEIHjalICH OTIIOP
(TEER) ~50 Q, xako nokazare’ 3a ¢GopMHpamke Ha [BPCT MOHOCIIO] U IIBPCTH BPCKH TOMETy
ennorenuure kiaetku (Weksler et al., 2013). On apyra crpana nak, kietkute Ha SH-SYSY Gea
3acajieHd Ha IIodd co 12 Gymapumma (3x10* xinerku/6ynapue) u xyarusupanu Bo 1 mL
DMEM Bo ucTHOT BpeMEHCKH NEpUOA, A0 MOCTUTHYBame Ha KOHQuyeHTHOcT. [loHaTamy,
unceprute co 3acameHn hCMEC/D3 kierku Oea craBeHM BO IUIOYMTE CO (HOPMHpAHU
MoHociioeBu o SH-SYS5Y. Bo anukamHmor nen on umHceptuTe Oeca momameHu NLS
(payopectientno mapkupanu NLDbO, NLb1l u NLb2) nperxomno aunyupanu Bo PBS u
nucneprupann Bo EBM-2 (bunanna xonmentpanuja 10 pg/mL), a Bo 6a3amHUOT aen on
wiounte Oeme momaneH 1 mL DMEM. Tlo wakyOamuja ox 2 waca (TEER >30 Q), Gea
OTCTpaHeTHU UHCcepTHUTe, a OyHapuumata co SH-SYSY 6Gea aBokpatHo npomuenu co PBS u
msupanu co 2% Triton X-100 (2 gaca, 37 °C, 5% CO.). Jlobuenata ¢ayopecieHiuja oere
M3MEpEeHa Ha YHMTad 3a IJIOYM TpH ekcruTanyja ox 535 nm u emucuja oa 635 nm (BMG
Labtech, Ortenberg, Gemany). Kako ciema mpoba Oea HCKOPHUCTEHH OyHapuuiaTa Co
COOJIBETHUTE KJIETKH HMHKYOMpPAHH BO COOJBETHHOT KJIETOYCH MEIUyM (HETPETUPAaHU CO
HAHOJIMITO30MCKH TTPUMEPOIIH).
KBanturatuBHoTo KoimdectBo Ha mpesemeHu NLS Oeme mpecmerano kako % of

(dbayopeciieHIMjaTa Ha UCTaTa KOHIIEHTpaIllja Ha TPUMEPOIIUTE HEUHKYOUPaHU CO KJIETKH.

4.3.22. Onpeoenysarve na 6poj na hCMEC/D3 kremku co ummepnanusupanu NLS co
nomous Ha (ryopecyeHmua MUKpOCKOnuja

Co men a ce moTeHIMpaar npeaHocTuTe Ha Mukpo-PaMaHckaTra CieKTpOCKOMUja BO

OJTHOC Ha MHKPOCKOIICKUTE METO/I! 3a OTBP/Ia Ha MHTepHanu3anujara Ha NLS, 6ea HarpaBeH!

eKCIIEpUMEHTH 3a KJIETOYHO Mpe3eMarmke Ha n30paHa mpa3Ha HaHOJMUIIO30MCKa (hopmyrnanuja,

OJTHOCHO (hopMyJialiija MITO COJPKU HajroeMo koymdecTBo Ha PEG Ha cBojara moBpmmHa

(NLb1) Bo hCMEC/D3 kietkute coriiacHoO MeToI0T onuiiian ox Mourtas et al. (2014).



Haxkpatko, kierkure 6ea 3acaJieHd Ha IJIOYU MPETXOIHO OOJI0KEHH CO KoJIareH THIl 1
Ha IUIOYM co 6 GyHapumma co TycTuHa oxn 1x10° kmeTkn/GyHapue M OCTaBeHM MpEKy HOK.
[IpeTxoaHO MOATOTBEHUTE (IYOPECLEHTHO MapKHUpaHH M HEMApPKUPAHU HAHOJIHIIO30MCKH
pUMepoIH Oea 0JaJeH! BO KIECTOYHHOT MeAuyM Bo (puHamHa KoHueHTpanuja oa 200 nM
(mpecMeTaHo Ha JIMITO30MAJIHU JIMITHIH), CO MOCIeI0BaTeIHa nHKyOamuja o 4 gaca (37 °C u
5% CO2.). Kako crmena mpoba 6Oea uckopucrteHu Herperupanu kierku co NLS. IToroa,
kietkute 0ea Tpunatu npomuenu co Dulbecco PBS (Thermo Scientific, USA) u 6ea oTkaueHu
Ol AHOTO Ha OyHapuumarta co nmomomr Ha pactBopoT Trypsin-EDTA. Ilo mpomuBame co
KJICTOYHHOT MEIMYM CO 1€ KOMILIETHO /a ce oTcTpaHu Trypsin-EDTA, KiIeTKuTe mOBTOPHO
6ea npomuenu co Dulbecco PBS u 6ea ¢ukcupanu co xopucrewe Ha 10% pactBOop Ha
napagdopmangexua Bo PBS Bo Tek Ha 30 MuH. OuKcHpaHuTe KIETKH Oea MPOMUEHH TPU NaTh
co PBS u uyBanu Ha 4 °C 10 MOMEHTOT Ha aHaJIN3a.

3a kBaHTH(UKaIM]ja HA KIETOYHATa MOMYyJIallkja CO MHTEPHAIU3UPAHU HAHOJIUIIO30MU
nperxoano o3nadenu co Oil Red 6eme uckopucren Luna fluorescence cell counter (Logos
Biosystems, Penyonuka Kopeja). 12 uL on ¢pukcupanara kinerouna cycrnensuja Bo PBS 6erre
npedpieHa Ha c1ajI0T 3a Opoemhe Ha KIETKH M BMETHATa BO MHCTPYMEHTOT. bpoemero Oerre
nanpaseHo Bo ,.fluorescent cell counting mode* co kopucreme Ha CIEAHUTE MapaMeETPH:
eKCIUTaIFja Ha LPBEHUOT KaHai - 20, mpar Ha HPBEHHOT KaHaJ - 5, BJe3 HAa rojieMUHaTa Ha
kierkata 3-60 pum. bpojor Ha U30pOEHU KIETKH MO MCTEKOT Ha CEKOE MEpEH-e M3HECYBallle
400-600, a mpOIIEHTOT Ha KJIETKH CO MHTEPHAIM3UPAHU HAaHOJIMITIO30MHU OeIIe IpecMeTaH KaKo

IIPOCEK OJ1 TPH MEpEmA.

4.3.23. Jlemexyuja na gryopecyenmno mapkupanu u nemapkupanu NLS éo hCMEC/D3
Kkaremounama aunuja co Mukpo-Pamancka cnekmpockonuja

IIo cmpoBenyBame Ha €KCIEPUMEHTHTE Ha WHTEpPHAJIM3alMja, OMNUIIAHU BO
MPETXOAHUOT CEerMeHT, Mukpo-PamaHckuTe CnekTpu Ha TpuMepounuTe Oea CHHUMEHH Ha
LabRam 300 spectrometer (Horiba Jobin Yvon, USA) crmoen co KOH(OKaICH MHUKPOCKOII
Olympus LMPlanFL co xopuctewe Ha Nd:YAG nacep (532 nm). Ilo3aguHckoTo paceaHo
3pauewe (KoHdurypanuja 180°) Oeme anammzupano Ha 1800 muHHE/MM MU pPaKIUOHEH
rpadtunr. Pamanckure nntensutetn 0ea coopanu Ha CCD netextop Ha 3pauu. benie n3dpan
long-distance x 50 o6jextus (N.A = 0,5) co pabotHo pactojanue ox 10,6 mm . JlomkuHaTta Ha
urnata G6eme 500 pm, a mpouenor 100 pm. Hcro Taka, Oemie McKopucteH u ¢uirep 3a

CIpeuyBame Ha ciabeerme Ha CUTHAJOT, a JJacepckara MokHocT Ha mpumMeporute (0,99 mW)




oemre usmepena co LaserCheck TM Handheld Power Meter (Coherent Scientific, Australia).
Bpemero Ha axBusunmja Oemie 12 cekyHau, a OpojoT Ha akymysanuja (Opoj Ha CKeHHpama)
6emre mocraBeH Ha 10 3a cexoja cekTpaiina kojeknuja. Ilpumeponure Ha GUKCUPAaHU KIICTKU
0ea 10/1aICHN Ha MUKPOCKOIICKHU CJIaj/l ¥ UCTUTE MOHaTaMy Oea MCYIIEHH CO BO3IYyX A0 CYB
(dbunM, 1o/1eKa MaK HaHOJMIIO30MHUTE (HEMAapKUPaHW W MapKupaHu co QuryopeciieHTHa 00ja)

0ea CKeHHpaHHU KaKo MPUMEPOIU MPETXOJHO UCYILIEHH CO 3aMP3HYBabe.

4.3.24. Cmyouu na unmepnanuzayuja na npaszuu NLS 6o orcusu kriemxu na hCMEC/D3 u
SH-SY5Y co ¢pnyopecyenmua muxpockonuja
Co men fa ce mobue mojacHa CIMKA 3a MHTEPHAIM3AIMjaTa U KO-JIOKaIu3alyjaTa Ha
noarorsenute npuMeponr Ha NLS Bo sxusu kietku, NCMEC/D3 u SH-SY5Y 6ea HajnpBo
3acajieHH Ha 35-MUIIMMETapCKU CTaKJIeHH caJoBU BO TycTuHa of 2X10° kneTku npo GyHapue
(u-Dish 35 mm, Polymer coverslip uncoated) co mocnemoBarenHa WHKyOanuja BO
BpeMerpaeme o1 48 gaca (37 °C u 5% COy). [Toroa, MeanyMoT Gellie 3aMEHET, a KJIETKUTE Oea
TpeThpaHu co nperxonHo Mapkupanute npasau NLs (mpumepoun NLbO, NLb1 u NLb2) co
dyopecuentna 6oja Nile Red (Sigma Aldrich, USA) nucneprupaid BO COOJBETHHOT
KJIETOUEH MeauyM Bo (punHanHa konuentpanuja ox 10 pg/mL. ITo cooaBeTHara nnkybamuja o
1,2 u44aca (37 °C, 5% CO,) Gemie HarpaBeHO JBOKPATHO MPOMHBAE Ha KIeTKUTE co PBS,
mo 1mto Oerre HampaBeHa aHanu3a Ha ¢uryopeciieHTHa MUKpockonuja Ha 37 °C (Zeiss Axio
Observer Z1 unBepten MUKpockot, Zeiss, Jena, Germany; omnpeMeH co emudayopecieHTeH
WIIyMHHATOP ¥ KOMOpa 3a 3arpeBarme Ha oun). JlooneHnte ciuku 6ea 00paboTeHH CO ITOMOTIT
Ha corBepor Carl Zeiss (ZEN 2.6).

Hcto Taka, Oea cripoBeZCHM M YIITE €ICH CEeT Ha eKCIepuMeHTH, kane mro SH-SYS5Y
KJIETKUTE MpeA HMHKybalujata co MPETXOAHO MapkupaHute HaHoiumozomu co Dil (1,1'-
Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate) (10 pg/mL, 4 gaca, 37 °C ,
5% CO>), 6ea tperupanu co pHrodo Green dextran conjugate. Ha BakoB HauuH Oeriie MOXHO
Ja ce HampaBM BHU3yelW3alfja Ha EHJONHWTHUTE TIaTeKd KaKO pe3yiaTarT Ha 3eJeHa
(bayopecrieHja Ha 6ojara Bo krcena cpeanHa. [locTHHKYOAalMOHUOT TPETMaH U YCIOBUTE 3a

MHKPOCKOIICKa BI/I3yeJ'II/ISaI_II/Ija Oca HACHTUYHU KAaKO IrOpeCrIOMCHATUTE.



4.3.25. Cmyouu na xaemouna unmepHanuzayuja na npasuu NLS eo hCMEC/D3
KAemouHume JUHUU CO KOHPOKATHA MUKPOCKONUja

Co nen na ce moTBpau HHTepHaNM3anrjata Ha NLS Bo BHaTpemHOCTa Ha KIETKUTE KaKo

Y J]a C€ UCTIUTa HUBHATA MOJICTalTHA KOJIOKAJIM3allkja BO KIIETOUHUTE CTPpYKTypu Ha KMB, Gemie
HampaBeHa U KoH(OKallHa jJacepcka ckeHupauka mukpockonmja (Carl Zeiss, Axiovert 200M
Inverted Microscope). 3a Taa e, KiIeTkuTe Oea 3acajeHU Ha 35-MUIMMETapCKU CTAKJICHH
canosu (u-Dish 35 mm, Polymer coverslip uncoated) co ryctuna 2x10° kiieTku npo GyHapue
U MHKYOupaHu Bo Tek Ha 24 gaca (37 °C u 5% CO>.) Io unkybauujara (4 gaca, 37 °C u 5%
CO3) co nperxoano mapkupanute mpasau NLS (mpumeporm NLbO, NLbl u NLb2) co Dil
¢bayopecuentHata 0oja, kiueTkuTe Oea nBa matu npomuenu PBS u duxcupanu co 3,7 %
napadopmaiiexu Bo BpeMerpacime o1 20 MuHyTH Ha coOHa TeMmieparypa. [lo mpomuBame Ha
knetkure PBS, Geme HampaBeHo Goeme Ha MeMOpaHaTa co 3eneHa 6oja Alexa Fluor™
Phalloidin 488 (5 uL) Bo 200 pL 1% roseacku cepym anoymun (10 munytu, 37 °C), co
nocnegoBare’aHo 6oeme Ha jaaporo co 0,5 pl cuna Goja Hoechst fluorescent stain
(hCMEC/D3), Bo Tek Ha 5 MuHyTH Ha coOHa Temmeparypa. [Ipex MHKpOCKOICKara
BU3YyeNn3alija, Ha MPUMEPOLIUTe UM Oelre J0aieH MEIIyM 3a O KyBarhe U 3a4yByBambe Ha
duryopecuenTHata 6o0ja - Vectashield mounting medium. /lo6uenute ciuku 6ea 00paboTeHH

co oMo Ha Carl Zeiss software (ZEN 2.6).

4.3.26. Cmamucmuuxa anaiuza
CraTucTnukara aHanau3a Ha JOOWEHUTE pe3ylTaTd 3a KBAHTHUTATUBHO IMpe3eMame Ha
NLs OGemre crpoBeneHa co MMIUIEMEHTAIMja Ha METOA0T Ha Hajmanu kBagpatu (PLS) co
KOpUCTEHE Ha BajduaupaH cratuctuuku coprBep Simca 14.1 (Sartorius Stedim Biotech,
Gemany). Co men jga ce HWCTaKHAT JOMHHAHTHUTE HE3aBHCHU Bapvjablid IITO HMaaT

3HauuTeNeH eeKT BO MOJENOT, Oemie kopucteH VIP ckop pesynTaror.




5. Pe3yjraru U JMCKYyCHja







5.1. IlpeJuMHMHApPHH MCIIUTYBaWa NMPHU pa3Boj Ha popmynanuja Ha NLS

Bo pamkuTe Ha ucCTpaKyBamaTra Ha OBaa JOKTOpCKa Juceprandja 6ea MOArOTBEHU
[TEI'-mimpany HAaHOJIUIIO30MH CO €HKAICYyIupaH ekcTpakT on py3maput (PE) co morenmujan
3a eukacHo u 6€30e1HO JIeKyBame Ha AB, pu mTo Oelie KOPUCTEH CUCTEMATCKH MPHUCTAIT 32
BpEME Ha MPOLIECOT Ha JN3ajH, pa3B0Oj U ONTUMHU3AIIN]ja HA (OPMYIIAITUUTE.

HajmpBo, Bo Tek Ha npenumuHapHaTa (aza, 0ea MoAroTBeHU GopMysIaluy Ha IPa3HU
HellEl-unupanu HaHOJIMMO30MCKH MPUMEPOIH, Kaje Oelie BapupaH MaceHHOT COOJHOC Ha
SL u Bo omicer ox 5:1 mo 20:1, cooaBeTHO.

Pesynrarure noOueHn o aHaIM3aTa HAa TOJIEMHHATA HA JIMTIO30MCKHUTE BE3UKYJIIH, KAaKO
¥ HUBHATa CTAOMJIHOCT TOKa)kaa JieKa Co Hajmasa BpemHocT 3a Dsg o 136 nm (SPAN 1,743)
ce Kapaktepusupa npumepokor mro coapxu 300 mg SL, oAHOCHO OJHOC Ha JHMMHIHUTE
kommonenT SL:CH = 10:1 (m/m).

OtTyka, oBaa ¢opmynanuja Oeme wu30paHa 3a moaroroBka Ha [IET-wwmmmpanu
nuno3omu (mpumepok P1), kane mto PEG Geliie mHKOpIioprpan Bo JTUnuHATa hasza (COOTHOC
SL:CH:PEG =10:1:0.5, m/m).

Bo paMkuTe Ha OBHE NMPETUMHHAPHHA HCIUTYBamka, Oerie onpeaeneHa u epukacuocra
Ha eHkarcynanuja Ha RE xora ucTHoT € MHKOpHnopHpaH BO JMIKHATA, OJHOCHO BOJEHATa
¢aza npu momroroBkara Ha NLs (Cambuleva et al., 2016). IloBucoka epukacHOCT Ha
enkancynanija Ha RE (3a oxomy 40%) Oemie moOueHa Kora MCTHOT € MHKOPIOPHPAH BO
munuaHata gaza Ha NLs. JlomonHuTenHo, nHKopnopupameTo Ha RE Bo nunugHuor Guim
pe3yATHpaIlie co 3roJieMyBame Ha CPEIHUOT JrjaMeTap Ha HaHO-Besukynute (ox 129 Ha 136
nm) (Cambuleva et al., 2016).

Bo Hacoka Ha mocraByBame Ha TIpaHHMIMTE Ha JM3ajH MPOCTOPOT, Oea HampaBeHH
SKCIIEPUMEHTH BO KoM Oellie BapupaH efeH dakTop Bo aaaeHo Bpeme (OFAT ekcriepuMeHTH).

Nwmeno, nokpaj npumepokot P1l, BoO 0BOj cerMeHT Oea MOArOTBEHHU YIUTE TPU JIPYTH
dbopmynanuu, ogHocHO ipumMeponu P2, P3 u P4, kane mro macennot coognoc Ha SL:CH:PEG
u3Hecysamre 7,5:1:3; 9:1:1,5 u 10,25:1:0,25, cooasetno. Bo oBaa ¢a3za o uctpaxyBamara
Oeme yBHJICHO Jeka mpoMeHaTa Ha koimdectBata Ha SL, PEG u RE Bo dopmynanujata
CUTHU(HUKAHTHO BIIMjae Bp3 TOJEMUHATa HA BE3UKYJIUTE, AlCOIYTHOTO KOJMYECTBO Ha
enkancynmupana RA wu in vitro npodunure Ha ocnodomyBame Ha RA Bo Tek Ha 24 daca
(Shalabalija et al., 2017). meHO, cpemHUOT aujaMeTap Ha BE3UKYJIMTE CE JBIIKEIIC O]

119+1,76 no 141+2,53 nm 1 ucTHTE Ce KapaKTepu3upaa co yuumoanHa nuctpudymuja (SPAN




daktop < 1,83). MopdomomikaTta aHamu3a IMOKaka JeKa MOArOTBCHUTE MPUMEPOIN
npeTcTaByBaaT MyiaTtuBe3ukyaapHu cuctemu (Ci. 4). EdpukacHocra Ha eHkarncynamnuja Ha RA
ce nemkere ox 75 10 90%, a npoduiute Ha In Vitro ocnoboxyBameTo Ha RA, Kako Mapkep
KOMIIOHEHTA, MIOTBP/IHja AeKa CUTE JIMITO30MCKU (POPMYIIALIMHU C€ OJITUKYBAAT CO MPOJOHKEHO
0c10001yBamke Ha €KCTPAKTOT BO TeK Ha 48 vaca (ox 35,55 10 56,27%). HicroBpemeno Oerire
3abenexaH oOpaTeH TpeH: moMery ynenotr Ha PEG Bo ¢gopMymanuuTe M KOJIUYECTBOTO Ha
ocioboaenata RA. CraTicTiykaTa aHaimu3a Ha pe3yaTaTute o in Vitro ocio001yBameTo Ha
RA on NLs ykaxaa Jieka HCTOTO Ce OJ[BHBA CIIOpe]l KHHETUYKHOT Moien Haa Peppas-Sahlin.
JIONIOJTHUTETHO, CTYJAMHUTE HA aTCOPIIUja Ha MPOTEUHH JeMOoHCcTpHpaa neka HellET -
WINpaHUOT aHanor Ha ¢opmynanujata P1 ce ognukysa co oxony 70% arcopbupan BSA Ha
MOBPILIMHATA, 10/ieKa rak oBoj % kaj [1EI-unupanute popmynanuu (mpumeponu P1-P4) Gemre
< 30%, mTo ykaxxyBa Ha (aktoT neka [1EI-mmanmjara mpercraByBa yclemHa cTpaTerdja 3a

cripeuyBame Ha (hopmupameTo Ha [IK Ha moBpmuHarta Ha Besukyaute in vitro (Pozzi et al.,

2014).
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-
&
g = Fosm

Cn. 4. TEM muxpoepaghcku npukas na gpopmynayujama cocmasena oo SL, CH u PEG
(npumepox P1).

5.2. ExcnepuMeHTaJjeH Au3ajH U onTuMu3anuja na NLs

[To BHUMaTenHO aHanM3Upame Ha nojgaTouute AooueHn Bo OFAT excrepuMeHTHTE,
Oelle MpPUMEHET JIU3ajH Ha EKCIIEPUMEHTH T.e. IeHTpaidHo kommo3uteH auzajH (CCD) Bo
HacOKa Ha KBAaJIMTAaTUBHO W KBAaHTUTATHUBHO ONpEeIyBarmke Ha BIHJaHHETO Ha TJIABHUTE
He3aBHCcHU Qopmynanucku npomeninsu (mg Ha SL, PEG u RE) Bp3 oarosopute o11 nuHTEpEC
(romemMuHa Ha BE3UKYJH, AalCOJyTHO KOJMYECTBO Ha €EHKancyiupaHa RA U BKymHO
koimyecTBO Ha RA ocnoboaeHo o 1, 4, 6 u 24 4), mo mto 6€a BOCIIOCTABEHU MaTeMaTHUKH

MOJCIHN IITO ja OIMUIITyBaaT HUBHATA IMMOBP3aHOCT.




[Toarorsenure popmymnanuu 0ea UCIUTAHU BO OJHOC HUBHUTE (PU3MUKO-XEMHCKHU U

6uodapmarieBTcku kapaktepuctuku. [locnenoBarenHo, ontuMusanyjara Ha GopMyIaluUTe

Ha NLs Oemie u3BpiiieHa BO TOUYHO ASPUHUPAH TU3ajH MPOCTOP BO OJHOC Ha JeUHUPAHUTE/

MOCaKyBaHUTE (PU3MUKO-XEMHUCKH M OMO(papMaIleBTCKH CBOJCTBA HA TU3ajHUPAHUTE CUCTEMH

CO I¢JI yCII€lHa ucropaka BO MO30KOT.

Tabena 5. Peannu épednocmu 3a ucnumanume opmynayucku axkmopu u 0oouenume

002080pU

Arc. Kol Ha Koi. na Koim. na Koi. na Kou. na

. ) . €HKarlc. 0cI100. 0cI100. 0cI100. 0c00,

Std Run A:RE B:SL C:PEG DsoxSD RA+SD RA+SD RA+SD RA+SD RA+SD
(nm) (mg) (mg) molau (Mmg)mo4u (MQ)mo6u (mg)::o 24
19 1 300 280 27,5 124+1,74 13,59+0,07  0,43+0,03  1,09+0,05  1,99+0,06  2,35+0,05
8 2 400 310 50 128+1,45 17,02+#0,09  0,56+0,02  1,60+0,03  1,78+0,05 1,97+0,06
20 3 300 280 275 126,37+156 13,10+0,07 0,58+0,05 1,43+0,04  1,62+0,02  1,89+0,09
14 4 300 280 50 125+1,31 13,61+0,08  0,28+0,02  0,80+0,02  0,94+0,04  1,32+0,04
7 5 200 310 50 131+1,91 7,26+0,10 0,17+0,02  0,56+0,04 0,66+0,03  0,97+0,06
2 6 400 250 5 126+1,84 18,18+0,07  0,91+0,04  1,77+0.02  1,96+0,05  2,65+0,05
11 7 300 250 275 126,85+1.44 13,83+0,06 0,37+0,04  0,92+0,03  1,11+0,03  1,34+0,06
16 8 300 280 27,5 126+1,87 13,06+0,09  0,58+0,03  1,46+0,04  1,58+0,03  1,85+0,07
17 9 300 280 27,5 127+2,36 13,06+0,04  0,59+0,03  1,52+0,04 1,61+0,03  1,90+0,05
3 10 200 310 5 129+1,85 8,80+0,08 0,39+0,01  1,03+0,05  1,32+0,06  1,45+0,04
9 11 200 280 27,5 133+2,60 8,42+0.07 0,21+.0,03 0,89+0,03  0,83+0,01  1,12+0,04
5 12 200 250 50 127+2,79 7,79+0,05 0,18+0,01  0,61+0,03  0,87+0,03  1,01+0,08
12 13 300 310 27,5 127+1,85 13,33+0,07  0,37+0,02  1,05+0,03  1,22+0.05 1,46%0,04
4 14 400 310 5 120+1,65 18,46+0,05  0,64+0,03  1,55+0,06  1,51+0,03  2,03+0,05
18 15 300 280 27,5 127+2,25 13,07+0,03  0,56+0,04 1,51+0,03 1,60+0,07 1,88+0,09
15 16 300 280 27,5 126+0,95 13,05+0,04  0,59+0,02  1,49+0,06  1,63%0,05 1,92+0,06
6 17 400 250 50 123+1,75 18,83+0,06  0,45+0,04  1,07+0,04  1,30+0,05 1,51+0,08
10 18 400 280 27,5 122+1,37 17,81+0,04  0,66+0,03  1,60+0,03  1,90+0,03  2,06+0,03
1 19 200 250 5 127,7£1.57 8,70+0,06 0,80+0,02  1,97+0,06  2,11+0,02  2,39+0,04
13 20 300 280 5 124+1,91 13,98+0,08  0,47+0,04  1,07+0,05  1,37#0,03  1,47+0,02

Hobuenute pesyntatu 3a Dsp 6ea Bo omcer on 120+1,65 mo 133+2,60 nm.

ATICOTYTHOTO KOJIMUECTBO Ha eHKamncyinupana RA 6eme 7,26+0,10 - 18,83+0,06 mg, noxexa

MaKk BKYITHOTO KOJUYECTBO Ha ocioboneHa RA 3a mepuox on 24 uwaca Geme 0,97+0,06 -

2,65%0,05 mg (Tabena 5). Kako mTo crioMmeHaBMe IPETXOIHO, IIeJITa HAa OBHE EKCTICPUMEHTH

Oerre J1a ce MACHTH(HUKYBaaT BapujadbiuTe Ha (hopMylianyjata, OJHOCHO KojrudecTBaTa Ha SL,

PEG u RE (dakropu A, B, C, CO0IBETHO), KaKO U HUBHUTE MOXHUA MHTEPAKIIUHU IITO UMaat

CTaTUCTUYKU 3Ha‘-IajH0 BJ'II/IjaHI/IC BpP3 UCIIUTYBAHUTC OATOBOPH. OTTYKa, Haj,[[06pI/IOT MOACH 3a



OTHIITYBalkE¢ HA BIMjaHUETO Ha (HopMynaruckuTe GaKTOPU W HUBHUTE MHTEPAKIUU Bp3 Dsg
Oelre peaynUpaHUOT KyOeH METOJl, J0JeKa MaK KBaJpaTHUOT MOZeN Oelle MpeUIoKeH 3a
arliCOJIYTHOTO KOJMYMYECTBO Ha eHKancynupaHa RA. BxynHoto kommuectBo Ha RA
ocnoboneno mo 1, 4, 6 u 24 yaca HajaoOpo Oeme ommmano Bo 2FI moxenmute. ANOVA

CTaTUCTHUYKaTa aHajlku3a 3a MOACIIMTC HAa UCIIUMTAHUTE OATOBOPU € IIPHUKAXKaHAa BO Tabena 6 u

7.
Tabena 6. ANOVA cmamucmuuxa ananuza Ha npeosuderume mMooeiu
Axc. koi. Ha Koin. na Komn. na Koin. na Koi. Ha oc00.
enkarc. RA oc100. RA ocio0. RA oca00. RA RA (mg) mo 24
Response Dso (nm) (mg) (mg) molu. (mg) mo4u. (mg) mo 6 u. 9.
Reduced

Suggested model Cubic Quadratic 2FI 2FI 2FI 2FI
Sum of Squares (SS) 156,36 247,29 0,59 2,16 2,22 2,84
Degrees of freedom 11 9 6 6 6 6
Mean squares (MS) 14,21 27,48 0,098 0,36 0,37 0,47
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 -value 0,14 4,30 4,15 2,81 4,73 3,75
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 precision 19,342 46,886 11,781 9,028 8,084 8,637

Kako mro Moxe 1a ce 3a0eiexu, BpeanocTute 3a ,, Adj-R?*“ u ,, Pred-R%“ 3a cure
) Y

MOJIETIM Ha CJIEJICHUTE OATOBOPH CE BO JI03BOJICH OTICET (pa3IuKara rmomMery ,,Adj-Rz“ u ,,Pred-
R ¢ momana of 0,2), ITO yKakyBa Ha (GAKTOT JIeKa MOJATOINTE CE ONHMIIAHN COOBETHO CO
MIPEITIOKEHUOT MaTeMaTHIKK Mojiell. BpenHocTtrute Ha p<0,05, mocouyBaaT Ha Toa Jieka CUTE
MOJIeTH ce 3HavajHu. BpenHoctute Ha ,, Adequate precision* 6ea moroixemu of 4, ITO 3HAYU
JIeKa CUTE MPEAI0KEHU MOJIENIA MOKAT JIa C€ KOPUCTAT 3a HaBUTallkja BO IM3ajH MIPOCTOPOT.
BocnocraBeHHTE MaTeMaTHYKH MOJIEITH 32 BIMjaHUETO Ha MCIUTYBAaHUTE HE3aBUCHH
TTPOMEHJIMBY BP3 OCOOMHHTE Ha JM3ajHUPAHUTE HAHOJIUIIO30MCKH IPUMEPOITH CE TIPUKAKAHU

COIJIaCHO paBeHKuTe 6-11.



Dso(nm) = +126,11 —550«*A+0,44+*B+0,73*C— 0,79 * AB+ 0,46 * AC + 1,71
BC + 1,32 x A% + 0,74 * B2 — 1,68 * C? + 1,04 * ABC + 3,29 * AB?
(Pas. 6)

ATICOJIyTHO KOJIMYECTBO Ha eHKancyaupaHa RA = +13,31+493 A — 0,25 B —
0,36 x C — 0,14 * AB + 0,21 x AC — 0,34 * BC — 0,42 * A*> + 0,042 * B* + 0,26 % C*

(PaB. 7)

BkynHo KosimyecTBO Ha ocino6oeHa RA o 1 yac = +0.49 + 0,15 A — 0,059 x B —
0,16 * C+ 0,031 « AB + 0,038 « AC + 0,098 * BC (PaB. 8)

BkymnHo KoJin4ecTBO Ha ocsob6oaeHa RA o 4 yaca = +1,25 4+ 0,25« A — 0,055 * B —

0,27*C+ 0,16 * AB+ 0,15« AC+ 0,20 * BC (PaB. 9)

BkymnHoO KoJin4ecTBO Ha ocsioboeHa RA o 6 yaca = +1,45 + 0,27 * A — 0,086 * B —

0,27 * C + 0,13 * AB + 0,19 x AC + 0,19 x BC (Pas. 10)

BkymHo KoJinyecTBO Ha ocsoboaeHa RA o 24 yaca = +1,73+ 0,33+« A— 0,10 * B —

0,32+ C+ 0,10 x AB + 0,083 * AC + 0,25 x BC (PaB. 11)

Tab6ena 7. P epeonocmu 3a popmynayuckume eapujadiu u HUBHUmMe UHMEPAKYUU CO CeKoj 00

002060pume
Dso (nm) Arc. KoJI. Ha Kou. Ha ocnod. Ko na ocno6. RA Kou. Ha ocnod. Ko Ha ocnod.
enkarc. RA(mg) RA(mg@) mo 1 u. (mg) mo 4 u. RA (mg) mo 64. RA (MmQ) mo 24 u.
®daxTop p ®daxTop p daxTop p ®daxTop p daxTop p daxTop p
A-RE <0,0001 A-RE < 0,0001 A-RE 0,0008 A-RE 00052 A-RE 0,0103 A-RE 0,0054
B-SL 0,1610 B-SL 0,0476 B-SL 0,1022 B-SL 04832 B-SL 0353 B-SL 03171
C-PEG 0,0350 C-PEG 0,0078 C-PEG 00004 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
A2 0,0436 A? 0,0702
B? 0,2149 B? 0,8438
C? 0,0154 C? 0,2429
ABC 0,0122
AB? 0,0018




Kako mTo Oemie HaBeqeHO BO MpErjeioT Ha JIMTeparypara, rojeMHHAaTa Ha HaHO-
BE3UKYJUTE BiMjae BP3 UCIIOpAKaTa Ha TEPANIEBTCKUTE U AMJarHOCTUYKUTE areHCH 10 MO30KOT,
KaKo M Bp3 BPEMETO Ha LUPKYJalMja Ha BE3UKYJIUTE BO KPBTA, TApPreTHPAHETO, HUBHUOT
KJICTOYEH TPAHCIOPT W MHTEpHANM3AlMja U CEKAaKo, Bp3 KMHETHKAaTa Ha OCI000ayBame Ha
akTuBHata cyrncraniuja (Hoshyar et al., 2016; Porfire et al., 2019). OrTyka, ONTUMH3UPAHETO
Ha rojieMUHAaTa Ha BE3UKYJUTE € KIy4yeH CerMEeHT BO Pa3BOjOT Ha HAHO-HOCayM 3a epuKacHa
HCIOpaKka Ha aKTHBHHTE KOMIOHEHTH BO Mo3okoT (Abreu et al., 2011; Shilo et al., 2015).
JlobuenuTe paBeHKH 3a (GopMyIalrucKuTe (GaKTOPH U HUBHUTE UHTEPAKLIMHU CyrepHpaar JieKa
daktopute A, C u uarepakiuute AB, BC, A?, C2, ABC u AB? umaar CTaTHCTHUKH 3HA4YajHO
Biaujanre Bp3 Dso (p<<0,05). ITosutuBHHOT 3Hak mpen (akrtopor C u mHTepakiujata BC
MOCOYYyBaaT Ha MPOIMOPIMOHAIIHA 3aBUCHOCT momery konmunHata Ha SL, PEG u Dso, mro
MPETCTaByBa JIOTUYHA MPETIOCTAaBKa JeKa MPH MOBUCOKH KOHIICHTPAIMKU Ha KOMIIOHEHTHTE
NPUCYTHU BO JIMIUIHKOT GuiM ke ce popmupaar morosemu NLS (Pas. 5). Ox napyra crpana
Mak, BO TEKOT Ha aHaiM3aTa Ha JoOueHuTe BpeaHocTu 3a Dsg, 3abenekaH e TpeHI Ha
eKCTIOHEHIIMjaJTHO HamamyBame Ha Dso Ha ucnuranute NLS otkako konmudectBoro Ha PEG BO
(dbopmyanujaTa JOCTUTHYBa OJIpeIcHa BPEAHOCT, IpH nmoHKcku Koaununau Ha SL (Ci1. 5a). Oa
€ BepojaTHO 3apaau GakToT JeKa IMpH noBucoka KoHmenrpamnuja Ha PEG, nanuurte on PEG ce
MOOJUCKY €lleH JI0 IpYyT Ha MOBpIIMHATA HA JTUIIO30MUTE, IITO JOBEyBa /10 3TOJIEMyBamkhe Ha
CTpaHUYHHUTE OAOMBHM cuiau nomery monekynute Ha PEG. OBa onOuBame pe3ynTupa co
MOTOJIEMO 3aKpUBYBame W (OPMHUpAE HA EHEPreTCKH CTAOWIHH JIMIIO30MH CO ToMaa
ronemuna (Labouta et al., 2018). JononuurenHo, npucyctBoto Ha PEG Ha moBpiiiHaTa Ha
HAHOJMIIO30MUTE IO CIpedyBa IPOLECOT Ha arperamnyja Kako pes3yiTaT Ha CTepHara
(mpoctopHa) cradbunmsarja (Nunes et al., 2019).

HeratuBHara BpeaHoCT nipea GakTopoT A yKaKyBa JeKa UMa CIIPOTHBHA 3aBUCHOCT
nomery Dsp u konmnumnHata Ha eHkancynupan RE Bo NL (Cxa. 50). Oue pesynratu ce
CIPOTHBHU Ha JOOMEHUTE CO3HAHU]a BO TEKOT HA MPEIIMMUHAPHUTE CTYIUH, HO BO COTJIACHOCT
co pesyntarute goouenu ox Tefas et al. (2015) mTo cyrepupaaT neka BUCOKH KOHIICHTPAIIUU
Ha JTUMO(UITHN MOJIEKYJIM BMETHATH BO JIMIMIHUOT IBOCIO] (Bo oBOj ciydaj RE) moxe na
3aMeHaT HEKOM 07 POCHOTUNHIHITE MOJIEKYIH BO JUIIO30MUTE U OTTYKA J1a PE3YJITUPAaT CO

HaMaJllyBalkbC Ha HUBHATA I'OJICMHUHA.
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Cn. 5. 3D epaguuku npukasz na enujanuemo na npoyyyeanueme eapujadau. a) SL u PEG ep3

Dso, 6) RE u SL 6p3 Dso.

JloronHUTENEH  MpEeAu3BUK  HpU  QOPMYIHPAmET0 Ha  COQUCTUIMPAHUTE
¢dapmaiieBTcku  o3upaHn  (GopMH 3a TapeHTepalHa NpPHUMEHa IITO coApxar ciaabo
PacCTBOPJIMBY aKTHBHU KOMIIOHEHTH (IIp. KOMIIOHEHTUTE MpucyTHU BO RE) e mponaorameTo
Ha e(UKACeH METO]I 3a MOJrOTOBKA IITO K€ pe3yJaTHpa CO MPOU3BOJ] KOj K€ COIPIKH JOBOJHO
BHCOKa, OJTHOCHO TE€parneBTCKU e(duKacHa KOHIIEHTpalija Ha ucture. [Iputoa, edukacHocra
Ha CHKarcyjanujata Ha XuJapo(oOHHWTE aKTHUBHM KOMIIOHEHTH MOXKE Ja ce MPOMEHHU CO
BapHjalyja Ha BUAOT U KOJIMYMHATA Ha PACTBOPYBAU IITO C€ KOPUCTH 33 PaCTBOpamkE, KaKo U

KOJIMYECTBOTO Ha camuTe akTuBHH KommoneHtu (Ong et al., 2016).




Bo Taa macoka, ANOVA craructuukara anamm3a (p<0,05) ykaxka aeka
dopmynarmckute dakTopu, HO U uHTepakimute: A, B, C, BC n A UMaar CTaTHCTHUKH
3HAa4YajHO BIIMjaHHE BP3 allCOJIYTHOTO KOJMYECTBO Ha cHHKamcyaupaHa RA (Pas. 7).
[To3utuBHUOT 3HaK mpen (GakTopoT A cyrepupa Ha 3rojeMyBambe Ha e(puKacHOCTa Ha
EHKarcyjanija mpu 3rojeMyBambe Ha konunynHata Ha RE Bo TekoT Ha mpolecor Ha
MOArOTOBKA, BEPOjaTHO KAKO PE3yJITaT Ha MOT0JIEMOTO KOJMYECTBO HA EKCTPAKT JOCTaIeH 3a
MHKOPIIOpUpae oMery (pOoChOIUITUAHUTE CTPYKTYpH Ha coja terutuHoT (Co. 6). Hacnporu
0Ba, 3a0eexana e CIpOTUBHA 3aBUCHOCT IIOMET'y aliCOIYTHOTO KOJTMYECTBO HAa CHKAICYIUPaH
RA u xommuectBata Ha SL, PEG n untepakmujata SL-PEG.

JlutepaTypHHUTE MOJATOLM CyrepHpaar aeKka XuApoPpoOHUTE aKTUBHU KOMIIOHEHTH Ce
CMECTYBaaT BO aIlMJIHUTE JICTIOBH O/ jarJIeBOIOPOTHUTE CHHIIMPHU Ha JTUIIO30MCKHUTE BE3UKYIIH,
1a OTTyKa €HKaICyalyjaTa 3aBUCH OJ1 CBOjCTBATa HA HUBHUTE allWJIHA CHHIMPH, KaKO IITO Ce
NOJDKMHATA M TYCTHHATa Ha MakyBameTo Ha ¢oconunuanute naniu (Bozzuto u Mollinari,
2015).

Cnopen Kepczynski et al. (2008), nakoprniopupameTo Ha CH Bo THITO30MCKHOT JIBOCIIO]
pe3yinTupa co HaMajaeHa MOOWIIHOCT Ha XHAPO(OOHWTE JIAHIIM HAa MACHUTE KUCCIMHU U
cylipecHja Ha IeHeTpalijaTa Ha BoJia BO jarJieBOAOPOIHUTE ACIOBH OJ1 [BOCI0joT. OBa BOIU
KOH MoAo0peHa euKacHOCT Ha MHKOpIopalyja Ha XuapohoOHUTE KOMIIOHEHTH KaKoO IITO €
RE Bo oB0j men ox smmo3omoT. Mcto Taka, 10Opo € mo3HATO Jieka CO HaMmallyBame Ha
pEeNaTHBHUOT MACeH yJIeJ Ha JIMIUANTE BO cocTaBoT Ha NLS 1 Ha Toj Ha4yMH, 3roieMyBame Ha
penaTuBHOTO KonudecTBO Ha CH BO NMOMIHUOT ABOCIOj, C€ HaAMalyBa U JBIDKEHETO Ha
XuJIpopoOHUTE OMNAIIKM Ha MAacCHUTE KHCEIMHM INTO JOBeAyBa 0 HaMalyBame Ha
MPOIMYCTAMBOCTa HAa JIMIIHUIHOT JBOCIO] M OTTYKa, €(pUKACHO 3apo0yBame Ha aKTUBHUTE
KOMIIOHEHTH BO JMIo3oMckara crpykrypa (Sailor et al., 2015; Tefas et al., 2016). [Tokpaj Toa,
npucyctBoro Ha CH BO JNMIUAHMOT JBOCIO] MOXE Ja TeHepupa T.H. ,,Ie00BH", KOH
OBO3MOXKYBaaT MOBOJIHA UHTEPAKIIMja HA JTUMHAO0T CO MOJIEKYJIUTE Ha JUMOMUIHUTE aKTUBHU
KoMroHeHTH. OTTyKa, morojeMuoT penatuBeH ynen Ha CH Bo omHOC Ha MeMOpaHCKHUTE
JUOUAM BO ucnuTyBaHuTe npumeponu Ha NLS Ou 3Haueno m momoOpeHa cTaOMIIHOCT BO

CMHCOJI Ha 3aJIp)KyBamke Ha OBUE KOMIIOHEHTH BO 0BOj Jielt oJ1 Beaukynute (XY et al., 2012).
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Cn. 6. 3D epaguuru npuxas na npoyuyeanume eapujabau (SL u PEG) ep3 anconymnomo

Koauuecmeo Ha enkancynupana RA.

J1oOpo € mo3HaTo JeKa 3a MOCTHTHYBamke Ha €(hMKACHO TEPAreBTCKO JICjCTBYBamkbE, a
HCTOBPEMEHO M HaMaJlyBambe Ha HecakaHWTe e()eKTH MOTPeOHO € Jla Ce MCIOJIHAT HEKOJIKY
MPEIyCIOBH Mery KOM € M OJp’KyBameTo Ha e(eKTHBHA TepameBTCKa KOHIIEHTpAIMja Ha
aKTUBHHUTE KOMIIOHEHTH BO KPBTa, OAHOCHO BO MeCTaTa Ha JienyBame. OTTyKa, OCBEH IIETHOTO
0CJ000yBake Ha €HKAINCyJIUpaHUTe KOMIIOHEHTH, €/leH OJ KIy4HHUTe (PaKTOpH IITO Urpa
yjaora BO HHMBHaTa e(QHUKacCHOCT IPETCTaByBa M KOHTPOJMPAHUOT HAUYWH HAa HUBHO
ocnobonyBame. [1a Taka, co nen na ce nodujar ontumanuu popmynanuu Ha NLS koumro ke
ce KapaKTepHU3upaar co MPOoJI0JHKEHO 0CI0001yBamke Ha EKCTPAKTOT IO JIOCTIEBAHE HA IIETTHOTO
MECTO Ha JIelyBame, T.€. BO MO30KOT, U Ha TO] HAYMH K€ OBO3MOKaT OJPXJIMBU HUBOA Ha
aKTUBHUTE KOMIIOHEHTH BO HETOBHUTE CTPYKTYPH, OJl MCKIy4yUTEIHa BaXKHOCT Oerle aa ce
corjeza BIMjaHHETO Ha ¢popMynaruckute hakTopu Bp3 Op3uHaTa Ha ocioboayBame Ha RE of
BE3HKYIINTE.

[TomaToruTe o]l cTaTUCTUYKAaTa aHAJIM3a YKakaa JieKa 3HadajHu (PakTopu IUTO BIMjaaT
Ha ocnoboayBameTo Ha RA 1o 1, 4, 6 u 24 yaca ce: A, C, BC (p<0,05). IIpuToa, BKYITHOTO
KoJM4yecTBO Ha ocioboneH RA Bo mepuon on 24 yaca Oeme oOpaTHO KOpelupaHa co
3rojieMyBameTo Ha KonmuecTBoTo Ha PEG Bo dopmymarmujata (Pas. 8-11, Cim. 7). OBue
pe3yaTaTd ce BO COTJIACHOCT CO JIUTEPAaTypHUTE TOAATONM INTO Cyrepupaar Jeka
XuJIpooOHUTE TOJITH ANKUIHY JTaHu Ha PEG kako monumep 3a cTepHa cTaOuin3aiuja Moxe
Jla JIejcTByBaat Kako Oapuepa 3a qudy3rja Ha aKTUBHUTE KOMIIOHEHTH U OTTYKa e(UKacHO Ja

T'0 ycropaTt HUBHOTO ociioboayBame (Panwar et al., 2010).




JlonmoaUTEIHO, Ocmie 3a0elekaHo JeKa IorojeMa KoJauduHa Ha ocinobomeH RA Bo
nepUHUpAHUTE BPEMEHCKM Tepuoad ce Jo0uBa HE camMo TIpud HaMalyBamke Ha
KoHneHTpauyjata Ha PEG, Tyky u co HamamyBame Ha KOJIMYMHATA Ha SL, IMITO MPEeTXOAHO
pesyarupaiie co noHucku Dsp Ha moarorsenute NLs. Jlornuno o6jacHyBame 3a 0BOj €eKT
O6u Moxken 1a Ouze GakToT IITO Kaj MOMAINTE BE3UKYNH, MU(Yy3UCKUOT NaT mTo Tpebda 1a ro
MMOMHHE aKTMBHATa KOMIIOHEHTAa 0 MOBPIIMHATA € MOKPATOK, 1A 3aT0a ce 0YeKyBa U HCTaTa

mo6p30 na ce ocnodboaysa (Porfire et al., 2019).
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Cn. 7. 3D epaguuxu npuxas ma npoyuysanume eapujabau (SL u PEG) na exynnomo

Konuuecmao na ocnobooena RA no: a) 1 uac, 6) 4 uaca, 6) 6 uaca, 2) 24 uaca.

Ilo BOCIIOCTaBYBAKbC W aHAJIM3WPAKLE HA COOABECTHHUTEC MOJCIN 3a CUTC HCIIHUTAHHU

OJIrOBOPH Oellle HarpaBeHa onTuMu3anyja Ha popmymanurte Ha NLS Bo Hacoka Ha JoOMBame




Ha HaHOJIMWIIO30MU KOH Ke ce KapaKTepusupaar CO MHUHHMAJIHA T'OJICMHWHA, MAaKCHUMAJIHO

KOJIMYECTBO Ha eHKarcyaupana RA u coomseTHu in Vitro npoduiu Ha ociobomyBame Ha RA

(xoMOHHAIIMH O] MUHUMAJIHO ¥ MAaKCUMAJIHO KOJIMYECTBO Ha ocioboaeHa RA mo 1, 4, 6 u 24

yaca) (Tabena 8). ['maBHara men Oemie Aa ce MOCTUTHE MPOAOJIKEHO BpeMe Ha IIUPKYIIaluja u

edukaceH TpaHCHOPT Ha Be3ukynute HU3 KMB, KOHTpoirpaHo U MpoaoiIKeHO 0CI000/1yBamhe

KakO "W IIOCTUIHYBAalkb€ Ha PEIAaTUBHO BI/ICOKI/I/TepaHGBTCKI/I KOHLCHTpallUu Ha RE Bo

MO30YHHUTC TKHBA.

[IpeioskeHuTe pemieHuja 3a ONTUMAIHUTE (QOPMYJIAMM M TPETIOCTABEHUTE

OJITOBOPH ce JajeHu Bo Tabemna 9.

Tabena 8. Onmumuzayuja co kopucmerve na Excnepumenmanen ouzaju

Amnc. kon. Ko Ha Kom. na Kon. nHa Kon. nHa
(EE) SL (mg) (PrES Dso (hm) Ha 0c1100. 0c7100. 0cro0. 0c1o0.
€HKaIIC. RA(mg) RA(mMg RA(mg) RA(mg)
RA (mg) mo 1 4. mo 4 4. no 6 u. no 24 u.
Homa 200 250 5 120 7,26 0,17 0,56 0,66 0,97
rpaHuIia
Fopra 400 310 50 133 18,83 0,01 1,97 2,11 2,65
rpaHuIia
Baxxnoct 3 3 3 5 5 3 3 3 3
NL1 Bo oncer Bo omncer Bo omcer MMH. MaKc. MUH. MHUH. MMH. MaKc.
NL2 Bo omcer Bo ormcer Bo ormcer MHH. Makc. Makc. Makc. Makc. Makc.
NL3 LEJI Bo oncer Bo omncer Bo omcer MMH. MaKc. MUH. MHUH. MMH. MMH.
NL4 Bo omcer Bo ormcer Bo ormcer MHH. Makc. Makc. MUH. MHH. Makc.
NL5 Bo oncer Bo omncer  Bo omcer MMH. MaKc. MaKc. MHUH. MMH. MMH.
Tabena 9. [Ipeonosicenu peuwtenuja 3a onmuManiu opmynayuy u npemnocmageHu 0020680pu
AlC. KOLL Kog. na Kom. na Kor.. Ha Kom. nHa
®opm. RE SL PEG Dso 0cIo0. oc11o0. oc1o0. ocmob. RA
6p. (Mg (mg) (mg (m) P RAm  RAm  RAmo mo  locaKyaoct
9  14(mg) 4w.(mg) 6w (mg) 244 (mg)
NL1 400 261,08 50 121,37 18,46 0,45 1,12 1,36 1,58 0,70
NL2 400 272,18 5 121,26 18,32 0,76 1,59 1,71 2,23 0,84
NL3 400 250,010 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 25741 50 121,96 18,55 0,44 1,08 1,34 1,55 0,66



5.3. Kapakrepuzaumja na ontumananure NLs

5.3.1. @usuyko-xemucka xapaxmepusayuja Ha NLS

Kako mTo Beke Geiie AMCKYTUpPaHO HU3 MPETVIEOT HA JIMTEpaTypara, roieMUHaTa U
MOBPIIMHCKATa HAECJIEKTPU3UPAHOCT HA JIMIIO30MCKUTE BE3MKYJIM 3HAYajHO BIHMjaaT Bp3
HUBHATa IN VIro cTabMIHOCT, a JOMOJIHUTEIHO ja AUKTUpAaaT ¥ HUBHATA Cya0HHA IN VIVO of
aCTIeKT Ha TOCTUTHYBAmkE HA MPOJOHKEHO BPeME BO LUPKYJaIMjaTa, MOKHOCTA 32 MPEMUH
HU3 pa3nuuHu Oapuepu, BKIyudyBajku ja u KMb, kako u cramyBameTo BO crneuupuyuHu
WHTEPAKIMH CO KJIIETOUHUTE CTpYKTypu. O Apyra cTpaHa nak, epukacHOTO MOJIHEHE Ha OBUE
HAHO-HOCAYW CO aKTUBHU KOMITOHEHTH O 3HAYEJIO CHKAIICYIUPAkhE HA HCTUTE BO KOJIMYECTBA
COOJIBETHH 3a J]a Ce TIOCTUTHE TeparieBTCKaTa J103a CO UCTOBpEMEHAa MUHUMAJIHA 3ary0a, mTo
noHaTamy OH ce 0JIpa3ujIo MO3UTHBHO BP3 HUBHHOT KiMHIYKH edext (Drummond et al., 2010).

Cpennara rosiemuna (Dso) Ha TOATOTBEHUTE ONTUMATHU (HOPMYITAIIUK CE IBHKEIIIE BO
orncer oa 1164225 no 12244,30 nm ¥ UCTUTE Ce KapakTepu3upaa CO TECHAa YHHMOJAJIHA
muctpuodynuja (SPAN dakrop ~ 1) (Tabema 10). OBue BpemHOCTH 3a TOJEMHHATa Ha
BE3UMKYJIUTE CE 3HAYaJHU O aCIIEKT Ha MMOCTUTHYBAKE Ha TIPOJAO0DKEHO BpeMe Ha IUPKYJIaIyja
Ha HAHO-CHUCTEMHTE, Kako U HuUBeH edukacen TpancnopT Hu3 KMb. Kako mto moxe na ce
3abenexu, Gopmynamuure noarorseHu co 50 mg PEG na mospimuara (mpumepora NL1,
NL3, NL5) umaa nomanky HeraruBau BpeaHocts 3a ZP (~ -20 mV) Bo criopenba co ZP (~ -45
mV) Ha NL2 u NL4 (mpumeponu mroo coapxkar 5 mg PEG na noepiimnara). Pesynrature
yKakyBaaT Jieka CO HaMaldyBame Ha KOHIIEHTpalHjaTa Ha XHAPOPHUIHHOT TOIUMEp Ha
MOBPIIKHATA, J0ara 0 U3pa3 HEraTUBHUOT MOJTHEXK HA CTPYKTYPHUTE JTUMUAN KOU BIETyBaaT
BO COCTaB Ha JIBocia0joT Ha NLS, mto ucto taka Boau 10 HamainyBamwe Ha ZP. JIooTHUTENHO,
JTUTEPATypHUTE TOJATOIM Cyrepupaar Jeka mnpucyctBoro Ha PEG Ha moBpmuHaTta Ha
BE3UKYIUTE ja HamaimyBa enektpodoperckata moaBmwKHOCT Ha NLS  mopamu
XUAPOJIMHAMUYKUOT OTIOP LITO IO JaBa OBOj MOIUMED, GUHAIHO PE3yATHUPAJKU CO TTOMATIKY
HeratuBeH ZP Ha nmuno3zomckute ctpyktypu (Nakamura et al., 2012; Nunes et al., 2019).

EE (%) ce nBmxeme ox 80,94 + 3,67 mo 93,15 + 2,43%, noneka mak MJI Gerre Bo orcer
on 3,53 + 0,10 no 4,28 + 0,11 mg RA/100 mg nmunun (Tabena 10). OBue nBa mapamerpu
BapHupaa BO 3aBUCHOCT 0] (POPMYIIALIUCKUTE IPOMEHIIUBH, KaKO IIITO C€: OJHOC U KOJIMYMHA Ha
KOMITOHCHTUTE Ha JunuaHata ¢asa, kako u ogHoc Ha PEG wm 3aroa He Oeme MOXKHO
BOCITOCTaBYBamb€ Ha 3aBUCHOCT MOMEl'y KOJIMYMHUTE Ha KOMIIOHEHTUTE Ha (hopmyJanujara u

EE%. BakBute pesynratu 6ea oueKkyBaHH, CO OTJI] Ha TOA IITO OBOj €(EKT HajBEPOjaTHO €




MOBp3aH CO CTAaOMJIHOCTa Ha BE3UKYJIUTE, KaKO W CO CJOXKEHaTa MHTEpakiuja moMery

(dbopMynaucKUTe KOMIOHEHTH.

Tabena 10. DQuzuuko-xemucku ceojcmaa Ha onmumannume NLS

Ipivepox  DsxSD (nm) ;:Iﬁg'p P M) EEG) oo (gﬂmg -
NL1 1224430 1055  -1850¢132 8593193 2.1020,09
NL2 116+2,25 0979  -45104#152 93154243 4,28+0,11
NL3 12042,97 1197  -21,45+128  80,94%3,67 4,01£0,18
NL4 120+3,95 0984  -48,30+1,17  8581+2,36 3,53+0,10
NL5 12042,45 1000  -23,001,23 85774254 4,14%0.13

5.3.2. InVitro onpeoenysamwe na bpzunama na ocnobodysarwe na RA 00 NLs

In vitro crymuure Ha Op3uHata Ha ocioboayBame Ha RA o1 onrtumanHuTte
dopmynanmu  (Cn.  8) mokaxkaa Jieka MOJATOTBEHHTE JIMIIO30MCKH JIMCIICP3MH  CE
KapaKkTepu3upaaT co MPoa0KeHO ociaoboayBame Ha RA (ox 24,83+1,22 no 48,39+2,32% Bo
nepuoj on 24 yaca), npu mTo Oemre 3abenexaHa oOpaTHa 3aBHCHOCT MOoMery Op3uHaTa Ha
ocnobonyBame 1 kKonmunHata Ha PEG npucytHa Ha moBpInrHATa Ha HAaHO-CUCTeMHuTe. FIMEHO,
dopmynanmute NL1, NL3 u NLS xane mro PEG Gemre npucyTeH BO MOT0OJIEMO KOJIUYECTBO
(mpumeporin co 50 mg PEG) pesyntupaa co mobGaBHO 0CI000AyBamkbe Ha MapKep
kommonenTara (24,83+1,22 - 35,64+2,12% RA ocrnoboaeHa Bo TeKOT Ha 24 yaca), mrto Gerre
no6ueHo u Bo npenumuHapuuTe crynuu (Shalabalija et al., 2017).

Kako mTo 6emie HamoMeHaTO ¥ BO IIPETXOAHUTE CETMEHTH, CE MPETIIOCTaByBa JIeKa 3a
0BOj e(eKT MpuIoHecyBaaT 1oaruTe XuapodooHu ankuiaHu danuy Ha PEG mro HajBepojaTHO
AejcTByBaar kako audysucka 6apuepa 3a RA u ucrata ja 3apoOysaar (Panwar et al., 2010).
3emajku O BO MpeNBH TUMOGUIHUOT KapakTep Ha RA, TOTOJHUTENEH MOKEH MEXaHHU3aM
mTo ja 0o0jacHyBa OBaa pasjiika BO Op3uMHaTa Ha OCJII000IyBambe O PA3TUYHUTE (GOPMYITaIliu
Ha NLs e Op3ara xuapaTanuja IITO ce jaByBa Kako pe3ynTar Ha npucyctBoto Ha PEG Ha
NoBpIIMHAaTa Ha Be3ukynute (Begum et al., 2012). CnpotuBHo Ha Toa, popmynaruure NL2 u
NL4, kou ce kapakTepusmpaa co TMOHUCKa KoHIeHTpanuja Ha PEG Bo dopmynamujara,
MmoKakaa moop30 ociobonyBame Ha RA Bo TexoT Ha 24 vaca (48,394+2,32 u 42,90+2,07%,

COOJIBETHO).
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Cxn. 8. In Vitro npogunu na ocnobooysarwe na RA 00 onmumannume NLS.

Co momom Ha codtBepor DDSolver 1.0, 6ea mpecMeTaHu pa3nTuyHH KUHETHYKH

MOJIETIH 32 eBallyalnja Ha ocio0oayBameTo Ha RA ox moarorsenute hopmynanuu Bp3 ocHoBa

Ha j00uenHuTe KoepuumenTH Ha Kopemammja (R? > 0,897), HajcOOABETHHOT MOJEN IITO

Haja00po ja omuIIyBa KMHETHKAaTa Ha ocioboayBame Ha RA on moarorBenute NLS Gemie

mojenotr Ha Peppas-Sahlin. Bucokure Bpeanoctu 3a k1 (> 11,149 h™) mocoumja nexa

MMpCOBJIAAYBAYKHOT MCXaHU3aM Ha OCJ'IO60,I[YB3H>GTO Ha RA Ol HAHO-BE3UKYIIUTC € IIPOLCCOT

Ha nqudysuja (Tadena 11) (Mady, 2013).

Tabena 11. Pesynmamu 00 ananuzupanume mooenu 3a KuHemukama Ha ocioboodysare Ha RE

00 NL1-NL5
dopmyarmja IpB pen ‘ Higuchi Korsmeyer-Peppas Peppas-Sahlin
k k K k1 ko
A i WA (1 WA (1 WO i
NL1 0.021  -0.469 7.481 0.668 8.393 0469 0.71 11.149 -1.606 0.45 0.92
NL2 0.062 -0.037 12.98 0.649 2257 0228 0.733 19.319 -1.994 045 0.897
NL3 0.028 -0.333 9.634 0.664 1065 0476 0.693 15913 -1.623 0.45 0.898
NL4 0.054 -0.131 11.63 0.656 18.9 0.243 0.677 21649 -2.255 045 0.92
NL5 0.018 -0.624 6.69 0.652 11.62 0.228 0.728 1231 -1.254 045 0.901

5.3.3. Onpeodenysare na anmuoxcudoamuser kanayumem (ORAC ananusza) na NLS u RE

3roaeMeHoTO MMPOU3BOJACTBO HAa PCAKTUBHU KUCJIOPOAHU BUJIOBU (ROS) € IOBP3aHO CO

TY6CI-BC Ha MI/ITOXOHI[pI/IjaJ'IHaTa (I)YHKI_[I/Ija, MMPOMCHECTA XOMCOCTa3a Ha MCTAJIUTC U HaAMAJICHA

AHTHUOKCHAATHUBHA 0)16paHa. OBue HacTaHU JUPEKTHO BJ'II/IjaaT Ha CHHAIITU4YKaTa aKTUBHOCT U



HEBPOTPAaHCMHCHjaTa BO HEBPOHUTE, a HCTO Taka TMPEAN3BHKYBaaT OIITETYBama Ha
KJICTOYHUTE CTPYKTYPH IITO JOBEAYBA JI0 MITETEH e(heKT, OTHOCHO KOTHUTHBHA JUC(YHKIHja
u nporpecuja Ha Ab (Wang et al., 2014). Hayunute mogaroru cyrepupaart aeka A € peIokc-
aKTUBEH TENTH] IITO MPHIOHECYBa JI0 HaMalyBame Ha KOHIICHTpAlHjaTa Ha IMPEOTHUTE

% u nomatamy noBenyBa 10 remepupame Ha ROS.

Meranu kako mrto ce Cu?" u Fe
JIONIOJTHUTETHO, OKCHIAIMjaTa M arperanyjata Ha MO30YHHUTE MPOTEHHH MOJXKE Jla BIIMjac Ha
CH3UMHTE IITO C€ KIYYHHM 3a (YHKIMUTE HAa HEBPOHHTE M TIIHjaJJHUTE KJICTKH, KaKO U
dbopmupamero Ha HeBpopuOpuiaapHutTe kiomumma. Okcupanujata wHa JIHK wmoxke ma
pe3ynTupa CO TPEKMHH BO BEPUTHTE, pa3MEHAa HAa CECTPUHCKHM XPOMATHAM, BKPCTCHO
noBp3yBame nomery JIHK u nmpoTenHnTe M JONMOTHUTEIHE MOAU(DUKALINY HA HYKICHHCKUTE
6a3u. Mmajku npenBun aexka ¢ochorunuante Ha MO30YHATA MEMOpaHa C€ COCTABEHU OJ
MOJINHE3aCUTEHU MAaCHU KHCEITMHH, MOXE Jla Ce KaKe JeKa MO30KOT € OCOOCHO paHJIMB Ha
Harau Ha cioboauute pagukanu (Huang et al., 2016; Tonnies and Trushina, 2017).

Kako mro Oemie HaBelneHO TPETXOAHO, KoMmoHeHTHTe Ha RE mokaxkysaar
MyATH(QYHKIIMOHAIHA CBOjCTBA, BKJIYYHUTEIIHO W YHCTCHC HAa CIOOOIHHUTE paJUKaiH,
XelIMpamke Ha METAUTE M aKTUBHPAKE HA AHTUOKCHIATUBHUTE TATEKH, INTO BOAU 1O
WHIYKIMja Ha TEHCKAaTa TPAHCKPUIIMja 3a pa3jM4YHA AaHTUOKCHUIATHBHH CH3UMH U
HCTOBPEMEHO MPHUIOHECYBAAT 32 HAMAITYBakhe Ha TIOJMMEpU3aIijaTa U TOKCHYHOCTa Ha Af.

Kaxko mto moxe na ce 3adenexu ox Ci. 9, cute ontumanau npumeporn Ha NLS (NL1-
NL5) 6ea penaTuBHO CTaOUITHU BO TEKOT Ha EKCIIEPUMEHTOT U MTOKa)kaa CTATUCTUYKH 3HAYajHO
MOToJIeM AaHTHOKcHUJaTHBeH KamauuteT (>94,15+1,78%) Bo cnopemba co uuctuor RE
(90,04+2,51%) (p<<0.0048).

3HauajHO € J1a Ce NCTaKHe Jieka (popMysamuuTe co moroyieM yaeri Ha SL Bo JIMTTUAHHOT
¢unm (mpumepoun NL2 u NL4), pesyntupaa co mogobap aHTHOKCHJIATHUBEH KaraluTeT BO
nepuog on 120 mun (96,4040,73 u 96,92+1,54%, cooaBeTHO) BO OJHOC HA JIPYTHUTE TPHU
dopmymnanuu (mpumepor NL1, NL3 u NL5) (<95,03%), mTo € ouekyBaHO mopaau GpakToT
mro NL2 u NL4 ce kapakTepusupaat u co Hajop30 in Vitro ocimoboayBame BO MEPHOA O 2

yaca (22,57+0,73 n 18,06+0,25% na RA, cooaseTHO).
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Cn. 9. Aumuokcuoamueen xanayumem na yucm RE u na onmumannume ghopmynayuu

Ha NLs.

CornmacHo TpaQUYKUOT TPHKA3, Pa3IUIHUTE BPEIHOCTH 33 AHTHOKCHIATHBHUOT
KaIlamuTeT ¢e JOJDKAT HE CaMO Ha PasIMYHUTE NPOQUIH Ha MPOJIOJDKEHO 0CI000/1yBake HA
RE ox mnoarorBeHute JMMO30MCKH (GOpMyNanuu, TYKYy H Ha CHHEPTUCTHYKHOT
aHTHOKcHIaTUBeH e¢dekT Ha komrmoHeHTHTe BO RE um SL, mpucytHu Bo cocTtaBoT Ha
(dbocHOoTUIUIHUOT JBOCIOj] Ha oBHE Be3uKyinu. COIIAaCHO JIMTEPATypHUTE IOJATOIH,
dbocharuauaxomurot (FH) u hocharuauneranonamuaot (FE) kako rjiaBHH KOMIIOHCHTH Ha
SL, cBojoT aHTHOKcHAATHBEH eQeKT IO OCTBapyBaaT TMpPEKYy KOMILIEKCUpame |
,,OTCTpaHyBame* Ha MeTajH, Kako 1 OOHOBYBam€ Ha OKCHIMPAHUTE MOJEKYIH CO JOHUPAHE
Ha BOJIOPOACH aToM. JIOTIOJIHWUTEIIHO, JIOKa)kaHa € W TIO3WTHBHATA Kopelaluja moMery
kommyectBoTo Ha FE n FH u nocturnatnoT antnokcunatuse edekt (Cabezas et al., 2012),

IITO € BO NPUJIOT HA HAILIUTC PE3YJITATH.

5.3.4. Cmyouu 3a onpedenysarwe na amcopnyuja Ha npomeuru Ha NLS (Bpaogopo
ananuza)

Kako miro Oemie TpeTXOAHO CIIOMEHATO, NpPU HWHTPAaBEHCKa TMPUMEHAa Ha
HAHOJIUIIO30MHUTE, TUIa3Ma MPOTEHHUTE (POPMHUpPAAT JUHAMHYCH CJI0j OKOJY HAaHO-CHCTEMOT,
T.H. potenHcka kopoHa (ITK). OBaa kopoHa UM JaBa HOB OHMOJIOIIKH WJECHTUTET HA HAHO-
CHCTEMHUTE U 3HAYUTETHO BJIKMjae Ha HMBHATa Cya0uHa in vivo (Corbo et al., 2015; Palchetti et
al., 2019).

Bo Texk ma OFAT ekcrepuMmeHTHTE, O€Ile ITOKaXaHO JeKa 3TrOJIEMYBameTO Ha

komunHata Ha PEG e mpocieneHo co HamanyBame Ha MPOIEHTOT Ha atcopOoupan BSA Ha




nmoBpiIMHaTa Ha HaHo-Besukynute (Shalabalija et al., 2017). 3aroa, Bo oBaa (asza oxn
HCTpaXKyBameTO Oerie moTpedHO J1a ce pasriienaat uHTepakiuure momery NLS u xymanure
TJIa3MATCKU MPOTEMHU CO IEN J1a ce J0OMjaT MOopesieBaHTHU MH(OpMAIMK 3a MPOILEecoT Ha
dopmupame Ha [1K in vivo.

On taa mpuumHa, O0ea moArorBeHu npasuu (opmynaruu Ha NLS (mpumeporu 6e3
uakopropupan ekcrpakr NLbl u NLb2, kou compxkatr 50 u 5 mg PEG, coomBeTHO) u
dopmynanuja 6e3 PEG Bo mospmunara (npumepok NLbO). Mcrtute 6ea nakyOupanu 1 gac Bo
YOBEYKa I1a3Ma Oj 3/[paBu JOOPOBOJIIIM U YOBEUKa I1a3Ma oJ] manueHTu co Ab. Pesynrarure
O]l CTYIMUTE 3a aTCOPIIIKja Ha MPOTeHHH ce mpukaxxanu Ha Ci. 10.

Kako mto Oemie o4yekyBaHO, HajMall MPOILEHT HA IUIA3MATCKUTE MPOTEHHH Oelie
arcopOupan Ha mnospimrHaTa Ha ¢opmymnanujata NLbl co 50 mg PEG (14,69+1,11 u
9,39+0,99% mo 1 wac maKybanMja BO XyMaHa Ijia3Ma oJ1 3ApaBu JTOOPOBOJIIIH U TAIIUEHTH CO
AB, coonseTHO). CIpOTHBHO, HajTOJIEMaTa KOJIMYMHA Ha aTCOPOMPAHH TIIa3MATCKU MPOTCUHH
(32,52+1,54 n 28,52+1,86%, no 1 yac unkyOaIja BO XyMaHa mjia3ma oJ1 3/[paBu 100pOBOIIIN
u naieHTd co AbB, cooaBeTHO) Oeriie 3a0enekana Ha MOBPIIMHATA HA Be3uKy/uTe 0e3 PEG
(mpumepoxk NLbO).

JloOueHuTe pe3yiaTaTd ce€ BO COMIACHOCT CO JIMTEPATYpPHUTE IOAATOLU IITO
MOTBp/yBaar Jeka npucyctBoto Ha PEG Ha moBpiinHaTta Ha JIMIIO30MCKUTE BE3HKYIH TO
cnpeuyBa popmupameTo Ha [1K, mo mro moara 10 HamMaTyBamke Ha HUBHOTO MPE3EMarbe O]
CTpaHa Ha MOHOHYKJICAPHHUOT (ParoIMTeH CUCTEM H CO TOA CE MPOJIOJIKYBA BPEMETO Ha HUBHA

upkyaanyja Bo kpsta (Sahil et al., 2011).
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Cn. 10. Amcopoupanu nrazmamcku npomeuru Ha nospuunama wa NLb1, NLb2 u NLbO.




5.3.5. IR—ATR cnexmpockoncku ananusu na NLS

[Io KBaHTUTATHMBHOTO ONpEIEITyBalk€¢ Ha KOJIWYECTBOTO aTCOPOMpPAHU MPOTEUHU Ha
MOBpIIMHATA HA HAHO-BE3UKYJIHUTE, BO CliefHaTa (a3a o oBaa JOKTOpCKA aucepraiuja Oere
OJl WCKIIYYMTEIHA BAXHOCT Ja Ce J00HMjaT TOJETallHM CO3HAHWja 3a MpupojaTa Ha
(hopMupaHHUTE JUIIO30M-TIPOTEUH BPCKHU U MOJETAIIHO Ja ce UcmuTa Kako ynenot Ha PEG Bo
BE3UKYJIUTE BIIMjae Bp3 jaylMHaTa Ha OBUE BPCKU. JJOMOJHUTENHO, CO IIeNl J1a ce MPEeIBUIU
CTa0MJIHOCTA HA ONTHUMAIHUTE (OpMyJanuu IiN ViVO, BO OBOj CTQAMyM OJ UCTPaKyBarmbaTa
3Ha4yajHO Oemle Jja ce yBHJIAT M MOXKHUTE MHTEPAKLIHU MOMEly COCTABHUTE KOMIIOHEHTH Ha
NLs. ITa orTyka, 3a oBue notpedu Oemie HanpaBeHa |IR-ATR cnekTpockoncka aHann3a kaje
IITO TIOKPaj CreKTpuTe Ha coctaBuuTe KommoneHtu Ha NLs (SL, CH, PEG, RE) u unctuor
BSA, G6ea cHuMenu u cnektpure Ha (Gopmynammure mro coapxkar 50 m 5 mg Ha PEG
(mpumepoum NL1 u NL2, coojaBeTHO), HMBHUTE Ipa3HH aHAIOTHH QopMmynanuud 0e3
uakopropupan excrpakt (mpumepoun NLb1 u NLb2), kako u xommiekcure GpopMmupanu
nomery BSA u mpasHUTE JIMIIO30MCKM BE3UKYJIM TOCJE HUBHA €JHOYACOBHA HHKYyOaIuja
(mpumeponm NLb1-BSA u NLb2-BSA).

Kako mro moxe na ce 3abenexu on Cim. 11, rimaBHHOT NpUIIOHEC BO CHEKTPUTE O]
KOMILIEKCUTE Ha o0eTe npasuu popmymaiuu co BSA (mpumeporn NLb1-BSA u NLb2-BSA)
noara oz SL (1oMuHaHTHAaTa KOMIIOHEHTA BO OJJHOC Ha MaceHUoT yzein) 3aenHo co PEG u BSA,
LITO UMIUIMLKpa Ha (heHOMeHOT Ha popmupame Ha [IK. Meryroa, Bo oBue npumeporu Oea
OTCyTHM cnekTpainHute JieHTH Ha CH HajBepojaTHO mopaau (akToT JieKa HETrOBOTO
KOJIMYECTBO BO (hopMystanuute Oerre mprindHo Hucko (30 mg).

[Tonaramy, co men Jga ce HMCTpaku BIHMjaHHETO Ha eHKamcynanujata Ha RE Bp3
CTa0MIIHOCTA U CTPYKTypaTa Ha BE3UKYJIUTe, 0ea CHUMEHH CIIEKTPUTE Ha YUCTHOT €KCTPAKT,
kako u cnektpure Ha NLs co enkancynupan RE (mpumepouu NL1 u NL2) u HUBHUTE 1Tpa3Hu

anano3u (mpumepord NLb1 u NLb2) (Ca. 12).
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Cn. 11. IR-ATR cnexmpu na SL, CH, PEG, BSA, NLb1 u NLb2.

— NL1
—  HNLZ
— HNLbl
— MNLb2

IR-ATRiAbsorbance)

T T T T T T
4000 2000 2000 1000

=1
Wavenumberfcm

Cn. 12. IR-ATR cnexmpu na RE, NL1 u NL2 xoneepmupanu eo ancopbanyu u ATR

kopeeupanu;, Cnexkmpume na NLb1 u NLb2 ce oadenu 3a xomnapayuja.




On rpaduukuTe mpukazd Moxke aa ce yBuau aeka RE ce kapakrepusupa co cuiHH
neHTy Bo nenot nmomery Amua [ u Amua Il perunonwure, T.€. 1700 — 1500 cm?, co H3pa3eHU
gentd Ha 1687 u 1602 cm™. Ucto Taka, cuiHa JeHTa Gemre 3abenexana u Ha 1027 cm™.
Crnopenbara nmomery criektpure Ha NLb1 u NLb2 u NL1 u NL2, cooaBeTHO, mpeTcTaBeH! Ha
Cruka 12 mokaxaa Jeka IMOJHUTE (GOpPMyJalMi TM WMaaT PEYUCH HCTHTE CHEKTPaHU
KapaKTepUCTUKH KaKO W MpasHHuTe JIno3oMu. [IpuyrHara 3a orcycTBOTO Ha JeHTHTE HAa RE
Bo criekTpute kaj mpumeporute NL1 u NL2, u mokpaj HeroBara HajroiemMa MaceHa (pakiuja
BO popMyTaIuTe, BEPOjaTHO CE IOJDKU HAa MHKOpIopupameTo Ha RE Bo Be3ukynure, 4ujmTo
(dhochonunuaeH 1BOCI0] HaJBEPOjaTHO € moeOe o1 J1abournHaTa Ha IEHeTpallija Ha 3paKor.

Co men ma ce yTBpAM BiHMjaHHUETO Ha KosmdyectBoTo Ha PEG Bp3 cBojcTBara Ha
BoslopoiHUTE Bpcka nmomery BSA u NLs, Oemre HampaBeHa EKOHBOMYIHja U (DUTyBame Ha
cnektpute Ha kKoMiuiekcute nomery BSA co NLbl u NLb2, coogserno. bpanosute gomxuHu
Ha JIOOMEHUTE JICHTH, BO OICEror Ha peruoHor Amuja /Il co HUBHUTE NperuMUHApHA

acurHamuja ce nagenu Bo Tabena 12.

Tabena 12. bpanosu donicunu na renmu 60 Amuo | u |l pecuonume 3a komniexcume nomery

BSA co NLb1 u NLb2 co nusnu nperumunapnu acuenayuu

v(BSA)/lcm?  v(NLb1-SCA)/cm?™  v(NLb2-BSA)/cm™ [IpenvMuHApHA acUTHALH]a

1686 1680 1683 Awmu |
1643 1657 1653 Awmur |
Awmup |
1641 1628 Amup |
1582 1579 1577 COO' ctpannyHa rpyna
1537 1541 1538 Awmun Il
1512 1515 1513 Awmup I
1495 1497 1495 Awmun |1
1448 1467 1466 CH nenra
1453 CH nenra
1401 1399 COO crpannyHa rpymna
1394 COO crpannyHa rpyna

On TaGena 12 mosxe fa ce 3a0emnexu aeka ppekBeHIIuTe Ha YUCTHOT BSA 1 Herosute
¢bpexBeHu Bo Komiuieke co npumeporute NLbl u NLb2 ce pasnuunu. OBue pesynratu
MOTBPAYBAAT JA€Ka MPUCYCTBOTO HA APYT'H KOMIIOHEHTH BO JIMIIO30MCKHUTE BE3UKYIIU KAKO IIITO
ce: CH, SL u PEG wurpaar xiay4yHa ymora BO CEKyHJapHaTa CTPYKTypa Ha MPOTEUHOT U
jaunmHaTa Ha (OPMHUPAHHUTE BOJOPOAHM BpckH. IIpBara ox JEHTHTE Ha HAHOIHMITO30M-BSA

KOMILUIEKCUTE BO AMHUJT | pErHOHOT ce KapaKTepu3upalie co MOHUCKa (PPEeKBEHIINja OTKOJIKY



oHaa Ha yuctuoT BSA, mTo Ou cyrepupayio jeka BOJAOPOJHHTE BPCKH CE€ TOCHIIHU Kaj
MPOTEHMHCKUTE KOMIUIEKCH co mpuMeporute NLb1 u NLb2, 0TkoIKy BO YMCTHOT MPUMEPOK Ha
BSA, 6unejku nenrata Bo Amuj | peruoHot renepanHo motekHyBa ox C=0 BuOpanuute
(Gradolnik and Marechal, 2001).

Kaj BTOopuTe 16HTH BO HICTHOT OBOj peruoH Oerire 3a0enexan oopareH edexr. Ho cemak,
Kora ro HacouyBaMe HaiieTo BHuUMaHue koH Amua |l perrnonot, Moxe na ce 3a0enexu nexa
CHUTE JICHTH BO OBOj PETHOH, KO TOTeKHYBaaT o] mpuMeporute NLbl u NLb2 co atcopbupan
BSA umaar noBucoku ¢pekBeHIHMH OTKOJIKY 4yucTuoT BSA. OBa cyrepupa Ha MOCHUIIHO
BOZIOPOJTHO TIOBP3YBaHkE BO MPUMEPOILUTE, 3€Mjakl MPEIBUJl JIeKa CIIEKTPATHUTE JICHTH BO
Awmup II pernonor e cmpernato C-N u3gomkyBamwe u Bo pamuHuHa N-H nedopmmupauxa
nedopmartuja (Gradolnik and Marechal, 2001). MimeHo, KOJIKy IITO € MOCHJIHA BOJAOPOIHATA
BpCKa Ha BOJOPOIHHOT atoM o N-H rpymnata, ToiKy e moronema pekBeHIjaTa Ha JICHTATa,
ounejku Amun Il e mpumapHo moj BiujaHnue Ha npomeHute Bo N-H Bomoponmnara Bpcka
(Myshakina et al., 2005). Ox Tabena 12, 7ONOIHUTEIHO MOXKE J1a C€ YBUAM JIeKa CUTE JICHTH
B0 Amup I perroHoT kaj komiuiekcoT co mpumepokoT NLDb1 mro coapsxu 50 mg na PEG kako
MOJIMMEP 3a CTepHA CTa0MIIM3aIija UMaaT MOBUCOKa ()PEKBEHITH]a OJ1 COOJBETHHUTE JICHTH Kaj
komiiekcoT co NLD2 mto BO CBOjOT cOCTaB MMa [ECET MaTH [MOMAJIO KOJHYECTBO O
MOJMMEPOT, MITO UMILTHIKpPA Ha (PaKTOT aeka Bomopoanute Bpcku momery BSA u NLb1 ce
MOCWJIHU OTKOJKY co NLb2. OBa He € HeBooOMYaeHO OWEjKHM € J0OpO MOKaKaHO JeKa
konuunHaTta Ha PEG urpa BaxkHa ynora Bo ¢GOpMHpPameTO Ha BOJOPOJHUTE BpCku co BSA
(Tattini Jr et al., 2005). Orryka, nmpumepokor co NLbl ce kapakrepu3upa cO MOCHIHH
BosioposiHa Bpcka nomery PEG u BSA, HajBepojaTHO nopaau norosiemara coapxuna Ha PEG,
a co TOA W TOTOJIEMHOT OpOj Ha €THJICH TITMKOJICKH MOJISANHUI TOCTAITHA 32 MHTEPAKIIHja CO

BogopoaHuot aroM oa N-H rpynara na BSA.

5.3.6. Cmaburnocm na NLS 60 ¢huzuonowku peresanmuu Meouymu, 408euka niasma u
Meouym 3a KiemoyHa Kyamypa

[To uHTpaBeHCKa TpuMeHa IN VIVO, HAHOJHMIIO30MCKHTE BE3UKYIU IUPKYJIUPAaT BO

KPBOTOKOT c€ JT0JIeKa He ja JOCTUTHAT Of[pe/ieHarTa 11eJl Ha JiejCTByBame. JJoOpo e mo3HaTo fneka

CEpYMCKHTE KOMITOHEHTH MOXE JIa IMaaT JISCTPYKTUBHO BIIMjaHUE BP3 CTPYKTypaTa Ha OBUE

CHUCTEMH, TPEAN3BUKYBAjKH HapyllyBame Ha (POcHOTUMUIHUOT ABOCIO] U CIEIACTBEHO,

HCTEKYBakh€ HA EHKANCYJIHpaHUTEe aKTHBHH KoMIoHeHTH. O] Jpyra cTpaHa Mak, MOCTojaT

AOKa3u ACKa BP3YBAKCTO HA IJIa3Ma MPOTCUHUTE HA MMTOBPIIMHATA HA HAHO-BC3UKYIIMTC MOKC




na nmpoMoBHpa HuBHa arperanuja (Mady, 2011). Mmajku npeasua nexa Gopmupanara [1K Ha
MOBPIIMHATA HA BE3UKYJIUTEC I'M MEHYBa HHBHHTE IMOBPIIUHCKH CBOjCTBA, MPUCYCTBOTO Ha
MPOTEHHU BO KJIETOYHUOT MEIMYM MCTO TaKa MOKE MMO3UTUBHO HIIM HETAaTUBHO J1a BIIUjae BP3
MHTEpHAIM3alMjaTa U Ha KaTjOHCKUTE U Ha aHjOHCKUTE HaHO-HOcauu Bo kieTkute (Behzadi et
al., 2017).

3aroa, co 1men 3a Ja Cce IMOCTHTHE IPOJOIDKEHO OCI0001yBakhe HAa aKTHBHUTE
komroHeHTH oa RE u BoemHo, edukacHa akymyiaiidja BO MO30YHHTE TKHBa IN VIVO, of
CYIITHHCKO 3Hauewme Oemie Jga ce umcnura crabwiHocta Ha NLS in vitro, He camo BO
¢buznonomku penesanTeH meauyM pH 7,4, TyKy ¥ BO XyMaHaTta Iia3Ma, Kako ¥ BO MO30YHOTO
ki1eTouHo onkpyxyBame (EndoGRO-MV Complete Culture Media Kit SCMEOQ04 - meanym
3a kierouHa kyarypa 3a hCMEC/D3 kieto4yna iuHHUja KOja CHMYJIHMpa YOBEYKA KPBHO-
MO3049Ha Oapuepa).

Nwmajku npensupa neka Z-cpenHata roieMuHa Ha yectuukutre u ZP ce edekTuBHU
aJIaTKH 3a JOOMBamke Ha PEJICBaHTHU MH(OpPMAIMK BO OJJHOC HA COCTOj0aTa Ha MOBPIIMHATA
Ha HAHO-CUCTEMHUTE M MPOIECOT Ha arjoMmepanyja, Kako M 3a MpeIBUIyBambe Ha HUBHATA
nosiropoyHa cradbuiaHoct, Dsp (nm), PDI u ZP (mV) Ha dopmynupanute npumeporu (NLI1-
NL5) Oea nu3aMepeHu Ha MOYETOKOT Ha €KCIIEPUMEHTOT U BO Pa3IMYHH BPEMEHCKH WHTEPBAIIN
(2, 6 1 24 yaca) Mo HUBHATA UHKYOAIMja BO TOPEHABEICHUTE METUYMH.

Bo ¢usnonomxu peneBanten meauyM, pocdaren mydep pH 7,4, nujamerapot (Dso) Ha
CBEXO MOJAroTBeHUTE onTuManHu ¢opmynanuu Ha NLs Geme Bo omcer on 107,2+2,38 no
113,7+1,95 nm co penatuBuo Tecen PDI~0,27 u npoceuen ZP ox -18,5+ 1,32; -21,4+1,28 u -
23,0+1,23 mV 3a NL1, NL3 u NL5, cooaBetno u -45,1+1,52 u -48,3+1,17 mV 3a NL2 u NL4
(Cn. 13). He Gea 3a0enexaHu 3HAYUTEITHU MIPOMEHHU BO MTPOCEUHATA TOJIEMHUHA HA BE3UKYIIUTE
3a BpeMe on 24 vaca mHkyOamwmja (p>0,7795 3a cure dopmynanun), Huty nak Bo ZP Ha

dopmynarmute (p>0,8475), mto cyrepupaiiie Ha CTAOMIHOCTA HA HATHBHUTE (POPMyIIAlINH.
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Cn. 13. ZP na NL1-NL5 6o ¢pocchamen nygpep pH 7,4 60 nepuoo oo 24 waca (n=6).

ITo 24 yacoBHa MHKyOalMja BO YOBEYKa IJla3Ma, BUJUIMBO O€lle 3rojieMyBame Ha
cpennara romemuna (Dsp = 111+1,22-123,6+2,15 nm co PDI 0,3) 3a NLI-NL5 (Cn. 14).
[lojaBara Ha ¢pakmujara Ha Be3ukyan co Dsg>1000 nm 3a NL2 u NL4 BepojarHo Oerme
pe3yaTar Ha arperangjaTa MpOMOBUpaHa OJi aTcOpOMpaHHUTE NPOTEMHH Ha MOBPIIMHATA
(Konduru et al., 2017).

Kako miro Beke Gerie nokakaHo BO CTYAMMTE 3a aTcopiiyja Ha nporenHu, NL2 u NL4
MOKa)XyBaaT TEHJ/ICHIMja 3a BP3yBame Ha MPOTEMHUTE Ha HUBHATA TIOBPIIMHA BO TTOBUCOK %
nopaau nomanara koiauuumHa Ha PEG (5 mg) Bo HHMBHMOT cocTaB. JlOMONHUTENHO, OA
rpaduuknot npukas (Ci. 15) Moxke a ce 3a0enexu HaMalnyBame Ha MOYeTHATA BPSTHOCT 32
ZP on -45,1£52 u -48,3£1,17 mV nua -17,5+1,13 u -17,4+0,4 mV 3a NL2 u NL4, coonseTHoO.
WNmajku npeaBua exka HaHOYECTUYKUTE OCI000/€HHM BO OMOJIOMIKUTE (PIynIu BeIHAIl ce
MOKpUEHH CO OHMOMOJIEKYJIM KOM ja MEHYBaaT HUBHATa TOJIEMHHA M (PU3HYKO-XEMHCKH
cojctBa (Hadjidemetriou u Kostarelos, 2017), no6uenure nogarouu 6ea BO COTIaCHOCT CO
Haonute Ha Bulundell et al. (2016) kaze mTo € mokakaHo Jeka npomMeHara Ha ZP KOH OMaJIKy
HEraTUBHM BPEAHOCTH C€ JOJKHM Ha aTcopOMpaHuUTe npoTerHu Ha noBpiurHaTta Ha NLs. Co
ornen Ha Toa mrto HatuBHHUTE opmymupanu npumepor (NL1-NLS) Gea cycnenaupanu Bo
docharen mydep pH 7,4, ouexkyBaHo € anmOYMHHOT MPHUCYTEH BO YOBEUYKarTa Ijla3Mma Ja ja
3a3eMe HajrojieMara moBpirHa Ha NLs Oujiejku mporecoT Ha atcopriyja ce oasusa Ha pH
HajoJ1ajieuyeHa O/l HeroBaTa N30€JIeKTPUIHA TOUKA.

3a BpeMe Ha UCHUTHUOT mepuoi on 24 uaca, NL2 u NL4 pesyntupaa co 6maro

HaMallyBalkbC Ha ZP xon MNOMAJIKY HEraTUBHU BPCIAHOCTH BO TCKOT HA HPBHUTC 2 daca (-




16,7+1,05 u -8,97£0,73 mV). CnenctBeHo, mo 6 vaca u moroa a0 24 daca, Oerre go0HcHA
noHeratuBHa BpeaHocT 3a ZP (~ -20 mV) (Ca. 15). BakBure pe3ynraTH HajBepOjaTHO ce
JOJDKAT HA TIMHAMUYHHOT Tpoliec Ha popmupame Ha [1K, ofHOCHO mocTojaHaTa aTcoprimja u
necoprija Ha nporeunu (Blundell et al., 2016). JlomonnuTenHo, He Oerne 3a0eaeKaHO
3HAYMTEJIHO HaMalyBamke Ha MoveTHaTa BpeaHocT 3a ZP kaj nmpumeporute NL1, NL3 u NLS,
IIpM HUBHO CYyCIEHJUpame W HHKyOalyja BO YOBEYKa IUIa3Ma BO MepuoaoT of 24 yaca

(p>0,5414).
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Cn. 14. JJucmpubyyuja no eonemuna na NL1-NLS no unxybayuja o0 24 uyaca 6o uoseuka

naasma (N=6).
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Cn. 15. ZP na NL1-NL5 60 uuseuxa niasma 6o nepuoo oo 24 uaca (n=6).

Cpennuotr Z-mujametap Ha NLS Bo mepmomor oa 24 dYacoBHa WHKyOaruja BO

KJIECTOYHHUOT MeauyM Oerire Bo oricer o 108,1+2,53 no 110,6+2,14 nm (PDI~0,30) (p<0.0225)




(Cn. 16), nomeka mak mpoceunute ZP Bpemnoctu 3a mpumeponute NL1, NL3 u NL5 mTo
coapxat 50 mg na PEG 6ea -14,6 £1,65, -15,4+0,78 u -15,0+£0,55 Mv, cooaseTHo u -29,8+1,12
u -32,4+0,66 mV 3a onue noarorsenu co 5 mg Ha PEG, ogrocHo NL2 u NL4, coonBeTHO
(p<0.0011) (Cx. 17). CnriuHO KaKo M Kaj XyMaHaTa Iia3Ma, HaMalyBambe Ha moyeTHHoT ZP 3a
NL2 u NL4 Geme ncro Taka 10OMEHO BEAHAII IO HUBHO CYCHEHIMPAHE BO KICTOYHHUOT

meanym (ZP =~ -29,5 mV 3a asete hopMyarun).
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Cn. 16. Jucmpubdbyyuja no conemuna na NL1-NL5 no unxybayuja 00 24 waca 6o xniemouen

meouym (N=6).
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Cn. 17. ZP na NL1-NL5 6o knemouen meouym 6o nepuoo oo 24 uaca (n=6).

CornacHo pesyararure ox Lee et al. (2015), npucycTBoTO Ha CepyMCKH MPOTEHHH BO

MCAUYMOT 3a KJICTOUHHU KYJITYPH MOKC 3HAUUTCIIHO Oa I'O HaMaJld HaBJICTYBAKBLCTO Ha




HAHOYECTHYKHTE BO KieTkute. O Jpyra cTpaHa Mak, MCTUTE MOXE Ja ja peaylupaar
TOKCHUYHOCTA Ha HAHO-CHCTEMUTE IMPEKy 3allTUTa Ha HEYMCTOTHHTE OJ METAIHHUTE
KaTalu3aToOpd W TOTTUCHYBAkbe Ha KOHKYPEHTHATa aTCOPIIHja Ha JAPYTUTE MPOTCHHH
npucytHu Bo meauymot (Lee et al., 2015). bunejku xnerounnor meanym, EndoGRO-MV
Complete Culture Media Kit SCMEQ04, e cymuiementupan co 5% cepym, HaMaayBameTO Ha
ZP Moxe 1a ce 00jacHH MPEKy MOXKHA aTCOPIIIKja Ha CEPYMCKUTE MPOTEHHH Ha MOBPIIMHATA

Ha NLs (Giau et al., 2019).

5.3.7. Onpeoenysarwwe mna npomenu 6o eoremunama na NLS kaxo ¢ynxyuja 00
esonyyujama Ha npomeurHcKama Kopoua co nomows ha AF4-MALS/DLS ananusza

Nwmajku ro npeasun Gaktot neka [1K hopmupana Ha MoBpIIMHATA HA HAHO-CUCTEMHUTE
' MEHYBa HUBHHUTE MOBPIIMHCKU CBOjCTBA, IPUCYCTBOTO HA MPOTEHHH BO TKMBHATA CPEJIMHA
MCTO TaKa MOXeE Jla T0 HaMajH KJIeTOYHOTO HaBieryBame (Behzadi et al., 2017). 3aroa, ox
CYIITHHCKO 3HAuYCHe € J1a ce UcTpaku (popmupameTo U eBonmynujata Ha [1K in vitro, Ho u
HEj3UHUTE KapaKTEPUCTUKHUTE M COOJBETHO JIa CE MOBP3aT CO CTaOMIIHOCTA U TepPOPMAHCUTE
Ha HAHO-HOCAYHMTE BO CUMYJIMPAHA CPEMHA HA MO30YHO TKUBO.

Pesynrature o1 BakBUTE UCTpakyBarba OU MPUIOHENE KOH IMOPAIlMOHANICH JM3ajH Ha
dbopMynanyja kKoja OM TH WCIOJHYyBala KPUTCPUYMHTE 3a ePUKACHOCT W 0e30eaHOCT.
CornacHo pe3yaTaTUTE 3a MpOMEHaTa Ha cpeJHaTa rojieMuHa u ZP Ha BE3UKYyJIUTe, TOOMEHU
BO CTyAMHTE Ha CTAaOMIHOCT BO KIIETOYEH MEIWyM, CJeleH YeKop Oelle MOoJeTalTHO
WCMIUTYBaWke Ha BIMjaHUETO Ha CEPYMCKUTE KOMIIOHEHTU MPUCYTHU BO KIETOUYHUOT MEAUYM
3a hCMEC/D3 kieroynata JimHHja, Kako U KonnvecTBoTo Ha PEG kako mosmMep 3a cTepHa
cTabmIn3aiyja Bp3 ToJIEeMHHATA Ha TPH MTPa3HHU MPUMEPOIIH Ha HAHOJIHMITIO30MH CO IMPHUMEHA Ha
AF4-MALS/DLS ananu3a. J[onomHUTENHO, T0OUEHUTE CO3HAHM]a OJ1 OBUE CTYANH IMOHATAMY
Ou mocnykuie 3a pazbupame Ha ePUKacHOCTa M MEXaHM3MUTE Ha WHTEpHAIHM3aIja BO
ropecroMeHaTara KIeTouHa JUHH]A.

3a Taa 1en, HAjIpBO Oelre onpeseNieHa ToJIeMUHATa Ha CBEKO MOJTOTBEHHUTE TPa3HU
npumepor, ogHocHo npuMepokoT 6e3 PEG (NLb0) u npumeporu co 50 u 5 mg na PEG
(NLb1 u NLb2, coonseTHO), a moToa uctute 6ea MHKYOUPaHH CO KJIIETOYCH MEIUYM 0€3 U CO
cepym Bo Tek Ha | u 4 yaca.

CornmacHo noOWeHWTE pE3YyNTaTH, CPEIHUOT JHjaMeTap Ha HaHO-BE3UKYIUTE
OIpeZIe]IeH CO JMHAMHUYKO pacejyBame Ha cBernuHara (ZetaSizer, NanoS, UK) Geme Bo

rpanumm o 96,10+0,81 no 140,20+0,95 nm (PDI < 0,256) (Cux. 18).
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Cn. 18. I'pagpuuku npuxaz na cpeonuom Z-oujamemap na:. a) NLbO, b) NLb1, c) NLb2.

On Cn. 19 moxe na ce ce BUAAT (PaKTOrpaMHUTE HAa TPUTE CBEXKHO IMOJITOTBEHH
dbopmynanuu NOOMEHN 0N KBAJIMTATHBHATA eBallyalja co kopucreme Ha AF4-UV-MALS-
DLS. 3enenara nmunuja ro npercraByBa UV-curnanot (230 nm), a npBeHara JIMHUja CUTHAIOT
0]l pacejyBameTo Ha cBeTimHaTa Ha 90°. M nBaTa curHanu ce HopMalu3UpaHu J10 HajBUCOKUOT
curHai. [Ipuroa, nukosure Ha UV-ancopnuujata 3abeekaHl Ha pETEHIIMOHO BPEME 0] OKOTY
20 MUHYTH MHOTY BE€pOjaTHO ce MoBp3aHu co ancopnuujara Ha PEG-ot. JlononHuTenHo, Moxe
1a ce yBUaM Jeka mukoT e mooctap kaj NLbl (dhopmynanmjata co HajrogeMo KOJIHIECTBO Ha
PEG na mospmuaara, 50 mg), Bo cropenba co onoj kaj NLb2 (mpumepok mto compku 5 mg
Ha PEG). On npyra crpaHa, MK BO OOJNMK Ha THpamH[a, HEKapakTepuctuueH 3a AF4-
aHanm3ara, Oere 3a0enexan u kaj Gopmynammjata koja mro He conpxku PEG (NLbO) u Toa,

Ha UCTOTO PETCHIIMOHO BpEME.
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Cn. 19. @paxmozpamu 00 kearumamuenama esanyayuja co kopucmerse na AF4-UV-MALS-

DLS na namuenume ¢popmynayuu na a) NLbO, 6) NLb1, 6) NLb2.

Kako mTo Beke € HamomMeHaTo BO NOBeKe HaBparu, npucyctBoro Ha PEG Ha
nospiHaTa Ha NLs Moxe n1a ja mogo6pu ¢usnykaTta cTaOUIHOCT Ha JUCTIEp3UjaTa MpeKy
crepHo onouBame (Pozzi et al., 2014), mto BoenHO Oelie MOTBPICHO U BO MPE3CHTUPAHHUTE
CTyJIMU Ha CTAOMIIHOCT. 3aT0a, BO HAIIMOT CITy4aj MPUMEPOIIUTE CO HajMaJIO KOJIMYECTBO Ha
PEG/unu 6e3 PEG uMmaar TeHJeHIMja Aa ce arjjoMepupaar WiM IMaK Ja ja u3rybar cojata
MaTH4YHa CTPYKTYpa IITO JA0BeAyBa 10 ¢parmentanuja. Ila orryka, cnabuot nuk Ha 230 nm
kaj NLbO (mpumepox 6e3 PEG) moske ma Oujge pe3yiraT Ha arcopriiiyjaTa Ha pasindHH
(¢bparMeHTH O] HAHOJUIO30MUTE W/WIM HEKOM OJf KOMIIOHEHTUTE IPUCYTHH BO coja

JICOUTUHOT, JOMHHaAHTHATa KOMIIOHCHTA BO (pOpMy.TIaI_[I/II/ITC (Hp MacJio o1 coja.




dbocharuaummHo3uTon, pocharnaunxonut, dhocharuauieTaHoIaMuH U Ipyru pocharuan
KOHM MOJXKaT Jia aricopOompaar Ha oBaa OpaHOBa JTOJKHHA).

Ha Cn. 20 ce mnpukaxxaHu CUTHAJIUTE OJ pacejyBambeTo Ha CBETIMHATA |
reOMETPHUCKHUOT paauyc (oapeacH co MALS) 3a cexoja o Tpute Gpopmynamnmu 3a KOM MOXKeE J1a
ce 3abenexu Jieka ce mpernokiomnyBaar. Cenak, ce Mmokaxa jJeka MPUMEPOKOT CO HajroJIeMO
kommuectBo Ha PEG (NLb1) ce kapakrepu3upa co MajIKy MOroJIeMH YECTUYKH BO IMTOCIEIHUOT
JIeJT O] MUKOT BO OJTHOC HA APYTUTE BE POpPMYIAINH, IIITO HajBEPOjaTHO € pe3yiITaT Ha HEKOja
Masia, He3HauMTenHa Qpakuuja ox arnomepupann NLS HacraHara mpu u3BenyBame Ha

Mmepemata. Mcroro Oerire morBpaeno u co DLS inline mepemara (Ci. 20, 21).
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Cn. 20. Cuenan o0 pacejysarve ma ceemauHama u 2eOMempUcKyu paouyc Ha HAMueHume
Gopmynayuu ppaxyuonupanu co AF4 (3enena munuja — NLDBO, cuna nunuja — NLb2, ypsena

qunuja — NLb1).
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Cn. 21. UV cuenanom u Z-cpeonuom oujamemap na ghopmynrayuume gppaxyuonuparu co AF4.
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Cn. 22. Komnapamuenu npeeneou na UV cuenanom u Z-cpeonuom oujamemap na NLb1 no a)
1 yac unxybayuja 6o kiemouen meouym co u 6ez cepym, 6) 4 uaca unkybayuja 60 KiemoueH
meouym co u bes cepym, 8) 1 u 4 uaca unkybayuja 60 kiemouen meouym 6ez cepym, 2) 1 u 4
yaca uHKybayuja 60 Kiemouen meouym co cepym. (M — knemouen meouym 6e3 cepym, S —

KIIemoyeH MeoOuym co cepym,).

On dpaxrorpamute npukaxanu Ha Cia. 22 Moxe Aa ce 3abenexu Jeka He MOCTOU
3HAYWTEHA MPOMEHAa BO TOJEMHHATa Ha BE3UKYJIUTEe Ha (QOopMylamyjata co HajroJIeMO
konnuectBo Ha PEG (mpumepok NLb1 co 50 mg PEG), kora uctute ce MHKYOMpaHU BO
KJIETOYEH MeIuyM 0e3 U co cepyM Bo nepuoj o 1 u 4 yaca. oBUe pe3yaTaTH ce MOTBpJa 3a
crabmiHOCTa Ha oBaa (opMmysanMja, a UCTO Taka ro motkpemyBa (aktor nexka PEG kako
MOJINMEP 3a CTepHA CTA0MIIM3alHja YIECTBYBA BO MPEBEHIIM]aTa U CylpecHjaTa Ha MPOIECOT

Ha ¢popmupame Ha [1K.
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Cn. 23. Komnapamusnu npeeneou na UV cuenanom u Z-cpeonuom oujamemap na NLb2 no a)
1 uac unxkybayuja 6o kiemouen meouym co u 6e3 cepym, 6) 1 u 4 uaca unkybayuja 80 kiemouen
meouym co cepym, 8) 4 uaca unkybayuja 8o kiemouern meouym co u 6e3 cepym, 2) 1 u 4 uaca
unkybayuja 6o kiemoyen meouym oes cepym. (M — kniemouen meduym 6e3 cepym, S — Kiemouen

MeOuym co cepym).

On Ca. 23 Moe /1a ce YBUAM MaJOTO 3rojieMyBame Ha CPEAHUOT JUjaMeTap Ha HaHO-
BE3UKYJIUTE Kaj opMmyrnanujata co HajMano koiaudectBo Ha PEG (mpumepox NLb2 co 5 mg
PEG) co mpoomkyBarmbe Ha MEPHOOT Ha HHKyOaIija Bo KieToueH mMeauym co cepym (Cr.
230). JlomomHUTEIHO, MepemaTa Mmokaxaa momanu Be3ukynu Ha NLD2 Bo ropumot oncer Ha
rOJIEMUHH, Kora oBaa (opmyinaiuja Oeme HHKyOMpaHa BO KJIETOYEH MEAMYM CO CEpyM BO
criopen0a Kora ucrara Oerle MHKyOMpaHa BO KJIETOYEH MeAUyM 0e3 cepyM U Toa BO JIBETE
BpPEMEHCKHU TOYKH, oenHo (1 u 4 gaca, coonsetHo) (Ci. 23a, B).

Bo ciyuaj Ha 3rojeMmyBame Ha JMjaMeTapoT Ha BE3MKYJIHWTE Kako pe3ysirTaT Ha
¢dopmupanara I1K, 6u ce ouekyBaso fa ce 3a0enexu OMIITO 3roJeMyBamhe Ha TOJIeMUHATa BO
[IETTMOT OTICET Ha TOJIEMHHA, JI0JIeKa BO TaK BO OBOj CIIy4aj 3roJIEMYBameTO ce 3abenexyBa
caMo BO TOPHHOT OIICET Ha rojieMHHH. Bo oBaa Hacoka, TOOMEHHTE Pe3yiITaTH MOXKE Ja ce
NPUIMUIIAT HA (PAKTOT JIeKa MPOTEUHHUTE O/ CEPYMOT MCTO Taka MOXar Jia T CTa0miIn3upaar

HAHO-BE3UKYIHTE, CIIPEUyBajKH ro MpolecoT Ha HuBHa arperanuja (Kennedy et al., 2018).
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Cn. 24. Komnapamusnu npeeneou na UV cuenarom u Z-cpeonuom oujamemap na NLbO no a)
1 wac unkybayuja 6o kiemouen meduym co u b6e3 cepym ,0) 1 u 4 uaca unxkybayuja 60 Kiemouen
meouym co cepym, 8) 4 uaca unkybayuja 60 kiemouen meouym co u oes cepym, 2) 1 u 4 uaca
unKyoayuja 6o kiemouen meouym 6es cepym. (M — knemouen meouym 6es cepym, S — kiemouen

MeOUymM co cepym).

3HauajHO € Ja ce ucrakHe neka AF4 ananu3ara mokaxka Jieka MPHUMEPOKOT IITO He
coxpxu PEG (NLbO), cninuno kako ¥ mpuMepoKoT co Hajmao konuuectBo Ha PEG (mpumepok
NLb2 co 5 mg PEG), ce kapaktepusmpa co momaia rojeMHHa Ha BE3HKYJIH KOra UCTHOT ©
WHKYOWpaH BO KJIETOYEH MEANYM CO CEepyM, BO cropeada co MHKyOalujaTa BO KJIETOUYEH
MeauyM 0e3 CepyM IIITO HaJBEPOJaTHO € PE3YJITAT Ha CTAOMIM3UPAUYKUOT €(hEeKT Ha MPOTEHHUTE
NPUCYTHH BO cepyMoOT Bp3 HaHO-Besukynute (Cn. 24a, B). Meryroa, uHTEpeceHO € jaa ce
UCTAaKHE JieKa BO TEKOT Ha OBUE CTyauM Oele 3abeiekaHo HEO4YEeKyBAaHO HaMajyBame Ha
ronemMunara Ha Besukynure ox NLbO mo 4 gaca macmpoTtu 1 yac mHKyOaIja BO KJIETOYCH
meanym co cepym (Cir. 2406) mTo Moxe fa ce npumnuiie Ha GakToT aeka Gopmupameto Ha [TK
€ JAMHAMHUYEH IpOIEeC KOj TeHEepaJHO IMOKaXyBa TEHJEHIMja Jla Cc€ pa3BUBa CO TEKOT Ha
BPEMETO M BKJIydyBa MHOTY DPa3JIMYHU JBM)KEUKH CHJIM KOHTPOJMPAHM O] CBOjCTBaTa Ha
HAHOJIMITO30MHUTE, MPOTeHHUTE U caMuoT MeauyM (YU et al., 2022). JloOuenute pe3ynraTu ce
BO MIPUJIOT Ha pe3yaTaTtuTe oj ctyaujata Ha Miclaus et al. (2014), kaze mTo e JoKaxaHo JeKa

,Mekara“ kopoHa ((popMupaHa BO MOYETHUTE BPEMEHCKM TOYKH Ha HMHKYOallMja) COAPKHU




MOBEKE MPOTEHHH O] ,,[IBpcTaTa’ KopoHa (GopMHpaHa BO MOJOIHUTE BPEMEHCKH MHTEPBAIIH,

pe3yNTUPajKU CO MOT0JIEM AMjaMeTap Ha YECTHUKHUTE BO paHUTE MEepUOaIU Ha HHKYyOaIuja.

5.3.8. Ilpomeomcko npoghunupare na amcopoupanu npomeuru Ha nospuiurama Ha NLS
CO NOMOWL HA ABMOMAMUZUPAHA eeKmpogope3a co UCOKA pe3oayyuja
Bo 0BOj craanym o1 ucTpaxkyBamara, Cie/IeH YeKop Oellle KBaTuTaTUBHATA aHAIN3a Ha
aTcopOMpaHUTE CEPYMCKH KOMIIOHEHTH IPUCYTHH BO KJICTOYHUOT MEJMYM Ha IMOBPIIMHATA HA
TpHUTE MPETXOAHO ucnutanu npasuu Gopmynanuu Ha NLS (NLbO, NLbl u NLb2), kako u
npoTeoMcko npoduupame Ha ucture (Ci. 25a u 0).
3a Taa men, npumepornute Ha NLS Oea mHKyOMpaHM BO KJIETOYCH MEIUYyM CO M Oe3
cepyM (Kako KOHTpoJIa) BO TeK Ha 1 u 4 daca. Ox rpadu4KUTe MPUKA3H MOKE JIa ce 3a0eeKu
neka npotenHckara atcoprimja kaj NLb1l u NLb2 (Ci. 25) e uspasena yuire Bo nIpBHOT 4ac
Ha WHKYOAaIMja Ha MPUMEPOITUTE CO KIJIETOUYCH MEJUYM CO CEPYM, PE3YITHPAJKHU CO U3PA3CHU
nentu Ha okoiry 60 KDA, kou moTekHyBaat o]1 al0yMHHOT, Haj3acTareH MPOTEHH BO CEPYMOT.
On nmpyra cTpaHa Tak, OBHE JICHTH HE C€ TOJIKy W3pa3eHu Kaj ¢opmynanujata 6e3 PEG,
oarocHo mpumepokoT NLbO. MMajku npeasu 1eka 4yBCTBUTEIIHOCTA HA OMOAHAIN3aTOPOT €
BHCOKA W TIOKPHBA IIMPOK OICEr Ha KOHIEHTpAIMH, JOOMEHWTE pe3yiTaTh 3a OBaa
(dbopmynanyja MOXe J1a ce I0JHKAT Ha MPOOJIEMH €O AeHaTypanrjaTa Ha MPOTEHHNUTE TPUCYTHU
Bo ¢opmupanara [IK win MoxHo (opmupame Ha JTUNO-MPOTEUHCKH KOMIUIEKCH (Tomery
cepymckute nporerHu u NLS). JIononHUTeHO, Kaj TpUTe HOpMYIIaIiii MOXKE J1a ce 3a0erexaT
U ciabu JIEHTH OJ] IPYTH MPOTEHHHU, HO 32 OBOj YEKOp MOTPEOHH ce MOJETAIHU aHAIU3H CO

MaceHa CIIeKTpOMETpHja.
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Cn. 25. Ilpuka3s na nenmu 00 a86mMomMamusupana enrekmpoghopesa co 8ucoka pe3onyyuja Ha a)
NLb1 u NLb2 (o3nauenu xako 1 u 2) no unxkybayuja oo 1 u 4 uaca 6o kiemouen meouym oe3
cepym u Kemouen meouym co cepym, 06) NLb0 (o3naueno kaxo 3) no unkybayuja 00 1 u 4 uaca
80 Kllemouen mMeouym 6e3 cepym u Kiemoden meouym co cepym. (M — knemouen meduym de3

cepym, S — Klemouer MeOuym co cepym,).

5.3.9. HUcnumysarve na sujaburnocm na hCMEC/D3 u SH-SY5Y knemxu

Bo mocnemnute nexaam, pa3NUYHH HCTPAKYBAaYKW TPy HMMAaT IMOKaXaHO JeKa
HAHOJIMIIO30MUTE TPAKTHYHO CE€ CMeTaaT 3a (DapMakKoJIONIKM HEaKTHBHH BE3UKYIIM KOU
MOKa)XyBaaT MUHMMaJIHA TOKCUYHOCT. M MOKpaj HUBHaTa OMOKOMIATHOMIIHOCT U CIIMYHOCTA
CO CTpyKTypaTa Ha KIETOYHAaTa MeMOpaHa, BaXHO € Jia Ce HCTaKHe JleKa HHBHATa
MOTEHIMjaJTHA UTOTOKCHYHOCT € TECHO ITOBp3aHa CO MOJIEJIOT Ha KOPUCTEHATa KJIETOYHA
JMHUja, BPEMETO Ha WM3JI0XKyBamke M KOHILEHEHTpalHjaTa, Kako ¥ (PU3NYKO-XEMHUCKUTE H
MOBPIIMHCKUTE CBOjCTBA HAa BE3WKYJIMTE, BKIy4yBajKd 'O JIMITUIHUOT COCTaB, TOJIEMUHATA,
noBpurHCcKuoT nonHex, [1ET-mnanujara u ap (Inglut et al., 2020; Syama et al., 2022).

Pesynrature mmycrpupann Ha Ci. 26a mOoKaKyBaaT Jieka BHjaOMITHOCTA Ha KIIETKUTE
BO 1iepuoj o1 24 vaca usnecysaiie 90,92+6,43% (NLbO, mpumepok 6e3 PEG), 85,89+4,80%
(NLb1, mpumepok co 50 mg na PEG) u 99,54+7,44-107,41+7,12% (NLb2, nmpumepok co 5 mg
Ha PEG) Bo TecTupaHHOT oricer Ha koHIleHTpanuuu ox 5 10 100 ug/mL. Kora cranysa 300p
3a KJIETOYHaTa JJMHHUja Ha HEBPOHUTE, METa0O0IMYKaTa akTUBHOCT Ha KJeTkuTe Oerre ~ 90% 3a
NLbO u NLbl, nomeka mak kieTouHa BujabUIHOCT >95% Oemie KapakTEpUCTHYHA 3a

OyHapummbaTa TpeTHpPaHU co cuTe KoHueHTpanuu Ha NLb2 (Cu. 260).
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Cn. 26. Knemouna sujaburnocm na a) \CMEC/D3 xknemku, 6) SH-SY5Y knemxu no 24 uaca

UHKYOayuja co pasiudtu KOHYeHmpayuyu Ha no02omeeHume Gopmynayuu.

JobOuennte pe3ynTaTd cyrepupaar JeKka HE IIOCTOM 3aBUCHOCT TOMery
KOHIICHTpAIlMjaTa H/UJIH TUTIOT Ha (hopMyJIalrja ¥ MMTOTOKCHYHOCTA UCTIMTaHa ITPEKY aHaIIN3a
Ha BHWjaOuWiIHOCTa Ha KieTkure. MMeHo, cute Tpu GOpPMyNalMd BO HCIUTYBAHHUTE
KOHIIGHTPALlMHU TOKa)kaa HaMajyBame Ha MeTa0OJMYKaTa aKTUBHOCT Ha KiIeTKuTe 3a <15%,

mTO yKaKyBa Ha Onar edekt Ha NLs Bp3 meTabonudkaTta akTUBHOCT Ha KJIETKUTE O] ABETE

KJICTOYHU JIMHUH.




5.3.10. Ucnumyesarwe na yumomokxcuunocm ua kiemku o0 hCMEC/D3 u SH-SYS5Y
KIemo4Ha JUHUja

Co men nma ce gobujat mojeTaaHu WHGOPMALMU 32 IUTOTOKCHYHUOT MOTCHIIMjall Ha
HAHO-BE3UKYJIUTE W MCTO Taka, Ja Ce OCHIypa Jajlid BPEMETO M KOHLEHTpalujata Ha
M3JI0KEHOCT ce 0e30eHH 3a CIIPOBEAYBamhEe HA EKCIIEPUMEHTHTE Ha KIETOYHO MPE3eMambe U
WHTEepHAIU3aIH]ja, CIICAHUOT YSKOP OJ1 OBa UCTPaKyBambe Oelle eBalyalrja Ha aKTHBHOCTA Ha
ocnoboneHnoT kieroueH LDH Bo MeamyMoT 3a KIETOYHHM KYATYpH BO Hepuoja of 24 daca,
KaKO pe3yJiTaT Ha OLITETYBamETO Ha KJIIETOYHATAa MeMOpaHa.

Ox rpaduykHTe IPUKa3H MOXKE J1a ce 3a0€JIeKH JIeKa KOoTa JIBeTe KICTOUYHH JIMHUU Oea
W3JIOKCHU BO KOHIIGHTpanuu of 5 u 10 pg/mL Ha cuTe TpW mHpa3HU HAHO-POPMYJIAIUH,
HuBoara Ha ocinobomennor LDH (5,654+1,25 - 23,54+3,44 u 4,52+1,13 - 13,33432% 3a
hCMEC/D3 u SH-SYS5Y, cooaBeTHO) ce CHOpPENIMBO HHCKH KaKO W HETPETUPAHUTE
KOHTpOJIHM Tpynu Ha kietku (8,64+1,37 3a hCMEC/D3 u 7,26+3,38% 3a SH-SY5Y,
coonBeTHO) (Cn. 27). OBue pe3ynaTaTu ykakyBaaT Jeka (y3ujaTa M HaBJIETYBambETO Ha
WCIUTYBAaHUTE TPa3HU HAHO-BE3WKYIIM HE BJIHMjaaT BP3 OJAPKYBAmETO HA MHTETPUTETOT HA
kierouHata memoOpana (Mihailova et al., 2021).

On npyra crpaHa mak, MOXeE Ja ce 3a0elie)kH JieKa IOCTOM 3roJIeMyBame Ha
ocnobonennor LDH Bo nBere KIETOYHM JIMHUM, 3aBUCHO OJ KOHIIEHTpalMjata Ha
npumeponure. OBa 3rojeMyBambe € 0COOEHO 3a0eNeXIMBO MO TPETHPAE HA KIETKUTE CO
HajBucokuTe KoHleHTpauu (100 pg/mL) Ha muno3omckute Be3ukynu. [1a taka, h(CMEC/D3
nmokaka 28,36+4,15; 8,56+2,85 u 26,04+4,34% (Cn. 27a), nomeka mak SH-SHYSY ce
Kapakrepusupaiie co 23,55+3,55; 9,56+1,95 u 19,56% toxcuunoct (Cn. 276) o 24-yacoBHa
mnoxeHoct Ha 100 pug/mL NLb0O, NLbl u NLb2, coonetHo. [JonomHuTEIHO, MOXE Ja CE
3a0enexu Jeka W Ha jABeTe kieTouHu JduHUH, NLS co Hajronmemo konmuyectBo Ha PEG Ha
HuBHaTta noBpumHa (mpumepok NLb1) mokaxkyBaar HajManl HUTOTOKCHYEH MOTEHIIU]jal,
npocieaeHo co NLb2 u nellEl-unupanata gopmynamnuja (NLb0). OBa e Bo coriacHocT co
TuTepaTypHUTe mojatonu ko cyrepupaat geka PEG 2000 Bo ojpeneHM KOHIICHTpAIUUA €
crocoOeH 3a Qy3uja co OApeJeHH TUIIOBH Ha KJICTKH IN VItr0 U y4ecTByBa BO MPOIECUTE Ha
CTHOjyBalk€ Ha MEeMOpaHHWTe TOMely COCEIHHTE HEeBpOHH M akcoHH. JomomuutenHno, PEG
y4eCTBYBa BO 3a3[paBYBAETO HA OINTETCHUTE HEBPOHCKHM MEMOpPaHM W HHUBHOTO
(GYHKIIMOHATTHO OOHOBYBAME MPEKY MOJ00pYBamke Ha HUBHATA IPOITYCTIUBOCT M CTA0OMITHOCT.
MonekynapHuTe MEXaHW3MH Ha OBHE JI€JCTBa CE YINTE C€ HEjaCHHW, HO CE€ BepyBa JeKa

cunyupure Ha PEG ummaar teHieHuuja a Ty JeXuApupaaT MeMOpaHHMTE, CO IITO UM




OBO3MOXKYBaaT HAa HHUBHHUTE CTPYKTYpHM KOMIIOHEHTH Ja c€ MOoApedaT W IpeypenaTr BO

JaMmesapHa KoHpuUrypaiuja mpocieaena co pexuaparanuja (Kouhzaei et al., 2012; Shi, 2013).
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Cn. 27. Knemouna yumomoxcuunocm a) \CMEC/D3 knemxku, b) SH-SYSY xaemxu no 24 uaca

UHKyOayuja co pasiudnu KOHYeHmpayuy Ha no02omeeHume Gopmyrayuu.

On npyra crpaHa Iak, 3a BpeMe Ha ekcrnepuMeHtuTe co MTS, HajBucOkHTE
KoHIleHTpanuu Ha NLs He mokakaa 3HauaeH e()eKT Bp3 BUjaOMIIHOCTA Ha KJIETKUTE, CIIPOTUBHO
Ha LDH rtecrot. JloOnennTe pe3yaTatu MOXe J1a ce IpUnuiaT Ha GakToT JeKa ABaTa TeCTa
naBaaT MHM)OPMAIIMH 33 PA3IMYHU MEXaHU3MH Ha KJIETOYHA CMPT U IJIaBHO C€ HACOYCHH CaMO
KOH OJIpeJCHM KJIETOYHH KOMITAPTMEHTH, OJHOCHO JIM3030MHTE, MeMOpaHaTa, jaapoTo,

quToIriasmMara, MUTOXOHAPHUUTEC HTH. 3aToa, MCpCHkhaTa O OBUC aHAIM3U CC PE3YJITAT HaA




KOMIUIEKCEH MpOLEeC 3aBUCEH OJl MHOTY (aKTOpu/eKCIIepUMEHTAHU YCIOBU, U 3aToa,
ONTUMHU3AlMjaTa Ha OBHUE €KCIIEPUMEHTH, KaKO U PAIMOHAIHOTO TOJKYBamkE€ Ha JOOUEHUTE

MOJIATOIM UTPa KJIyuHa yJIora BO IPEBEHIIH]a Ha IOHeCyBame nmorpemnu 3axmyydornu. (Istifli et
al., 2019).

5.3.11. Keanmumamuenu cmyouu Ha kiemouno npesemarve Ha NLS 00 cmpana mna
hCMEC/D3 u SH-SY5Y xremounume nunuu na 37 °C

Kako mTo 6emie qucKkyTrupaHo BO HEKOJIKY HaBpaTH JOCera, eIeH O] IPeayCIOBUTE 3a
MOCTUTHYBalkhb¢ HA TEPANeBTCKH e(EeKT BO MO30KOT € YCIHCIIHHOT TPAaHCIOPT Ha
HaHosmmno3omutre HU3 KMDB, kako W HHMBHaTa WHTEpHalIHM3alMja BO HeBpoHUTe. Bo oBaa
HAcoKa, MO OJpEeAyBambeTo Ha 0e30€THOCHHOT KOHIIEHTPALMCKH OICET Ha JIMITO30MCKUTE
HAHO-HOCAYW, BO HapeaHarta (as3a o] MCIUTyBamaTa Oea CIpoBeAeHHU IN VIro cTyauu Ha
KJIETOYHO IIpe3eMarke Ha MPa3HU HAHOJIMIIO30MCKH BE3UKYIH O] CTpaHa Ha kieTkure Ha KMb
(hCMEC/D3) u yoBeukute HeypoOiactoma kietku SH-SYSY). JlonomHutenHo, co e aa ce
no0ue TojacHa CIIMKA 3a BIUjaHUETO HA (PU3MOJIOMIKUTE KApPAKTEPUCTUKH HA KICTKUTE U
dbopmynanuckute GakTopud Ha UcnuTyBaHuTe mpumepor Ha NLS (co moceOeH akIeHT Ha
PEG) Geriie HarpaBeHa ¥ KOMIIApaTHBHA aHAJIN3a Ha JOOUCHUTE PE3YJITATH OJ1 IBETE KICTOUHH
JTUHUH.

Pesyntature on kouentparucko (5, 10 u 100 pug/mL) u Bpemencko (1, 2 u 4 yaca)
3aBHCHHUTE €KCIIEPUMEHTH Ha KBAHTUTATHBHO KJIETOYHO MpE3eMamke Ha MPa3HUTE MPUMEPOIU
Ha NLs (NLbO, NLb1 u NLb2) ox ctpana na xierounute muauun (h\CMEC/D3 u SH-SY5Y,
COO0JIBETHO) ce mpeTcTaBeHu Bo Tabema 13.

Kako mro Moxe ma ce 3a0enexu, IOCTOM MOCTETNIEHO 3roJeMyBambe Ha KIETOYHOTO
HaBJIETyBab€ Ha CUTE POPMYJIAIIMH CO 3TOJIEMYBalb¢ Ha HUBHATA KOHIIEHTpaluja (MCIUTyBaHa
BO CHTE BPEMEHCKH TOYKH) U TOA BO JBETE KJIETOYHH JIMHUHU. JJOOMEHUTE pe3yaTaTH ce coceMa
JIOTUYHU, OMJIEJKU CE OYEKYBa MOT0JIEMO KOJIMYECTBO HAHO-BE3UKYJIHU Ja C€ UHTEPHAIU3UPaaT
KOTa KJIETKHTE Ce TPETUPAAT CO HUBHO MOTOJIEMO KOJIM4ecTBO. CIIMYHO, paCTEUYKHOT TPEH/I BO
KJIETOYHOTO TIpe3eMarmhe MOXKE Jla C€ BUAM CO MPOJOIKYBakbe Ha BPEMEHCKUTE HHTEPBAIU Ha
WHKY0allMja, CO HMCKIYYOK Ha EKCIIEpUMEHTHTE Kaje IITO KIETKHTEe Oea TpEeTHpaHU CO
koHneHTpanuja ox 100 pg/mL ox Tpure dopmymanuu. MiMeHo, ipu OBaa KOHIIEHTpAIIH]a,
HaBJICTYBAabETO HA HAHO-CHCTEMHTE Oelie OKOJdy 3 |ig BO CHTE BPEMEHCKH TOYKH Ha

unkyOamuja 3a hCMEC/D3, nomeka mak 3a SH-SYSY Bapupame ox 3,665+0,096 no




4,138+0,186 g (NLbO), ox 3,280£0,211 no 3,594+0,072 pg (NLb1) 1 ox 3,573+0,250 si0

3,809+0,112 (NLb2) mo 1 u 4 yaca Bpeme Ha MHKYyOaI#ja, COOABETHO.

Tabena 13. Knemouno npezemarve na NLS 00 cmpana na hCMEC/D3 u SH-SY5Y

hCMEC/D3 knerouna sinHuja

SH-SY5Y xknerouna nuHuja

1 gac 2 yaca 4 yaca 1 gac 2 yaca 4 yaca
Kot Ha HarHONMITO30MCKA uciep3nja - 5 pg/mL
NLbO 0.089+0.034 0.167+0.004 0.537+0.086 0.185+0.034 0.276+0.013 0.308+0.017
NLb1 0.221+0.025 0.376+0.033 0.549+0.045 0.182+0.019 0.238+0.005 0.243%0.002
NLb2 0.198+0.020 0.233+0.047  0.294+0.035 0.183+0.022 0.201+0.011 0.205+0.008
Konu. na Hanonunoszomcka aucnepsuja - 10 pg/mL
NLbO 0.355+0.007 0.587+0.035 1.072+0.121 0.612+0.109 0.738+0.041 0.852+0.036
NLb1 0.461+0.048 0.636+0.012 1.118+0.018 0.611+0.057 0.663+0.029 0.744+0.018
NLb2 0.510+0.019 0.562+0.013 0.702+0.121 0.510+0.014 0.664+0.076 0.716%0.042
Konrr. Ha HaHONMIIO30MCKa qucnepsuja - 100 pg/mL
NLbO 3.203+0.128 3.378+0.026  3.249+0.055 3.665+0.096  3.845+0.104 4.138+0.186
NLb1 2.919+0.013 3.022+0.065 3.057+0.033 3.280+0.211 3.271+0.115 3.594+0.072
NLb2 2.982+0.066 3.031+0.018 3.082+0.053 3.573+0.250 3.576+0.101 3.809+0.112

Jlo6po e 1o3HaTo JIeKa MHTepHAIN3allijaTa Ha HAHOJIMIIO30MUTE BO KJIIETKUTE MOXKE J1a
ce OJBMBa IPEKYy HEKOJKY EHEpreTCKM 3aBHCHU EHJOLUMTO3HU MaTeku (¢arouurosa,
SHJIOIIUTO3a MOCPEAyBaHa O/ KJIAaTPUH, €HJOIUTO3a IOCPEayBaHa O/l KaBEOJINH, CHOINTO3a
HE3aBUCHA O] KJIATPUH/KaBEOJN ¥ MHUKPOITMHOIIMTO3a), KAKO U MPEKY IMAaCHBEH TPAHCIIOPT WIIH
nudysuja, TUPEKTeH TPAHCHOPT HU3 MeMOpaHckuTe (ochomunuau (eqHoctaBHa 1udysuja)
WM BO KOMOMHaIKja co MeMOpaHcku npoteuHu (onecHara nugysuja) (Behzadi et al., 2018;
Sabourian et al., 2020).

Hocera e 1o06po enabopupaHo JeKa €HJOIUTO3aTa € MPOIEeC ITO 3al0YHYBa MPEKY
aTxe3Wja Ha HAHO-HOCAuWTe Ha KJIEeTOYHaTa MeMOpaHa, Mpocie/leHa CO eJacTUYHa
nedopmarja Ha KieToyHaTa MeMmMOpaHa M penenTopcka audy3Huja Ha MOBpIIMHATA Ha
MeMmOpaHarta, pOIECH 3aBUCHU O] (PU3MUKO-XEMHUCKUTE CBOjCTBA HA HAHO-CUCTEMUTE, KaKO H
OJIpe/ICHH EKCIIEPUMEHTAITHH YCI0BHU (KOHIICHTpAIMjaTa Ha UCIIUTyBaHUTe pumepory Ha NLS
M BpeMeTo Ha ekcro3unmja) (Sabourian et al., 2020). Bo HammTe ncTpakyBama, Ipe3eMameTo
Ha NLs npu koHuentpauuja ox 100 pg/mL Bo nBeTe KIETOUYHU JMHUU CO TEKOT Ha BPEMETO
MOKaXka MHOTY MaJl IOpacT, cyrepupajku Ha (akToT aeka ymre Bo npBuoT yac, hCMEC/D3 u
SH-SYS5Y Beke ro gocTurHaiie CBOjoT MaKCUMaJIeH SHIOIUTEH MOTEHIIH]jal, IIITO BEPOjaTHO €
pe3yaTarT Ha 3aCUTEHOCTAa Ha MEXaHM3MMTE 32 HaBJIETYBam€ IITO MOHATaMy JOBEayBa JI0

orpannueHa uatepHanuzanyja (Khetan et al., 2019; Loureiro et al., 2015; Vranic et al., 2013).



JIONOJTHUTEIHO, OBHME PE3yATaTH MOXE Ja Ce J0JDKaT Ha IOCTHrHyBame Ha Steady state
cocrojba, Kaje MTO I'PaJUeHTOT Ha KOHIeHTpanuja Ha NLS Hu3 KiIeTouyHHUTe MeMOpaHU €
HHU30K CO IITO ce 3abaByBa mpoiiecoT Ha nacuseH TpancnopT (Di and Kerns, 2016). Ox apyra
CTpaHa, MPONOPIHOHATHUOT PACT Ha KIETOUYHOTO MPE3eMarbe CO MPOI0JDKYBABE HA BPEMETO
Ha WHKyOauuja npu KoHueHTpauuud on 5 u 10 pg/mL ro morBpayBa OTCYCTBOTO Ha
3acUTyBameTO Ha oBHe Tpancnoptau nporecu (Derakhshandeh et al., 2011).

Co 1en a ce yTBpIM BIMjaHUETO HA MOKHUTE HE3aBUCHH (PaKTOPH (€KCIIEPUMEHTATHH
yCIIOBU, TUN Ha (opmynamnuja, oqHOCHO KonmuecTBoTo Ha PEG) Bp3 KBaHTUTATUBHOTO
npe3eMamke Ha HAHO-BE3UKYJIHTE BO HABEJICHUTE KIETOYHU JIMHHUM, H3BpIICHa Oele
CTaTUCTHUYKA aHAIIK3a.

CratucTrykara Kopenanyja JoOMeHa oJ] CKeTep IUNIOTOBUTE Ha WHUIHM]aTHHOT MOJIEIN
CO CHUTE BPEIHOCTH (HOpMAaJIM3MpaHO Mpe3eMame M3pa3eHo Bo %) He Oeimie cO JTOBOJIHA
MOKHOCT W TMPEIBUAJIUBOCT, HO Oeimie 3a0elexaHo JeKa TUIOT Ha KJIETKH BIMjae Bp3
pe3ynTaTuTe Ha MOeIMHEYHUTE TOUKH, TOPAAH IITO Oelle oTy4eHOo Jia ce HalpaBH JIMHEapHa
nuckpuMuHanTHa anainmu3a (PLS — DA).

3aroa, 3a KHHETUYKUTE €KCIIEPUMEHTH Ha MHTEPHAIN3aNHMja, 0ea W3BEeIeHH MMOCEOHH
CTAaTHUCTUYKHA MOJIETTH 32 CeKOja KJIETOYHa KynTypa. MoAenoTr 3a MHTepHalIM3aluja BO
hCMEC/D3, ucro Taka, mOTBpAM JeKa KOHIICHTpalfjaTa Ha MPUMEPOKOT M BpPEMETO Ha
€KCIIO3UIMja ce TIOMUHAHTHU (aKTOPU KOU T yClIOBYBaaT npoueHToT Ha npe3emenu NLs (Ca.
28). Cornmacuo VIP rpadukor, Tumor Ha (opmynamujara, T.e. KoindectBoro Ha PEG Ha
nospumHara Ha NLS, ucto taka uMa 3HavyaeH eekt Bp3 HUBHOTO mpe3emambe (Ci. 281).

Mogenot Ha KHHETHYKH ekcriepuMeHTH 32 SH-SYSY nokaska clIMyHM KapaKTepUCTHKH
KaKO ¥ MIPETXOHUOT MOJIEIN, KaJIe I TO IIOBTOPHO KOHIIEHTpPAIMjaTa U BPEMETO Ha H3JI0KYBambe
Oca nOMUHAHTHU (aKTOpW KOW BiIMjaaT Ha uWHTepHanm3anujata Ha NLS, momexka mak

konnunHata Ha PEG Ha moBpIiMHaTa ©Malie momMaio, Ho TUCTUHKTHBHO Biujanue (Ci. 29).
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Cn. 28. @) Ckemep niom 0boen no konyenmpayuja na npumepox, 6) Cxkemep niom 0boen no

speme na unxybayuja, 8) Ckemep niom oboen no mun na gopmyrayuja u 2) VIP score za

OUCKpUMUMUBHA aHANU3a Ha @akmopume Kou enujaam 6p3 npezemarvemo na NLS 6o

hCMEC/D3.
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Cn. 29. a) Cxemep niom 0boen no konyenmpayuja na npumepox, 6) Cxkemep niom 0boen no

epeme Ha unkybayuja, 8) Cxemep niom oboen no mun na gopmyrayuja u 2) VIP score za

OUCKPUMUMUBHA AHAU3A HA (hakmopume Kou énujaam ep3 npezemarbemo Ha NLS 6o SH-SY5Y.

Kako mTo moske ia ce 3a0enexu o Tabena 13, mpe3eMameTo Ha HAHO-BE3UKYIUTE O

hCMEC/D3 o 4 yaca naky0anuja € HajBUCOKO 3a (hopMysaujaTa co HajroJIeMO KOJIHIECTBO

Ha PEG na mnoBpmmnara — 50 mg

(NLb1) (0,549+0,045 pg u 1,118+0,018 pg, 3a

koHIeHTpanuu ox 5 u 10 pg/mL, cooaseTHO), mpocnenaeHo co Gopmynamnujata 6e3 PEG Ha

noBpmuHaTa - NLbO (0,537+0,086 u 1,072+0,121 pg, npu xornenTpamuu ox S u 10 pg/mL,




coonBeTHO). Hajmanm mpomenT Ha wWHTepHanu3anuja Oemre 3abene:kan kaj NLb2,
dbopmynammjara co 5 mg PEG na moBpmmnHata (0,294+0,035 u 0,702+0,121 pg, npwu
KoHIeHTpanuu o S u 10 ug/mL, cooaseTHO).

Bpojuu uctpaxxyBama uMmaar MOTBpACHO neka ¢opmupamero Ha [IK uM maBa HOB
ononomku uaeHTuteT Ha NLS mTo MOXe 3HAUMTETHO Ja BIHMjae U Ja TO JUKTHPA HUBHOTO
IPENo3HaBake U MHTEPHAIN3AIH]a BO KJIETKUTE, KAKO M HUBHUOT HHTPALETyJIapeH TPAaHCIOPT
(Ezzat et al., 2022). AtcopOupaHuTe NMPOTEHHH MOXE Ja ja HamajgaT aTXe3ujaTta Ha HaHO-
HOCAYMTE Ha KJIETOYHAaTa MeMOpaHa WM Ja ja HapyllaT Hej3uHaTa CTaOWIIHOCT, INTO
pe3ynTupa Cco HaMaJleHO KJIETOYHO HaBJeryBame. JlOMOMHHUTENHO, IMOKaXAaHO € JeKa
¢dopmupanara [1K u HEj3MHHOT MPOTEHMHCKU COCTAB BIMjaaT HA TapreTHPameTo, Kako W Ha
MHTEPAKIMUTE HAHOJIMIIO30M-KJIETKA M MEXaHW3MHUTE Ha WHTEpHAJIM3allfja, BO CMHCJIA Ha
aKTUBUpAmkEe WIM OJOKMpame Ha OJpENeHH TPAHCIOPTHU martuinTa. lloHaramy, HaHO-
BE3UKYJIMTE MOXAT J]a MPEIN3BUKAAT CTPYKTYPHHU IPOMEHH BO aTCOPOMPAHUTE IIPOTEHHU, KOU
MaK 3a BO3BPAT Mrpaar 3Ha4yajHa yjora BO TPaHCAYKIMjaTa Ha KJIeTOUHUOT curHai (Aliyandi
et al., 2021; Xu et al., 2022; Yan et al., 2013). Baujanuero na [IK Bp3 uHTEepakiuure Ha
HAHOJIMTIO30MHTE CO KIIETKUTE € Pa3HOBHUJIHO, OMICjKU OBOj ()EHOMEH HE 3aBHUCH CaMO O]
CBOjCTBaTa Ha BE3UKYJHUTE (COCTABHH KOMIIOHCHTH, TOJICMUHA, OOJIHK, TTOJHEXK, TOBPIINHCKA
(bYHKIIMOHATHY TPYIH, XUAPO(HOOHOCT) M KICTOUHUTE KOMIIOHEHTH, TYKY U OJ IpUpoiaTa Ha
OMOJIONIKKMTE TEYHOCTH, T.€. MEIMYMOT 3a KiieTouHa Kynrtypa (Patrikel et al., 2019).

HimeHo, BO HAIIMTE UCTPAKyBamkha, MEAUYMOT IITO C€ KOPUCTEIIE 32 eKCTIEPUMEHTHUTE
3a kBaHTHTaTUBHO npe3eMarbe Ha NLS om hCMEC/D3 knerkute Oeliie AOMOIHET CO CEPYM,
KaKo U co (pakTopu Ha pacT, 6o u anTuOnoTUIM. Bo mperxoanute (ha3u Ha OBa HCTpaKyBambe
Oelre JOKa)KaHO JieKa BO TEKOT Ha 24 yaca BpeMe Ha MHKyOallMja BO MEIUYM 3a KIETOYHU
kyntypH, popmynarujara NLb1 (50 mg PEG) pesynarupaiie co mano HamanyBame Ha ZP u
0e3 3Ha4ajHu IPOMEHHU BO IPOCEYHHOT Z-ujamMeTap BO criopeida co HaTUBHATa (hopMynanmja,
mro Oemie oyekyBaHO co orieq Ha Toa wmrto IIEI-unanujata e enHa oJ HajmoO3HATUTE U
HAjKOPUCTEHUTE CTPATETHH 3a CIIPeUyBamkhe U HaMalyBamke Ha ()EHOMEHOT Ha (popMupame Ha
[IK. JlobueHuTe pe3yaTaTd MMIUIMIMpAAT Ha CTAOMIIHOCTa U MHHHMMAJHOTO BIMjaHUE Ha
aTcopOMpaHUTe IPOTEHHU Bp3 CBojcTBaTa U neppopmancute Ha NLS Bo oBaa popmynanuja
(Shalabalija et al., 2021), kou ce MOBOJIHY 3a €PUKACCH TPAHCTIOPT U MPE3EMambE 0] KIICTKUTE.
OcBeH 0Ba, HajBUCOKOTO Tpe3eMarbe Ha oBaa ¢popmynanuja 01 hCMEC/D3 kineTkute Moxe 1a
ce MpuIuIle U Ha HeroBuoT ZP koj e momaliky HeratuseH (-15 mV), Bo criopenba co apyrute
nBe ucnutyBanu Gpopmysanuu 6e3 u co 5 mg va PEG (NLbO u NLb2, cooasetno), Ounejku

IOMAJIKY HCTATHUBHUTC WM MO3UTHBHO HACICKTPUSUPAHUTC HAHO-HOCAYU CC€ OYCKYBa




noedrKacHo J1a cTanaT BO MHTEPAKIIHja CO CTPYKTYPUTE Ha KPBHO-MO30YHUTE KIETKH KOH CE
KapakTepu3upaaT co HeratuBeH noyHexk (Neves et al., 2015).

On ngpyra crTpaHa, HEKOJIKY HCTpaxyBama CBeJo4yaT JeKa TyCTHHAaTa H
koHpopmanujata Ha PEG Ha moBpiminHaTa Ha HAHO-CHCTEMHUTE UTpaar KiIy4Ha yjora u ja
nonoOpyBaar audysujata W TPAHCIOPTOT HA pA3JIMYHU TUIIOBH HAHOYECTUYKH HU3
ennoreaaure Oapuepu, ocooeHo KMB, u ciencrBeno pesyarupaar co nmoepukacHa MO309YHA
muctpuoynuja. Mmajku npeasun Bo cocraBot Ha NLb1 xonmuectBoro Ha PEG e Bucoko (50
mQ), rycTHHaTa Ha CHHUMPUTE HAa TOBPLIMHATA HA HAHOJMIIO30MUTE OUYCKYBaHO € Ja Ouje
IoroJjieMa | Jia ce KapakTepusupa co KoHdopmaigja Ha ,,rycra yetka®™ (McCright et al., 2020).

Bo crynmjata Ha Nance et al. (2012 e mokakaHO JeKa HAaHOYECTHMUKHUTE KOU Ce
Kapaktepu3upaar co nospmuHcku PEG cioj co koH(opMmaIuja Ha ,,rycTa 4eTKa™ MoXxaT Jia
HaBne3ar B0 KMb u noepukacHo na ce akymyiaupaar BO MO30YHHOT IAapeHXHM €X VIVO,
OTKOJIKY oHUe kou He conpkar PEG. [Ipyra mpuumHa 3a HajyCIENIHOTO HaBIIETYBambe Ha
dopmynanujata NLbl mMoxe na ce npunuiie Ha xuapodmiHata npupoja Ha PEG cunympure
3a KOW € JIOKaKaHO JIeKa JIejCTByBaaT Kako CyICTpaTu 3a P-gp edumykc Tpancnoprepure
(Fernandes et al., 2018; Hoosain et al., 2015; Nguyen et al., 2021) kou ce TPUIHYHO
excnpecupany Bo hCMEC/D3 kierounara nunuja. McTo Taka, BaXKHO € J1a ce CIIOMEHE JieKa U
nokpaj gaxrot mro PEG mMoxe na nejcTByBa kako MHXMOUTOp Ha P-gp, ce ymire He € jacHO
nanu oBaa GyHKIIMja C€ IOJDKM Ha HEropara crmocoOHoCT n1a ja uaxudupa ATP-azara win mak
OBaa yJora ja ocTBapyBa INpeKy HHIMPEKTEH MEXaHHW3aM KOj BKIydyBa HapylIyBama Ha
CTPYKTYpHTE OJl KJIETOUYHaTa MeMOpaHa BO perHoHHUTe BO kou ce Haora P -gp (Wang et al.,
2020).

On Tabena 13 moxe ma ce 3abenexu neka 1o l-yacoBHa mHKyOaImja, KOJINIECTBOTO
Ha KJIETOYHOTO mpe3eMambe Ha HelIEl-unupannot npumepox (NLbO) e momaso Bo criopenda
co npumepokotr NLb2 (5 mg PEG), npu konuentpauuu ox 5 u 10 pg/mL. Ho, cnporusen
cilyyaj e 3a0enexaH BO TEKOT Ha 4-yacoBHaTa MHKyOalMja KajJe IITO KBAaHTUTAaTHUBHOTO
KJIETOYHO HaBleryBamkbe Ha NLbO Gemre mpubmmkao 1,5 maTe MOBHCOKO OTKOJIKY Kaj PEG-
obnoxxenata popmynaruja (NLb2).

I'maBHaTa mpUYMHA 32 BAKBOTO OJHECYBamb€ MOXKE J1a OuJie (akTOT IITO BO HAIIUTE
MPETXOIHU CTYUH 3a CTaOMITHOCT cripoBeieHH co AF-4 ananu3a, ce mokaxa Jieka CepyMCKHUTe
MPOTEHHU TPUCYTHH BO MEIWYMOT 3a KJIETOYHHU KYJITYpH HajBEpPOjaTHO TO CTAaOWMIM3UpaaT
npumepokoT NLDO m Toa om acmekT Ha chpedyBalmbe Ha MPOIECOT Ha arperaiuja.
JononuurenHo, 3a pasnuka on NLb2, kaj oBaa Qopmynamnuja umaimie HamalyBame Ha

MIPOCEYHHUOT JIUjaMeTap BO TEKOT Ha BPEMETO Ha MHKyOalMja, ITO BEpOjaTHO € pe3yaTar Ha
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JTUHAMAYHUOT Tporiec Ha popmupame Ha [IK. OBue pe3ynratu ce BoO HacoKa Ha TBPJCHETO 3a
oOpaTHaTta 3aBHCHOCT IOMeEry TrOJIEMHHAaTa Ha YECTHYKUTE W JIMIIO30MCKAaTa aTxe3wja U
HaBneryBame B0 hCMEC/D3, kako u mpoOMEHHTE BO WHTEpHAIU3allMjaTa MPOMOBUPAHA O
aTcopOUpaHUTE CepyMCKH MPOTEMHU Ha noBpimnHaTa Ha NLs (Mazumdar et al., 2021).

On npyra crpana, u nmokpaj ManuoT ynen Ha PEG Ha moBpmimHaTta HagopMysanujaTa
NLb2 (5 mg), ucrara mokaxa 3acCHTEHO HaBJEryBambe BO TEKOT Ha pBHOT vac (0,198+0,020 u
0,510+0,019 pg, npu xonmentparmu ox 5 u 10 ug/mL, cooaBeTHo), co orien Ha TOa IITO
pacToT Ha KOJUYECTBOTO HAa MHTEPHAIM3MPAHU BE3HKYJIH BO TMOAOIHEKHUTE BPEMHIbAa Ha
nHkyoarnuja (0,294+0,035 u 0,702+0,121 pg o 4 yaca, npu koHreHTpanuu o S u 10 ug/mL,
COOJIBETHO) IMOKaXka TCHJICHIIMja Ha CTarHalija BO criope0a co Apyrure Ape GopMyaliuH.

OBue pe3yiTaTd [OMOJHUTEIHO TO TIOTBPAYBaaT OTPAHWYCHUOT KalalUTeT Ha
npumepokoT NLD2 na ce akymynupa MHTpalelyJapHO, a HCTO Taka ¢ IoKasaren 3a
HACTaHyBambETO HA PAMHOTEkKa MOMery MPOIIeCUTe Ha eHI0IMTO3a U er3onuto3a (Rabanel et
al., 2020). JIomoJHUTEIHO, TUTEPATYPHHUTE MOJATOLH CYyreprpaar AeKa YeCTUUKUTE 00J0KEHH
co PEG co noBpmmacku monHex noMery -20 u -40 mV Hemaar adpuHUTET Aa ja IpeMUHAT
KMBb HajBepojatHO nopaau HemoBosHaTa ryctuHa Ha PEG oOBuBkarta (Nance et al., 2012).
OBa € BO COMIACHOCT CO HAIUTE PE3yITaTH KajJe WITO MOXE Ja ce 3a0elexu JeKa
XUIPOPUITHOCTA KAKO M TIOBPIIMHCKUOT TOJTHEX MOXKE 3HAYMTEITHO Jla BJIMjaaT Ha HCIIopaKaTa
Ha Ha"Hoaumo3omuTe 10 KMB, a co Toa n BO MO30YHHTE TKHUBA.

Kora cranyBa 300p 3a KJIETOYHOTO Mpe3eMame Ha HaHO-Be3ukymute oa SH-SYSY,
MIOCTOU Pa3IMyueH TPEH/I Ha KBAHTUTATHBHA HHTEPHATU3alMja nomery ¢popmynanuure. FimeHo,
dbopMynaijata Koja ce KapakTepusupa co HajBUCOKO KJIETOYHO HaBIIETyBame Mo 4 yaca e
uellIEl-unupanara popmynaruja - NLbO (0,308+0,017 u 0,852+0,036 ug, mpu KOHIIEHTPAIHH
on 5 u 10 ug/mL, cooaBeTHO), mpocieaeHo co oHaa mro coapxu 50 mg PEG - NLbl
(0,202+0,243 u 0,744+0,018 g, npu xoHueHTtpauuu ox 5 u 10 pg/mL, cooaBeTHO).
Wnentnuno kako 1 B0 hCMEC/D3, 3a ¢popmynamujata NLb2 (5 mg PEG) Gemie 3abenexaHo
JIeKa WMa HAJHUCKO KJeTouyHOo HaBieryBame co 0,205+0,008 u 0,716+£0,042 pg, mpu
KoHIeHTpanuu oa 5 u 10 ug/mL, coonBeTHO.

JlobueHuTe pe3ynraTH ce BO COIVIACHOCT CO MOJATOIUTE O JHUTeparypaTra KOH
cyrepupaart neka HellEl -unupanure TUmo3oMu ce CKJIOHU KOH MOe(HKACHO HABIETYBAE BO
HeypoOactoMa kietkute. OBOj MCXO/T HAjBepOjaTHO ce MoJpku Ha pakToT mto PEG nanmure
T'H TIOTIPEYyBaaT WHTEPAKIIUUTE HA JIMTIO30MHUTE CO PA3IMYHUTE MEMOPAHCKH CTPYKTYpPH Ha

OBOj TUI Ha KIJETKH, U (UHAIHO pe3ynTupa co ciad kieroueH TpancnopT (Hartwig et al.,

2021).




Op nmpyra cTpaHa, HEBPOHUTE C€ KapakTepu3HpaaT cO MeMOpaHM BO YH] COCTaB
XOJIECTEPOJIOT € 3aCTaleH BO BUCOK MPOLIEHT M UCTHOT Urpa KIyyHa yJiora BO peryJaiujara Ha
CTpYKTypaTa Ha MeMOpaHaTta, HEj3uHaTa (PIYUAHOCT U MPOITYCTIMBOCT, a UCTO TaKa BIHjae U
Ha TIOBEKE aCHEeKTH OJ] CMHANTUYKHOT mpeHoc (Saher and Simons, 2010). Bo 4oBeukurte
HeypoOnacroma kinetku SH-SYSY, xonecTeposioT mTo NOTEKHYBA O INIHjaTHUTE KIIETKU HE €
3acTarieH, a OTTyKa MOTPEOHO € JOTOIHUTETHO KOJUYECTBO Ha XOJIECTEPOII 3a CE CUMYIHpa
HOpMaJlHa HEBPOHCKA CpeauHa, KaKo U Jla ce MPOMOBHpA MPOLECOT Ha AudepeHurjanuja Ha
KJIETKUTe Ha HeypoOaacroma SH-SYSY kimeTkute Bo HeBpoHCKH THM Ha kietku (Teppola et
al., 2016). /lo aenec, mocrojar Hay4HH CO3HAHHU]ja KOW ro MOTEHIMpaar apuHUTETOT Ha SH-
SY5Y kieTkuTe 3a JMIMO30MH IITO COApKaT xojectepoi. MimeHno, Bo cTyaujata Ha Lee et al.
(2013) Gemre 3abenmexaHo JeKa J0/IaBak-ETO HA XOJIECTEPOJ BO JIMITO30MCKaTa Gopmyramuja
pesyarupa co 11-KpaTHO 3roieMeHO Mpe3eMame Ha OBHE CUCTEMH O] CTPaHa Ha OBaa KJIETOYHA
JTUHUja, IITO UMIUIMIMPA Ha (AKTOT JIeKa COCTAaBOT HA HAHO-BE3UKYJIUTE 3HAUUTEITHO BIIMjae
Bp3 HUBHOTO HAaBJIETYBalkhe BO HEBPOHCKUTE KIETKM W HCTOTO BO 3HAUUTEIHA Mepa €
oI0OPEHO CO JT0JIaBakbE HA XOJIECTEPOII.

Bo oBaa Hacoka, Ouaejku cuTe TpU HAHO-(POPMYIJIALUHU COAPXKAT XOJIECTEPOJ BO
HUBHUOT JHUMHJIEH JABOCJIOj, MOHHUCKHOT MNpOLEHT Ha uHTepHanusupanu [IEI-unupanu
muno3omu (NLbl u NLb2) moxke na O6unme pe3ynraT Ha CTEpHUOT €(PeKT Ha MOBPIIMHCKHUTE
PEG nanmm kom BepojaTHO JelyBaaT Kako Oapwepa W Tro CIIpedyBaaT IPUCTANOT Ha
XOJIECTEPOJIOT 10 KIETOYHUTE CTPYKTypH. MCTO Taka, BaxHO € na ce cnomeHe aeka [1EI-
uianjata MOXe Ja CHOpedyd WIM Hamalld, HO He T'0 HMCKJIy4yBa II€IOCHO Bp3YBamETO Ha
npoTenHuTe Ha nospimHata Ha NLs. Ilpekymepnara I1EI-unamnuja Moxxe 1a npujoHece 3a
noMasKy epuKacHO Bp3yBamke€ Ha MPOTEHMHHUTE KOM OM MMalie MOTeHIHMjaiHa (QyHKIHja Ha
JUTaHAM 3a TPAHCIOPT BO PELENTOp IOCpeAyBaHaTa WHTEpHAIM3alMja, INTO (pUHAITHO
pe3ysTHpa co JeyMHa HHXHOHIIMja U HaMalyBame Ha KIETOYHOTO mpeseMame (Pozzi et al.,
2014). Kako mTo Oele MpeTXOAHO IUCKyTupaHo 3a ekcrepumentute co hCMEC/D3,
CYNEepHOPHOTO HaBJIETyBamke Ha MPUMEPOKOT mTo moBeke coapxu PEG, ognocHo NLbl Bo
ciopeada co NLb2 moxe ma ce qomku Ha momanky HeratuBuuor ZP (-15,77+0,51 u -
37,64+1,42 mV,3a NLbl u NLb2, cooaBeTHO), mojo0peHaTa cTabMIHOCT (Hearperaiyja) Kako
u koH(popmanmjara Ha ,,rycta yetka™ Ha PEG maHnure kaj ucrata, 3a KOU ce MPETIOCTaByBa
JieKa ce KIIy4HH (pakTopH 1ITO ja (haBOpHU3UpaaT KJIeTOYHATa HHTEPHATU3ALI]a.

3eMajkui TO TPEIBU CETO TOPECIIOMEHATO, MOXE Jla Ce CyMHpa JeKa KICTOYHHOT
TPaHCIIOPT ¥ MHTEpHANIM3allMjaTa ce M0l BIMjaHne Ha OpPOjHU CBOjCTBA HA HAHOJIHMIIO30MCKUTE

BE3WKYyNU Kako ITO ce: coctaBoT Ha NLS (ocobeno komuuectBoro Ha PEQG), dusmuko-
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XEeMUCKUTE cBojcTBa Ha NLs, eKkcrnepuMeHTaTHUTE YCIOBH (KOHIICHTpamuja Ha
HAHOJIMITO3MOCKHTE (POPMYJIAIMK M BpEMe Ha HHKYOaIlnja), KaKo U COCTaBOT Ha KJIETOYHUOT
MEIUYM U CTPYKTYPHUTE KAPAKTCPUCTHKM Ha KJIETOYHUTE JMHUM. KOMIUIEKCHaTa Bpcka
nmoMery cuTe HaBeJCHH (PAKTOPH JTOTIOTHUTEIHO IO MPOoIarupa HaCTAaHYBAKETO U Pa3BOjoOT Ha
Ipyrd OWOJIOUIKK TPOIECH, Kako mTo € ¢eHomeHOT Ha [IK, kako W MeXaHHM3MOT 3a
WHTEepHAIIM3aIHja Ha HAHO-CUCTEMUTE.

3aroa, co men Ja Ce HampaBU J€TAJIHA HHTEpHIpEeTalja Ha pe3yATaTHTE Of
KBaHTHTATUBHOTO NpE3eMame BO KIETKUTE M Ja Ce H3BJCUaT pPEJICBAHTHHU 3aKIydOIlH,
noTpeOHO € J1a ce HalpaBaTr JONOJHHUTEIHN CTYIMHU 32 KapaKTepu3alldja Ha MOBpIIMHATA Ha
HaHonumno3omute, koHdopmanujata Ha PEG, cocraBor na [IK u wuHTepakuuuTe Ha

HAHOJIMIIO30M-KJICTOYHA ITOBPIIHXHA.

5.3.12. Ksanmumamuenu cmyouu na npesemarve na NLS 00 cmpana na hCMEC/D3 u SH-
SYSY knemounume nunuu 60 npucycmeo Ha uHXUOUMOPU HA KNemoueH MpaHcnopm
Co men ma ce moOue jacHa CiHMKa 32 TOYHHOT MEXaHHM3aM Ha MHTEpHAIM3alHdja Ha
MOJIrOTBEHUTE MPa3HU HaHO-(OpMyJIalluK, KaKo U Jla ce HallpaBU Kopelaluja co MpeTX0HO
[IPE3CHTUPAHUTE KBAaHTUTATUBHU pE3YyNTaTH 3a HMHTEpHAJIM3allija Ha OBHUE CHCTEMH BO
kietkute Ha 37 °C, Oea CIpOBEACHU EKCIIEPUMEHTH Ha KJIETOYHO Tpe3eMame Ha NLS BO
MIPUCYCTBO Ha MHXUOWTOPH HA CHENM(PUYHHM €HIOIMTO3HH MATHINTA BO KOHIIEHTPAIIMH IITO
Oea HETOKCHYHM 32 KJIeTKuTe. Bo oBaa Hacoka, ekcriepuMeHTHTe Oea 1o/1eIeHu Bo 3 ceTa, Ipu
IITO BO MPBHUOT ceT cekoja of kiaerounute auaun (WCMEC/D3 u SH-SY5Y) Gete nperxoaHo
Tpetupana (30 MUHYTH) CO XJIOPIPOMa3HH, BO BTOPUOT ceT co uHaomeranuH (30 MuHyTH), a
a BO TPETUOT ceT Oea CIIpOBE/IEHN EKCIIEPUMEHTH Ha KJIETOYHO Ipe3emame Ha 4 °C.
dnyopecrieHlIMjaTa Ha KJIETKUTEe MHKyOUpaHu co noarorseHute NLS Bo oTcycTBO Ha
6uso xoj o1 uHxuOuTOpHTE ce cMmeraie 3a 100%, noaeka nak QuyopecreHnmjata 100MeHa no
MHKyOalMjaTa BO MPUCYCTBO Ha MHXUOUTOpH Oellle U3pa3eHa KaKo peNaTHBEH MPOLEHT BO

criopenda co KIeTKuTe 6e3 HHXUOUTOP.
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Cn. 30. @) Cxemep nnom oboen no yciosu na excnepumenm, 6) Cxemep niom 0boeH no
Konyenmpayuja na npumepok, 8) Ckemep niom o6oen no mun na gopmynayuja u 2) VIP ckop

3a OUCKPUMUHAMUBHA AHAIU3A HA (pakmopume Kou enujaam ep3 npezemarbemo Ha NLS 6o

hCMEC/D3.
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XIopripomasuH

Cn. 31. @) Crkemep niom oboen no yciosu na excnepumenm, 6) Ckemep niom 0060eH no

Konyenmpayuja na npumepok, ) Ckemep niom o6oen no mun na gopmynayuja u 2) VIP cxop

30 OUCKPUMUHAMUBHA AHAIU3A HA hakmopume Kou enujaam ép3 npezemarbemo na NLS 6o SH-

SY5Y.




CraTrcTHYKaTa aHaIu3a Ha JoouenuTte pesynrtatu 3a moaeiaot Ha hCMEC/D3 (Ca. 30)
JacHO T'o MOKaXKyBa BJIMjaHUETO Ha KOHLIEHTpAI1jaTa Ha IPUMEPOLUTE U eKCIIEPUMEHTAIHUTE
YCIIOBH BP3 KJIETOYHOTO IMPE3eMarbe, MPH IITO MHXHOUTOPHUTE HA €HIOLMTO3a NMaaT 3Ha4acH
edeKT, JoJeKa MaK TeMIepaTrypaTa Ha OJIBUBAIE HAa EKCIEPUMEHTOT (BKYIEH €HEepreTCKU
MeTa0oIM3aM) HE MMOKaka 3HAYUTESIHO BIMjaHHE BP3 BKYIHOTO HABJIETYBam€ BO KIIETKUTE.
Jononuurento, konndectBoto Ha PEG Ha nmoBpimmnara Ha NLS ce mokaxa kako GpakTop IITO
BIIMjac Ha HABIIETYBamETO, IITO UCTO Taka Moxe na ce Bumu Ha VIP rpadukor kxoj nasa
CeBKyIlleH npuka3 Ha edekror Ha He3zaBucHUTe mnpomernuBu (Cn. 30m). Monenor Ha
npeseMame on crpaHa SH-SYSY mokaxka momHakBa CIIMKa 3a BJIMjaHUETO HA HE3aBUCHHTE
npomensuBy (Cn. 31). Cornmacio VIP rpaduxor (Cn. 31x), Moxe aa ce 3aKiiydu Jeka
KOHIICHTpAalljaTa Ha IPUMEPOIINTE U TeMIIepaTypara ce JOMUHAHTHHA (aKTOPH IITO BIIMjaaT
Ha wHTepHamm3amujara Ha NLS. Crnuuno kako um kaj hCMEC/D3, u mnpucycrBoTo u
konnyectoto Ha PEG Bo cocTaBOT Ha moAroTBeHUTE (POPMYJIAIIMM UCTO TaKa MOKa)ka 3HaYaeH
edexT.

On Cn. 32 moxe na ce 3a0enexu aeka no 2 gaca uHkyoanuja Ha 4 °C, 0JJHOCHO TIO
MPEIU3BUKYBAkbEe ONINTAa KIETOYHAa MeTaOoNMYKa WHXHOWIMja, HAaBJIETYBalETO Ha
UCIUTYBaHUTE (hopMyJalMu BO KoHIeHTpauuu of 10 pg/mL Geme namaneno Ha ~70% Bo
JBeTe KJIETOYHU JuHMU. OBHE pe3ynTaTd MOKaxXyBaaT Jeka 3a aen on npesemenute NLs e
HajBEPOjaTHO OITOBOPHA €HEPTeTCKH 3aBHCHATA €HAOINTO3a, T0JIEKa TTaK MPEOCTaHATHOT JIeI
Ha wHTepHaTm3upann NLs BepojaTHO e pesynraT Ha (u3MuUKara arxe3wja WM TTacHBHATA

midysuja (Jiang et al., 2013).
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Cn. 32. Knemouno npezemarse na NLS (10 ug/mL) 6o a) h\CMEC/D3 xnemxu,; 6) SH-SY5Y

kremku no 2 yaca unkyoayuja na 4 °C, co xnopnpomasut u co UHOOMemayuH.

Co men fa ce pa3jacHU TOYHHOT MEXaHM3aM Ha €HJOIMTO3a, KJIETKUTE Oea MoHaTamy
TPETUPAHU CO XJIOPIPOMA3HH 3a KOj € MO3HATO JieKa € UHXUOuTOp Ha ¢yHkuujata Ha AP2,
€/leH 01 KIIyUHUTE aJlanTep NPOTEHHU BO €HI0IMTO3aTa IOCpeyBaHa 0]l KJIATPUH LITO UCTO
Taka 00e30eayBa akyMyJianrja Ha KJIATPUHOT BO JIOIHUTE €H030MH, a CO TOa ja MHXHUOHUpa
eamonuro3ara. Opx rpaduykmoT TpHKa3 MOXe Ja ce 3a0eNexd HaMmallyBamkbe Ha
uHTepHanu3anujara Ha [IEI-unupanure popmynanuu NLb1 u NLb2 (mpumepok co 50 u 5 mg
PEG, coonBetHO) 3a ~25% BO J1BeTe KJIETOYHH JIMHUM BO criopeada co konTposata Ha 37 °C,
IITO YKaKyBa Ha TOa JeKa €HIOIMTO3aTa MOCPeAyBaHa O/ KJIATPUH, €IHO OJ] JOMUHAHTHUTE
nmaTuITa 3a uHTepHam3anuja Ha NLS co mujamerap ~ 120 nm e HajBepojaTHO BKIIYYCHA,
opajIy roJieMrHATa Ha KiIaTpuH obsoskenute jamu (Francia et al., 2019; Jiang et al., 2013; Ou
et al., 2022). JIonOJHUTENIHO, CIPOBEJCHUTE EKCHEPUMEHTH pe3yilTHpaa CO 3HAYUTEITHO
HaMallyBamk€ Ha NPOIEHTOT Ha HamieryBame Ha HEllEI-mmmpannor mpumepok - NLbO Bo
hCMEC/D3 (50,59+2,65%) u Oiaro HamanyBame BO HHTepHaiam3amujata Bo SH-SYLY
kierkure (93,78+458%). OBaa cutyanuja Moxe 1a Ouzie pe3yiirar Ha pa3IndHUTE CTPYKTYPHU
crnieun(UKY, pa3IMYHUTE CBOjCTBA HA KJIETOUHUTE MOBPIIMHY ITOMel'y IBETE KIETOYHHU JIMHUH,
kako u coctaBoT Ha [IK popmupana na mospmuHaTa Ha NLs mo mHKyOaryjara BO MEAUYMOT
3a kaerounu kyarypu (Nie et al., 2012).

JlononmHuTenHO, Tpebda Aa ce 3eMe NMpeABU/ IeKa IpHU 00u/1 3a OJI0KUpame Ha OJpeicH

TPAHCIIOPTCH IAaT, KICTKUTEC Haj‘-IeCTO CC IMpujaroayBaaTr CO aKTUBUPAKEC HA AJITCPHATUBHU




MEXaHU3MH, ¥ pa3BUBaaT JOJAaTHU MEXaHW3MH 3a KOMIICH3aIja Ha OyokupaHara (QpyHKIHja
nmu penentop (Francia et al., 2019). OBa TBpAcHE MOXE TOMOJHUTEIHO Ja TM 00jacHU
XETEPOreHUTE pEe3yNTaTH AOOMEeHU 3a HMHXMOWIMja Ha EHIOLMTO3aTa IOCpeoyBaHa Ol
KaBEOJIMH MOMEry pazauyHUTe (GOPMYJIAlUU BO PA3IMYHUTE KICTOUYHU JTuHUH (49,96+2,95 -
87,10+3,56% u 57,17+1,56 - 92,38+2,65% na npesemenu NLs so hCMEC/D3 u SH-SY5Y,
COOJIBETHO).

[ToBpIIMHCKUTE CBOjCTBA HA HAHO-BE3HUKYJIHTE, Kako 1mTo e [IET -unanujara, ucro taka
MOXeE JIa BIIMjaaT Ha Ipe3eMarmero/aTxes3njaTa co KieTkute ouejku kondopmanujara na PEG
JaHIUTE W UCTO Taka, arperanujarta Ha PEG momumepuTte BO KOHTAaKTHHOT PETMOH HOMery
[MEl-mnmupaHuoT JUIO30M M KIETOYHaTa MeMOpaHa MOXKe Ja TO JUKTHpa IMPOIecOT Ha
MeMOpaHckoTo ooBuTKyBamwe Ha [IEI-unupanute NLS 3a Bpeme Ha enpormro3ara (Chen et
al., 2018). OrTyka, MOXe J1a Ce 3aKIy4d JeKa Pa3JuYHU SHEPreTCKO 3aBUCHU W HE3aBHUCHU
TPAaHCIIOPTHH TAaTEeKd C€ BEPOjaTHO BKIYYEHH BO JUKTHPAHETO HAa TPAHCIOPTOT Ha

HUCIIMYBAHUTC IMIPUMEPOIU HA JIMITIO30MCKH BE3UKYJIN HHU3 KMBb u HCBPOHUTC.

5.3.13. Keanmumamuenu cmyouu Ha kiemouHo npesemarve Ha NLS 00 cmpama mna
kombunupana hCMEC/D3 / SH-SY5Y kaemouna aunuja

o nenec, no6po e yrBpaeHo nexka KMB e cenektuBHA M cliokeHA CTPYKTypa Koja
MPETCTaByBa MOBPIIIMHA ITOMETy IEHTPATHUOT HEPBEH CHCTEM U Nepu(epHaTa IUpKyIIaImja.
Hej3unaure cnenuduimpani MUKPOBACKyIapHHU €HIOTEITHU KJIETKU MOBP3aHU CO KIETKHUTE Ha
0azanHaTa JlaMHHAa W JPYTHTE€ KIETKH Kako INTO C€ TMEPUIUTHTE, aCTPOIUTHHTE,
MUKPOTJIHjTHUTE KIETKH U HEBPOHHUTE (POPMHpAAT LIEIHHA, TI03HATa KaKO HEBPOBACKYIIapHA
nenuHa. OBaa IeJIMHA CIIYXH Kako ¢u3nuka Oapuepa mopaaud MPUCYCTBOTO HAa CIIOKEHUTE
TECHU CIOJKH TIOMely COCEIHUTE EHJOTeNHW KIETKH W TO OrpaHHuyBa M peryiaupa
TPAaHCIOPTOT Ha TMOBEKETO MOJEKYTd M HOCAa4d U BO HCTO BpeMe IO HaMETHYBa
TpPaHCLEIYJapHUOT IaT KaKo ITOBOJIEH 3a HUBHO NOMHUHYBame npeky KMb. Hactiporu Hero,
napareayJapHUOT TPAHCIOPT HU3 TECHUTE CIIOJKH € KapaKTePUCTUYEH 3a TOBEKETO €HI0TEeIHU
kietku (Hourfar et al., 2022; Idris et al., 2018; Mursaleen et al., 2023).

Bo nocnenuure aekanum ce TOOMEHHM pe3yaTaTd O]l MHOTY CTYAMHM BO OJHOC Ha
WHTEepHAM3aIjaTa ¥ MPEe3eMakbeTO Ha HAHO-CUCTEMHUTE OJ1 PAa3JIUYHU THUIIOBH HAa KJICTOYHH
mvanK 32 KMbB u HeBpoHH, noenuHedHo. Bo oBaa Hacoka, BO TEKOT HA HAIIIETO UCTPAKYBAHE
Oea CIIpoBeNIeHU JCTATHU SKCIEPUMEHTH TOJl Pa3IMYHU EKCIIEPUMEHTATHH YCIOBU Ha BEKe

cnomeHatute ae kierounn nuHuu, hCMEC/D3 u SH-SYS5Y, co men ga ce oapenu




KBAaHTUTATUBHOTO Tpe3eMame Ha Au3ajHupanute dopmynanuu Ha NLS ox crpana Ha oBue
KJIETKU U JIONOJHUTEIIHO, J]a C€ MPEIBUIM MEXaHU3MOT Ha HUBHA UHTepHanu3auuja. Cenak, u
MOKpPaj MOTBPACHOTO ycremHo HaBieryBambe Ha NLS Bo SH-SYS5Y neypobnacToma kieTkuTe
IIPU HUBHA JUPEKTHA M3JI0KEHOCT, HE MOXKE CO CUTYPHOCT Jia Ce TOTBPIH Jalli PE3yJITaTHTE
Ou OuJte KOH3UCTEHTHH ¥ 100ueHuTe e)eKTH OM ce perutumupaire in vivo. imeno, criocooHocta
Ha HAHO-BE3UKYJIHTE KAaKO HOCAYM Ha aKTHUBHM KOMIIOHEHTH HAaMEHETH 3a TpPeTMaH Ha
3abonyBamara Ha [{HC e orpannuena mopaau npuMapHUOT MPEean3BHK jaa ce npemune KMb
(Mursaleen et al., 2023). JIlpyr acmekt mro Tpeba aa ce 3eMe mpeasuj € (BakToT Jeka
uHpopManuuTe 3a cyAOMHATa HAa HAHOJUIIO30MUTE BO MEPHUIMTHUTE, ACTPOLUTHUTE WU
HEBPOHUTE 10 npeMuHyBambeTo Ha KMB ce nocta orpannvenu (Perkolab et al., 2020).

[lopanu oBue mpuuuHM, Oea HampaBeHU TpaHCHOPTHU cTynuu Ha HellEl-mnupana
npasHa popmynanuja — NLbO u neere IEI-unupanu npasuu Gpopmysnanuu - NLbl u NLb2
(mpumeponu 1mro coapskat 50 u 5 mg PEG, coomserno) Hu3 in vitro momen na KMB u
KBaHTUTATUBHO OeIlIe OMpeAesHO KOJTMYEeCTBOTO Ha HUBHA MOCTIEI0BATEIHA HHTepHAIH3AIlHja
BO HEeypoOacToMa KJIeTKHTE. 3a Taa 1ell, YOBEYKUTE MO30YHH MUKPOBACKYJIAPHU €HIOTEITHH
kimetkn, hCMEC/D3, Oea 3acameHM © KYJITHBHPAaHU Ha aldKalHaTa CTpaHa Ha
noiynponyctiusure Transwell wunceptH, momeka mnak MonocioeBure Ha SH-SY5Y
HeypoOacToma KileTKUTe Oea KyITUBHpaHU Ha 0a3ajHaTa cTpaHa Ha IIo4H co 12 OyHapuumba.
Otkako hCMEC/D3 nocturaa Bpennoct 3a TEER >50 Q u xonduryentHocta Ha SH-SYS5Y
oeme >85%, nBere KIETOYHM JTUHUM Oea KOMOMHUpaHM M Oea HanpaBeHU CTYAMHMTE Ha
TPaHCHOPT.

PesynraTture 3a KJI€TOYHO Npe3eMame Ha HAHO-BE3UKYJIUTE BO HEBPOHCKHUTE KJIETKH I10
npemunyBameTo Ha KMB in vitro cyrepupaar aeka nelIET-unmupanarta ¢popmynaruja (NLbO)
Oemie WHTEpHAIM3WpaHa BO HajrosieM TmporeHT (27,54+2,93%), mnpocrneneHa co
dopmynarmjara NLb2 (26,46+1,87%, co 5 mg na PEG) u ¢opmynanujata co HajroiemMo
konnyectBo Ha PEG Ha Hej3unaTa moBpmuHa - NLbl (25,1741,74%), mro ummiuunupa Ha
yCHENIeH TPAHCIIOPT Ha OBHE HAaHO-HOCA4YMW NpeKy MoaesoT Ha KMb u HUBHO nocienoBaTesHO
HaBJIeryBame Bo HeBpoHckuTe kieTku (Mursaleen, 2021). VMcro Taka, Oerie 3abenexaHo aexa
TpuTe (OpPMYNALUU CIIEAAT UCT TPEH] HAa KBAaHTHUTATUBHO HamieryBame Bo SH-SYSY Bo
komOuHanuja co hCMEC/D3, canyHO Kako ¥ BO eKCIEPUMEHTUTE Ha ITOeUHEYHATa KIeTOYHA
THU]ja Ha HeypoOmacTtoma kinetkute (33,27+1,95, 25,17+£2,65 u 26,46+1,54% 3a NLb0O, NLb1
u NLb2, coonserno). BakBute pesynarat MoXe Ja ce MpUNUIIAT Ha (PU3NIKO-XEMHCKUTE
CBOJCTBA Ha HaHO-BE3UKYJIUTE, KAaKO U HA (PU3UOJIOUIKUTE (PAaKTOpH IITO BIIMjaaT Bp3 HUBHATA

MHTEepHAIU3aIHja, HO U Ha MOP(OJIOUIKUTE U CTPYKTypHHUTE 0ocobenoctu Ha SH-SYSY.




bunejku ycnexor Ha eKCHepUMEHTUTE KOM C€ M3BEAyBaaT Ha KJIETOYHA KO-KYyJITypa
MIPBEHCTBEHO 3aBUCH OJ1 CJIO’KEHATa UHTEpaKIja momery roiem 6poj hakTopu, pe3ynraTure
JNOOMEHU O]l OBOj THUI Ha €KCIIEpUMEHTH Tpeba Ja MocHyXaT caMoO KaKo IMOYeTHa TOYKa BO
IIPOLIECOT Ha CO3/aBame Ha CEBKYIIHATa ciika. Bo coriacHOCT co jgocranHaTa JIMTEparypa,
[IpY UHTEpIpETallMja Ha OBHE pe3ysTaTu Tpeba Aa ce 3eMe npeaBu U edeKTOT Ha pa3MeHara
Ha MEAUYM NOMery pa3IU4yHUTE KIETOYHU KYJATYpU CO OIJieJ Ha Toa JieKa KJIeTOYHAaTa
KOMYHHKAIlMja c€ OJBUBA MPEKY PacTBOPIMBH (PAKTOPU M EKCTparenyJapHu BE3UKYJIH, T.H.
KJIETOYHH CEKpeTOoMH. Mako HHBHOTO BIMjaHUE CCYHITE HE € MEIOCHO NeUHUPAHO H
pazjacHeTo, KJIETOYHUTE CEKPETOMH MOXKE 3HAUMTENHO J1a TO PEryaupaar OJHECYBambEeTO Ha

KJIETKUTE U JIa TH MEHyBaaT HUBHUTE niepdopmancu u kapakrepuctuku (Vis et al., 2020).

5.3.14. Onpeoenysarwe na 6poj na hCMEC/D3 kremxu co ummepnanusupanu NLS co
nOMOW Ha yopecyenmua MUKpoOCKonuja

Bo Hacoka Ha moTeHnMpame Ha IpuMeHaTa Ha Mukpo-Pamanckara criekTpockomnuja 3a
MOTBp/Ia Ha MHTEPHATM3AIMjaTa Ha HAHO-CUCTEMHTE BO KJIETEKUTE, KAaKO M MPETHOCTUTE KOU
OBaa TEXHHMKA 'l HyJIH BO CIIOpe0a CO MUKPOCKOIICKUTE METOAM IITO HAajyeCTO ce KOPUCTAT
3a HUBHA BH3YeNU3allMja, HajIpBo Oea HAlpaBeH! EKCIIEPUMEHTH 3a KJIETOYHO Ipe3eMamke Ha
enHa u30paHa mpasHa HaHoJumno3oMmcka ¢opmymnanuja - NLb1 ((mpumepok 50 mg PEG) Bo
hCMEC/D3 kneTkute corliacHO METOIOT onuiian oja Mourtas et al. (2014).

Co men nma ce epanyupa uHTepHanu3anujara Ha NLb1l Bo hCMEC/D3 kierkure,
HajIpBO Oellle UMITIEMEHTHPAaHa TEXHUKA Ha (PIIyopeclieHTHA MUKPOCKOIH]ja CO KOPUCTEHE Ha
aBTOMaTu3upaH Opojad Ha (UIYyOpecUEeHTHH KJIETKHM I[OroJeH 3a JeTeKIuja Ha
enudmyopecrennrja Ha nupeenara Oil Red O. Ilo uznoxkeHoct ox 4 yaca, HAaHOJTUIIO30MHUTE
mapkupanu co Oil red O Gea nmerextupanu Bo 95,3+4,2% on u3bpoenurte kietku (n=3).
Enudnyopecuenumjata Ha Oil red O jacHo ce pasnukyBaiie oj mo3aauHara (Ci. 33a u 0).
Knerkure OGea uHTakTHH U He Oeimle 3alenekaHa HUTY KIETOYHA HEKpO3a, HUTY MaK
TOKCHYHOCT CO OTJIEeJ] Ha KPaTKOTO BpeMe Ha WHKyOanwuja. JlomoTHUTEHO, TPUCYCTBOTO Ha
KJICTOYHH arperaTty Bo NpuMeponuTe Oerie MUHUMAIIHO, IITO yKa)ka Ha 3aHEMapJIMBU TPELIKU

BO TEK Ha aBTOMATCKOTO Opoeme Ha kietkute (Ci1. 33B).
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Cn. 33. Dnyopecyenmna MUKpocKonuja Ha Kiemxkume CO UHMEPHATUSUPAHU TUNO30MU
a) ¢nyopecyenmna mukpockonuja ua unmepHanusupanume aunozomu co Oil red O,
0) ceemioCHa MUKPOCKONUjA HA UHMEPHATUIUPAHUME JIUNO30MU, 8) 2pAQUUKU NpuKa3 Ha
npucymuume Kiacmepu (Kiacmepume CKOpo U 0a He ce NPUCYMHU WMO 0803MOHCY8A Opoerbe

na knemxume co unmepnanuzupanu Oil red O mapkupanu runozomu co munumanna epewika).

5.3.15. /lemexyuja na ¢gryopecyenmno mapkupanu u nemapkupanu NLS eo hCMEC/D3
KIeMmOYHama IuHuja co kopucmerse Ha Muxpo-Pamarncka cnekmpockonuja

Bo mocnenHuTe rogMHU, MHUKPOCKOIICKHTE TEXHHUKH ((IyopecleHTHa M KOH(OKaIHa
MHUKPOCKOIIHja) W MPOTOYHATA IIUTOMETPHja CE €IHU OJl HajYeCTO KOPUCTCHHUTE METOIH 32
Olpe/ieyBambe Ha KICTOYHHOT MEXaHM3aM Ha WHTEpHAIM3alMja M WHTpalellylapHaTa
cynbuna Ha Hanomunoszomute (Huth et al., 2006). Cenak, MOXKHUTE POMEHH BO (PU3HUKO-
XEMHUCKHTE U OMOJIOIIKUTE CBOjCTBA MPEAM3BHKAHU 0]1 hIyopeciieHTHaTa 00ja, UCTEKYyBABETO
Ha OojaTa, ciabata cTraOWJIHOCT U Oneaeewmero Ha 0OojaTa WITO JOBEqyBa IyOeme WU
HaMaJTyBame HA WHTCH3UTETOT HA CUTHAJIOT CO TEKOT Ha BPEMETO CE rOJIeMH OTpaHUYyBamba
IITO HE MOJKAT JIECHO J1a ce pemiaT. [lonaramy, OpaHOBHTE TOJDKUHH CO BUCOKA EHEPIHja IITO
ce KOpHCTAaT 3a eKcuuTanuja Ha (uyopodopuTe MOKe Aa T'M OLITETaT KICTKUTE M Ja

mpeaAun3BUKaaT NpOU3BOJACTBO HA PCAKTUBHU KUCJIOPOAHU paJuKaliv, HITO ITIOHATaMy BJII/Ij ac Ha




[IUTOTOKCHYHOCTa ¥ Ha MeMOpaHckara mpomnyciauBocT U uaterputer (Robson et al., 2018).
PazHoBHIHOCTA Ha MPOOIEMHUTE MITO MOTEKHYBaar oJi (yopecieHTHuTe Oou Tpeba na ce
HaJMHHAT CO TEXHHUKH KOWM MOXAaT Ja TH CIOpelaT W pa3lIuKyBaaT HEMapKHUPAHHUTE U
MapKHpaHUTE HAHO-HOCAYH. 3a Taa 11eJ, BO OBa UCTPaXKyBambe Oelle MPUCTANeHO KOH TeXHUKA
KOja IITO TOTCHIIMjATHO K€ T'M HaJMHHE M 3a00MKOJHM CHUTE FOPECIIOMEHATH NPEIU3BUIM H
npo0JemMu.

[Topanu BUCOKaTa pe30iylrja U MPUMEHINBOCTA 32 TAPreTUPAE HA KUBH KIIETKH BO
BOJACH MeIuyM U 3a (QuKcHpaHu npumeponu, KoHpokamHata Mukpo-PamaHcka
CIIEKTPOCKOIHja € €/IHa O] HajuecTO KOPUCTEHUTE TEXHUKHU 3a BU3yeJH3allhja Ha KICTKUTE.
OBaa TeXHHMKa OBO3MOXXYBa HEHMHBAa3MBHO XEMHCKO CIUKAmbE BP3 OCHOBAa Ha BUOPAIIMOHHUTE
CBOjCTBAa Ha (DYHKIIMOHAIHUTE TPYIH BO IPUMEPOKOT M JOMOJHHUTEIHO, HE Oapa MapKupame
Ha npuMeporuTe. JupeKkTHaTa BU3yenu3alrja Ha KOMIOHCHTUTE BO MPUMEPOKOT OOMYHO Ce
W3BE/yBa CO JOOMBaKkE Ha TPOIUMEH3MOHAIHU KOH(POKATHI PaMaHCKH CITMKU U HHTETPUPAHE
HAa WHTCH3UTETOT Ha KAPAKTECPUCTHYHHUTE CIIEKTPAIHH T10jacl U3MEPEHU Ha €JIHa JIOKAIlHja U
Ha HEKOJIKY ciioeBu Ha npumepor (Majzner et al., 2013). Cniekrpute Moke 1a ce 1o0ujar co
(boKycupame Ha JJaCePCKHOT 3paK BO TOYKATa OJ1 MHTEPEC WIIM CO MAlMpambe Ha eKCTIEPUMEHTH
KOM T[OHataMy Ou ce oOpaboTyBajie €O MyJTHBapWjaHTHA aHajdW3a Ha I10JaTOLHU
(xemometpuja). Bo cropenba co eqHoBapujaHTHUTE METOH, Kaje IITO MH(OpMAIMUTE Ce
M3BJIEKYBaaT TNPEKy peJaThBHA criopeada Ha TOMECTYBAHETO Ha CIIEKTPATHUTE JICHTH U
MIPOMEHUTE BO HWHTCH3WTETOT 3a0€Nie)KaHW BO CIEKTPUTE HA IMOSAMHCYHHUTE MPUMEPOIH,
MYJITHBAapHjaTHUTE METOJU CE MOMOKHU WM TOTOYHU OWJICjKU THM U3BEAyBaaT U CIOPEIyBaaT
WHGPOPMAIIMUTE OJ1 CUTE CIIEKTPU JOOMEHHU OJ pa3IMuHU TOYKU HA MCIUTYBAHUOT MPHUMEPOK
(Matthdus et al., 2018).

Bo Owomnomkure KICTKH W JPYTHUTE CIOKEHW TKHBA, HAOJbYIYBAaHUTE CIEKTPHU
MOKa)XyBaaT JICHTH CO Pa3JIM4eH MHTEH3UTET M (JOPMHU KOU MOTCKHYBaaT O]l BUOpAIMUTE Ha
pa3IMYHUTE COCTABHM KOMITOHGHTH: HYKJICHMHCKH KHCEIMHHW, TPOTCUHH, JIUITHIH,
dbochomumuan w jarnexunppatu. Ilopamm Ooratata chekTpajgHa COApP)KWHA, OCBEH
HCTpaXyBamaTa Ha MOJIEKYJIADHHOT COCTAaB M CTPYKTYpa, TEXHUKATa MOXKE Jla C€ UCKOPUCTH
3a CIIe/ICHhE Ha ONTHYKUTE CUTHAJIA KOU MPOU3JIETYBAAaT O/ MHTEPHAIU3UPAHUTE JIUTIO30MH, CO
MPEeIyClIOB KIETOYHOTO Mpe3eMame Aa Ouje Bo BUCOK mpoieHT. Co oriiea Ha HEeIOCTHTOT Ha
MOAATOIM BO BPCKa co ymoTpebara Ha kKoH(pokamHaTa Mukpo-PamaHcka criekTpockomnuja 3a
MpoydyBamke Ha KIETOYHATa WHTEpPHAIM3allMja Ha MapKUpPaHW W HEMapKHpaHU
Hano(papmarnesTrim (Romero et al., 2011), nenra Ha OBUE SKCIIPUMEHTH O€IIIe J1a CE TeCTHPa

1 HarjiaCu HOTeHI_II/IjaHOT Ha TCXHHKaATa 3a eBanyaqua Ha I/IHTCpHaJ'II/BaLII/IjaTa Ha




nemapkupanute [TET-unupanu Hanonunosomu (NLb1), kako u onne mapkupanu co Oil Red
O Bo kieTkuTe Ha KpBHO-Mo304yHaTa Oapuepa (WCMEC/D3).

[Mpumeporure Ha Hemapkupanata (npumepok L) m mapkupanarta (mpumepok OL)
npaszHa HaHoJMIo3oMcka (Gopmynanuja, koutpoaaure hCMEC/D3 knetku (mpumepok C),
kako 1 hCMEC/D3 kierkute uHKyOupanu co Hemapkupanu (npumepok CL) u mapkupanu

Besukyiu (mpumepok COL) ce npukaxanu na Ci. 34.

9
CH,
e
N N’
OH CH,
CH,

Oil Red

Cn. 34. lemamcka npesenmayuja na a) nemapkupanu nanonunozomu (L), 6) mapxupanu
nanonunozomu co Oil Red O (OL), ) kowmpoana epyna na hCMECID3 knemku (C), 2)
hCMECID3 knemxu unxybupanu co nemaprkupanu nanoaunozomu (CL), 0) hCMEC/D3

Kkaemku unkyoupanu co mapkupanu narnoaunoszomu co Oil Red O (COL).

HajnpomunentHure xapakrepuctuku Bo Paman cnexkrpure Ha hCMEC/D3 knetkute
(mpumepox C) Moxe na ce Booyar Bo peruonot Ha C—H pacreraysame (3100-2800 cm™) u
PErHOHOT Ha MoJeKyapeH otneuatok (1700-900 cm™?) (Cu. 35). JleranuTe 3a CIeKTpanHATE
ACUTHAIMU CE€ BO COTVIACHOCT CO JIUTEepaTypaTa U COOJBETHO ce mpukaxaHu Bo Tabena 14. Ox
Cn. 35 moxe na ce 3alenexu jaeka PamaHCKUTe CHEKTpH HAa HEMApKUPAHUTE JIMIIO30MHU

(mpumepok L), xouTponHara rpymna Ha kietku (nmpumepok C) U KICTKUTE WHKYOUpPAHU CO




MHTEpHAIN3UPAaHN HeMapKupaHH JIno3oMu (mpumepok CL) ce canyHM, HO CemaK MOKaKyBaaT
3a0€JIeKUTEIHN CHEKTPATHHA PA3IMKU. ACUTHAIMUTE HAa OBUE TPU NMPHMEPOLHU CE€ CYMHPaHU
BO MPBUTE TPHU KoJoHU oJ Tabema 14. PamaHckuTe CeKTpH HA MPUMEPOIIUTE IITO COAPKAT
muno3omu (npumepouu L n CL) npercraByBaar kapakTEpUCTUYHM JIEHTH IITO NOTEKHYBAaT
0J1 BUOpaIMuTe Ha JTUNUAHUTE onamky (MeTmieHcko C-C ckeneTHo pacternyBame Ha trans u
gauche koH(popMalMUTe HAa ALMIHUTE JIAaHIM Ha jummaute (Zivanovié et al., 2021) Bo
pernonot 1150-1030 cm™ co m3paszen makcumym Ha 1087 cm™* 1 1095 cm™ Bo cnekTpure Ha
npumepouute L u CL, coogseTHo). [JonosHuTenHo, perucTpupanu ce caadbu JICHTH OKOJy Ha
1440 (mpumepok L u CL) n 1300 cm ™ 6panoBa nomkuna (mpuMepok L) acuranpanu xako CH;
nedopmanucku mogosu (Fox et al., 2007; Tantipolphan et al., 2006) (3aBpryBame-twist u
CBHUTKYBame-bend, cooqBeTHo). M OKpaj HUBHUOT CJIa0 MHTEH3UTET, OBHE JICHTU € BaXKHO J1a
ce 3eMaT IpEeIBU CO OTJIe] Ha Toa IITO He Oelle JeTeKTHPAHO MPEKIIOMyBambe CO JICHTH Ha
APYTrUuTe CTPYKTYpHU enunuim. CuMeTpudHoTO pacternyBame Ha C=C Bpckata (Tantipolphan
et al., 2006) na xomecteponor ce MaHupecTHpa Kako a00po meduHupaH nmuk Ha 1657
(mpumepok L) u 1656 cm™ (mpumepox CL). Ilomatamy, BaXHO € Ja Ce CHOMEHAT TPHUTE
ucrakHatu jeatr nomery 3100 u 2800 cm L. Mmeno, nentara na 2854 cm ™! mpumeponu (L u
CL) u nentute on 2895 (mpumepokx L) m 2878 cm? (mpumepox CL) mortexnyBaaT of
acumeTpuuHOTO U cumerpuuHoTo C—H MeruiieHcko ucTerHyBame, cooasetHo (Fox et al.,
2007). Cumerpuunara jnenta 3a C—H pacrerHyBame Ha KpajHHUTE METHJ Tpymu Oelie
KapakTepucTHyHa 3a 2925 (L) 1 2932 cm™* (mpumepok CL). ITuxot na 3015 cm™ e npumumman
Ha aCHMETPHYHOTO pacTerHyBame Ha MeTun rpymara Ha xosxmHoT (Fujii et al., 2000;
Tantipolphan et al., 2006) u na Ar(C—H) Bubpanuute Ha pacteraysame (Tantipolphan et al.,
2006), u ucTuTe Cce MmokasaTeH 3a MOJIPEJCHOCTa Ha Jumo3oMckara memOpana (Fox et al.,
2007; Gaber et al., 1978). Cnekrpanante nentu Ha 3000-2750 cm™, 1180-1000 cm2, 1300-
1200 cm™ wu 1500-1400 cm™, majsepojatHo moreknyBaatr on PEG (cumeTpuuHO H
aHTHCUMETPHUYHO pacTernyBame Ha PEG metunenckara rpyna, C-O-C BuGpanuute Ha trans a
gauche monuermien riaukonckute nmanmu (Kuzmin et al., 2020; Varga et al., 2013), CH>
3aBpryBameTo U CH2-CH2 cuMeTpuyHOTO M aHTHCHMETpUYHO CBUTKyBame (Yamini et al.,
2014). Ho cemnak, rosieM Opoj 01 OBUE JICHTH C€ MPEKIIONyBaaT co GOCHOIUITUIHUTE BUOpAIIU

1 HC MOXKaT jaCHO Ja CC pas3JIMKyBaar.
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Cn. 35. Pamancku cnexmpu na:. wemapkupanu Hanonunosomu (L), kiemxu unkyoupanu co
nemaprupanu nanonunozomu (CL), u xommponna epyna na xnemxu (C) (eopen oen).
Cnexmpannume pe2uoHu 00 unmepec ce O3HAYeHU CO NPABOALOIHUYY U NOHAMAMY 3201EMeHU

U npekIonenu 3a nooobpa euzyerusayuja.

Oil Red O e nu3oxpomHa qua3zo 00ja Koja ce KOPHCTH 3a 0OCHE HA HEYTPAJIHUTE
TPUTIULIEPUIA, MACHUTE KUCEITMHHU, ECTPUTE Ha XOJIECTEPOJI M HEKOH JIMITONIPOTENHH, a CO TOA
U 3a ClIefIeHhe U pa3dupame Ha (PU3HOJIOMIKUTE H NAaTOPHU3HOIONIKMTE HACTAHU BO JIMITUIHUOT
MeTabosIn3aM, Kako M IpeKyMepHaTa aKkyMyJaiyja Ha JIMIHIU Bo TKuBaTa u kietkute (Kraus
et al., 2016; Rizk et al.,, 2004). N mokpaj BucOKaTa JHUMOPHIHOCT U AQUHUTETOT KOH
HEYTpPAJTHUTE JHUIUAA KaKO IITO CE TPUINIMIECPHIUTE M E€CTPUTE Ha XOJECTEPOI, Mopaau
Hej3uHuTe amduduiHu cBojcTBa U nprcyctBoto Ha —OH 1 —N=N- nonapuute rpymu, Oil red

O Moxe na cranmd BO HMHTEpakldja M CcO TOJapHUTE Trpynu Ha (ochonunuaHuTe u




XOJIECTEPOJICKATE MOJICKYJIH O] JHMIIO30MCKHOT IBOCIOj, IITO TH TpaBaT COOJBETHH 3a
MapKHpame Ha JTUTI030MH.

Bo crynuute Ha cTaOWIIHOCT, U3BE/ICHH TIPE]l EKCIICPUMEHTHTE HAa WHTEPHAIM3AIH]a,
HajpBo Oele qokaxaHa ctabmiHocTa Ha Hanonuo3oM-Oil Red O komriekcuTe co ornen Ha
TOA INTO HeMallle ciI000Ha 00ja MPUCYTHA BO €IyaToT 0 YyBame Bo Tek Ha 7 aeHa (Ci. 36).
OBa Oemie OYeKyBaHO CO OIJIEJ Ha TOa IITO OTKaKO Ke ce 3apoOu Bo jumuaHara (asa,
HCTEKYBAmkETO HAa OBaa uIyopeciieHTHa 00ja € He3HAYUTETHO TOPaAH HEj3MHATa MHOTY HUCKA
PacTBOPIMBOCT BO BOJIeHH MenuyMu. Kako MITo ce mpeTnocraByBallie, HajuCTaKHATUTE JICHTH
(Tabena 14, Cn. 37) Bo Pamanckure crexrpu Ha Oil red O ce mojasuja Ha 1228 cm™ (C-O
BuOpanuja va Hagtui rpynata u CCH cerkame cBuTKyBame Ha HadrameHcknoT nperer (Ou
etal., 2016; Catikkas, 2017), 1377 cm™ (N=N pacreraysame (Ou et al., 2017), 1479 cm™ (CHs
acHUMETpHYHO M CHMeTpudHO cBUTKyBame (Dhakal et al., 2019), u 1581 cm? (C-C
pacterHyBambe Ha apomaruunute npcreHd u N=N pacrernysame (Dhakal et al., 2019).
CriekTpuTe Ha MApKUPAHHUTE JTUITO30MH Oea CIIMYHH Ha PaMaHCKUTE CIIEKTpUTE Ha cll0001HATA
00ja 1 oceyBaa CJIMYHH crieKTpaiHu jJeHtu kako u Ha Oil red O (Tabena 14; Ca. 37). JIBara
npomurentan mukosy Ha Oil red O (1228 cm™ u 1377 cm™) 6ea npucyTHu Bo ceKTpHTE Ha
MapKHpPaHHUTE JIUIO30MH W CHEKTPUTE Ha KIETKUTC CO HMHTEPHAIM3HpPAHH MapKUPaHU

JIMIIO30MMH.
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Cnuka 36. Ilomepoa 3a cmaburnocm na mapxupanume aunosomu co Oil red O. Exyamom 00
aUno30McKUme Oucnepuu (4yeéanu 6o pok 00 7 Oena na memnepamypa 00 8 °C) nocne
yeHmpugyeuparee He NOKANCY8A KapaKxmepucmuyen ancopnyucku nuxk koj nomexuyea oo Oll

red O wmo e dokas 3a cmaburnocma na 6ojama 60 TUNO30MOM.




[IpoMeHu BO penaTUBHUOT MHTEH3UTET HA KAPAKTEPUCTUUHUTE MMUKOBH (IIOMECTYBaHbE
Ha BuOpanuute Ha C—O pacternyBameto o 1228 Ha 1225 cm™!, BULIMBO HaMaJlyBambe Ha
untensuteror Ha CH3 nedopmanujara va 1203 cm ! u nojaBa va HOB MHOT'Y c1a6 Uk Ha 1253
cm! - CH cBuTkyBama), Gea 3abeeskanu BO CIIEKTPUTE HAa MapKupaHuTe mumnoszomu (OL) mTo
HajBEPOjaTHO ce I0JKAT Ha HHTEepaKiMjaTa U opucHTalujata Ha MmoiekyauTe Ha Oil Red O Bo
dochomumuannor asocmoj (Huth et al., 2006). Bo Pamanckute CHEeKTpH Ha KICTKHTE
MHKYOupanu co mapkupanu jauno3zomu (COL), nHTepHanu3anujaTa Ha BE3UKYJIUTE C€ TOTBPAU
CO MPHUCYCTBOTO Ha JIBa KAPaKTEPUCTHYHH NMHKA KOM HE Oea MPHUCYTHU BO CIIEKTPHUTE HA
HEMapKUPAHUTE JIMIIO30MHU M CIIEKTPUTE Ha KJIETKUTE CO MHTEPHAIM3UPAHU HEMapKUpPaHU
nmuno3omu (Tabena 14, Cn. 37 u 38), ognocno mukoBute Ha C—O pacrernyBambe u CCH
CBUTKYBame Ha Ha(TaJaHCKMOT mpcTeH Ha 1227 cm™’, kako u BuOparuute ox N=N

pacternyBameTo Ha 1377 cm™L,
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Cn. 37. Pamancku cnexmpu na Oil Red O (O), maprxupanu nanonunozomu co Oil Red O (OL)

u Kknemku unkyoupanu co nanonunozomu mapkupanu co Oil Red O.
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Cn. 38. Pamancku cnexkmpu na konmpoanama epyna na kiemku (C), kiemxu unkyoupanu co
nemaprupanu nanoaunoszomu (CL) u knemru unkyoupanu co nanonunosomu mapkuparnu co Oil

Red O (COL).

U nokpaj Toa mro podueHnTe PaMaHCKM CIIEKTPH HA KIETKUTE CO WHTEPHATM3HPAHH
JIMIIO30MH COJIPXKAT CYIEPIO3MIIMja Ha JICHTH OJ Pa3IMYHH KICTOYHH KOMIIOHEHTH W
WHTCPHAIM3UPAHU CTPYKTYpH, BpP3 OCHOBA Ha pAa3MKUTE TIOMEly CIEKTPHUTE INTO
MIPOU3JIETYBAAT OJ] HEMapKUPAHUTE JIMTIO30MH, KOHTPOJIHATA TPyTa Ha KJIETKH U KIETKUTE CO
MHTEPHAIU3UPAHU JIUTIO30MH, MOXKE J1a C€ HalpaBaT HEKOJKY MPETIOCTaBKU PEJIEBAHTHU 3a
MIPOILIECOT 3a MHTEpHAIN3AIH]a.

JluteparypHUTE TOJATOIM YKaKyBaaT Ha MOTEHIWjaIHU pa3iuKu BO PamaHckuTe
CTIEKTPH Ha KJIETKUTE BO Pa3IMYHU KJIETOYHU PETHOHU MOPAJIH XETEPOTCHHOT XEMUCKH COCTAB
Ha KJETKaTa BO pa3IMYHUTE KOMIApTMEHTH. YHHBapHjaHTHAaTa aHain3a Ha CIIEKTPUTE
JOOMEHHU BO €/1Ha TOYKa He € e()eKTUBHO pelIeHne Ha 0BOj IpobieM. 3a Ja ce HaJMHHE OBOj
mpo0JieM U €O 1eJ Ja ce J00UjaT CIOPEIMBY, PEIPOAYIIUOMIHH CIIEKTPU KOU MOXKAT Jia Ce
WHTEPIPETHpaAaT, CHUMamara Oea W3BEACHW II0J HWCTH EKCIEPUMEHTAIHU YCIOBH U
CTMOPEUIMBU TOYKH BO KieTkara. Co 1en a ce IpeTHocTaBy COOJBETHOTO MECTO Ha (OKYC 3a
Mepemara, Oea eamyupanu permonute Ha CHs (2935 cm™) no CH, (2854 cm™)
pacrernyBamara (Tabema 14). JluteparypHuTe moaaronu 3a PaMaHCKu CIIEKTPH CHUMAaHHU CO
(hokyc BO TUIUAHUTE PETMOHU Ha KJIeTKaTa (JTUIUIHU TeJIa, neja0eHa Opas3aa) Bo cropeada
CO CHEKTPUTE CHUMaHU CO (JOKYC BO IIUTOIUIA3MaTa MOCOYHMja KOH Pa3IMKU BO HHTEH3UTETOT
Ha Jentute okomy 2850 cm™. OBue pasmuku ce MOTEHIMpPAaT CO 3rOJEMYBAHETO Ha

JUNUJAHATa KOHIEHTpalyja IpU CHUMama co (POKyC BO JIMIMUIHHOT ABOCIO] HA IJIa3Ma




memOpanara (Hsu et al.,, 2015; Romero et al., 2011). MmeHo, JeHTHTE HAa PETHOHOT Ha
CHMETPHUYHO pacTernyBame o1 CHs (2935 cm™) no CH; (2853 cm™) ce mouHTeH3MBHM KoTa
ce CHMMa BO JIMIMIHUTE PETHOHU Ha KJIETKaTa BO CHopenda co perMoHUTE Ha IUTOIIa3MaTa.
Ucro Taka, neature Ha CH3 cumeTpuunoTO pacreraysame (2935 cm™) mo CH; (2854 cm™)
0ea MOMHTEH3MBHU BO JEJIOBUTE OOratv co JUMUAM OTKOJKY BO LHUTOILIa3Mara MOpaau
nomainara ryctuHa Ha CHz rpynurte Bo mpoTerHHTE BO criopenda co nunuaute. Mmajku ro
MpeIBHUIl OBOj] €(EeKT, MOXe Ja ce MPETIIOCTaBH JeKa JOOMCHHUTE JICHTH Off CHHUMCHHTE
PamaHCKM CHIEKTpH BO HAIIUTE EKCIIEPUMEHTH IIPOU3JIETYBAaT OJ] PETMOHOT Ha IIUTOIIa3MaTa.
Kako mrto Gemie HamoMmeHaTo, JIGHTUTE BO CHEKTpaidHHOT pernoH Ha CHs cumerpuunute
pacternyBama (2935 cm!) u CH; (2854 cml) Gea moMHTEH3MBHHM BO CIIEKTpUTE Ha
JIUTIO30MCKHTE MTPUMEPOITH BO CIIOpei0a Co CIIEKTPHUTE Ha KJIETKUTE MHKYOUPAaHHU CO JIMTTO30MHU
i KoHTpoaaute kietku (Ci. 35).

CrekTpuTe Ha KOHTPOJIHATA rpyma Ha Ki1eTkH (mpumepok C), HeMapKUPaHHUTE JIUTTO30MHU
(mpumepok L) u kieTkuTe MHKYOHpaHU CO HeMapKupaHu jumno3omu (mpumepok CL) mokaxkaa
pasnuuHy Bapujamuy Bo peruoHot 1150-1030 cm™ (C—C pacrernyame Ha mummn) (Ci. 35).
CHeKTapoT Ha KOHTPOJIHATA IPyIa Ha KIETKM Aaje TPH pasandHu mukoBu of 1066 cm™, 1099
cmtu 1124 cm™ (Ta6ena 14). Bposute Ha 1066 cm™ 1 1124 cm™ ce acurHUpaHK Kako trans
KOH(OPMepH BO ¥ BOH paMHHHa (trans Mapkepu) JojeKa nak mukotT Ha 1099 cm™ e acuraupan
kako gauche xondopmep (Fox et al., 2007). Permonor Ha C—C pacTerHyBameTO BO
HEMapKUpaHHUTE JIMIO30MHU (IPUMEPOK L) co KapakTepucTHUeH MHpoK muk Ha 1087 cmt
MOCOYyBa KOH IOrojieMa COAp)KHHA Ha MOJIEKynuTe Ha gauche kondopmepor u MOKXHO
MIPEKOIIONYBake Ha MPEIOMUHAHTHHUOT MUK co trans maaukaropure. [loHatamy, cieKTpuTe
Ha KJIETKUTE WHKYOMpaHU cO HeMmapkupaHu iuno3zomu (mpumepok CL) wucro Taka ce
pa3uKyBaaT OJi CICKTPUTE Ha KOHTPOJHHMTE KieTkHu (mpumepok C) co MpHCYCTBO Ha
IIPOMHHEHTHa gauche KoH(popMep JIeHTa Koja IITO ¢e IIMPH KOH TOBUCOKU U TOHUCKU OpaHOBU
JOJKMHU CIIMYHO KaKO Kaj JINTIO30MHUTE.

JIpyra BakHa KapaKTepHCTHKA € MPUINYHO CHIHHOT curHan Ha 981 cm™ Bo crexTpute
Ha KJIETKUTE MHKYOHMpaHM cO HeMapkupaHu aumno3oMu (mpumepok CL), mpunumianu Ha
O—C—C—N+ pacTernyBameTo Ha NOJApPHUTE JCIUTHHCKH rpymH (Zivanovié et al., 2021)
(Tabena 14, Cn. 35). OBaa JieHTa KapaKTEepUCTHYHA 3a JIMTIO30MHUTE MOJXKE J1a Oujie KIy4dHa 3a
poy4yyBamke Ha HUBHATA WHTEPHAIU3AIMja IMOPaAH OTCYCTBOTO HA IPYTH jaKW CHUTHAIH BO
OBOJ JIeJ1 Ha CIIEKTapOT KOU OU MOTEKHYyBaJle 0]l KOHTPOJIHUTE KIETKH.

On npuka3oT Moxe aa ce 3abenexu Jeka BuOpanujata Ha C—N pacTerHyBameToO HE €

yucta U 3aBUcH o]l KoHpopmanujata Ha O—C—C—N+ naHenor, na oTTyka NpUMEpPOLUTE CO
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pasnmuuHa KoHpopMamuja MoXe J1a ce pasnaukyBaar. Jlenrara Ha C=C CHUMETPUYHOTO
pacrernyBame Ha xosecteposor (Tantipolphan et al., 2006) Geme kapakTepucTHYHA BO
CIIEKTPUTE Ha CHTE TPM IIPHUMEPOIHU: OJHOCHO 3a unosomute (Ha 1657 cm™), kouTponuuTe

knetku (Ha 1655 cmt) u kinetkure unky6upanu co munosomu (Ha 1655 cm™) (Ta6ena 14, Co.
35).




Tabena 14. TeHTaTHBHYM aCUTHAIIMU HA JICHTHTE BO PAMaHCKUTE CrieKTpH Ha: unozomute (L), kouTponnure kinetku (CC), KIeTKUTE CO He-MapKUpPaHU
munozomu (CL), Oil red O (OR), nunozomute mapkupanu co Oil red O (ORL), ki1eTku co MHTEpHATM3UPAHH MAPKUPAHHU JTHIIO30MH

CcC CL OR ORL CLL Assignment

3015w NCHs acumepncko pacTeranyBame Ha XOIUH

2925sh | 2937vs | 2932s 2938 m CHs u CH2 acumeTpucko pacTernyBame

2895sh | 2878 sh CH2 cumerpucko pacrernyBame 1 CH pacternyBame Ha JMINUAN U IPOTSHHU

1657 m C=C cuMeTpHCKO pacTerHyBambe Ha XOJIECTEPOIT

1655m | 1656 w C=C pacternyBame u amuz | Bpcku, KoMOMHanuja

1607 m | 1609 w 1609 w V(C-N) pacrernyBame Bo C=C-N=N

1580 m 1580 w

1499 m 1481sh CH2 nedopmanmcku MoJi, X0IeCTepot

1479 m | 1481 m 1480 m CHs cBUTKYBame CHMETPUYHO ¥ aCHMETPUIHO

1459 m | 1455 m 1461 m MoaoBuU Ha HYKJIEHUHCKUTE KUCEJIUHU

1458 m | 1453 sh | 1447/1446 m | C-H cBuKkTyBame BO paMHHHA Ha IOAATHHOT OCH3CHCKH IPCTEH

1440 vw 1446 vw CH2 cButkyBame (remutus + Xomectepon)

1376s | 1377s 1377 s N=N pacrernysame u C-H cButkyBame Bo pamunna, CHs-Phenyl

1369 w 1375w Amide Il random coils

1338 w 1339 w CH2/CHs npeBuBame (wag) & 3aBpTyBame Ha KOJAreH, HyKICHHCKH KHCEIMHH B TpUntodhas

1338 m | 1338 w 1338 m CH cButkyBame

1298 w CHz 3aBpTyBame

1277 sh

1266 vw

1233 w Awmmup ITT B-sheet

1227 w Awmup 11 random coils

1228 vs | 1225vs 1227s C-0O pacrernyBame 1 CCH cenkame (CBUTKYBame) Ha HAPTAJICHCKHOT PCTEH

1202 sh CH cBurkysame na Oil red O, [1(CH)

1188 m | 1187 sh 1189 sh CH bend oil red, [1(CH) + V(C-Nazo)

1151w V(C-Nazo), \ \(CH)

1124 sh C-N on mporennunte, C-C pacTernyBame Ha IUOUIN U TPOTEHHU

1099 w C-C pacrernyBatbe Ha unuad, Vizonupanu gauche kondopmepu

1087 s 1095 s C-C pacrternyBambe Ha junuau (tenutun), M3onupanu gauche kondopmepu

1094 m | 1095 m 1095 m Apomarnuno CH cButkyBame Bo pamuuna, [|(CH)

1066 w Tpanc koH(QOpMEpPH BO M BOH paMHHHA

1001 m | 1001w @enmnananny, C-C pacterHyBame Ha apOMaTHYHHOT NPCTEH

983 w 983 w 985 w =N-®eHun pacTerHyBame

981 sh 983 m O-C-C-N+ xomun

935m C-C pacrernyBame Ha NPOJIHMH, BAJIMH K poTenHckuTe jganim (a-helix)/rmukoren (mporenHcka acurHaimja)

573 vw Tpunroban/IMTO3HHE, TBAHUH

481 w JTHK




5.3.16. Cmyouu na unmepnanuzayuja na NLS o swcusu knemxu na hCMEC/D3 u SH-SY5Y
KAemouHume JUHUU O (DyopecyeHmua u KOHQPOKAIHA MUKPOCKONU]a
CornacHo pe3yirature IOOMEHH BO CTYAMHTE Ha KIJIETOYHO Ipe3eMame Ha HaHo-
JUNO30MCKHUTE mpuMeponu Bo kietkure Ha KMb u HeypoOnactoma, uHTepHaIM3auujata u
HUBHUOT UHTpAIETYJIApEH TPAHCIIOPT 3aBUCH OJ1 MHOTY (DaKTOpH, BKIy4yBajKu T¥ (PU3UUKO-
XEMUCKUTE KApaKTePUCTUKH Ha OBHE (OpPMYJIalMU, CO MOCEOEH AaKIEeHT Ha HHUBHUOT
MOBPIIMHCKHU MONHEK. OTTyKa, MOXKE J]a Ce 3aKJIy4H JieKa OBHE CBOJCTBA BO rojema mepa Ou
BJIMjaejie Ha HUBHOTO iN Vitro u in vivo oxuecysame (Kang et al., 2017). Co uien 1a ce HarpaBu
yIITe eIHa NOTBpJa HA TOPEHABEACHUTE pE3yNITaTH, WHTEpHANIM3alMjaTa Ha TMPa3HUTE
npumepori Ha NLs — NLbO, NLb1l u NLb2 (mpumepox 6e3 PEG, co 50 u 5 mg PEG,
coonsetHo) Bo hCMEC/D3 u SH-SYSY kilerouHuTe JNHHUM O€Ile MCIUTaHa CO TOMOII Ha
(bayopeciieHTHa MUKPOCKOITHja Ha KUBU KJIETKHU, KAaKO U CO KOH(OKaIHa MUKPOCKOIIH]a.
Ha Cn. 39 u 40 ce mperctaBeHH MuUKporpapuute HO0OHEHH cO (IyopecleHTHa
MHUKpOCKONHja Kajae mwrto Tpute ¢popmynanuu Ha NLs 6ea mHkyOupaHu BO JBETE KJIETOUHU
JVHUAU BO ieproan oA 1, 2 u 4 yaca. O HanpaBeHUTE (HOTOMHUKpPOTpaPUN MOKE /12 C€ YBUIH

ycCIicuHaTa BpEMCHCKO-3aBUCHA I/IHTepHaHI/ISaL[I/Ija Ha UCIIUTYBAHHUTC (bOpMy.]'IaI_II/II/I.
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Cn. 39. Unmepnanuzayuja 6o scusu hCMEC/D3 kremkxu na @) NLbO; b) NLb1; ¢) NLb2.

Cn. 40. Uumepnanuzayuja 6o scusu SH-SYSY knemxu na a) NLb0, 6) NLb1, ¢) NLb2

a)




Hcto Taka, BO cTyIMUTE Ha KJIETOYHO Mpe3eMame Ha nmpa3Hute npuMepour Ha NLS Bo
MPUCYCTBO Ha MHXMOUTOPU HA KJIATPUH U KAaBEOJMH-ETHOLIUTHUTE MATEKH U BOEAHO, MPHU
naxuOunrja Ha ATP-3aBHCHUTE TPaHCHOPTHM MEXaHM3MU Oelle yTBPACHO JeKa HaHO-
BE3UKYJIUTE HMaaT TEHICHIMja Ja Tro CIelaT EHIAOMUTHUOT MeXaHH3aM Ha KJIIeTOYHa
WHTEpHaIM3alrja.

[la Taka, om uHTepec Oemie aa ce BU3yelnu3upa naTekaTa Ha MHTEpHANIM3alMja Ha
dopmymnanuute NLbO, NLbl u NLb2 u ma ce moTBpau HUBHATa KO-JOKajaHM3alMja BO
eno3oMute. Bo Taa Hacoka, oBHE TP MPa3HU HAHOJIUIIO30MCKH IpUMEpOoLH Oea MHKyOupaHu
4 4yaca BO MpUCYCTBO Ha 00ja KoOja CHUTHAJIM3MpaA EHAOLUTO3a IITO BO KHUCENa CpeluHa
(eHmo30MH U JIM3030MH) AaBa 3eneHa duryopecteniyja. On npukaxanute GoToMUKporpaduu
Ha Cn. 41 Moxe Aa ce BUIAM M MOTBPJMU JIeKa cUTe UcnHuTyBaHU Gopmynanuu Ha NLS ce

WHTEPHAIM3UPAHU U KOJIOKAIM3UPAHHU BO €H030MHUTE U n3030oMuTe Ha SH-SYSY kietkure.

S 3 3 . NG F

Cn. 41. Unxybayuja na a) NLb0O, 6) NLb1 u ) NLb2, 6o owcusu SH-SY5Y (4 uaca) (NLS ce

MAapKUpanu o YypeeHa, a eHoo30Mume co 3eieHa Qyopecyenmua 60ja).




Crnukute n0OMEHM CO MpPUMEHA Ha KOH(OKaJTHaTa MHUKPOCKOIIMja, MOBTOPHO ja
MOTBpAMja ycrieniHata narepHanu3ainyja Ha NLs Bo kierounata simarja hCMEC/D3.

Bo nureparypara moxe 1a ce Hajaat OpojHU CTYIUH KOH ja TOKaKyBaaT criocoOHOCTa
Ha JIMITAHATE HAaHO-cHcTeMU Aa ja npemuHat KMBb u nokpaj Hej3uHaTa BUCOKO PECTPUKTHBHA
MpHUPOJIa, W 3ropa Ha TOA Ja T'M UCIOPadyBaaT CHKAICYJIMPAHUTE aKTUBHH KOMIIOHEHTH BO
pasnmmunn kiaetounu oanenan (Reginald-Opara et al., 2022). Kako 1mro Moxke aa ce BHIU Of
npukaxaaure Mmukporpaduu (Ci. 42), HammWTe TPUMEPONH TOKKyBaaT TEHACHIMjA 3a
aKyMmylaigja OKojy mnepunykieapHata obmact (Boado u Pardridge, 2011). Bo oxmnoc Ha
HUBHATa MHTpAIleNyIapHa JIOKau3aIuja, TOOMCHUTE pe3yaTaTh MoKaKaa JIeka HeMa pasiinkKa
BO KJIeTouHaTa aucTpudynuja momery tpure popmynamuu ( NLbO, NLb1 u NLb2, npumepok
6e3 PEG, 50 u 5 mg PEG, coonBeTHO) 01 acTieKT Ha IPUCYCTBOTO U KonmdecTBoTo HA PEG Ha

HHBHATa IIOBpIIHHA.










B)
Cn. 42. Kongoranrna muxkpockonuja na unmepnaiuzayuja u oucmpudyyuja na a) NLb0, 6)
NLb1 u c) NLb2 6o hCMEC/D3 kremkume (yumockenemom e obenexcan co 3enena, jaopomo

co cuna, a NLS co ypeena ¢nyopecyenmna b6oja, coooeemno).
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Bo pamkuTe Ha OBaa IOKTOpPCKa aWcepTandja Oelle HampaBeH AW3ajH, pasBoj,
ONTUMU3AIN]a U PU3NIKO-XEMHUCKA U OnodapmalieBTCKa KapakTepusalija Ha opMysianuy Ha
[MET -unupany HaHOJIMIIO30MH CO CHKAICYJIUPaH €KCTPAKT OJf Py3MapHH CO MOTEHIUjal 3a
ycrenieH npemuH HU3 KMb u edukacno u 6e30eaH0 nekyBame Ha Ab.

Bp3 ocHoBa Ha no0ueHuTe pe3ynTaTH O] HCHUTYBamaTa HaIlpaBeHM BO OBa
UCTPaXKyBambe MOXeE J1a Ce 3aKIy4H CIEIHOBO:

J Bo Tex Ha mpenuMuHapHata (asza o UCTpakyBamaTa MOJATOTBEHU Oea pa3iuyHU
¢dbopmynanuy Ha Mpa3HU KOHBEHIIMOHATHU HAHOJIMUIIO30MU CO MOAM(UIIMpaHaTa TEXHUKA HA
XHJIpalyja Ha CyB JIMNUACH QUM Kaje mro Oerre Bapupan coognocoT Ha SL u CH co nen na
ce a00ujaT HaHOBE3UKyIu co rojemuHa Bo panr ox 100 mo 130 nm. T'omemunarta Ha
noAarorseHure Gopmymnanuu ce apwkemne o 129 go 134 nm (SL:CH ox 5:1 mo 20:1, m/m,
c00/1BeTHO). Bp3 ocHOBa Ha oBHE pe3ynraTH, (opMyJIalnjaTa YHjIITo MaceH cooqHoc Ha SL u
CH wusnecysame 10:1 (m/m) Gemie oxbOpaHa 3a MOHATAMOIIHA MOBPIIMHCKA MOH(UKaIH]a.
[TocnenoBarenno, PEG Geme nakopniopupan Bo ymnuaHata ¢asa (coogqaoc SL:CH:PEG =
10:1:0.5, m/m), mpu mro 6Gea MOOMEHH BE3MKYJIH CO CpelHa rojeMuHa oa 129 nm u TecHa
yHuMoganHa nuctpudynuja. Co nen egukacHo HHKOpIiopupame Ha RE Bo HaHOMIO30MCKHTE
Hocayn Oelre yTBPACHO JeKa MOBUCOK % Ha €HKaIcyJaluja ce JoOMBa Kora eKCTPAKTOT €
WHKOPIOPHUPaH BO JIMIUAHATA (a3a.

Co uzBenenute OFAT excriepuMeHTH yTBpAEHO Oellle 1eKa MpoMeHaTa Ha KOJIM4ecTBaTa
Ha SL, PEG u RE Bo ¢opmynanmjara curHupukaHTHO BiMjaaT Bp3 TojJeMUHATa Ha
BE3UKYJIUTE, allCOJIyTHOTO KOJHYECTBO Ha eHKarcyiaupaHa RA u in vitro nmpodwuinte Ha
ocnobonyBawe Ha RA Bo Tex Ha 24 yaca. [loarorBeHute HaHOJIUIO30MHU MpETCTaByBaa
MYJITUBE3UKYJIApHU CUCTEMH CO cpenieH nujameTap oa 119+1,76 no 141+£2,53 nm, yaumoganxa
nuctpudynuja (SPAN ¢akrop < 1,83), edukacHoct Ha enkancynauuja ox 75 no 90% u
MIPOIOJDKEHO ociioboayBambe Ha RA kako Mapkep KOMITOHEHTa BO Tek Ha 48 waca (35,55-
56,27%). On cripoBeseHuTe IN VItro CTyIuKM Ha aTCOPIIMja HA MPOTEHHH CO KOPUCTEHC Ha
Bpaadopa meton 6eme motBpaeHo neka [IEI-unanujata Ha OBHE HAHO-CUCTEMH € YCIEIIHA
(dbopMynaiucka cTparertja 3a cnpedyBame Ha popmupamero Ha [1K.
o HMIiieMeHTUpaHUOT TEHTPATHO KOMIIO3UTEH AHM3ajH OBO3MOXKH KBAIUTATUBHA H
KBaHTHTATHBHA UACHTU(UKAIM]a HA BIIMjaHUETO HA 3HaYajHUTE (OPMYIAUCKHA TPOMEHIINBU
(xonmmyectBara Ha SL, RE u PEG) Bp3 cBOjcTBaTa 01 HHTEPEC HA HAHOJIMITO30MHTE (TFOJIEMHHA
Ha BE3WKYJWTE, alCOJIyTHO KOJWYECTBO Ha €HKarcynupaHa kucenuHa (RA) xako mapkep

KOMITOHEHTa H IN Vitro Op3uHa Ha Hej3MHO 0CI0001yBamke BO TeK Ha 24 yaca). [1o HanpaBeHaTa




aHaJlM3a U BOCIIOCTABEHUTE MOJICIH M PAaBEHKH Ha 3aBUCHOCTA Ha MapaMeTpuTe OJ MHTEpEC,
Oellle HampaBeHa ONTUMU3alMja Ha (popMynanuuTe BO HACOKa Ha JOOMBAkE HAHO-BE3UKYJIU
KoM ke ce Kapakrepusupaar co roimemmuHa <200 nm, makcumaneH % Ha €HKalcCylupaHa
aKTHBHA KOMIIOHEHTAa W TPOJNOJDKEHO OcCio00ayBame BO TeK Ha 24 yaca, o1 Kaje ILITO
MIPOM3JIEroa MeT npeanoxkeHu GopMyIalucKy pelieHu]a.

o OnTuMu3upaHuTe NeT NPUMEPOIH Ha HAHOJHMIIO30MH KOM COApXKEa pa3IuyHH
konuyectBa Ha PEG ce kapakrepusmpaa co Dsp om ~ 120 nm, co TecHa yHHMOJajaHa
muctpuOynuja U edukacHOCT Ha eHkamncynaudja Ha RA ox ~ 90%. Amnammsara Ha
MOBPIIMHCKATa HACIEKTPU3UPAHOCT TOKaXa JeKa (POPMYIJIAIIUUTE CO MOTOJIEMO KOJIHMYECTBO
Ha PEG npucyren Ha moBpiirHata Ha HaHoBesukynmute (50 mg — mpumeponn NL1, NL3 u
NL5) umaaT momaiky HeraTHBHH BpeaHOCTH 3a ZP Bo cropeaba co hopMmynanuure co 5 mg
Ha PEG (mpumepor NL2 u NL4). HcnuryBameTo Ha in Vitro Op3uHaTa Ha 0cI000/1yBame Ha
RA o1 HaHOJMITO30MCKHTE CUCTEMH YKa)kaa Ha HEj3WHO MPOJIOIHKEHO 0CI000ayBamke BO TEK
Ha BpEMETO, NpuITo Oemie coryiejaHa CHPOTHBHA 3aBHCHOCT MOMElY KOJWYECTBOTO Ha
ocnobonena RA u konmdectBoto Ha PEG mpucyTeH Ha MOBpIIMHATA HA HAHOJIUIIO30MHUTE.
HajcoonBeTren mojen mTo Hajaqo0po ja onuilia KWHETUKATa Ha ocioboayBame Ha RA on oBue
bopmynanuu Oemre Peppas-Sahlin.

[ITo ce ogHEecyBa 10 aHTUOKCHJIATHBHUOT MOTEHIMjall, CUTE (HOpMyJIaliy IMOKaxaa
CTAaTHUCTUYKM 3HA4YaeH MO0A00ap aHTHOKCHUIATHBEH KalaluTeT BO CHopeada co YHCTUOT
ekctpakT (RE) mto ykakyBa Ha CHHEPIHMCTHYKOTO JEjCTBO IMOMEYy KOMIIOHEHTHTE BO
COCTAaBOT HAa HAHOJIHMIIO30MUTE U HMHKOPITOPHUPAHUOT EKCTPAKT.

JloOueHuTe pe3yaTaTtu of CTyJUHUTE 3a CTA0MIIHOCT Ha HAHOJHMIIO30MHUTE BO YOBEUKA
mia3Ma U MEIUyM 3a KJIETOYHHM KYIATYpH MOKa)kaa JAeKa HaHO-BE3UKYJIUTE BO OMOJOIIKUTE
TEYHOCTH BEIHAI C€ MOKPHEHH CO OMOMOIIEKYJIM KOM ja MEHyBaaT HHMBHATa rojieMUHA U
MOBPIIMHCKU cBojcTBa. O apyra cTpaHa mak, He Oea 3a0enexaHu 3HAYajHU PA3IUKU BO
IpoceyHara rojieMuHa U ZP Ha Be3UKyauTe BO T€K Ha 24 yaca MHKyOauuja co GU3HONIOIIKI
peneBanteH MeauyM (docdaren mydep pH 7,4), mro ykaxkyBa Ha HUBHaTa (GU3MUYKa
CTaOMIIHOCT.

Bo Hacoka Ha eBanyanuja Ha MMOATOTBEHUTE HAHOIUIIO30MH KaKO CHCTEMH-HOCAYH 32
epukaceH TpancmopT mnpeky KMDBb u menHo genyBame BO MO30YHHTE TKHBA, BO
MMOHATAaMOIIIHUTE UCIUTYBamka 0ea KOPUCTEHH Mpa3Hu HaHOIUo30Mcku dopmymnanuu (NLb1
u NLb2), ananorau Ha npumeponute co Hajucoko (50 Mg) u HajHECKO KouuecTBO (5 MQ)

Ha PEG (NL1 u NL2, coonBetHO), kako u npa3ua HelIET-unupana popmynaruja (NLDO).




Cnposenenara bpaadopn ananu3a mo nHKyOaIyjata Ha HAHO-HOCAYUTE BO TJIa3Mara
Ha 37paBu JOOPOBOJIIM H TJIa3MaTa Ha manueHTu co Ab nokaxa aeka ¢popmynanujata co 50
mg wa PEG (NLbl) ce kapakTepu3upa cO HajHUCKO KOJIMYECTBO Ha aTCOpPOMpaHU IUIa3Ma
POTEHHHU.

IR-ATR CIeKTpOCKOIICKUTE aHAJIU3HM JTOTIOJHUTEIHO MTOTBPAMja KA COApKUHATA HA
PEG uma xiy4yHa ymora Bo (opMupameTo W TpHpojaTa Ha BPCKUTE IOMEry OBHE
HAHOJIMIIO30MCKH HOCAa4M M TOBEJCKHOT cepyM ainOymuH. Dopmynanujara co IMOT0JIEMO
kosmaectBo Ha PEG (50 mQ) kojamTo nmarie HajHU30K % Ha aTrcopOMpaHu MPOTEHHH yKaKa
Ha (hOpMUpaEkE Ha TIOCHITHU BOJIOPOTHU BPCKH CO AIOYMUHOT, BO criopezida co popmyanujara
co 5 mg Ha PEG, mTo ynaryBa Ha pa3JIM4YHOCTa BO COCTABOT M MHTEPAKIIMUTE HA (pOpMHUpaHATa
K.

[Tpumenerata AF4 ananu3a BO CTyJIMUTE Ha CTAOMJIHOCT Ha MCHUTYBAaHWUTE HAHO-
HOCAaYM BO KIETOYEH MEAMYM 3a IepeOpaJlHi MHUKPOBACKYJApPHU EIHOTEIHH KJICTKH
(hCMEC/D3) ykaxa aeka HeMa MPOMEHH BO rojJieMUHATa Ha BE3UKYJIHUTE Kaj IPUMEPOKOT CO
Hajrojemo kosmuectBo Ha PEG (50 mg, NLbl), 3a pasnuka ox HellEI-unupanara
dopmynanuja (NLbO) u onaa co 5 mg PEG (NLb2). OBue pesynraru 6ea yiire eana norspaa
neka I1EI'-unanujata npercraByBa ycreiiHa GopMyJalpcka cTpaTerija 3a CynpuMUpame Ha
nporecoT Ha ¢popmupame Ha [1K mro monaramy Bimjae Bp3 epukacHOCTa HA TPAHCIIOPTOT HA
oBue Hocaun Hu3 KMb.

Co xopucTeme Ha aBTOMaTcka enektpodopesa unentudukysano Oeme neka [IK ce
¢dopmupa ymTe BO MPBHOT Yac O] MHKyOalujaTa Ha HaHO-HOCAYUTE BO KJIETOUEH MEIUYyM,
MPUIITO aNOYMHUHOT Oelie arcopOoupaH Bo HajrojaeMm % Ha MOBpILIMHATA HA HAHOJIMIIO30MHUTE.
o Bo cryauute 3a murorokcuunoct Bp3 hCMEC/D3 u SH-SYSY kneroynuTe THHUH
yTBpAeHO Oellle ieKka UCIIUTYBaHUTE (POpMYyJIallii He OKa)KyBaaT HaMayBame Ha KIeTOYHaTa
BHUJaOMIIHOCT U HapyllyBamke Ha MHTEIPUTETOT Ha KJIeTOYHaTa MeMOpaHa BO TeK Ha 24 yaca
MIPH PA3IMYHN HUBHH KOHIICHTPALIUH.

Bo excniepuMeHTHTE Ha KBAaHTUTATMBHOTO KJIETOYHO INpe3eMameé Ha HaHO-HOCAYHUTE
Oelie yBUJICHO JIEKa CO 3rojieMyBamhe Ha KOHIIEHTpallijaTa Ha IPUMEPOLIUTE U MPOJODKYBabE
Ha BpeMeTO Ha MHKyOalmja pacTe M MPOIEHTOT Ha HUBHA MHTepHaIm3annja. CTaTUCTHIKATa
aHajM3a Ha MOJEJIOT Ha KieTouHo npe3emame Bo hCMEC/D3 kierounara nuHHMja MOKaKa
HajrojeMo mpeseMame Ha (opmymnamujara co HajmHory PEG na nospmmnara (NLb1), 3a
pasnuKa o]l KIEeTOYHOTO mpe3eMame Bo SH-SYSY kierkure, kane mrto popmynanujara 6e3

PEG (NLDbO) nazme Hajycrnenna nvHTepHaAIN3aIH]a.




ExcnieppuMeHTHTE Ha KJIETOYHO Mpe3eMame Ha (opMynaluTre CO KOPUCTECHE Ha
WHXUOWTOPU 32 CHIOLUMTHH TMATCKH IMOKakaa JeKa HAHO-BE3UKYIUTE CJelaT CHEPreTCKH
3aBHCEH €HJOLUTEH TPAHCIIOPT | MPOIIeC Ha MacuBHA qudy3uja.

Tpancnoptaute crynuu Ha komOunupanata hCMEC/D3/SH-SYSY knerouna nuHMja
ro MOTBP/Hja YCHEIIHUOT TPAHCIIOPT HAa CHTE MCIUTYBAaHM HAHO-HOCAYM HH3 KIETKUTE Ha
KMbB u HHMBHOTO MOCIEIOBATEIHO IpE3eMame OJI CTpaHa Ha HEypoOJiacToMa KIIETKHTE
(25,17%2,65 - 33,27£1,95%).

Cnektpute on Mukpo-Pamanckata CHekTpockonuja ja MOTBpIWja yCIemHATa
WHTEepHAM3aIMja HA HAHO-HOCAYMTE, & MUKPOrpad)CKUTE MpHKa3u 0j (IIyOpecleHTHATA |
KOH(OKaJTHATa MHKPOCKOIHja OTKpWja JeKa (IyopecleHTHO MapKUpPaHUTE MPa3HU
HAHOJIMIIO30MH C€ KO-JIOKAJIM3MPAAaT BO MEPUHYKIICAPHUTE KICTOYHN PETHOHH.

Ox cure TOpeHaBEACHU 3aKIIydOlld OJ OBaa JOKTOPCKA JHUCEpTaldja, MOXKE Ja ce
coriiesia Jieka COCTaBOT Ha KOMIIOHCHTUTE BO HAHOJIMIIO30MCKUTE HOCAUH, MOBPIIMHCKATA
momudukanja co I[IE[ u eHKancylnMpaHHOT EKCTPakT OJl PY3MapHH pe3yJaTHpaaTr co
(bopMyIalMCKO pelIeHue IMTO Ce OMJIUKYBAa CO ONTHUMAaliHA TOJIEMHHA, BUCOK IMPOIEHT Ha
SHKAarcyJayja Ha eKCTPAaKTOT, HU30K MPOLEHT Ha aTCOpOMpaHH TUIA3MAaTCKH MPOTEHHHU IITO
01 ro MPOJOIDKIIO BPEMETO Ha IMPKYJIaldja in Vivo, epukaceH U 6e30e1eH TpaHCIIOPT HU3
KMB u nienHo 1ocneBame 1 MHTepHAU3aIija BO HEBPOHUTE. [|0MOIHUTETHO, TPOA0IKEHOTO
0clI000AyBake Ha AaKTHBHUTE KOMIIOHEHTH OJf €KCTPaKTOT €O JOKaXKaH CHIICH
AHTHOKCHU/IATHBEH, OJTHOCHO HEBPOIIPOTEKTHBEH e(EKT K€ OBO3MOXKH OJIP)KyBame¢ Ha HHUBHA
epeKTHBHA KOHIIEHTpalja BO MO30YHUTE TKUBAa, U OTTyKa Ke JOBEAE N0 Cylpecuja Ha
mojaBaTa U pa3BojoT HA MPUMapHHUTE MAaTOPU3NOIOMIKYA HacTaH Ha AD.

CeBKynHHUTE pe3yJaTaTd 3a moTeHUHjaaor Ha au3ajuupanute IEI-unmpann
HAHOJIMIIO30MU CO €HKAINCYJHPAH eKCTPAKT 0] Py3MapuH HCIUTYBAHU BO PAMKHTe HA
0Baa JOKTOPCKA JHCEPTANMja yNaTyBaaT HA MOKHOCTA 3a HUBHA MOHATAMOIIHA iN ViVO
eBaJIyaluja co eJ pasBUBame Ha (PMHATHA J03MPaHa (opMa €O NPAKTHYHA, e(PUKACHA

U 0e30eHA MpUMeEHa BO TpeTMaHOT Ha AD.
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EXTERNAL REVIEW
of the doctoral dissertation submitted by the candidate:
Dushko Shalabalija with the title:

Design and Development of bioinspired PEG-ylated Nanoliposomes loaded with Rosemary
Extract for Treatment of Alzheimer’s Disease

|. OBJECTIVE

The pathogenesis of neurodegenerative diseases, including Alzheimer's disease (AD), is associated
with the state of oxidative stress. Hence, the use of antioxidants and anti-inflammatory molecules,
such as polyphenols in the rosemary extract (RE), which was subject of the thesis, is recommended
as a useful strategy for preventing the progression of AD. Taking into consideration the limitations
arising from the poor bioavailability of these compounds to the central nervous system (CNS), and
additionally, the complexity of the blood-brain barrier (BBB), the aim of the doctoral thesis was the
design, development, optimization and in vitro physicochemical and biopharmaceutical
characterization of PEG-ylated nanoliposomes with encapsulated rosemary extract (RE) for
efficient and safe treatment of Alzheimer's disease.

The research plan of the thesis is structured in four phases:

1. Development, preparation and characterization of PEG-ylated nanoliposomes with
encapsulated RE:
e Development and preparation of non-PEGylated nano-vesicles and their
characterization in terms of size and size distribution.
e Development and preparation of blank PEG-ylated nano-vesicles and their
characterization in terms of size and size distribution.
e Development and preparation of PEG-ylated nano-vesicles with encapsulated RE and
their characterization in terms of: size, size distribution, encapsulation efficiency of RE
through rosmarinic acid (RA) as a marker component.
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2. Experimental design and optimization of formulation of PEG-ylated nanoliposomes with RE.

Preparation and characterization of nanoliposomes’ formulations with encapsulated RE
with different ratios of constituent components and their characterization in terms of
size, size distribution, morphology, encapsulation efficiency, in vitro release rate of the
extract monitored by RA over 48 hours and protein adsorption studies using bovine
serum albumin (BSA) (OFAT experiments).

Implementation of central composite design.

Preparation and characterization of various proposed PEG-ylated nanoliposome
formulations with encapsulated RE and their characterization in terms of size, size
distribution, encapsulation efficiency and in vitro release of the extract over 24 hours.
Establishment and analysis of mathematical models that qualitatively and quantitatively
describe the influence of formulation variables on the properties of interest of the nano-
vesicles.

Optimization of formulation.

3. Preparation and characterization of optimal formulations of PEG-ylated nanoliposomes
with encapsulated RE.

Preparation of optimal formulations of PEG-ylated nanoliposomes with incorporated RE.
Physico-chemical characterization of prepared nano-vesicles with encapsulated RE (size
and size distribution, determination of surface charge and encapsulation efficiency of
RE).

Determination of the in vitro release rate and the release mechanism of the marker
component RA.

In vitro determination of the antioxidant potential of RE as a pure extract and of the
nanoliposomes with incorporated RE.

Qualitative and quantitative characterization of nanoliposome - protein complexes with
proteomics methods.

Examination of the stability of nano-systems in physiologically relevant and biological
media.

4. |In vitro cell culture studies in order to investigate the cytotoxicity and the uptake efficiency
of the prepared nanoliposomes by two cell lines

Cytotoxicity studies of the blank formulations of nanoliposomes (without incorporated
RE) on human cerebral microvascular endothelial cells and human neuroblastoma cells.
Optimization of the process of fluorescent dye labelling of the blank nano-formulations
Quantitative determination and investigation of the uptake mechanism of the
fluorescent dyed nanoliposomes by human cerebral microvascular endothelial cells and
human neuroblastoma cells.

Cellular internalization studies of the blank nano-vesicles in human cerebral
microvascular endothelial cells and human neuroblastoma cells.

As major result from this thesis optimal nano liposomal formulations were manufactured and
characterized with mean particle size ~ 120 nm and narrow unimodal distribution, as well as a
negative zeta potential. The encapsulation of the RA into the liposomal vesicles was about 90%,
while the percentage of the in vitro release within 24 hours ranged from 24.83 - 48.39%. These



results indicated that the prepared nanoliposomes have high encapsulation efficacy and the
rosmarinic acid follows prolonged and controlled release over a period of up to 24 hours.

Further, Dushko showed in his doctoral thesis that the optimal nano liposomal samples showed a
statistically significant higher antioxidant capacity (> 94.15%) compared to the extract (90.04%).
In addition, the in vitro viability did not show a significant decrease in the cell viability, nor a violation
of the integrity of their cell membrane. Micro-Raman spectra confirmed the successful
internalization of the nano-vesicles, while fluorescence and confocal microscopy micrographs
revealed that the internalized nanoliposomes co-localize in the perinuclear cell regions.

In conclusion, the data presented from the PhD thesis of Dushko showed a huge potential of the
optimized NLs to overcome the BBB and therefore, efficient and safe AD treatment in the future.

[l. CONCLUSION AND OPINION

Based on the obtained PhD thesis it is my pleasure to summarize that Dushko Shalabalija has
successfully accomplished the objectives and scientific aims of the study: “Design and
Development of bioinspired PEG-ylated Nanoliposomes loaded with Rosemary Extract for
Treatment of Alzheimer’s Disease”

Dushko published the results of the thesis in 9 publication, with two of them he served as first
author. Three publications are proceedings from international conferences and two are abstracts
from local conferences. Further the work was financed and part of 5 different research grants.

My general impression of the PhD thesis of Dushko is very positive. The topic and aim of the
doctoral work are very up-to date and definitely an urgent need exists in the treatment of AD.
Methods applied by Dushko are described precisely and are appropriate for the experimental
design. The results are presented clearly and are discussed in context with current knowledge from
the scientific literature.

Opinion:

Concerning all above aspects, | am exited to express my enthusiasm for the proposed doctoral
dissertation of Dushko Shalabalija. | strongly recommend the presentation of his doctoral thesis to
the faculty and further to the academic administration for obtaining a PhD degree at your university.

Univ.-Prof. Dr. Andreas Zimmer
Head of the Institute of Pharmaceutical Sciences
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l. PRESENTATION

Age-related memory impairments correlate with a decrease in brain and plasma
antioxidants. Oxidative stress leads to protein-, lipid-, DNA oxidation, and glycoxidation
which are closely related to cognitive decline during development of Alzheimer's disease
(AD). AD is characterized by neuronal and synaptic loss, extracellular AB plaques and
intracellular neurofibrillary tangles composed of hyperphosphorylated tau proteins, in
addition to astrocyte proliferation, microglia activation and neuroinflammation. Oxidative
stress is generally characterized by an imbalance in production of reactive oxygen species
(ROS) relative to the limited capacity of antioxidative defense which is responsible for the
removal of ROS. Certain antioxidants including glutathione, a-tocopherol (vitamin E),
carotenoids, ascorbic acid, and antioxidant enzymes such as catalase and glutathione
peroxidases detoxify ROS under physiological conditions. However, intracellular glutathione
concentrations decrease with increasing age and are found to affect the hippocampus with
rate of ROS production exceeding the rate of ROS removal, resulting in gross
neurobiological dysfunction.

Many studies have provided evidence for the deleterious consequences of oxidative stress
on cellular targets in the parietal cortex, hippocampus, and temporal lobe where most
histopathologic alterations in AD patients accumulate. Even the AD idiosyncrasy in
reference to apolipoprotein E (APOE) genotype in the most common sporadic AD links €4
allele to peroxidation as a potential mechanism.

Therefore, early antioxidant protection seems to constitute an important approach in the
disease management. Some plant extracts such as the rosemary extract (RE) emerge with
strong antioxidant properties however these preparations are limited in accessing the brain
in therapeutic formulation and dosage.

Therefore, the development, preparation, and characterization of PEG-ylated
nanoliposomes with encapsulated RE demonstrate a powerful approach to circumvent
limitations of RE application in the brain. In his PhD Thesis Dr. Shalabalija designed and
optimized formulation of PEG-ylated nanoliposomes with RE, prepared and characterized
optimal formulations of PEG-ylated nanoliposomes with encapsulated RE and performed in
vitro cell culture studies to assess the cytotoxicity and the uptake efficiency utilizing two
different cell lines. Dr. Shalabalija developed lipid film hydration technique, with RE
incorporated into the lipid phase for higher encapsulation efficiency. He identified the main
formulation independent variables’ impact on the nanoliposomes using CCD.
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Dr. Shalabalija prepared liposomal dispersions with prolonged RA release, based on the PEG
amount present onto nanoliposome surface. Based on the obtained correlation coefficients, he
used the Peppas-Sahlin model that best described the release kinetics of RE. Optimized
nanoliposomes were stable and showed higher antioxidant capacity compared to RE alone.
Stability studies in human plasma and cell culture media, showed that upon release,
nanoparticles are immediately covered with biomolecules that change their size and
physicochemical properties. Formulations with larger content of PEG showed a stronger
hydrogen bonding between PEG and BSA. Protein corona composed of mainly albumin formed
readily in the cell culture medium. Since no significant differences in the mean vesicle size were
noted during 24 h in media, native formulations were deemed stable. The results on stability
were corroborated by AF4 analysis. Serum proteins were found to likely stabilize the PEG-free
formulation in terms of preventing the aggregation process. All three nanoliposome formulations
didn’t affect cell viability of cell culture lines when tested at increasing concentrations.

Cell uptake analyses revealed time, concentration, and PEG dependency in hCMEC/D3 cell
line unlike in SH-SY5Y, where the PEG-free formulation had highest internalization. Cellular
uptake was determined to be energy-dependent endocytic transport and passive diffusion. The
transport studies on the combined hCMEC/D3/SH-SY5Y cell lines confirmed the successful
transport of the nanoformulations across the BBB and subsequent uptake by the
neuroblastoma cells. These experimentations confirmed successful delivery across BBB and
indicated a potential for efficient and safe AD treatment.

[I.CONCLUSION AND OPINION

Based on the obtained resume of the work it is my pleasure to conclude that Dushko Shalabalija
has successfully accomplished the objectives and scientific aims of the study: " DESIGN AND
DEVELOPMENT OF BIOINSPIRED PEG-YLATED NANOLIPOSOMES LOADED WITH
ROSEMARY EXTRACT FOR TREATMENT OF ALZHEIMER’S DISEASE ".

Dushko Salabalija published the results of the thesis topic in nine publications (out of which 2 as
a first author, all original research papers) and contributed many poster presentations on
conferences and as a part of various projects.
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General impression of the doctoral dissertation

Presented work and results are innovative and give rise to development of blood-brain barrier
(BBB) permissive nanoliposomes for targeted brain delivery of plant extracts with antioxidant
properties. The quality of the results is exceptional. Results are presented in a very neat and
logical way. 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 nanoliposome
formulations 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

Obtained results are well described and evaluated. The results and their presentation are of
exceptional quality. The scientific importance and added value of the results are well discussed
and explained. The evaluation is objective and reflective of gained expertise.
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Summary

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

Organization and presentation

The dissertation is well organized, the results are beautifully presented, and they can be easily
understood.

Opinion

Concerning all above aspects, it is my pleasure whereby | want to express my strongest
enthusiasm for the proposed doctoral dissertation of Dushko Shalabalija and recommend the
presentation of his doctoral thesis for obtaining a PhD degree.

St

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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Npegmer: Mucnerwe No AocTaBeHo aBTOpeaume Ha AOKTOPCKA AMCEpPTaUW]ja HA KaHAWA3TOT M-p
Aywko Wanabanuja co Hacnos: ,AU3AIH U PA3BOJ HA BMOMHCNWUPUPAHU MEr-WAWUPAHU

HAHOZIMNO3OMU CO BIPAAEH EKCTPAKT Ofi PY3MAPUH 3A TPETMAH HA A/IUXAJMEPOBA
BONECT".

Op asTOpe3sMmeTO Ha AOKTOpCKaTa AucepTauuja moMe Aa ce yBuAWM AeKa craHysa 36o0p 33
OpPUrMHanNHM Hayyuu pesyntaty pnobveHu of, UCTPa)KyBatba HACOMEHM KOH NPUMEHaTa Ha
H3HONMNO30MM KaKO CMCTEMU-HOCAYMU HA EKCTPAKT oA PY3MapvH CO uen noepuKkacHa Mcnopaxa Ha
KOMMOHEHTUTE Of EKCTPaKTOT BO MO30YHUTE TKUBA, HaMeHeTU 33 eduKaceH TPeTMaH Ha
Anuxajmeposa 6onecr.

LUenu Ha UCTPaXXyBRETO:

MpeaMeToT Ha 0Ba UCTPaXKyBakbe NPeTCTaByBa AW3ajH, Pa3Boj, ONTUMU3aLUWMja U LeNoCHa in vitro
dusnuko-xemucka u BuodapmaueBTCKa KapaKrepu3aumnja Ha [EM-uanpaHd HaHOAWNO3OMU CO
BrpafeH eKCTPaKT 04 Py3mMapuH 3a NoTeHuujaneH u ebuKaceH TpeTMaH Ha Anuxajmeposara bonecr.
PaboTHWUTE aKTUBHOCTU Of, OBaa AOKTOPCKA Auceprauuja ce Ao6p0 OCMUC/IEHW, CTPYKTYPUPAHW U
noaenieHn BO YeTUPU NocnefosaTesiHU ¢pasu, 04HOCHO:

1) Pa3Boj, noAroToska U Kapakrepu3saumja Ha MEM-UAMpaHM HAHOMNO30MW CO EHKaNCYAMpaH
eKCTPaKT 04 Py3MapuH co uen ga ce usbepe eaHa popmynalmja 3a NoHaTamoLWHA MogUUKaLM]a.

2) MoaroToBKa M KapaKTepusauuja Ha $Opmynauuu Ha HAHONMMO3OMM CO EHKaNCynupaH
EKCTPaKT 04 py3mMapHH CO pa3NnyeH COOAHOC Ha COCTaBHUTE KOMMOHEHTH, HUBHA KapaKTepu3auuja u
nocnefoBaTeNHa MMNAEMEHTaLMja Ha eKCNePUMEHTa/IEH AW3ajH KaKO KOPWUCHA CTaTUCTWUYKA anatka
33 onTMMMU3aumja Ha popmynauujata.

3) MoaroToBKa W KapakTepusauuja Ha ontumanuu [EM-unnpaunun dopmynaymu  Ha
HaHO/MNO30MM CO eHKancy/NMpaH eKCTPaKT oA py3MapuH, Kage WTo ce HaBeAeHH nosere paboTHu
3371341 M aKTUBHOCTM CO LeA KOMN/ETHa Gu3nuKko-xemmncka u buodpapmaliesreka KapaKTepu3ayuja Ha
OBME CUCTEMM, KaKO U UCNUTYBakbe Ha HUBHATA CTaBUIHOCT BO Pa3nnuiHK GU3NONOWKU PENEBAHTHM
meauymu. Bo Hacoka Ha noTeHuupare Ha NpeAHoCTUTe Ha NOAOTBEHUTE ¢dopmynauuu, HanpaseHu
ce  in vitro eKcnepuMeHTH 33 NpoLeHKa Ha aHTMOKCUAATUBHWOT KaNauwuTeT Ha eKCTPAKTOT M Ha
HaHO/IMMO30MMUTE CO EHKANCy/IMPaH eKCTPaKT.

4) Bo 3aBpwHaTa ¢a3a cnposepeHu ce in vitro UcTpa)KyBarba Ha MCNUTYBar@ HA TOKCHYHOCT W
KOMNapaTMBHY CTyAUM Ha epUKACHOCT Ha npe3ematbe Ha npasHute HaAHONMNO30MCKW HOCauW oA

CTPaHa Ha Pas/iviHU1 KNETOHHW IMHUM KOM Ja cuMyanpaar dyHruyujaTa Ha KMB 1 HeBpOHUTE.

KpaToK onuc Ha pe3y/TaTuTe oA CnpoBeAeHUTe UCTPamyBakba:

Bo paMKuTe Ha OBa MCTpaxyBake, HanpaseH e AW3ajH, pa3soj, dopmynauuja W
KapakTepu3aumja Ha pas/iMiyHu dopmynauuu Ha NET-UNMPaHU HAHONUNO3OMK CO BIPAAEH EKCTPAKT
04 py3MapuH Kage WTo e ondareHa W KOMNapatueHa aHanu3a Ha Of\HECYBAtETO HA OBWE HAHO-
HOCauM BO M3BpaHN KNETOYHM KYNTYPH, @ UCTO TaKa U HUBHWOT aHTUOKCUAATUBEH NOTEHLMjaN Kako
eAeH 04 MexaHu3muTe 3a npeseHlyja M TPeTMaH Ha Anuxajmeposara 6onecr.



NpenumuHapHuTe CTyaun  ondakaat AusajH M pazsoj Ha HelEl-uavpann npasuu
HaHOAMNO30MM, @ NOHATAMOWHWTE YEeKOpU BAYUyBaaT MNOArOTOBKA W KapakTepuW3auuja Ha
HaHONMNO30MCKM GOPMyNaLnmn Co NONUMeEp 33 CTepHa crabunusaumja (MEM) v cneacrseno Ha Toa,
NET-nanpaHm HAHONUNO3OMM CO EHKANCYNUPaH EKCTPAKT OA Py3MapuH. MoxaTtamy e NPoA0NKEHO CO
eKCNePUMEHTH BO KOM € BapupaH eaeH $Gaktop Bo AaAeHO Bpeme €O yuja noMou ce NOCTaBeHw
rpaHuuMTe Ha AW3ajH NPOCTOPOT. Bo cneanata dasa, NPUMEHET e eKCNepUMEHTANEH AW33jH BO HACOKA
Ha ONTUMM3aLMja Ha GOPMYAALNjATa OF ACNEKT HA BRYNHUTE GUINUKO-XEMUCKH U 6nodapmauesTckn
0CcO6MHM Ha HAHONWNO3OMMTE KOM Ce BO HACOKa HA eduKaceH TPaHCNOPT HWU3 KPBHO-MO304HATA
6apuepa, a co Toa v ycneweH 1 GesBGeaeH TpeTMaH Ha AnlixajmepoBara 6onecrt.

OnTMManHUTE AMNO3OMCKM NPUMEPOLU Ce KapaKTEPU3UPaHWU CO ronemuHa og okony 120 nm,
co TecHa avcTpnbyumja NO roneMUHa N HeraTMBHa NOBPWMHCKA HAENEKTPU3UPAHOCT U ucTuTe Ce
KapaKTepM3MpaaT Co BUCOK NPOLIEHT H3 BIrPaAyBatbe Ha EKCTPAKTOT (>85 %). Pesyntatute opg, in vitro
0cnoboayBatbeTo Ha PY3MapUHCKaTa KUCENNHA KaKo MapKep KOMMOHEHTa 3a ciegerwe Ha
0cno60ayBarbeTO Ha EKCTPAKTOT, NOKAXKYBaaT ieKa CUTe HAHONNNO30MCKH GOPMYNaunn pe3ynTupaaT
CO HEeroBO MPOACNKEHD 0cnoboAayBatbe BO TEKOT Ha 24 uac, NPy WTO AOMWUHIAHTEH MEXIHU3AM H3
ocno6oayBare e npouecoT Ha audysuja.

KeaHTWTaTMBHaTa KapaKTepu3auuja Ha HaHO-CUCTEM - MPOTEeUH KoMmNiekcuTe nocne

uHKyBaLuMja Ha HaHONIMNO30MHUTE BO XYMaHa Na3ma 04 34pasu A06pososaiyM 1 NN33Ma 0 NAUMEHTH
co AnuxajmepoBa 6onect notspaysa pgeka [ElM-nnauujata npertcrasysa ycnewed npucian 8o
HaManyBawe Ha MNPOUEHTOT Ha aTtcopbupaHn CepymMCKU NpOTeMHM HAa NOBPWMWHATA Ha
HaHO/IMNO30MMTE, CO WTO NOHaTamy 61 BAKMjaeno Ha npesBeHUMja Ha NOCNEA0BATENHUOT Npouec Ha
KAMpeHC o4 opraHM3amor. Bo osaa HacoKka, IR — ATR cneKTpocKonckviTe aHanvW3v [asaat yswua 8O
NpMpoAaTa Ha MHTepakuuuTe Nomery HaHO/NUMNO30MUTE U FTOBEACKUOT cepym anbymuH, npu wio e
yBMAEHO AeKa NOCUNHU BPCKM ce opmnpaar Kaj ¢opmynauunuTe co NOBUCOKO KonuyecTso Ha MNEr. Ha
KpajoT o 0B8aa ¢a3a MCNMTAHA € U CTabUHOCTa Ha ONTUMANHUTE HAHONUNO30MHK BO HH3MONOLIKK
pPeneBaHTHU MeguyMH, Kage WTo AobueHuTe pesyntaTu cyrepupaar Ha ¢u3nyKata CTabWnHOCT Ha
$opmynaumure.

Oa wvcnuTyBakbaTa Ha BMjabMAHOCTA M LMUTOTOKCUMYHOCTA BP3 KAETOYHU MOAENW Ha KPBHO-
mo3o4Ha bapuepa 1 Yoeeykn HeypobnacToma KneTku no 24 yaca yTepaeH e 6e3beAHOCHUOT HTEpBan
H3 f03upare Ha HaHo-opmynauuuTe M [ONOJIHUTENIHO € YBUAEHO AeKa AU33AJHUPAHWUTE HaHO-
HOCa4Y¥ He je HamanyBaaT KaeToyHaTa BMjabMIIHOCT, HUTY Nak ro HapylyBaaT MHTErpMTETOT Ha
KNeToyHaTa membpaHa. Bo KBaHUTAaTUBHUTE CTYAUM HA KNETOYHO Npe3emMakbe Ha HAHONUNO3oMKUTE O,
CTpaHa Ha 0BMe fBe KAeTOYHMW SIMHUW Ce NOKaXyBa AeKa KOHLEeHTpauuWjaTa Ha HaHO-BE3WKYNWTE W
BpemMeTo Ha MHKybauumja urpaar knyyHa ynora Bp3 NpoOLEHTOT Ha HUBHATA UHTEPHAaNW3aunja, AoAEKa
nak CTaTUCTUYKaTa aHanu3a Ha MOJeNuTe Ha KNeToyHo npesemare B0 hCMEC/D3 wm SH-SYSY
KNeTOYHATa /InHMja, NOKaXKyBaaT Aeka npucycTeoTo Ha MET nrpa knyyHa ynora 8o epuracHOCTa Ha
MHTepHanu3auuja Bo ABeTe KI1eTOYHU KYATYpU, 0A4e/HO.

lWTo ce opHecyBa A0 MEXaHM3MOT Ha KJETOMHA WHTEPHAaNW3auuja, CUTE WCNWUTAHW
HaHONUNO30MCKU GOPMYNALUK Ce KapaKTepU3UpaaT Co eHePreTCKU 3aBUCEH EHAOLUTEH TPaHCNOPT
M nacueHa gudy3nja, A0AEKA NAK TPAHCMOPTHUTE CTYAUU Ha KOMBuHWpanata hCMEC/D3 / SH-SYSY
KNETOYHA /IMHKUja ro NOTBPAYBaaT YCNeWwHWOT TPaHCNOPT Ha HaHO-POPMYNAUUUTE HU3 RNETKUTE Ha
KMB 1 HUBHOTO NOCNEA0BaTeNHO NPe3eMatbe 0/l CTPaHa Ha Heypobnactoma kneTkure, Cnektpure op,
MuKpo-PamaHCcKaTa CNeKTPOCKONMja ja NOTBPAYBaaT YyCnewHaTta WHTEPHANW3auuja Ha HaHo-
BE3WKy/NTe, @8 MUKPOrpadckuTe NpuKasn oA ¢yopecueHTHata W KoHdOKanHaTa MMKpoCcKonuja
OTKpWBaaT AeKa WUHTepPHanudupaHUTe HaHOJIMNO3OMWU Ce KONOKanuivpaar Bo NepUHYKNeapHuTe
KNETOYHN PErvoHMu.
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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)
loaded PEGylated NLs for potential AD treatment. Central composite design was applied in order to obtain the
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-p (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
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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], Af 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

Journal of Drug Delivery Science and Technology 63 (2021) 102434

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 Dsg = 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. Invitro 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 (Ds(), 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.

NLb1 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 (Dsg) 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 % = 100

€9)

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.

total amount of RA

__amount of RA encapsulated in NLs (mg)

DL *100 (2)

amount of lipid phase in NLs

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)

% of released RE = 100 3)

total amount of encapsulated RA

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

100
fluorescence of sample in 0 min ¥

4

% of initial fluorescence =

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

100
total amount of proteins in plasma

% of protein adsorption =

(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 (NLb1l 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/Ny. 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 ¢) 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 Dsy 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-R%’ 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 27.5 124 + 13.59 + 0.07 0.43 £ 0.03 1.09 + 0.05 1.99 + 0.06 2.35 £ 0.05
8 2 400 310 50 i;;i 17.02 + 0.09 0.56 £ 0.02 1.60 + 0.03 1.78 £ 0.05 1.97 + 0.06
20 3 300 280 275 1;;37 + 13.10 + 0.07 0.58 + 0.05 1.43 +0.04 1.62 + 0.02 1.89 + 0.09
14 4 300 280 50 12556:t 13.61 £+ 0.08 0.28 + 0.02 0.80 £+ 0.02 0.94 £+ 0.04 1.32 + 0.04
7 5 200 310 50 i.?ssllj: 7.26 +0.10 0.17 £+ 0.02 0.56 + 0.04 0.66 + 0.03 0.97 + 0.06
2 6 400 250 5 12961:t 18.18 + 0.07 0.91 + 0.04 1.77 £ 0.02 1.96 + 0.05 2.65 £ 0.05
11 7 300 250 275 1.28;85 + 13.83 £ 0.06 0.37 £+ 0.04 0.92 £+ 0.03 1.11 £ 0.03 1.34 £ 0.06
16 8 300 280 275 1246:‘j: 13.06 + 0.09 0.58 + 0.03 1.46 + 0.04 1.58 + 0.03 1.85 + 0.07
1.
17 9 300 280 275 12877i 13.06 + 0.04 0.59 £+ 0.03 1.52 + 0.04 1.61 £ 0.03 1.90 + 0.05
3 10 200 310 5 ff;t 8.80 + 0.08 0.39 £+ 0.01 1.03 + 0.05 1.32 £+ 0.06 1.45 + 0.04
9 11 200 280 275 13835i 8.42 + 0.07 0.21 +.0.03 0.89 + 0.03 0.83 £+ 0.01 1.12 + 0.04
2.
5 12 200 250 50 12670i 7.79 £ 0.05 0.18 £ 0.01 0.61 £+ 0.03 0.87 £ 0.03 1.01 + 0.08
12 13 300 310 275 f2779i 13.33 + 0.07 0.37 £ 0.02 1.05 + 0.03 1.22 + 0.05 1.46 + 0.04
4 14 400 310 5 12805i 18.46 + 0.05 0.64 + 0.03 1.55 + 0.06 1.51 + 0.03 2.03 £ 0.05
18 15 300 280 275 12675i 13.07 + 0.03 0.56 + 0.04 1.51 £ 0.03 1.60 + 0.07 1.88 + 0.09
15 16 300 280 275 f2265i 13.05 + 0.04 0.59 + 0.02 1.49 + 0.06 1.63 + 0.05 1.92 + 0.06
6 17 400 250 50 ;)fSSi 18.83 + 0.06 0.45 £+ 0.04 1.07 £+ 0.04 1.30 £ 0.05 1.51 + 0.08
10 18 400 280 275 127255: 17.81 + 0.04 0.66 + 0.03 1.60 + 0.03 1.90 + 0.03 2.06 + 0.03
1 19 200 250 5 12377,7 + 8.70 £ 0.06 0.80 £+ 0.02 1.97 + 0.06 2.11 £ 0.02 2.39 £ 0.04
13 20 300 280 5 12547i 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.

Journal of Drug Delivery Science and Technology 63 (2021) 102434

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 2FI 2F1 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
oMS)

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 + 0.44%B 4 0.73%xC — 0.79+A * B
+0.46%A % C + 1.71*B*C  + 1.32%A” +0.74+B* — 1.68xC>
+ 1.04%A B % C + 3.29%A  B?

©

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% 4 0.042*B*
+0.26%C*

)
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 4 0.098*B*C (8)
Total amount of released RA 4 h (mg) = + 1.25 + 0.25%A — 0.055+B
—0.27+C + 0.16%A * B + 0.15%A * C + 0.20*B*C 9
Total amount of released RA 6 h (mg) = + 1.45 + 0.27+A — 0.086+B
—0.27%C + 0.13%A * B + 0.19%xA x« C + 0.19%B « C (10)
Total amount of released RA 24 h (mg) = + 1.73 + 0.33xA — 0.10«B
—0.32+«C 4 0.10%A * B 4+ 0.083+A * C + 0.25%B « C 1D

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, Az, Cz, ABC and AB? had sta-
tistically significant influence on Dsq (p < 0.05). Positive sign in front of
the factor C means that there was a proportional dependence between
the PEG amount and Dsg. 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 Dsg 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 A2 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 Dsg, 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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Fig. 2. 3D graphic representation of the influence of studied variables (SL and
PEG) on absolute amount of encapsulated RA.
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Fig. 3. 3D graphic representation of the influence of studied variables (SL and PEG) on a) total amount of released RA in 1 h, b) total amount of released RA in 4 h, c)

total amount of released RA in 6 h, d) total amount of released RA in 24 h.

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 6
Optimization using Design of Experiments.

Table 7.

3.3. Characterization of NLs

3.3.1. Mean particle size and particle size distribution, drug content and
gzeta 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)

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
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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 RAin 1 h released RA in 4 h released RAin6h  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 400 272.18 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 400 307.58 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
Table 8 NL5 where PEG was present in greater proportion resulted in slower
able

Physicochemical properties of optimized samples of NLs.

Sample  Dso+SD SPAN  ZP (mV) EE (%) DL (mg RA/100
(nm) mg lipid mass)

NL1 122 4+ 4.30 1.055 —18.50 + 85.93 + 4.10 £ 0.09
1.32 1.93

NL2 116 £2.25 0.979 —45.10 + 93.15 + 4.28 +0.11
1.52 2.43

NL3 120 £+ 2.97 1.197 —21.45 £+ 80.94 + 4.01 £0.18
1.28 3.67

NL4 120+ 3.95 0.984 —48.30 + 85.81 + 3.53 +0.10
1.17 2.36

NL5 120+ 2.45 1.000 —23.00 + 85.77 + 4.14 + 0.13
1.23 2.54

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.

release of the active component (24.83 + 1.22-35.64 + 2.12% RA
released over 24 h). The same dependence was observed during our
preliminary studies [25]. As mentioned in the Design of Experiments
section, it is assumed that the hydrophobic long alkyl chains of the
polymer can act as a barrier to drug diffusion and effectively trap the
extract in the polymers [40]. Taking into consideration the lipophilic
character of the RE components, an additional possible mechanism that
explains this difference in the RA release rate from the NLs is the rapid
hydration that occurs due to the presence of PEG on the vesicle surface
[42]. In contrast, formulations NL2 and NL4 characterized by lower PEG
concentration in the formulation showed faster RA release over 24 h
(48.39 + 2.32 and 42.90 + 2.07%, respectively).

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 Fe" 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'"%) S k (") n R k; (") ko (W) 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- L
phatidylcholine (PCH) and phosphatidylethanolamine (PE), the main T35
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 o 25
radical scavenging molecules including the RE polyphenolic compo- g 20
nents, regenerating the oxidized molecule by donation of a hydrogen ‘é M 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
v
accordance with our obtained results [47]. o
e 5
k)
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 (NLbQ1). 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 NLb1l 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™!. 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/II 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 NLb1l 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

SL

CH

PEG

BSA

0 - NLb1+BSA
NLb2+BSA

IR-ATR(Absorbance)

T
4000 3000

Wavenumber/cm '’

Fig. 7. IR-ATR spectra of SL, CH, PEG, BSA, NLbl 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.

V(BSA)/cm™! v(NLb1)/cm™? V(NLb2)/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 II
1495 1497 1495 Amide 11
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 NLb1l 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, Dso (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 (Dsg) 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 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 Dsg 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 D5p > 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.

Dsg 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 + 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 SCMEO004, 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 Dsg 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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Abstract: Rapid development of nanomedicines necessitates advancement in internalization techniques which can accurately distinguish
between the complex environments of cells and nanocarriers. Internalization (or endocytosis) studies of oil red O labeled and label-free
PEGylated-lecithin/cholesterol nanoliposomes was performed using micro-Raman spectroscopy. The C-O stretching vibrations and CCH
scissoring bendings of naphthalene ring around 1225 cm™ as well as the N=N stretching vibrations at 1377 cm~ are prominent peaks absent
from the label-free spectra which can be used for detection of internalized oil red O labeled nanoliposomes. Suitability of oil red O as a liposome
marker was confirmed by stability studies of the incorporated dye and automated fluorescence cell counting. The C—C stretching region with a
prominent wide band centered at 1080 cm™ indicative of larger gauche conformer content typical for the lecithin-cholesterol nanoliposomes
and the strong maximum at 980 cm™ associated with O-C-C-N* stretching vibrations of the liposome polar head groups are important for
studying label-free nanoliposome cell internalization.

Keywords: PEGylated nanoliposomes, oil red O labeled PEGylated-nanoliposomes, cell internalization studies, micro-Raman spectroscopy.

favorable physicochemical and biophysical properties, lipo-
somes are considered as one of the most biocompatible

INTRODUCTION

ANOTECHNOLOGY is a rapidly developing field that

demonstrates growing applications in many areas. Its
subdiscipline, nano-engineered medicine, brings numerous
clinical advantages and unique biological properties mainly
due to the nanosize and specific physicochemical features
of the evaluated biosystems. In this regard, vast technolog-
ical advances in drug delivery and in biopharmaceutics
emerge to act as therapeutic vehicles for molecules such as
drugs, proteins, DNA and monoclonal antibodies.!!] Nano-
medicines currently in use or under investigation include
long circulating PEGylated liposomes, polymer nanoparti-
cles or micelles, nanostructured lipid nanoparticles, lipid-
polymer hybrid nanoparticles, and dendrimers. Due to their

nanocarriers capable of surpassing different biological bar-
riers. In addition, multifunctional liposomal carriers
equipped to support the EPR effect, also capable to
transform into a “recognition” state and induce ligand-
receptor interaction in different biological compartments,
evolved to improve the lack of selectivity, increase the
localization and cell internalization of conventional
nanocarriers.[2-4

Bioimaging technologies for cellular processing and
intracellular fate of liposomes are crucial for optimization
of these design approaches. However, understanding the
nature of the interaction of nanoscale material with
biological systems, their biodistribution and potential to
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cross biological barriers, tissue accumulation and cell
internalization, as accurate predictors of toxicity as well as
effectiveness of therapeutics of interest, is restricted by the
limitations of the available techniques. Most liable adopted
methodologies for biological and biomedical imaging are
fluorescence microscopy, flow cytometry, small-angle X-ray
scattering and spectral bioimaging.[!]

Flow cytometry (fluorescence-activated cell sorting
analysis) allows quantification of liposomal uptake but it
cannot distinguish among the cell surface attached and
internalized liposomes.[5! Localization studies may be per-
formed using fluorescence microscopy in living or fixed cells
stained with multiple fluorescent markers for endocytic
compartments, organelles, or different endocytic pathways
and incubated with fluorescently labelled liposomes. How-
ever, accurate localization is often hindered by low spatial
and spectral resolution leading to overlapping of the
fluorescent signals due to their proximity in the microscopic
structure.[X67] In order to achieve higher spatial resolution
and segregate mixed fluorescence signals, confocal laser
scanning microscopy (CLSM) is usually coupled with spec-
tral imaging detector to secure high spectral resolution and
resolve spatial contribution of each fluorophore. CLSM
gives the 3D aspect of a sample with the exact spatial posi-
tion of the nanoparticle and the spectral imaging measures
the spectral information. Thus, a 3D emission spectral pro-
file of each fluorophore spatially with a high spectral reso-
lution is constructed, enabling the separation of
fluorescent dyes in a multi-stained system.®) Combined
flow-cytometry and spectral bioimaging may also be
applied to unravel the internalization mechanism and intra-
cellular fate of liposomes and other nanomedicines.!
However, fluorescent label induced changes in the physico-
chemical and biological properties as well as modifications
of the cellular fate, dye leakage and/or reattachment to
different structures, dye stability and photobleaching that
lead to loss of tracking confidence or decrease of the signal
over time are major limitations that cannot be easily
resolved. Furthermore, the high energy wavelengths used
to excite the fluorophores might damage the cells and
cause the production of reactive oxygen species which is
severe obstacle throughout time-course studies during
which the toxicity imparted by reactive oxygen species
(ROS) can become evident, impacting cell permeability and
integrity.[” The variety of problems introduced by fluores-
cent dyes need to be overcome by techniques that are able
to compare and distinguish dye-free and dye-labeled
nanocarriers. In order to circumvent the limitation of the
fluorescent techniques, a viable approach delivered by use
of other methods are explored.

Due to its high resolution and applicability to target
live cells in both an aqueous environment and in fixed
samples, confocal micro-Raman spectroscopy is commonly

used for cell visualization. The technique enables noninva-
sive chemical imaging based on vibrational properties of
functional groups within the sample and occasionally does
not require compound labeling.[%19 Direct visualization of
components in the sample is usually performed by obtain-
ing three-dimensional confocal Raman images and inte-
grating the intensity of characteristic spectral bands
measured at one location and at several sample layers.[11]
Spectra can be obtained by focusing the laser beam at the
point of interest or by mapping experiments that would be
further processed by multivariate data analysis (chemo-
metrics). Compared to the univariate methods, where
information is extracted through the relative comparison of
isolated band shifting and intensity changes observed in the
spectra of individual samples, multivariate methods are
more powerful and very accurate as they derive and
compare the information from a number of whole spectra
obtained from different sample points. 12

In biological cells and other complex tissues, the
observed spectra exhibit bands with various intensities and
shapes that originate from the vibration of the various
building blocks that constitute the biochemical compo-
nents: nucleic acids, proteins, lipids, phospholipids, and
carbohydrates. Due to the rich spectral content, apart from
investigation of the molecular compositions and structures,
the technique could be exploited to track the optical signals
arising from internalized liposomes, provided that the
uptake is sufficiently large. Considering the scarcity of data
regarding the use of spontaneous confocal micro-Raman
spectroscopy to study cell internalization of labeled and
label-free nanomedicines,!*3! the aim of this study was to
test and highlight the potential of the technique for
evaluation of the internalization of PEGylated-lecithin/
cholesterol oil red O labeled and label-free liposomes in
brain microvascular endothelial hCmec/D3 cell line. The
approach represents an established in-vitro blood-brain
barrier (BBB) model in the development of brain targeted
drugs and drug delivery systems.

EXPERIMENTAL

Materials

Soybean lecithin (SL) was purchased from Vitalia, N.
Macedonia. LIPOID PE 18:0/18:0-PEG 2000 (PEG) was
donated from Lipoid, Germany. Cholesterol (CH) was
purchased from Sigma Aldrich, Germany. Oil red O was
purchased from Sigma-Aldrich, St. Louis, MO, USA.
Methanol, chloroform, and formic acid were of HPLC grade
purity and supplied from Merck, Germany. EndoGRO-MV
Complete Culture Media Kit SCMEQ04 (cell culture media)
was purchased from Merck, Germany. Phosphate buffer
(PB) with pH 7.4 was prepared ex tempore (Ph. Eur. 9).
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Preparation of PEGylated Nanoliposomes
and Oil Red O Labeled Nanoliposomes

Liposome dispersion was prepared according to the proce-
dure outlined by Shalabalija et al.['* SL (261.02 mg), CH
(30 mg), PEG (50 mg) were dissolved in a 1 : 4 methanol :
chloroform mixture (V/V). The organic solvents were
removed under vacuum using a rotavapor (25 °C, 50 rpm,
50 mbar; Buchi 215 Switzerland). The obtained film was
hydrated using PB pH 7.4 in four, consecutive three-step
cycles (step 1: ultrasonification ULTRASONS-H, J.P Selecta;
step 2: vortexing Tehtnika, EV-102; step 3: manual mixing
at room temperature) and further submitted to high shear
homogenization (Ultra-Turrax T25, IkaWerke, Germany).
Then, the samples were left for 24h at 4-8 °C, and again
homogenized at 6000 rpm for 3 minutes. Finally, the prep-
arations were washed and concentrated in four consecu-
tive cycles (Rotofix 32 - Hettich Zentrifugen, Germany) at
4500 rpm, 25 °C for 15 minutes using Vivaspin 20 ultrafil-
tration cuvettes 1000 kDa (Sartorius, Germany). The
labeled liposomes were prepared with the previously
stated procedure that was modified as described by
Mozfari et al.[*] In brief, the Oil red (0.1 ml 25mM solution
in chloroform) was added during the dissolution of the SL,
CH, PEG in the 1 : 4 methanol:chloroform mixture (V/ V)
with no further changes in the liposome preparation proce-
dure. The eluate from the last washing step was analyzed
by UV spectroscopy in the 200-400 nm region (Carry 60,
Agilent, USA) to confirm the absence of bands from free Qil
red O. The stability of the encapsulated dye was analyzed
after 7-days storage at 8 °C by washing and ultrafiltration
of the labeled nanoliposomes and further UV scanning of
the obtained eluate.

Determination of Particle Size, Size
Distribution and Zeta Potential

Particle size and zeta potential (Zetasizer Nano Series,
Nano-ZS, Malvern Instruments Ltd., UK) were measured in
disposable transparent cuvettes at 25 °C following dilution
of NL dispersion 1:5 (V/ V) in 10mM PB pH 7.4.

cell Culture

Cell culture hCmec/D3 (human brain endothelial vascula-
ture cells) was used as a model for blood-brain barrier
translocation of the prepared nanoliposomes. The cells
were maintained in EndoGRO-MV Complete Culture Media
(MerckMilipore, Germany) on 37 °C, 10 % CO2 and satu-
rated humidity. The seeding was performed on a rat colla-
gen coated sterile cell culture flasks and multiwall plates.

Internalization Studies

The cell internalization experiments were guided according
to a method described by Mourtas et al. with slight modifi-
cation.['®] In brief, cells were seeded in a rat collagen coated

6-well plate at a density of 1 x 10° cells/well and left over-
night. The label-free and oil-red labeled liposomes were
added to cell culture medium in concentration of 200 nM
(calculated on liposomal lipids) for a period of 4 h.
Untreated cells were liposome free samples and used as
blanks. Afterward, the cells were triply washed with
Dulbecco PBS (Thermo Scientific, USA) and detached from
the wells using Trypsin-EDTA solution, and further washed
with cell culture medium to remove the detachment rea-
gent. The cells were again washed with Dulbecco PBS and
were fixed using 10 % paraformaldehyde solution in PBS for
30 min. The fixed cells were washed three times with PBS
and further stored on 4 °C until analyzed.

Fluorescent Microscopy

Luna fluorescence cell counter (Logos Biosystems, Republic
of Korea) was used for quantification of the cell population
internalized with Qil red labelled nanoliposomes. Twelve
microliters of the fixed cell suspension in PBS, was trans-
ferred on cell counting slide and inserted in the instrument.
The counting was performed in fluorescent cell counting
mode using the following parameters: red channel excita-
tion 20, red channel threshold 5, cell size gating 3—60 pum.
The number of cells counted per run was 400-600 and the
percent of cells with internalized nanoliposomes above the
set threshold was calculated as an average of three counts.

Micro-Raman Spectroscopy

The micro-Raman spectra of the samples were collected on
the LabRam 300 spectrometer (Horiba Jobin Yvon, USA)
coupled to Olympus LMPlanFL confocal microscope by
using the second harmonic of Nd:YAG laser (532 nm). The
backscattered radiation (180° configuration) was analyzed
with an 1800 lines / mm diffraction grating. Raman intensi-
ties were collected on a cooled CCD array detector. A long-
distance x 50 objective (N.A = 0.5) with a working distance
of 10.6 mm was selected. The pinhole of 500 um and the
slit of 100 um were selected. No attenuation filter was used
and the laser power on samples (0.99 mW) was measured
by LaserCheck TM Handheld Power Meter (Coherent Scien-
tific, Australia). The acquisition time was 12 seconds, and
the accumulation number (number of scans) was set to 10
for each spectral collection. The fixed cell samples were
drop-added on a microscope slide, which was further air-
dried to a dry film while the nanoliposomes (labeled and
label-free) were scanned as freeze-dried samples.

RESULTS AND DISCUSSION

Two different detection strategies, including label-free and
label-mediated, were developed to achieve accurate
analysis of liposome internalization in brain microvascular
endothelial hCmec/D3 cell line and to evaluate the capacity
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Table 1. Z-average hydrodynamic diameter (n = 3), polydis-
persity index (PDI) and zeta potential of the analyzed
nanoliposomes.

Z-average hD / ¢ potential /

Sample nm +5D PDI £ SD mV £ SD
Nanoliposomes 106.20 + 1.05 0.31+0.03 -18.03+1.52
Oilredlabeled 034185  029:002 -2038+136

nanoliposomes

of micro-Raman spectroscopy for direct detection of inter-
nalized liposomes without labels as well as detection of
internalized oil red O labeled liposomes. Direct detection of
internalized nanocarriers is increasingly attracting atten-
tion as it has the potential to simplify and accelerate testing
of the toxicity and efficacy of nanocarriers. Introducing
labels, which may enable specific detection without influ-
encing physicochemical and biological properties of the
nanocarriers, is also of specific interest for more accurate
and rapid imaging of nanocarriers’ biological fate.

Two types of nanoliposomes, non-labeled PEGylated
lecithin/cholesterol and oil red O labeled PEGylated-
lecitin/cholesterol liposomes, were prepared and the
results from the Z-average hydrodynamic diameter (hD)
(n = 3), polydispersity index (PDI) and zeta potential of
nanoliposomes are presented in Table 1.

The results of zeta potential measurements, Z-aver-
age hD and PDI pointed to great resemblance between the
prepared samples of labeled and non-labeled nanolipo-
somes. Similar parameters were measured one hour after
incubation in biorelevant media used for cell culture inter-
nalization studies revealing minor differences, which con-
firmed their stability during the cell culture experiments.

To evaluate the internalization behavior of the
nanoliposomes in the hCmec/D3 cells, an established fluo-
rescent microscopy technique was employed using auto-
mated fluorescence cell counter capable of detecting Qil
red O epifluorescence. After 4 h of exposure, Oil red O
labelled nanoliposomes could be detected in 95.3 + 4.2 %
of the counted cells (n = 3). The Oil red O epifluorescence
was clearly distinguishable from the background (Fig. 1, a
and b). The cells were intact, and neither cell necrosis nor
toxicity were evidenced considering the short incubation
time. In addition, the presence of cell aggregates in the
samples was minimal, indicating towards negligible errors
in the automated cell counting (Fig. 1c).

The samples of labeled and non-labeled PEGylated-
cholesterol/lecithin nanoliposomes, control hCmec/D3 cells
and hCmec/D3 incubated with each of the samples (as de-
scribed in the internalization experiments) (Fig 2, a-e) were
measured and evaluated by micro-Raman spectroscopy.

The most prominent features in the Raman spectra
of the hCmec/D3 cells (C) can be found in the C-H stretch-
ing region (3100-2800 cm™) and the fingerprint region

() 100

% of the cell population

] r
1-cell 2-cell 3-cel 4-cel 5-ce 6-cel 7-cell >7-cell

Cell cluster size

Figure 1. Microscopy image of hCmec/D3 cells after the
internalization experiments with Qil red O labeled
liposomes: (a) epifluorescence exposure; (b) phase
contrast; (c) cluster size distribution of counted cell
population.

(1700-900 cm™) (Fig. 3, C). Details about the tentative
band assignments are in agreement with the literature and
are accordingly reported (Table 2). The Raman spectra of
label-free liposomes (L), control cells (C) and cellsincubated
with internalized (label-free) liposomes (CL) are similar, but
still exhibit notable spectral differences (Fig. 3). The assign-
ment of the bands extracted from these spectra are
reported in Table 2 (first three columns). The Raman spec-
tra of the liposome containing samples (L and CL) present
characteristic bands assigned to the vibrations of the lipid
tails (methylene C—C skeletal stretching modes of the trans
and gauche conformations in the acyl chains of the
lipids)!'”! detected in the 1150-1030 cm~! region with the
strongest maximum at 1087 cm~* and 1095 cmin the Land
CL spectrum, respectively). In addition, weak bands around
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OH > CH
CH,

Oil Red

a) L (oL)

Figure 2. Schematic presentation of the experimental setup:
(@) non-labeled PEGylated-cholesterol/lecithin nanolipo-
somes (L); (b) Oil Red O labeled PEGylated-cholester-
ol/lecithin nanoliposomes (OL); (c) control hCmec/D3 cells
(C); (d) hCmec/D3 cells incubated with non-labeled
PEGylated-cholesterol/lecithin  nanoliposomes (CL); (e)
hCmec/D3 cells incubated with Oil Red O labeled PEGylated-
cholesterol/lecithin nanoliposomes (COL). The samples
were further subjected to micro-Raman spectroscopy
measurements.

1440 (L and CL) and 1300 cm~1 (L) from the CH> deformation
modes(1819] (twist and bending mode, respectively) were
registered. Despite their weak intensity, these spectral
features are very informative because no overlap with the
bands of other structural units occurred. The symmetric
C=C bond stretching!!8] of cholesterol is manifested as a
well-defined peak at 1657 (L) and 1656 cm~(CL). Three very
prominent bands between 3100 and 2800 cm™ are very
important. Namely, the band at 2854 cm™ (L and CL) and
the bands at 2895 (L) and 2878 cm™ (CL) are assigned to
asymmetric and symmetric C-H methylene stretching,
respectively.') Symmetric C-H stretching band of terminal
methyl groups evolved at 2925 (L) and 2932 cm™ (CL). The
peak at 3015 cm™1is attributed to the choline methyl asym-
metric stretching mode and to Ar(C-H) stretching vibra-
tions.[18201 Both, the methylene C—C stretching and the
methylene C-H stretching regions are good indicators of
the liposome membrane order.[192122] Spectral regions of
3000-2750 cm~; 1180-1000 cm~; 1300-1200 cm%; and
1500-1400 cm~!, might also carry information about the
PEG moieties (symmetric and antisymmetric stretching of
PEG’s methylene group);[??! C-O—C vibrations of polyeth-
ylene glycol chains trans and gauche conformation, 2324
CH; twisting vibrations;[18221 and CH,—CH, symmetric and
antisymmetric bending vibrations,[?] respectively. Many of
these bands in the spectra of liposome containing samples
(L and CL) overlap with phospholipid vibrations and cannot
be clearly distinguished.

Oil red O is a lysochrome diazo dye that stains neu-
tral triglycerides, fatty acids, cholesterol esters and some
lipoproteins, and is used to monitor and understand physi-
ological and pathophysiological events in lipid metabolism
as well as excessive accumulation of lipids in tissues and
cells as a key feature of several metabolic diseases.[26:27]
Despite their high lipophilicity and preference for neutral
lipids such as triglycerides and cholesterol esters, due to its
amphiphilic properties and presence of polar groups, —OH
and —N=N-, oil red O may also interact with the polar head
groups of phospholipid and cholesterol molecules from the
liposome bilayer, and therefore can be utilized to improve
their visualization. Qil red O is often preferred over Sudan
red IV dye due to more intense staining offering improved
visualization capabilities, while maintaining similar physico-
chemical properties and staining capacity. 28]

Only sparse data exists regarding the labeling of lip-
osomes with Sudan red dyes.?! Li et al. in 2007 pointed to
the existence of hydrophobic interaction among Sudan IV
and acyl chains of phosphatidylcholine, as well as to for-
mation of hydrogen bonds with the lecithin head groups.
More structurally complicated molecules from the Sudan
red family dyes, with larger number of polar and lipophilic
groups, like Oil red O, would potentially form more stable
non-covalent bond complexes, which cannot be easily
reversed. Further, larger molecules with greater steric
effect will contribute to a lesser number of molecules inter-
nalized in the phospholipid bilayer. In that respect, it was
calculated by the Langmuir isothermal equation that 314
lecithin molecules bind to one Sudan IV molecule,
compared to 31 lecithin molecules bound to one Sudan Il
molecule in the Sudan red liposome complex, due to a
lesser steric effect of Sudan Il dye.[?®) Compared to Sudan
red IV, Oil red O molecule contains one additional methyl
group in the para position in benzene, and is used as a
lecithin/cholesterol liposome label that would result in a
formation of a very stable non-covalent complex.

Our results confirmed the stability of the created oil
red O PEGylated-lecithin/cholesterol liposome complex as
there was no free dye present in the eluate after 7 days of
storage (Fig. S1). This was expected, as once entrapped in
the lipid phase the partitioning out of Qil red O is unfavor-
able due to the dye’s very low aqueous solubility. As
expected, the most prominent bands (Table 2; Fig. 4 in the
Raman spectra of Oil red O emerged at 1228 cm™! (naphtyl
group C-0 vibration and CCH scissoring bending of naph-
thalene ring),3% 1377 cm~! (N=N stretching vibration),3031]
1479 cm (CH3 bending asymmetric and symmetric),32
and 1581 cm™! (C—C stretching vibrations from the aromatic
rings and N=N stretching vibration).3% The Oil red O labeled
liposome spectra resemble the Raman spectra of free
analogues and all spectral bands of the Qil red O also
appear in the Raman spectra of dye labeled liposomes
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Table 2. Tentative assignment of the bands observed in the Raman spectra of: non-labeled PEGylated-cholesterol/lecithin
nanoliposomes (L), hCmec/D3 control cells (C), hCmec/D3 cells incubated with non-labeled PEGylated-cholesterol/lecithin
nanoliposomes (CL), Oil Red O (O), Oil Red O labeled PEGylated-cholesterol/lecithin nanoliposomes (OL), hCmec/D3 incubated
with Oil Red O labeled PEGylated-cholesterol/lecithin nanoliposomes (COL).

L C CL o oL CcoL Assignment
3015 m NCH; choline asymmetric stretch*® and Ar(C—H) stretchings!”!
2925 vs 2937 vs 2932's 2938 m CHs asymmetric stretch and CH, asymmetric stretch!193°)
322451 z 2288574855h 2288518; CH, symmetric stretch and CH stretch of lipids and proteins™®!
1657 m 1655 m 1656 w C=C symmetric stretch, cholesterol!*®!
1607 m 1609 w 1609 w v(C—N) stretching in C=C-N=N??!
1581 m 1580 m 1580 w C—C stretching vibZi:ieotr;;iigr:itt:;;rrigatic rings and N=N
1499 m 1481sh CH, deformation mode, cholesterol!'8]
1479 m 1481 m 1480 m CH; bending asymmetric and symmetric/®!
1459 m 1455 m 1461 m Uracil, cytosine ring stretching, CH deformations!**
1458 m 1453 sh 14474]1446 C—H in plane bending of extra benzene ring®®
1440 vw 1446 vw CH, bend (lecithin + cholesterol)*”
1377 s 1377 s 1377 s N=N stretching vibration and C-H in plane bending, CHs-Phenyl"
1369 w 1375w Amide Ill random coils?%!
1338 w 1339 w CH,/CH5 wagging & twisttri;pgt(r)np%d;;ﬂﬂcollagen, nucleic acid &
1338m 1338 w 1338 m CH bending®®
1298 w CH> twist!*?!
1266 vw 1253 vw CH bending!®®
1233w Amide Il B-sheetB!
1227 w Amide Ill random coils?*!
1223 vs 1225 vs 1227 s C-O stretching vib:]aatLohrl;r;ieCﬁ:gﬁggfsoring bending of
1203 m 1203 sh 1203 sh CH bend oil red, §(CH)?*%4%
1188 m 1187 sh 1189 sh CH bend oil red, §(CH) + v(C-Nag) 14242
1151 w V(C-Nao), §(CH)#142)
1124 w C-C stretching mode of lipids , trans conformers!*”!
1099 w C-C stretch lipids, Isolated gauche conformers!43)
1087 s 1095 s C-C stretch lipids region (lecithin), Isolated gauche conformers!*”!
1094 m 1095 m 1095 m Aromatic CH bending in plane, §(CH)®?
1066 w Out of phase trans conformers, In phase trans conformers*’!
1001 m 1001 w Phenylalanine, C-C aromatic ring stretching!"”
983 w 983 w 985 w =N-Phenyl stretching*!)
981 m 981 m 0-C-C-N* stretching choline*”)
935 m C-C stretching mode of proline & v.aline‘& protein backbone (a-
helix)/glycogen (protein assignment)™’!
573 vw Skeletal ring modes, Tryptophan/cytosine, guanine!*?!
481w out of plane ring deformations, guanine**

Intensity codes: s — strong, m — medium, w — weak, sh —shoulder, v —very.
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Figure 3. Raman spectra of: label-free liposomes (L); cells incubated with label-free liposomes (CL); and control cells (C) (top

panel). The spectral regions of interest are marked in rectangles and further zoomed in and overlaid for better visualization

(bottom panel).

(Table 2; Fig. 4). Changes in relative intensities of character-
istic peaks (red shift of C-O stretching vibration from 1228
to 1225 cm™, abrupt decrease in the intensity of CHs defor-
mation band at 1203 cm~! and appearance of a new very

1228

8

]

1
1377

1581

1607

1552

1479

1459

~1338

1095

1702
1154

Raman Intensity / a.u
1313
~

1266

1700 1800 1500 1400 1300 1200 1100 1000
Raman Shift /cm™

Figure 4. Raman spectra of Oil Red O (0O); Oil Red O labeled
liposomes (OL); and cells incubated with Qil Red O labeled
liposomes (COL).

weak peak at 1253 cm™ (CH bendings), observed in the
labeled liposo me (OL) spectra might be due to the interac-
tion and orientation of oil red O molecules within the phos-
pholipid bilayer.! In the Raman spectra of the cells
incubated with oil red O labeled liposomes (COL) the inter-
nalization of the nanoparticles can be detected by several
distinct peaks, of which two are the prominent and are not
present in the label-free spectra (Table 2; Fig. 4; Fig. 5),
namely C-0 stretching vibration and CCH scissoring bend-
ing of naphthalene ring3% at 1227 cm= and N=N stretching
vibration at 1377 cm™L.

1227

1377

H ——COL
é " ”864245 1338
£ 1580 ‘ 1189 —CL
§ m] 1608 ‘ 585
5 }-c
0]
1009 P,

16'00 |5‘UU 1400 |3‘D0 12‘UU 100 1dUU SbU
Raman Shift{ ™’
Figure 5. Raman spectra of control cells (C); cells incubated
with label-free liposomes (CL); and cells incubated with Qil
Red O labeled liposomes (COL).
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Although the resulting Raman spectra of the cells
with internalized liposomes comprise superposition of
bands from various cellular components and internalized
structures within the focal volume, based on the differ-
ences among the spectra arising from non-labeled lipo-
somes, free cells and the cells with internalized liposomes,
several assumptions relevant to the internalization proce-
dure are emphasized. Literature data point to potential dif-
ferences in the spectra of the cells when performing
spontaneous Raman spectra of different cellular regions
due to heterogenous chemical distribution within a cell at
different locations. One spot spectrum and univariate anal-
ysis cannot find an effective solution to this problem, and
in order to record interpretable, repeatable, reproducible
and comparable spectra, the measurements were
conveyed under similar experimental conditions and spots
inside the cell. In addition, the spectral region of the vibra-
tions from the symmetric stretching of CHz (2935 cm™1) and
CH> (2854 cm™) and their intensities were evaluated to
assume the proper focusing spot for the measurements
(Fig. 3 and Table 2). Namely, space resolved Raman spectra
of contrasting lipid rich regions (lipid bodies, cleavage
furrow)[13:34 and the cytoplasm pointed to the augmented
intensity of the bands around 2850 cm™ with increased
lipid concentration in the lipid bilayer of the plasma mem-
brane as opposed to decrease of its band intensity in the
cytoplasm spectrum. Also, the symmetric stretching bands
of CHs (2935 cm™) and CH2 (2854 cm™) are much more
intense in lipid rich regions than in the cytoplasm due to a
lower density of CHz2 groups in proteins compared to lipids.
Considering this effect, it can be assumed that the recorded
spontaneous Raman spectra and the respective bands in
our experiments arise from the region of the cyto-
plasm.[1334] As expected, the bands in the spectral region of
the symmetric CHs stretchings (2935 cm=1) and CH; stretch-
ings (2854 cm™) are much more intense in the spectrum of
the liposomes compared to the collected spectra of either
the cells incubated with liposomes or control cells (Fig. 3).

The label-free spectra of the hCmec/D3 cells (C), the
liposomes (L), and the cells incubated with liposomes (CL)
showed distinct variations in the region 1150-1030 cm™! (C—
C stretch of lipids) (Fig. 3). The cell spectrum exhibits three
distinct peaks at 1066 cm™1, 1099 cm* and 1124 cm™! (Table
2). The peaks at 1066 cm™! and 1124 cm™! are assigned as
out of phase and in phase trans conformers (so called trans
markers) while the peak at 1099 cm™! is tentatively
assigned to appear from the gauche conformer.!*® The C-C
stretching region in the liposome (L) presented by a broad
peak centered at 1087 cm™ indicates a larger gauche con-
tent and probable superposition with the trans indicators.
Further, the spectra of cells incubated with liposomes (CL)
distinguishes itself from the spectra of the control cells (C)
by the presence of a much more prominent gauche

conformer band which expands toward lower and higher
wavenumbers resembling the band in the liposomes.
Another important feature is a rather strong signal
at 981 cm1in the spectra of the cells incubated with lipo-
somes (CL), associated with O—C-C-N* stretching vibrations
of the polar head groups!'”! (Fig. 3 and Table 2). This key
band characteristic for phosphatidylcholine/cholesterol lip-
osomes may be important for studying their internalization
due to the absence of the strong signals associated with the
vibrations of the choline head groups in the spectra of the
control cells. The C-N stretching vibration is not pure and
depends upon the conformation of the O-C-C-N* back-
bone, hence, samples with different conformation can be
differentiated. Cholesterol symmetric C=C stretching
band!*8 appeared in the spectra of all three samples: the
liposomes (1657 cm™1), control cells (1655 cm™1) and cells
incubated with liposomes (1655 cm™?) (Fig. 3 and Table 2).

CONCLUSION

Raman spectroscopy is a versatile characterization tech-
nique that could be employed in almost every stage of the
development and production of drug delivery systems.
Herein, we demonstrated its capability for detection of la-
bel and label-free nanoliposomal carriers in an hCmec/D3
in vitro cell culture experiments that constitute an estab-
lished in vitro BBB model, which is an important tool in the
early phase of the development of drug delivery systems.

Eliminating the post-processing procedure, as label-
ing of drug-delivery carriers in such experiments, presents
significant advantage both in sparing resources and
preserving the original chemical and physical properties of
the carrier surface. The data from our experiments clearly
pointed out the unique Raman spectral features for detect-
ing both labeled and label-free nanoliposomal carriers
located inside the cells, which is very important taking into
consideration the complexity of the matrix (cell environ-
ment) and the chemical similarity among the liposomal car-
riers and certain cell components. The valuable data
gathered from this study could be further used in conjunc-
tion with multivariate analysis for label-free intracellular
localization or quantitative cellular uptake of nano-sized
drug delivery systems.
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Rosmarinic acid loaded PEGylated liposomes for
treatment of Alzheimer’s disease: influence of the
formulation variables on vesicle properties
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INTRODUCTION

Aging and its related diseases are consequences of free
radical damage to cellular molecules and the inability of
endogenous antioxidants to counter balance these changes
[Wang et al., 2014]. Also, the pathogenesis of several
neurodegenerative diseases, including Alzheimer's disease,
has been linked to a condition of oxidative stress [Polidori
et al., 2007]. Different endogenous and exogenous
molecules can provide an efficient protection against lipid
peroxidation. Among the wide range of exogenous
antioxidants, polyphenols constitute probably one of the
most efficient classes of compounds against oxidative stress.
However, low water solubility, poor absorption and
extensive and rapid metabolism contribute to the low oral
bioavailability of polyphenols [Chen et al., 2003]. These
problems lead to the necessity of developing different drug
delivery approaches. Among different carriers, liposomes
can increase polyphenol solubility and stability, which
translate into improved bioavailability and therapeutic
benefit. However, for efficient BBB targeting and treatment
of neurodegenerative diseases, liposomes should possess
particle size <200 nm, neutral and sterically stabilized
surfaces as well as prolonged blood circulation time.

The presented study focuses on the formulation
optimization of the surface stabilized rosmarinic extract
loaded liposomes for efficient treatment of Alzheimer's
disease and their physicochemical and biopharmaceutical
characterization.

MATERIALS AND METHODS

Materials

Soybean lecithin (SL) was purchased from Vitalia,
Macedonia. LIPOID PE 18:0/18:0-PEG 2000 (PEG) was
kindly donated from Lipoid, Germany. Cholesterol (CH)
and bovine serum albumin (BSA) were obtained from
Sigma Aldrich (St. Louis, USA). Rosmarinic extract (RA-E)
was a generous gift from the Institute of Pharmacognosy,
Faculty of Pharmacy, Skopje, Macedonia. All the other

chemicals and reagents were of the highest purity grade
commercially available and used as received.

Methods

Preparation of liposomes

During the preliminary studies, one factor at a time
variation experiments were performed with a rationale of
determination of key formulation and process factors
influencing vesicle properties. Optimized parameters were
further used for formulation modification. Samples were
prepared by the modified lipid film hydration technique
[Cambuleva et al., 2016]. Briefly, required amounts of SL,
CH and PEG (mass ratio SL:CH:PEG = 7.5:1:3, 9:1:1.5,
10:1:0.5, 10.25:1:0.25 and 10:1:0; samples 1-5 respectively)
were dissolved in chloroform/methanol mixture 4:1 (v/v).
Afterwards, the organic solvents were removed by
evaporation under vacuum using a rotavapor (25 °C, 50 rpm;
Buchi 215, Switzerland). Thus obtained dried lipid film was
hydrated with aqueous phase, phosphate buffer pH 7.4,
under three hydration steps: ultrasonication (50/60 Hz),
vortexing and gentle shaking. Every step lasted 5 min and
four cycles of hydration were performed. Obtained
liposomes were submitted to high shear homogenization
(24 000 rpm, 5 min; Ultra-Turrax T25, Ika-Werke,
Germany) and were allowed to stand for 24 h at 4 °C. For
preparation of drug loaded liposomes, RA-E (200 mg
initially added) was dissolved in organic solvents mixture
required for lipid phase formation (samples 1a-5a).

Liposome characterization

The morphology and the surface appearance of the prepared
nanoliposomes (NLs) were examined by TEM (JEM-1400,
Jeol, Japan).

Mean particle size (Dso) and particle size distribution
(SPAN factor) of NLs were determined using laser
diffractometry (Mastersizer 2000, Hydro 2000S, Malvern
Instr. Ltd., UK).

In order to determine the drug loading (DL, mg drug/100
mg lipid) and encapsulation efficiency (EE%), the vesicle
suspensions were subjected to centrifugal ultrafiltration



using Vivaspin 20, 1000 KDa (15 min, 4500 rpm, 4
washing cycles; Hettich, Rotofix 32, Germany). The
concentration of the drug in the supernatants was
determined by previously validated HPLC method
[Cambuleva et al., 2016].

The protein adsorption studies were performed in order to
determine the amount of adsorbed BSA on the surface of
the blank NLs. Briefly, 150 pl aliquots of the prepared
samples were incubated with 5 mg of BSA in 5 ml of
phosphate buffer pH 7.4 for 1 h on shaking water bath (37
°C, 75 rpm). After adsorption, the unbound protein was
separated by centrifugal ultrafiltration (15 min, 4000 rpm, 3
washing cycles). The adsorbed amount of BSA/mg lipid
was calculated indirectly by determining the total amount of
protein remaining in the filtrate by UV spectroscopy (595
nm; Bio-Rad’s Model 3550-UV Microplate Reader) after
reaction with Bio-Rad protein assay (Bio-Rad, USA), based
on the method of Bradford (microtiter plate protocol) and
subsequent subtraction from the initial BSA amount.

In vitro release of RA-E from PEGylated NLs (3 ml) was
carried out using simple dissolution cells with semi
permeable membrane (MEMBRA-CEL dialysis tubing;
Serva Feinbiochemica GmbH, Germany) in 30 ml of
phosphate buffer pH 7.4 at 371 °C and 100 rpm. At
regular time intervals, aliquots were taken and were
replaced by an equal volume of pre-warmed fresh medium.
The concentration of RA-E in each sample was assayed
using HPLC method mentioned above. Dissolution data
modeling was performed with DDSolver 1.0 program.

RESULTS AND DISCUSSION

The mean size of the prepared blank NLs was 109 to 134
nm with unimodal narrow size distribution. TEM images
showed that all samples were with similar morphology and
well-formed spherical shape (see Figure 1). The properties
of RA-E loaded NLs are presented in Table 1.

re

|

200 nm

i

Figure 1. TEM images of PEGylated blank NLs

Concentration dependent pattern of BSA adsorption onto
PEGylated NLs was observed (26.23, 26.57, 27.69 and
28.94% of adsorbed BSA for samples 1-4, respectively).
Also, PEGylated formulations had considerable lower BSA
adsorption onto their surface compared to non-PEGylated
one (69.57% adsorbed BSA for sample 5). As the PEG
concentration increased the protein adsorption onto NLs
surface decreased, thus pointing to probable increment of
steric stabilization and reduced surface-surface interactions
favoring prolonged blood circulation time in vivo.

Samples (nnll)jém ?;‘t‘ol: EE (%) | DL
la 1284158 | 132 | 74.77 2.22
2a 121£042 | 1.83 | 75.94 2.25
3a 119+1.76 | 1.52 | 82.26 2.53
4a 123+222| 1.63 | 89.55 2.26
5a 141+253 | 2.83 | 88.00 2.73

Table 1. Physicochemical properties of PEGylated NLs

The drug release profiles of PEGylated NLs are presented
in Figure 2. Obtained results pointed that prepared
formulations were characterized with controlled drug
release properties (35.55 - 56.27% for 48 h). Dissolution
data modeling best fitted to Peppas-Sahlin kinetics.
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Figure 2. In vitro RA-E release from PEGylated NLs

CONCLUSION

In this study, RA-E loaded PEGylated NLs were prepared
and characterized. Obtained results indicated the potential
of formulations for RES recognition avoidance, prolonged
blood circulation time and successful BBB targeting.
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One of the biggest problems upon nanoparticles’ administration in vivo is their interaction with blood proteins
and the formation of the protein corona (PC), followed by the rapid recognition and uptake of the particles by
the mononuclear phagocyte cells, thus leading to quick removal from the circulation. Therefore, understanding
of the particle—PC complex formation is a prerequisite for successful development of drug carrier system and
proper characterization is essential.

This problem could be partially overcome by the decoration of the particles’ surface with polyethylene glycol
(PEG) [1]. In order to investigate the effect of PEG on the PC formation, as well as to characterize the
interaction, two formulations of nanoliposomes (NLs) (lechitin:cholesterol:PEG = 8.7:1:1.7 and 9:1:0.17 for
sample 1 and 2, respectively) loaded with rosmarinic extract (RE) were prepared by the modified lipid film
hydration technique [2]. Blank samples were prepared for comparison. The mean size of the prepared NLs was
~120 nm, with unimodal narrow size distribution and high encapsulation efficiency (~¥90%). In vitro release
studies showed that the prepared vesicles had prolonged drug release properties (26 and 46% for 24h, for
sample 1 and 2, respectively). The slower release of RE from sample 1 could be probably due to the fast
hydration process of the higher amount of PEG present on the surface of the vesicles. NLs—PC complex
formation was confirmed using SDS-PAGE. Our previous investigations using Bratford assay confirmed that the
PEG increases the hydrophilicity of the NLs surface thus resulting in reduced PC formation. These results were
confirmed using FTIR and quantitative information of protein—NLs interactions was gained. From the obtained
spectra it could be concluded that NLS-protein interaction was mainly due to the hydrogen bonds formed
between C = O...N-H or C = O...H-OH. These interactions were stronger between the NLs prepared with lower
PEG amount and the protein. Incorporation of RE into the NLs did not affect the intensity of the interactions.

1. M. Sangra, J. Estelrich, R. Sabaté, A. Espargard, M.A. Busquets, Nanomaterials (Basel), 2017, 7(2), 37.
2. Lj. Cambuleva, D. Shalabalija, I. Cvetkovikj, M. Simonoska Crcarevska, M. Glavas Dodov, Maced. Pharm. Bull., 2016 , 62(suppl), 641.
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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 pl) 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. S1
was stable during the period of 24h. In opposite,
during the examination period of 24h, 52 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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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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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

*d.shalabalija@ff.ukim.edu.mk

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 (1AB5 - 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 o- 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-kB 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

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
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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.’>~!7 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 1mg/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 um, 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 um 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 = =5

& (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
MWCO 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 NLC1,
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 125.7+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.

147.54+5.8 nm for NLC1 and NLC2 after 24 h incubation with phos-
phate buffer pH 7.4, and 1284+4.3 and 146.14+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 > 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 130.70+£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 98.0240.62 105.97+0.88

NLC2 133.40+2.319 0.202+0.047 -31.20+£1.117 87.19+0.42 94.2640.61
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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 K;p, (9.517 and 4.080 for NL1 and NL2, respec-
tively) has been far higher than the value for Kps (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 (Kips = 4.919 and 3.213, Kyps = 2.316 and 2.680 for NLC1
and NLC2, respectively).

Zeta Potential Distribution

Total Counts

0 100 200
Apparent Zeta Potential (mV)

— 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 ¢) 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 (97.784-0.56,
99.324+1.84, 99.2842.85 and 99.90+1.81 for NL1, NL2, NLC1 and
NLC2, respectively) have statistically significant higher antioxidant
activity compared to CE (91.594+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 (93.4742.47,95.734+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 II 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 contribute to the weakest therapeutic potential of this nano- carrier
the endothelial cells at the specific tissues, such as BBB. Many formulation in the aforementioned in vivo tests.

research studies reveal that a particle size between 20 and 150 nm Mice administered with NL1, NLC1 and NLC2, injected at a dose of
could reduce the in vivo clearance through liver and kidney while 30 mg/hg, exhibited significantly increased latencies to the first myo-
exhibiting longer systemic circulation time. It is also well established clonic seizure phase compared to vehicle-treated mice [Kruskal-

that the phagocytosis of the nano-carriers is greater with increasing Wallis One Way Analysis of Variance on Ranks: H = 16.132,
the values of the surface potential, regardless their charge, and hence, p = 0.003]. Post hoc test showed that NL1, NL2, NLC1 and NLC2 sam-
leading to accelerated clearance in vivo.>? Therefore, the biggest par- ples significantly elevated the latency for myoclonic seizure
ticle size (~160 nm) and most negative value for ZP (~ -44 mV) of (p =0.0447, p = 0.043, p = 0.0007, p = 0.0002, respectively) (Fig. 9A).
NL2, compared to the other three formulations, may partially Latency to the first clonic seizure was also significantly increased by
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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”

0.5h 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.

4 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 i.v. 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® EDsq” 95% confidence Hill  TDso" pI¢

(h) (mg/kg) interval slope (mg/kg)
NL1 MES 05  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
NL2 MES 05 9697 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 11.85 7.491-18.75 117  >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 6738 1.551-2.106 094 >300 > 4.45
Phenytoin MES 0.5  7.15 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 (TDs)

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



L. Mihailova et al. / Journal of Pharmaceutical Sciences 111 (2022) 3384-3396 3395

A Myoclonic twitch
100+

804

PTZ (mglkg)

P VOO O EL OO OO A
&L TR VPR VPR VPN (@

&® -NL1- -NL2- -NLC1- -NLC2-
B Generalized clonic seizures
100-
*kk
80-
S
? 60
£ N
N 404 N
= N
o N
20- N
N
o4 N
» OO S ® OO SO
& O AP NS @@,500@1'
o -NL1- -NL2- -NLC1- -NLC2-
Forelimb tonus
100-
80- kK *kk
]
) 60 §
£ N
N 40 §
= N
. N
20- N
N
N
ol LE3 =I=IN
> O QS OO VOO OO
& S AES SES ASSS
© -NL1- -NL2- -NLC1- -NLC2-

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 vifro internalization
efficiency of different formulations of liposomes and

NLC was confirmed on hCMEC/D3 and SH-SYS5Y cell
lines as a model for BBB and neurons, respectively.
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